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ASES-99 considers four scientific questions pri-
marily related to the stable, nocturnal boundary
layer, including the transition periods. The

CASES-99 field program attempted to identify the
sources and to quantify the physical characteristics
of atmospheric phenomena occurring from the
formative stages of the NBL1 until its eventual breakup
during the morning transition. The follow-up pro-

gram of data analyses, theoretical study, and numeri-
cal simulations is focusing on investigations of the
CASES-99 scientific goals, which are as follows.

1) To provide a time history of internal gravity
waves, Kelvin–Helmholtz shear instabilities, and
turbulence events in the nighttime stable bound-

ary layer, and to evaluate the relative contributions
to intermittent heat, moisture, and momentum
fluxes that can be associated with the sources of
these phenomena. Sources of turbulence out-
bursts include, but are not restricted to, surface
and elevated shear layers and Kelvin–Helmholtz

instability, internal gravity waves within the stable
boundary layer, drainage current fronts, and sur-
face vortex shedding.

2) To measure heat and momentum fluxes and their
divergences accompanying the events contribut-
ing to turbulence, transports, and mixing

throughout the nocturnal boundary layer, and es-
pecially within the surface layer (∼10–20 m), and
to assess the departures from similarity theory un-
der weakly stable and very stable conditions.

3) To define the relative importance of surface het-
erogeneity, particularly under very stable light

wind conditions, on the initiation of shallow
drainage currents (few tens of meters in depth)
and the horizontal and vertical transports that ac-
company such boundary undulations.
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4) To acquire data during the transition from a con-
vective to stable boundary layer regime and vice
versa to compare with existing models of this tran-
sition, and to assess the role of this transition pe-
riod in the initiation of inertial oscillations and the
enhancement of low-level jets approximately 100–

300 m above the surface.

In October 1999, largely due to the grassroots,
cooperative efforts of many scientists, a massive de-
ployment of a variety of instruments took a series of
observations of the generally stable nocturnal atmo-

sphere over southeastern Kansas. As a result of that
effort, the four scientific goals of the project appear
to be not only achievable, but knowledge of those ar-
eas can be advanced significantly. In addition, this
large dataset represents a significant opportunity for
progress toward scientific goals of other researchers

interested in the PBL who did not actively participate
in the CASES-99 field program. Although the widest
variety of instrument platforms were utilized during
the overnight IOPs, in fact, the majority of instru-
ments operated throughout the diurnal cycle, includ-
ing a number of instruments with high-frequency

(> 1 Hz) observations.
CASES-99 occurred within the umbrella of the

more general goals of the CASES concept, which were

to provide a long-term facility for scientists to study
the mesoscale processes of meteorology, hydrology,
climate, chemistry, ecology, and their complex link-
ages, and to serve as a focal point to provide field ex-
perience for students of the natural sciences. The
Walnut River watershed in southeastern Kansas (see

Figs. 1 and 2) was chosen by scientists from these
many disciplines as an ideal location for the study of
these exchanges. The WRW is a hydrologically con-
fined region of relatively flat terrain, varied ecosystem
characteristics, and limited quantifiable external sources
of chemical constituents (see Fig. 2). From the per-

spective of the atmospheric scientist, the fact that the
WRW is nested within the ARM-CART site and the
ABLE from which climatological norms can be estab-
lished, is a significant benefit. ABLE instrumentation
sites are partially shown in Fig. 2. The first CASES
field program was CASES-97, which had a variety of

goals within the disciplines of meteorology, ecology,
chemistry, and hydrology (LeMone et al. 2000). The
CASES-99 field experiment was considerably smaller
in geographic extent and focused on exchanges in the
soil–biosphere–atmosphere interface, specifically
those during stable atmospheric conditions.

Participants. The program was fortunate to have par-
ticipants from a broad spectrum of institutions and

FIG. 1. The Arkansas River Watershed and subdomain of the ARM-CART site within which the CASES-99 Field

Experiment was held. Note that the WRW represents a minor basin within the larger watershed.
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geographic locations (see Table
1). By cooperatively organizing
the experiment from the early
stages, participants were able to
leverage their instrumentation
into a considerably more com-

plete, unique, field experiment
than they could field themselves.
For CASES-99, this structure
thus far has resulted in strongly
collaborative research efforts, a
comprehensive consideration of

viewpoints when setting mutu-
ally beneficial scientific goals
and experimental design, and a
broad approach to the solution
to the various questions under
investigation.

Background. CASES-99 is moti-
vated by the generally large
number of outstanding ques-
tions regarding atmospheric be-
havior in the NBL, and particu-

larly the stable NBL (Nappo and
Johansson 1998). There have
been several practical reasons
why this is so: 1) the logistics of
field work during nighttime
hours are somewhat more diffi-

cult than during the daytime; 2)
the magnitude of turbulence
during the nighttime is gener-
ally less than that during the
daytime—in midlatitudes, par-
ticularly under clear skies—such

that this period is considered
relatively quiescent; 3) the gen-
erally stable conditions during the clear-sky NBL
make the characterization of fluxes difficult; and 4)
the period of observations does not coincide with the
typical human wake cycle.

Regardless of these factors, utilizing some tradi-
tional, nontraditional, and experimental instru-
mentation, during CASES-99 we found that the NBL
can be sampled sufficiently to achieve our scientific
goals, as outlined in our preliminary analysis. A large
part of the motivation for CASES-99 was the need to

resolve problems encountered by numerical models
attempting to capture atmospheric phenomena on
scales from a few meters to a few hundreds of kilo-
meters during stably stratified nocturnal conditions
(Gryning 1985; McNider et al. 1995; Poulos and

Bossert 1995). Our modeling approach both during
and after the field experiment, is described. Most nu-
merical models on these scales in the surface layer
depend—inasmuch as the surface layer is defined for
the NBL—on similarity theory–based parameteriza-

tions (e.g., Louis 1979 and variations), although a va-
riety of approaches have been attempted (Hartel and
Kleiser 1998). As discussed by Mahrt (1998, 1999),
however, stably stratified atmospheric surface fluxes
are not adequately described by existing Monin–
Obukhov similarity theory, which is more appropri-

ately applied to the weakly stable, neutral, and con-
vective boundary layers (Derbyshire 1995; Hill 1997).
Still, this theory is effectively applied in modern nu-
merical weather prediction models (Chen et al. 1997).

FIG. 2. The WRW and site of CASES-99 field program. The CASES-99 main

site is outlined in the small rectangle just to the right of the ABLE central

site, southeast of Leon, KS (see Fig. 3 for details). The filled circles indi-

cate areas of existing, meso-βββββ-scale instrumentation of ABLE (towers,

sodars, wind profilers). Note the soil properties measurement site to the

southeast of Whitewater.
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Formulating surface fluxes in stably stratified con-
ditions is made difficult by a number of factors. First,
the NBL, as verified in the CASES-99 data analysis
shown below, is often characterized by intermittent
turbulent bursts that may last from tens of seconds to

minutes. These sporadic or episodic events that popu-
late the nighttime stable boundary layer (Nappo 1991;
Blumen et al. 2001) do not lead to statistically steady-
state turbulence, which underlies one of the major
assumptions of existing theory. Data taken, for ex-
ample, in the Walker Branch watershed near Oak

Ridge, Tennessee, during 1987–88
(Nappo 1991) and in the CASES
Walnut River watershed field site
during March 1995 (Mahrt 1999;
Mahrt et al. 1997) indicate that a
significant fraction of the nighttime

vertical fluxes of heat, moisture,
and momentum occur during such
intermittent bursts (Howell and
Sun 1997). Other measurements
have shown that intermittent
bursts of turbulence and mixing

can also occur multiple times on a
given night (Weber and Kurzeja
1991). Such behavior is verified by
the detailed measurements taken
during CASES-99, on the majority
of IOPs. One-dimensional model-

ing of this intermittent behavior in
the nighttime boundary layer has
been reported by Revelle (1993),
but the underlying turbulent trans-
fer mechanisms are not yet clearly
understood. Quantitative formula-

tions of NBL and surface layer
fluxes requires a detailed under-
standing of the processes respon-
sible for the turbulent burst activ-
ity, which we believe will be partly
achieved by the scientific commu-

nity with CASES-99 observations.
Furthermore, recent advances in
direct numerical simulation tech-
niques have begun to show prom-
ise in the study of this problem
with solutions for Re > 10 000

(Werne and Fritts 1999).
The nonstationarity associated

with shear flow instabilities, over-
turning Kelvin–Helmholtz billows,
terrain-generated phenomena,
surface heterogeneity, and heat and

radiative flux divergences contributes to the uncer-
tainties and conceptual difficulties encountered in the
various attempts to construct a physical basis for
events and concomitant vertical transports that occur
under statically stable regimes (Caughey and Read-
ings 1975; Finnigan et al. 1984; Lenschow et al.

1998a,b; Horst and Doran 1986; Howell and Mahrt
1997). Most studies to date have not been able to es-
tablish the source(s) of intermittent turbulence that
is often observed at ground level. This lack of knowl-
edge inhibits the development of reliable parameter-

Ben Balsley University of Colorado

Bob Banta NOAA/ETL

Bill Blumen University of Colorado

Sean Burns NCAR

Mark Coleman Army Research Laboratory

Dan Cooper LANL

Rich Coulter Argonne National Laboratory

Joan Cuxart Instituto Nacional de Meteorologia

Henk deBruin Wageningen Agricultural University, Netherlands

Chris Doran Pacific Northwest Laboratory

Richard Eckmann INEL

William Eichinger University of Iowa

Steve Frasier University of Massachusetts, Amherst

Dave Fritts CoRA

Oscar Hartogensis Wageningen Agricultural University, Netherlands

Mark Hoder University of Wyoming

Mike Jensen University of Colorado

Jerry Klazura ANL (onsite)

Julie Lundquist University of Colorado

Larry Mahrt Oregon State University

Dave Miller University of Connecticut

Carmen Nappo Oak Ridge/NOAA/ATDD

Rob Newsom NOAA/ETL

Steve Oncley NCAR

Greg Poulos CoRA

John Prueger National Soil Tilth Laboratory

Russ Qualls University of Colorado

Maria Rosa Soler University of Barcelona

Greg Stossmeister UCAR JOSS

Jielun Sun NCAR

Marv Wesely Argonne National Laboratory

TABLE 1. An alphabetical list of participants in the CASES-99

field experiment. Note that, for brevity, in some cases only one

representative from an institution is listed although more than

one representative participated.

Name Affiliation
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izations of the very dynamically and statically stable
nighttime boundary layer. Several efforts, for ex-
ample, have attempted to identify the source(s) of
errors in surface layer parameterizations for stable
flows (Poulos 1996; Mahrt 1998). It is argued by
Poulos (1996) that an oscillation created in the stable

surface layer parameterization can induce occasion-
ally unrealistic cooling under low wind conditions.
The resulting gradient is influenced by the turbulence
parameterization and, in some cases, “runaway” cool-
ing can occur. This undesirable effect is also discussed
by Mahrt (1998) to be the result of radiatively driven

heat loss that is not sufficiently compensated for by
the heat flux calculated in the stable surface layer pa-
rameterization. This aspect is further complicated by
the important influence of soil moisture, which was
observed during CASES-99, on NBL evolution, a vari-
able that is generally poorly initialized in numerical

models (Banta and Gannon 1995). In many cases, the
parameterized surface layer fluxes are inadequately
addressed by the turbulent diffusion parameterization
that is responsible for diffusing strong radiative cool-
ing to greater heights. Derbyshire (1999) has recently
examined this problem by a combined numerical and

theoretical study. He refers to this modeling defi-
ciency as a “physical boundary instability.” To im-
prove these parameterizations a more accurate physi-
cal basis must be found for the clear-sky NBL case that
often leads to dynamically stable conditions (Ri >
0.25).

FIELD EXPERIMENT DESCRIPTION. The
CASES-99 field experiment was held during the
month of October 1999 in southeast Kansas (Fig. 1).
This period was chosen, based on data archived by the
Wichita National Weather Service, for its climatologi-

cally high frequency of clear, calm nights and there-
fore increased likelihood of stable boundary layer de-
velopment. Further, a review of measurements from
ABLE for October 1997 showed that approximately
40% of the nights had mostly clear skies and light
near-surface winds. The remainder of the nights had

partial or complete cloud cover, altering the radiative
balance significantly, and would be appropriate for
study of the NBL under cloudy conditions. Given this
information the research group believed that 4–6
IOPs would be logistically possible during October
1999. In fact, 11 IOPs were completed.

To measure the atmosphere sufficiently to achieve
the science goals, in situ boundary/surface layer in-
strumentation provided jointly by the CASES-99 in-
vestigators, NCAR ATD, ARM, and ABLE (see
Table 1 and Figs. 2–4), were deployed with specific

vertical and horizontal sampling strategies. In the
horizontal, many of the instruments were focused on
defining the meso-γ scale (2–20 km) and smaller
NBL evolution of temperature, moisture, wind, soil
temperature, soil moisture, constituent profiles, and
the wave and turbulence fluxes of heat and momen-

tum. Existing data sources in and around the Wal-
nut River watershed field site, such as from the on-
going ABLE (see Fig. 2), the National Weather
Service in Wichita, and the ARM-CART site (Fig. 1),
provided enhanced observation of mesoscale features
of the meso-β scale (20–200 km). Soil properties, in-

cluding moisture, were intensively studied at a site
to the southeast of Whitewater. The assimilation of
both standard and state-of-the-art instrumentation
provided the opportunity to construct the most com-
prehensive observational depiction of the structure,
evolution, and instability of the NBL in this region

to date.

Experimental design. CASES-99 field observations were
organized by the horizontal and vertical scales of in-
terest. In the horizontal plane, relatively scarce infor-
mation is available to describe the extent of intermit-

tent flux sources and stable NBL heterogeneity.
Whereas in the convective boundary layer it is well
known that regularly overturning eddies are largely
responsible for the fluxes and that these eddies have
a certain size determined partly by CBL depth, such
statements cannot be made with certainty in the stable

NBL. In fact, little is known about the horizontal vari-
ability of NBL characteristics, which is a significant
factor when attempting to understand the significance
of intermittent NBL turbulence events, regardless of
source.

HORIZONTAL INFORMATION. In the horizontal plane, the
vertices of a concentric set of triangles determined
the instrument locations (Figs. 2 and 3). The outer-
most triangle (not shown) was a part of the existing
ARM-CART instrument array in the Kansas–
Oklahoma region, and surrounded the CASES-99

main site on at scale of ~150 km. ARM-CART par-
ticipated only during IOPs with enhanced rawin-
sondes and wind profiler observations for CASES-99
use. Also at the meso-β scale, the preexisting and
slightly enhanced ABLE instrumentation was utilized
at the vertices of a triangle of approximately 60 km

on a side (see Fig. 2). The ABLE wind profilers were
temporarily modified to provide half-hourly interval
winds and RASS data were also available. ABLE also
provided convenient, continuous, online data access,
additional surface stations within the Walnut River
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watershed, and the infrastructure for the CASES-99
operations trailer at the Argonne Project Office, not

far from the CASES-99 main site. The next roughly
concentric triangle that defined instrument locations
was on the scale of ∼15 km, and was supplied by
NCAR’s ATD via Integrated Sounding Sites (ISS; not
shown). Each ISS consisted of a surface station with
a GPS rawinsonde and continuous monitoring by a

wind profiler. These larger-scale triangles, relative to
the scale of the CASES-99 main site, provide context
and horizontal heterogeneity information during
stable NBL conditions.

At the meso-γ and microscale (2–2000 m), four ad-
ditional concentric triangles define the CASES-99

main site (Fig. 3), all of which center upon the 60-m
tower. These triangles sequentially decrease in scale
(as defined by the radii to the triangle vertices) as fol-
lows: 1800, 900, 300, and 100 m. The vertices of each
triangle are instrumented with 10- or 20-Hz-record-
ing thermosonic anemometers and other instrumen-

tation depending on the supplier (typically standard
meteorological instrumentation, and occasionally soil

temperature and moisture systems). Thus, heretofore
unprecedented information is available regarding the

horizontal distribution of stable NBL characteristics,
phenomena, and the associated fluxes. At the verti-
ces of the innermost triangles (100 and 300 m), mi-
crobarographs sampling at 1 Hz were installed to cap-
ture gravity wave phase speed, amplitude, and
orientation, as well as the pressure fluctuations asso-

ciated with various NBL phenomena (e.g., Denholm-
Price and Rees 1999).

Important information on the horizontal scale of
NBL phenomena is also obtained from a variety of
other instruments in the CASES-99 main site, includ-
ing a scanning high-resolution Doppler lidar, a

Raman lidar, multiple scintillometers with measure-
ments horizontally averaged turbulence parameters
(e.g., Kunkel and Walters 1982; C

T
2, but with differ-

ing path lengths), and to some extent the turbulent
eddy profiler. Additionally, two aircraft, the NOAA
Long-EZ and the Wyoming King Air, were available

for IOP flights, occasionally flying twice per night.
The aircraft were able to sample the wind compo-

FIG. 3. The CASES-99 main site (4.8 km by 3.2 km). The 60-m tower is the center of a series of concentric tri-

angles at whose vertices a variety of instruments, among others, are placed. The gully study areas lies southwest

of the 60-m tower.
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nents, (H
2
O, CO

2
, and temperature

among others) at 25 Hz and provide
valuable information linking the
fixed-location instrument observa-
tions to the phenomena observed.
During the late afternoon transition

and morning transition, when some
light remained, the Wyoming King
Air was able to fly as low as 50 m
AGL along certain flight paths, al-
lowing for comparison with some
instruments on the 60-m tower.

Data on small horizontal scales
[O(10)m] were also provided by
dedicated instrumentation arranged
in a shallow gully to the south-south-
west of the 60-m tower. This gully
(see Fig. 3) is ~10 m deep but expe-

rienced regular katabatic flow as
measured by a variety of instrumen-
tation. The gully measurements are
able to show how overlying turbu-
lence in strongly radiative conditions
can influence near-surface flows over

land surfaces common worldwide. In
the gully were two 10-m towers in-
strumented with thermosonic an-
emometers and slow-response sen-
sors, 18 thermocouples in the along-
and cross-valley axis directions, and

a number of 2D sonic anemometers
placed in strategic locations. Despite
strong gully stability, its katabatic
flow was frequently influenced by
flow above it, as is discussed below
(preliminary results: IOP-7, 18 Oc-

tober 1999, intermittent phenomena).

VERTICAL INFORMATION. One of the most important as-
pects of quantifying the influence of various NBL
phenomena on NBL evolution and the ambient at-
mosphere is observing the relevant atmospheric fields

with height. Analysis of dynamic and static stability
was considered a crucial part of the CASES-99 mea-
surements. During CASES-99 a 60-m tower, a kite
profiling system, vertically profiling lidars (the
NOAA HRDL, the University of Iowa wind lidar and
scanning aerosol lidar, and the LANL vertical pro-

filing lidar), tethersondes, radars, and sodars were the
primary instruments in use (see Figs. 3 and 4).
Additionally, during IOPs frequent rawinsondes
were released, most often at 1-h intervals but vary-
ing from half-hourly to bihourly during the overnight

period. Unfortunately, wind data from the rawin-
sondes are unavailable below ∼150 m AGL during
many flights.

Regarding vertical structure, the 60-m tower pro-

vided by NCAR ATD (Fig. 4) acted as the centerpoint
for the CASES-99 experiment, with an unusually
large number of sensors with high sampling rates
mounted upon it. At six levels, from 2.5 to 60 m, 10-
or 20-Hz sonic anemometers or thermosonic an-
emometers were mounted in roughly 10-m intervals

(Fig. 4). Between those sensors slow-response sen-
sors provided additional information at 5-m separa-
tion. Also, below 10 m AGL, hot-film sensors re-
corded winds at 200 Hz. At 10, 20, and 40 m, hot-wire
anemometers gathered data for dissipation evaluation
at 4.8 KHz. Additionally, microbarographs sampling

to 1 Pa at 2 Hz were mounted at 1, 30, and 50 m with

FIG. 4. A photograph from the southeast of the 60-m tower at the

CASES-99 main site (left) and a schematic of the same tower (right).

The short tower in the near view of the photograph is 100 m from

the base of the 60-m tower at the vertex of a concentric triangle. The

60-m tower was the center of a series of concentric triangles at whose

vertices a variety of instruments were placed. As partially shown in

the schematic, it was densely instrumented with sonic anemometers,

standard weather stations with propeller vane wind measurements,

thermocouples, radiative flux divergence instrumentation, CO
2
 sen-

sors, hot-wire anemometers, and microbarographs.
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the intent of providing a unique observation of ver-
tical propagation of coherent pressure disturbances.

Thirty-four thermocouples (E-type, chromel/con-
stantan, 0.0254-mm diameter) capable of 5-Hz ab-
solute temperature measurements were distributed
in 1.8-m increments from 2.3 to 58.1 m AGL, pro-

viding unprecedented vertical resolution of tempera-
ture changes induced by the various NBL phenom-
ena sampled. The advantage of thermocouple
temperature is its accuracy of the temperature differ-
ence between different vertical levels. The high ac-
curacy of the thermocouple temperature is achieved

by referencing thermocouples from different verti-
cal levels to the same data logger where a common
reference temperature is defined. The thermocouples
deployed in CASES-99 are the same as the one dis-
cussed in Cheney and Businger (1990), with an esti-
mated accuracy for ∆T of 0.01°C. The absolute ac-

curacy of the reference thermistor is 0.25°C for the
range of 0°–40°C.

Comparisons during nighttime between aspirated
and thermocouple temperatures indicate that the ab-
solute temperature difference between the two types
of temperature measurements is about 0.1°C.

Comparing the three types of temperature measure-
ments on the main tower, Fig. 5 indicates that the
thermocouple temperature captures all similar high-
frequency temperature fluctuations as the sonic an-
emometer does, which are missed by aspirated tem-
perature sensor. In addition, it has the absolute

accuracy of the slow-response aspirated temperature
sensor, which the sonic anemometer lacks.

To study all the heating sources and sinks that af-
fect the validity of Monin–Obukhov similarity theory,
radiative flux divergence was carefully measured
by 10 Eppley precision infrared radiometers posi-

tioned at 48 and 2 m AGL. The contribution of the
vertical divergence has been measured in previous
experiments (Funk 1960; Nkemdirim 1978;
Gopalakdrishnan et al. 1998) but the interpretation
of the results is controversial and not in agreement
with theoretical studies (Rider and Robinson 1951;

Elliott 1964). This is the first time that both the ra-
diative flux divergence and the sensible heat flux di-
vergence can be calculated using simultaneous obser-
vations. With the eight vertical levels of turbulent flux
measurements, the total heat budget can be studied
under stable nocturnal boundary layer conditions.

FIG. 5. A comparison of the temperature (°C) from a 20-Hz thermosonic anemometer, an aspirated tempera-

ture sensor, and a 5-Hz thermocouple at 55 m on the 60-m tower.
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Approximately 200 m to the northeast of the 60-m
tower a variety of instruments were placed that also
sampled the atmosphere in the vertical (Fig. 3). The
FM-CW radar continuously measured C

N
2 in this area,

providing constant real-time evaluation of turbulent
phenomena from 60 m to over 1 km at 2-m vertical

resolution. This information was of great use, along
with the other instruments capable of real-time dis-
play such as the sodar, HRDL, and kite, in guiding
airborne resources toward regions of significant in-
stability. Also, in this area was the TEP, whose experi-
mental capability to detect three-dimensional winds

in an ∼25° cone above it, may give some of the first
information of this kind for intermittent NBL turbu-
lence. Also, in this area was the GPS rawinsonde.

Other instruments also sampled the vertical struc-
ture of the NBL on the main site (Fig. 3). To the south-
east of the 60-m tower, a sodar sampled the winds and

turbulent quantities at ∼8-m vertical resolution to
100 m AGL, frequently detecting shear instability and
overturning. Also in this area was a tethersonde ca-
pable of high vertical resolution vertical profiles of
mean atmospheric quantities during relatively quies-
cent periods (U < 7 m s−1), where U is the total hori-

zontal wind speed. To the west of the 60-m tower, a
cluster of instruments, including two lidars and a ver-
tically profiling kite (with a balloon for calm periods)
added further information. The kite was able to fre-
quently take vertical profiles and, with multiple high-
rate instruments hanging from its tether, sample el-

evated turbulent events with a high sampling rate for
long periods. The Raman lidar provides high vertical
resolution information (∼4 km) about specific humid-
ity distribution, and, combined with a collocated scan-
ning aerosol backscatter lidar, identify significant lay-
ers within the NBL, and possibly instabilities that are

generated at those levels.
To the south, at approximately the same altitude

as the base of the 60-m tower, the HRDL lidar de-
tected Doppler velocities in variety of flexible scan-
ning strategies (Grund et al. 2001). When scanning
repeatedly at one orientation (generally into the mean

wind) over a variety of elevation angles, the HRDL
was able to capture wave activity and shear layers not
seen clearly by any other instrument. When staring
vertically this instrument was able to capture the ver-
tical velocity associated with horizontally propagat-
ing internal gravity waves. Other scanning strategies

allowed the HRDL to capture variances of the hori-
zontal components of velocity.

Intensive observational periods (IOPs). Table 2 lists the
date, time, short events summary, and aircraft avail-

ability for CASES-99 IOPs. During the month of Oc-
tober there were 12 designated IOPs (although num-
ber 11 was cancelled), far exceeding our expectations,
and all of the resources were easily used. According
to temperature data taken on the 60-m tower, the
temperature increase was 5.5°C (or 275°C km−1),  on

average from the surface to 20 m AGL, showing that
CASES-99 sampled very statically stable conditions
during IOPs. This unexpectedly large number of
IOPs was due to an exceptionally dry October, par-
ticularly from 1 to 27 October. Indeed, there are a
number of non-IOP nights that should contribute

significantly to stable NBL research.
Throughout the field phase of CASES-99 it was

recognized, via real-time instrumentation and daily
IOP summaries from various investigators, that we
were successfully capturing the events that would
make our scientific goals achievable. Thus, we have

attempted to compile tables of significant turbulence
events and events where atmospheric change was sig-
nificant, based on data obtained from instrumenta-
tion on the 60-m tower, the ABLE data array, and the
Wyoming King Air. (Our event summary is not
shown here but can be found online at www.co-

ra.com/cases/CASES-99.html.) To briefly summarize
the contents of those tables, we found the following
number of different events from overnight periods
during October 1999: 4 synoptic frontal passages, 10
density current passages (e.g., Blumen et al. 1999), 6
low-level and 3 upper-level (aircraft) episodic turbu-

lence events, 7 miscellaneous events (such as unusu-
ally large-amplitude wave activity or short timescale
temperature changes), inertial oscillations (Table 3),
and 13 low-level jets observed in the height range 100
< z < 300 m. These tables are likely to be incomplete
for a number of reasons, including 1) not evaluating

the entire CASES-99 dataset, 2) incomplete datasets,
3) location of the instruments chosen for review, and
4) the inadequacy of some instruments in detecting
events. The tables have been compiled as a guide for
investigators seeking particular, individual events, but
the user should expect other events in addition to

those listed, and, perhaps, a reinterpretation of a cited
event.

Operational forecast guidance. During the CASES-99
field phase, operational forecast guidance was pro-
vided by the UCAR JOSS in cooperation with the

Wichita NWS and numerical weather prediction us-
ing the RAMS being run on a Linux cluster at Colo-
rado State University. The RAMS forecasts used
3.5-km and 25-m grid spacing in the horizontal and
vertical, respectively. These mesh sizes are considered
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exceptional resolutions for operational forecasting
and our operation benefited significantly from their
presence. The model setup for these forecasts is avail-

1 4 Oct: 2200 5 Oct: 1100 Clear skies, light winds. ∆T = 5.3 (265) Not available 4 Oct 2300–

5 Oct 0200

2 5 Oct: 2200 6 Oct: 1300 S Jet ~ 10 m s−1, near 110 m AGL; 6 Oct 0100–0430 6 Oct 0430–0715

turbulence, K–H billows; morning 6 Oct 1100–1300

transition. ∆T = 6.7 (335)

3 9 Oct: 2200 10 Oct: 1300 W jet ~10 m s−1, 60–120 m AGL. 10 Oct 0200–0315 Not available

∆T = 6.2 (310)

4 10 Oct: 2200 11 Oct: 1300 Postfrontal ENE jet ~ 17 m s−1 11 Oct 1030–1300 Not available

100–200 m AGL. ∆T = 4.0 (200)

5 11 Oct: 2200 12 Oct: 1300 Weak surface flow with strong flow 12 Oct 0400–0800 12 Oct 0000–0200

aloft to 17 m s−1 near 250 m AGL. 12 Oct 0900–1300 12 Oct 1000–1300

Organized KH-like and wavelike

structures observed. ∆T = 5.1 (255)

6 13 Oct: 2200 14 Oct: 1300 ENE jet ~9–12 m s−1, 120–180 m AGL. 13 Oct 0400–0830 13 Oct 0100–0400

Turbulence/wave sheets; gravity waves; 13 Oct 0930–1300 13 Oct 1000–1300

turbulence bursting; KH activity;

dissipation of LLJ. ∆T = 5.4 (270)

7 17 Oct: 2200 18 Oct: 1300 Surface-based turbulent event. 18 Oct 0200–0445 17 Oct 2300–

N–E–SE jet  ~10 m s−1, 200–300 m 18 Oct 0200

-> 100 m AGL. ∆T = 5.9 (295) 18 Oct 0945–1200 18 Oct 1030–1300

8 19 Oct: 2200 20 Oct: 1300 S–SW jet  ~11 m s−1, 60–120 m AGL. 20 Oct 0800–1300 19 Oct 2230–

Little wave activity. ∆T = 7.1 (355) 20 Oct 0130

20 Oct 1000–1300

9 20 Oct: 2200 21 Oct: 1300 S–SW jet  ~10–12 m s−1, 100– 20 Oct 2300–0300 20 Oct 2330–0230

200 m AGL. A fossil turbulence event second flight second flight

and nearly continuous, weak surface-

based turbulence. ∆T = 4.8 (240)

10 22 Oct: 2200 23 Oct: 1300 No jet. Consistent dissipation at Not available 23 Oct 1000–1400

about 200 Hz. ∆T = 5.5 (275)

12 26 Oct: 1900 27 Oct: 1300 Evening transition. No jet. 26 Oct 2215–  Not available

∆T = 5.0 (250) 27 Oct 0145

27 Oct 0400–0645

TABLE 2. IOP nights during CASES-99 field experiment. Column 4 contains the estimated maximum T
20m

– T
0.5m

 and a conversion of that value to °C km−−−−−1 in parentheses. The other columns are self-explanatory.

Short description and max King Air Long EZ

IOP Start date: End date: ∆∆∆∆∆T
20.0–0.5 m

 in °C and equivalent flight times flight times

No. time UTC time UTC lapse rate (°C km−−−−−1) (UTC) (UTC)

able online (www.joss.ucar.edu/cases99) to those us-
ing the CASES-99 dataset who also wish to use RAMS
for case study investigations or other purposes.
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The RAMS forecasts for these clear, generally weak

surface wind nights were made available each afternoon
for that night and the following night. Interestingly,
RAMS, like most modeling systems today, is subject
to the known parameterization errors in dynamically
stable near-surface conditions described previously in
the project background. Thus, we should expect that

these forecasts should be error prone and, indeed,
quite often the surface features were in error (i.e.,
surface temperature) and the observed heterogeneity
of the NBL could not be captured. However, RAMS was
quite frequently able to portray the orientation and
development of a near-surface jet from 50 to 250 m

AGL that were then verified by observations during
an IOP. This information was otherwise unavailable
from any other resource, and was often used to pre-
pare observational strategies during the field phase.

Numerical modeling within CASES-99. The CASES-99

datasets will enable investigators to address some of
the primary deficiencies of current model parameter-
izations in the stable boundary layer. While the focus
is primarily on turbulent diffusion and surface layer
parameterization, a number of physiographic param-
eterizations could also be validated. These parameter-

izations are used in models from the global to micro-γ
scale, and in both operational and research environ-
ments. Thus, the common goal of those researchers
using numerical techniques is to combine various
approaches to achieve the most comprehensive im-
provements to the model when the atmosphere is

statically and dynamically stable, on average. The
various types of numerical modeling activities antici-
pated as a part of CASES-99 are described below. It
is anticipated that careful merging of theoretically

1 4–5 Oct All 1 Weak LLJ No

(278)

2 5–6 Oct All 2 LLJ at 100 m Sporadically

(279)

3 7–8 Oct All N/A Slab acceleration Yes

(281)

4 10–11 Oct All 4 300 m, 12–18 m s−1, 50°–100° Yes

(284)

5 11–12 Oct W, O, E, S 5 200–300 m, 10–15 m s−1 No

(285) 180°–210°C

6 12–13 Oct All N/A 300–400 m, 15–20 m s−1 N/A

(286) 200°–250°

7 13–14 Oct B, O, E, S 6 200 m, 12 m s−1, 120° None but at 0300 for E

(287) and S

8 22–23 Oct All 10 Only after 0700 UTC

(296)

9 27–28 Oct All N/A 400 m, 20 m s−1, 200° Only at 1100 UTC

(301)

TABLE 3. CASES-99 nights with inertial oscillations beginning 0000 UTC and lasting for 14–16 h at the

boundary layer profilers located at B: Beaumont, W: Whitewater, O: Oxford, E: El Dorado, and S:

Smileyberg (see Fig. 2 for locations).

GLASS winds

Even Date Sites with IOP LLJ characteristics available below

No. (Julian date) IOs No. overnight 120 m



566 APRIL 2002|

based modeling with mesoscale, LES and DNS tech-
niques, and quantitative comparison with the compre-
hensive field phase measurements will produce sci-
entific advances in the ability to model and
parameterize stable NBL phenomena.

MESOSCALE MODELING. Although no results are shown
here, post-field phase mesoscale numerical simula-
tions will use a variety of mesoscale models (e.g.,
RAMS, above), depending on the investigator, to de-
scribe the coupled land–atmosphere system, bound-
ary layer fluxes, and NBL structure observed by

CASES-99 instrumentation. Such models are capable
of capturing large-scale forcing on a larger grid and
using grid nesting to telescope down to the scales of
interest, but are hindered by deficiencies in param-
eterization capability during conditions where turbu-
lence is suppressed by stratification and weak wind

or weak wind shear. These models use a variety of
parameterizations—radiation parameterization, a
soil/vegetation model (temperature and moisture)—
and can ingest high-resolution physiographic data
(terrain heights, vegetation, soil type, and land per-
centage), all of which will affect NBL evolution (Pielke

et al. 1992). Mesoscale models will be utilized in four
main ways: 1) to reconstruct, at very high horizontal
[O(100) m grid spacing and vertical O(10) m grid
spacing] resolution, the micro-γ scale features of the
NBL for case nights of interest from CASES-99, con-
sidering also item 3 (below); 2) to provide guidance

(shear values, initial Richardson number profiles, etc.)
to the LESs and DNSs described below (with due re-
spect to the following); and 3) to reveal the deficien-
cies of the existing stable surface layer and subgrid-
scale parameterizations; 4) in idealized studies of
various NBL features.

For case study reconstruction and testing of the
stable surface layer and subgrid-scale parameteriza-
tions, emphasis will be placed on comparison and vali-
dation against measurements from the CASES-99
field experiment. This will provide the foundation for
analysis of simulation quality and the performance of

the parameterizations. Inaccuracies in the simulation
of the very stable surface layer will be evaluated to pose
new solutions to that problem, as hypothesized by
various CASES-99 participants, and will hopefully
lead to the improvement or development of entirely
new parameterization schemes.

LARGE EDDY SIMULATION. LESs are planned by some in-
vestigators for more detailed investigation of several
aspects of stably stratified, surface/boundary layer tur-
bulence, such as the nature of intermittence, coher-

ent structures, and fluxes in stably stratified planetary
boundary layer (PBL) flows and to explore how these
PBLs differ from their unstable and neutral counter-
parts. In order to carry out this research, a critical
review of subgrid-scale (SGS) modeling practices in
LES is being undertaken since one can anticipate that

the current SGS models, developed primarily for un-
stable and neutral flows, are inadequate for the stable
regime. Because the optimal simulation scale of the
LES lies between that of the mesoscale model and that
of the DNS, simulated stable NBLs using LES are an
important part of determining the flaws in SGS pa-

rameterization (Saiki et al. 2000). With regard to the
issue of SGS modeling, the question arises as to how
to parameterize the effects of small eddies (smaller
than typical LES grid volume in LES for stably strati-
fied turbulence). Some LES solutions are very sensi-
tive to the stability corrections. In combination with

the mesoscale modeling analysis, reformulation of
these parameterizations for the stable NBL should be
possible with sensitivity case studies of CASES-99
IOPs in comparison with its supporting measure-
ments. Similarly, comparisons with DNS will show
where, perhaps, the unrealistic viscosity in the DNS

fails to allow the development of sufficiently chaotic
features. Such comparisons will ensure the proper
interpretation of the dynamical evolution in all three
modeling techniques.

DIRECT NUMERICAL SIMULATION. A central science goal of

CASES-99 is quantifying the role of intermittency in
turbulent mixing and transport. The causes of the in-
termittency can be Kelvin–Helmholtz and gravity
wave instabilities that are in turn caused by larger-
scale forcing such as drainage flows, elevated jet
maxima, and radiative fluxes. DNS of the initiation

of these instabilities and the evolution of the result-
ant turbulent layers is uniquely suited to quantifying
the intermittency because DNS is not subject to the
turbulence parameterization errors, and is adequate
if executed at sufficiently high Reynolds number, Re
(Fernando 1991). The large-scale flows observed dur-

ing the CASES-99 field phase determine the initial
conditions for the DNS, and hot-film, sonic anemom-
eter and hot-wire measurements of turbulence statis-
tics can validate the subsequent evolution calculated
by DNS. Focused case study simulations using the
DNS technique will examine flow instability within

and above the NBL; the occurrence, intensity, and in-
termittency of turbulence and its penetration into the
observed CASES-99 stable NBL; and the structure of,
and the turbulence fluxes accompanying, such pen-
etration events. Since DNS is subject to using Re that
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are almost always smaller than those measured in the
NBL (except at very small scales; Muschinski and
Wode 1998), one can question its applicability here.
However, current computational advances have al-
lowed DNS to use 104 < Re < 105, yielding a buoyancy/
inertial subrange of turbulence spanning a decade or

more, and enabling assessment of turbulent fluxes and
transport accompanying such events (Werne and
Frits 1999, 2001). These simulations will be used to
further evaluate and improve parameterizations in
LES and mesoscale models and allow high spectral fre-
quency comparisons to CASES-99 field data. Because

it calculates turbulence directly, the DNS technique
has the unique ability to quantify all terms in the fun-
damental budgets, even those that cannot be mea-
sured. This is especially important with the intermit-
tent turbulence in stratified flows, where locally
strong turbulence and sharp thermal or constituent

gradients may lead to strong, spatially, and temporally
localized mixing and transport, which may differ
greatly from mean turbulence statistics. In combina-
tion with the LES and mesoscale models, DNS should
contribute significantly to the evaluation of deficien-
cies in parameterizations subjected to stable atmo-

spheric conditions.

PRELIMINARY RESULTS. IOP-7, 18 October

1999, intermittent phenomena. IOP-7 was character-
ized by two density current passages and another
event with some density current characteristics

around 1200 UTC. This CASES-99 IOP serves as a
prime example of the variety of phenomena that
populate and influence the evolution of the primarily
dynamically stable NBL, and is being emphasized by
a number of investigators. Data obtained during this
eventful overnight period are shown below to contrib-

ute significantly toward the achievement of the sci-
entific goals described in the field experiment descrip-
tion. Whereas the first two events had typical
characteristics of density currents, the third event near
1200 UTC had unusual characteristics.

TOWER MEASUREMENTS. The high vertical resolution
thermocouples captured many interesting intermit-
tent mixing events, such as density currents and grav-
ity waves. One of the density currents passed through
the main tower on 18 October 1999 at 0140 UTC (17
October 1999, at 2040 CDT; Fig. 6). The density cur-

rent passage is marked by the appearance of cold,
moist, and high carbon dioxide air with significant
vertical wind shear from the ENE. As the cold air
passed by, the wind direction switched from the ENE
to NNE, then back to the ambient wind direction

(Fig. 6). The wind direction change is in response to
the local pressure adjustment associated with the den-
sity current. The downward propagation of the 1°–
4°C temperature drop indicates that the head of the
density current was elevated from the ground surface
as Fig. 6 illustrates. The cold, moist, and high CO

2
 air

intrusion at the higher level leads to thermal instabil-
ity, resulting in large upward heat transfer, downward
moisture and CO

2
 transfer between 30 and 40 m (the

“upside-down” boundary layer), and large tempera-
ture oscillations at the upper levels. While at the lower
level, where the temperature profile was still stable,

there was downward heat transfer and upward mois-
ture and CO

2
 transfer, as expected in a typical stable

nocturnal boundary layer.
Associated with the density current, there was a

wind surge lagging behind the cold air intrusion. As
the wind surge propagated downward, the wind shear

increased especially close to the ground surface, where
the wind speed remained near zero. As a result, tur-
bulence is generated by strong wind shear (middle
two panels, Fig. 6). As the stratification at the upper
level is reestablished quickly after the relatively cold
current passes by, the turbulence is significantly re-

duced. In contrast, at lower levels shear-generated
turbulence increases. The stronger stratification after
the current passes is related to downward motion
behind the head of the density current.

Spectral analysis (not shown) based on the Haar
wavelet transform (Howell and Mahrt 1997) indicates

that the cold air intrusion triggered large temperature
oscillations with the gravity wave period around
12 min at all heights. The strong wind surge followed
the density head generated the strong shear turbu-
lence with the eddy size much smaller than the early
gravity waves. This analysis of the mixing event illus-

trates that the unprecedented high vertical resolution
thermocouples, and sonic anemometers captured the
detailed structure of the density current, especially
where the density head leads to a upside-down noc-
turnal boundary layer. Further discussion of this event
can be found in Sun et al. (2002).

KITE/BALLOON INFORMATION. An example of one inter-
esting, but as yet unexplained, phenomenon was cap-
tured by a tethered launching system (TLS; Balsley
et al. 1992, 1994) flight during a period when turbu-
lence activity at low altitudes was being measured by

aircraft. Figure 7, which was obtained during a TLS
ascent near 1155 UTC 18 October, depicts high-
frequency temperature fluctuations between 30 and
55 m AGL measured by three separate sensor pack-
ages separated by 6 m and ascending at about 0.4 m s−1.
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FIG. 6. The time–height plot of various atmospheric variables during the density current on 18 Oct 1999, near

0200 UTC, where the air temperature, the specific humidity, the wind speed, the wind direction, the vertical

velocity, and the carbon dioxide concentration at 5 m are plotted from the top to the bottom, respectively.
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Although the TLS obtained data to 400 m, only the
lower portion of these profiles is presented here. The
unusual feature of these results is the fairly intense
(∼0.3°C) sinuous temperature fluctuations with a ver-
tical scale of only a few meters that are apparent on
all the sensors. These fluctuations did not occur on

earlier ascents. They were also observed on other sen-
sors (low-frequency temperature sensors and Pitot
tubes) on the same packages. One point of interest is
the coherence of these fluctuations during the 30-s in-
terval between the passage of the first and last pack-
age through the region. A second point is the appar-

ent upward motion of the envelope of the fluctuations
of about 1 m. This suggests either a true vertical mo-
tion of the structure of a few centimeters per second,
or a tilted horizontal structure advected past the sen-
sors, with a 1-m tilt in ∼150 m (30 s × 5 m s−1 wind
speed). The TLS data alone are insufficient to resolve

this question.
The relative turbulence intensity

levels in the 45–50-m region before
and after the Fig. 7 profiles are
shown in Fig. 8. Figure 8 (top) shows
high-frequency temperature fluctua-

tion spectra from the cold-wire sen-
sors on package No. 3. Note that the
spectral levels about 1 h prior to the
Fig. 7 profile are at least a factor of
50 weaker than those obtained about
1 h later. A somewhat smaller in-

crease, yet still more than a factor of
20, is apparent in Fig. 8 (bottom),
which shows spectra for the turbu-
lent wind speed fluctuations (from
the hot-wire sensor) for the same pe-
riods. Note that comparable turbu-

lent levels above 55 m during this
period did not exhibit such an in-
crease. On the other hand, turbu-
lence fluctuations at higher heights
during other periods were at times
much more variable, and occasion-

ally quite intense.

FIG. 7. Vertical profiles of high-frequency temperature

fluctuations observed by three separate probes on the

tethered lifting system ascending sequentially through

the 30–55-m height range at 0.4 m s−−−−−1. These observa-

tions were taken near 1155 UTC 18 Oct during IOP-7.

FIG. 8. (top) Spectra of high-fre-

quency temperature and (bottom)

wind speed fluctuations obtained

roughly 1 h before and after the

results shown in Fig. 7, during IOP-

7. Note the marked increase in

turbulence levels in both sets of

spectra.
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AIRCRAFT INFORMATION. Data from the Wyoming King
Air are shown in Fig. 9 for the period 1212–1217 UTC
18 October 1999 where zero on the x axis represents
the meridional location of the 60-m tower. Note in
Fig. 9 (bottom) that the altitude AGL flown by the
aircraft was quite low and allows for a reasonable

comparison with instruments sampling between 40
and 100 m. Plots of u and v indicate that NE flow ex-
isted at all levels sampled by the King Air during this
leg, with significant variability at meridional distances
0, +7, and +10 km. These localized events are accom-
panied by significant vertical wind speeds and rapid

variability through a range exceeding |0.5| m s−1. As
stated above these events corresponded to moderate
turbulence reports from airborne personnel. Efforts are
underway to better correlate the variety of measure-
ment platforms sampling these events from this IOP.

THE HORIZONTAL EXTENT OF INTERMITTENT EVENTS—GULLY

DATA. Among some of the interests of the CASES-99
investigators is the horizontal extent of intermittent

turbulence events in the NBL. Figure 10 shows ob-
servations from the gully to the SW of the 60-m tower
as drawn in Fig. 3. Although the gully is ∼1 km from
the 60-m tower where three primary events were
measured and the gully experienced very strong static
stability with persistent katabatic flow on this night,

each of the three events that occurred during IOP-7,
as measured by the tower, influenced gully flow. Note
the sudden oscillation in wind direction during three
periods in Fig. 10;  2300 CDT (0400 UTC),  0130
CDT (∼0530 UTC), and again at 0530 CDT (1030
UTC). Surprisingly, such influences on apparently

well-established katabatic flow has been reported by
Poulos (1996) for much longer, deeper, and wider
valleys in the Rocky Mountains. This interesting re-
sult suggests that intermittent turbulent events in
the NBL are not isolated horizontally in their influ-
ence. These influences are manifested by changes in

momentum characteristics in the gully, where
katabatic flow is temporarily interrupted on three
separate occasions.

IOP-2, 6 October 1999, 0515–

0545 UTC, short-lived instability.

The NOAA HRDL and in situ
tower sensors captured what
appeared to be waves and tur-
bulence associated with a shear
instability propagating in a
horizontal direction over the

CASES-99 field site between
0520 and 0545 UTC (2320–
2345 CDT) on 6 October 1999.
A radiosonde observation taken
at 0300 UTC at a site located
16 km north-northwest of the

main site is displayed in Fig. 11.
The flow is southerly, and the
positive shear layer and inver-
sion are confined to approxi-
mately a depth of 85 m. The
layer Richardson number for

this flow is subcritical at 0.15.
The later measurements at low
levels at the main site do not in-
dicate any significant depar-
tures from these conditions.
This event is investigated in

considerably greater detail in
Blumen et al. (2001) and
Newsom and Banta (2001,
manuscript submitted to J.

Atmos. Sci.).

FIG. 9. (top to bottom) u, v, w, T, and height AGL vs meridional distance

(km) from a single leg of the Wyoming King Air during IOP-7 near sun-

rise. Note the very low flight levels and intermittent periods of high vari-

ability encountered by the aircraft.
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A 1-h time series of the tem-
perature and horizontal and
vertical wind speeds is pre-
sented in Fig. 12. The billow
event is characterized by the
larger amplitude, high-fre-

quency responses during the ap-
proximate period 0520–0545
UTC. Although the atmosphere
appears to be in a state that pro-
motes instability a few hours
before the 0520 UTC event oc-

curred, the observing systems in
place did not record any other
event that could be related to the
onset of shear instability. This
circumstance does not violate
the theoretical underpinnings of

the derived stability criterion, Ri
< 0.25 (Howard 1961). The con-
dition, Ri < 0.25, is a necessary
but not sufficient condition for
the instability to occur. Events
similar to the one observed may, however, have oc-

curred outside the range of the CASES-99 observing
systems. A low-level jet was established during the ob-
servation period, with peak winds of 9 m s−1 at
120 m AGL. The jet structure, as determined by a
VAD analysis of the lidar data, was characterized by
a strong wind shear between the surface and ∼85 m,

a jet maximum at ∼120 m, and a gradual tapering of
the profile above that level. Winds at the surface were
light (< 2 m s−1). Based on high-rate tower data from
sonic anemometers and thermocouples, the mean
temperature gradient between the surface and the top
of the 60-m tower was approximately 140°C km−1

about 1 h prior to the event. During the 15-min pe-
riod prior to the event, the mean wind shear between
30 m and the top of the tower was approximately
0.17 s−1. A series of large intermittent bursts in turbu-
lence began at about 0520 UTC and persisted until
about 0545 UTC. The most intense bursts occurred

above the 20-m tower level.
Between 0525 and 0542 UTC HRDL performed

shallow vertical-slice scans in the general direction of
the mean flow. The scan plane was oriented at an azi-
muth of 10° and the lidar scanned from 0° to 10° in
elevation at a rate of 0.33° s−1, producing in a full 10°

scan in 30 s. The lidar recorded 33 sequential scans
during this period. Figure 13 shows a representative
HRDL scan during the event. Coherent propagating
wave structures are clearly evident in animations of
all scans (see online at www.etl.noaa.gov/~ypichugina/

FIG. 10. A plot of wind direction from five 2D sonic anemometers placed

in the gully (see Fig. 4 for gully location). Despite strong static stability,

down-gully katabatic flows were intermittently interrupted by various NBL

phenomena.

FIG. 11. Potential temperature (solid line) and wind

speed (dashed line) from the 0300 UTC sounding taken

at El Dorado on 6 Oct 1999 during IOP-2. Strong shear

and low Ri contributed to conditions conducive to

Kelvin–Helmholtz billow development.
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b_6.html, Animation 1, courtesy NOAA-ETL). In
several scans, the lidar observations show distinct evi-
dence of what appear to be overturning wave struc-
tures or “billows” with a phase speed of 5.5 ±0.8 m s−1.

The wavelength of these features based on both visual
inspection and spectral analysis, is between 350 and

400 m, with the strongest wave activity between 40
and 70 m AGL. The first relevant scale after a sheared
layer of thickness h becomes unstable is the wave-
length of maximum amplification, L (e.g., Miles and

Howard 1964; Scorer 1997). The measured L for this
billow is 400 m, which when used in the theory of

FIG. 12. Various time series from 6 Oct 1999. (a) Thermocouple temperature, (b) sonic anemometer horizontal

wind speed, and (c) sonic anemometer vertical wind speed. The instrument level and quantity of data have been

shifted to reveal structures.
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Scorer (1997) gives a wave ampli-
tude of 32 m. This value compares
favorably to the observed billow
height, although other aspects of
Scorer’s (1997) theory are less
well matched. However, the work

of De Silva et al. (1996) suggests
that this billow may be in an early
growth stage, rather than the final
mixed state (Thorpe 1973).
Perhaps the mixing efficiency
within a billow may be quite dif-

ferent under actual environmen-
tal conditions.

Tower measurements clearly
indicate a substantial increase in
turbulent activity between 0520
and 0545 UTC on 6 October

1999. To examine the relation-
ship between the wave-scale mo-
tions and small-scale mixing, we
examined the statistics of the ver-
tical velocity field from 20-Hz
sonic anemometer data located at

eight levels on the CASES-99
main tower (not shown). Spectral
analysis of sonic anemometer
data at 30-, 40-, 50-, and 55-m
levels indicated that the principal
wave period, between 0518 and

0545 UTC, is approximately
100 s. Height–time displays of
vertical velocity variance and kurtosis (not shown)
indicate transient increases in vertical velocity vari-
ance during several distinct times, which suggests the
passage of individual billow cores (Palmer et al.

1996). These results are consistent with the direct nu-
merical simulation of Kelvin–Helmholtz billows de-
scribed by Werne and Fritts (1999).

One question that arises when considering short-
lived atmospheric disturbances in the generally qui-
escent NBL is the influence of those events on atmo-

spheric structure. Some of these influences can be
inferred from fluxes calculated from the 60-m tower
sonic anemometers. Figure 14 shows 1-min-averaged
heat and momentum fluxes from the 55-m level for
the period 0500–0600 UTC 6 October 1999. Clearly,
all of the fluxes show a marked increase in magnitude

during the event period, 0520–0545 UTC, with mini-
mal fluxes both before and after the event. Therefore,
the billow event has induced significant mixing at this
level and at other levels on the 60-m tower (not
shown). Although sonic anemometer measurements

were not taken above 55 m, the billow depth indicated
by Fig. 13 is highly suggestive of significant mixing
well above that level (to the height of the billows).
Indeed, these fluxes appear to be significant, even

when compared to the strong fluxes during convec-
tive daytime conditions, though short-lived. Mixing
processes for heat, calculated from the 5-min heat
fluxes, correspond to ∼0.6°C of cooling across a 10-m
layer in 1 min (0527.5 UTC). Overall, a somewhat
smaller cooling rate is distributed across the height

of the billow throughout the event period (25 min).
Integrating the heat fluxes in the period from 0520 to
0545 UTC gives an average value of  −0.03°C m s−1 and
assuming cooling across the  30-m depth of the event
we find an average cooling of 1.5°C. This upward re-
distribution of thermal energy cools upper layers and

is validated by the ∼1.5°C cooling during the period
shown in Fig. 12a at all tower levels, but most appro-
priately at the 54.5-m level. Corresponding changes
in horizontal wind speed consistent with the indicated
fluxes are also evident in Fig. 12b. Thus we find that

FIG. 13. One representative scan from the NOAA HRDL (lidar) showing

a mature stage of the shear instability observed on 6 Oct 1999, IOP-2.
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this intermittent turbulence inducing phenomenon

has caused significant changes in the vertical struc-
ture of the NBL.

Further corroborating evidence of the character
and influence of this event on the NBL can be ex-
tracted from the CASES-99 microbarograph array
(see Fig. 3 for locations). In the absence of absolute

proof of what this event might be, we can refer to
these signatures in the microbarograph measure-
ments as “coherent pressure disturbances.” A CPD
is any feature in the pressure field that maintains its
structure as it moves across the pressure sampling
array. Examples include gravity waves, pressure

jumps, drainage currents, wind gusts, and eddies.
Figure 15 shows the contours of wavelet energy

density in microbars squared per second (e.g., Hauf

et al. 1996) for the nighttime pe-
riod 0100–1300 UTC from one
of the six surface-based mi-
crobarographs during IOP-2.
Intense disturbances occur dur-
ing the first half of the night,

with maximum energy found in
eddies with periods near 30 min.
Using the beam steering tech-
nique in the slowness plane to
determine disturbance speed
and direction, we find that the

billow event in question be-
tween 0500 and 0600 UTC, has
a phase speed of about 15 m s−1,
a direction of 124°, and a wave-
length of about 14 km. The pe-
riod of the disturbance is

∼15 min, which corresponds
reasonably well with the ob-
served period of the disturbance
at upper levels of 25 min. The
difference may be attributable to
the surface-based location of the

microbarogarphs.
Unique microbarograph

measurements on the 60-m
tower at 1, 30, and 50 m AGL
also help clarify the nature of
this intermittent turbulence

event. A wavelet transform has
been applied on the recordings,
using a Morlet mother wavelet.
The integrated WT energy for
periods between 2 s and 3 min
for 0500–0600 UTC (Fig. 16)

shows similar structure at the
three heights, but with an increase of the associated
energy with height. The similarity in WT structure at
different heights is evidence of vertical influence on
an elevated turbulence event, reinforcing the obser-
vation that despite strong static stability, intermittent

turbulence events in the NBL can influence atmo-
spheric structure well outside their generation eleva-
tion. The recorded signal at 50 m (not shown) and its
integrated WT (Fig. 16) show evidence of oscillatory
behavior similar to that in the horizontally distributed
microbarographs. The interval of maximum activity

observed by the lidar (between 0518 and 0545 UTC)
is well captured. The wave phase is almost simulta-
neous in the recordings at 50 and 30 m (about 1-s lag),
but the lag is ∼9 s larger between 30- and 1-m record-
ings. The maxima of energy density (not shown) from

 FIG. 14. The 1-min-averaged momentum (u´w´, v´w´, w´w´, and U´w´) and

heat fluxes (T´w´) at 50 m AGL (with 5-min average removed) from the

60-m tower at the CASES-99 main site. The period shown is 0500–0600 UTC

6 Oct 1999, where the event was primarily confined to 20–45 min past

the hour.
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0500 to 0600 UTC at the 50-m level have periods of

less than 2 min at the times of the peaks in Fig. 16
[0518 (5.3), 0523 (5.4), 0530 (5.5), and 0534 (5.56)
UTC], indicating intermittent behavior.

IOP-4, 11 October 1999, inertial oscillations. As shown
in Table 3 (Lundquist 2000), inertial oscillations were

frequently observed during the CASES-99 field ex-
periment and are an example of the data that can be
utilized to meet our fourth scientific objective.
Inertial oscillations (IOs) have a period of about 19
h at the latitude of the CASES-
99 domain. Typically IOs de-

velop during the evening tran-
sition of the boundary layer;
later they enhance the evolution
of the low-level wind maximum
(or jet) that becomes a promi-
nent feature atop the growing

nocturnal surface inversion
(Buajitti and Blackadar 1957;
Blackadar 1957; Thorpe and
Guymer 1977; Mahrt 1999).
Though other sources have
been posited for the develop-

ment of the low-level jet, in-
cluding cooling over sloped
terrain (Holton 1967) and syn-
optic-scale pressure gradients
(Uccellini 1980; Djuric and
Ladwig 1983), a careful model-

ing study (Zhong et al. 1996)

concludes that over the Great
Plains of the United States, the
effect of the IO dominates any
effect from baroclinicity due to
sloping terrain. Despite their
significance to the LLJ, and

though they are thought to be
ubiquitous in the stable bound-
ary layer, there has not been a
quantitative climatology of the
presence of IOs in the stable
boundary layer. CASES-99 data

provides an opportunity for an
observation-based verification
of their generation during the
evening transition.

The five 915-MHz boundary
layer profilers located at Beau-

mont, Whitewater, Oxford,
Smileyburg, and El Dorado,
Kansas (Fig. 2), provide hourly

averages of winds from approximately 150–2000 m
sufficient for IO analysis. The regular soundings at the
main Leon site and the auxiliary Beaumont,

El Dorado, and Smileyburg sites provide thermody-
namic profiles of the NBL. Each time series of wind
speed and wind direction from one profiler level over
one night is presumed to consist of a mean wind, an
inertially oscillating component, and noise. To deter-
mine the significance of an extracted IO, the ampli-

tude of the IO is compared to the noise component
of the wind speed:

FIG. 15. Contours of wavelet energy density (µµµµµb2 s−−−−−1; e.g., Hauf et al. 1996)

for the nighttime period 2000–0800 LT (0100–1300 UTC) from one of the

six surface-based microbarographs during IOP-2.

FIG. 16. Temporal evolution of the wavelet transform energy for the three

microbarographs (1, 30, and 50 m AGL) integrated for periods between

2 s and 3 min.
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where A
IO

 is the calculated amplitude of the IO and
|noise| is the average value of the wind speed remain-

ing after the mean wind and the IO are removed from
the time series. Based on a review of hundreds of cal-
culations of R

ws
, it has been empirically determined

that when R
ws

 ≤ 0.5, the IO should be considered sig-
nificant. As a second check, the probability density
functions (PDFs) of the wind direction of the noise

component have been inspected to ensure that they
are Gaussian. Figure 17 depicts one time series that
fulfills the criteria to be considered an IO. For addi-
tional details on the IO extraction, see Lundquist
(2000).

This technique has been applied to the data from

the lowest 2 km of the 5 CASES-99 915-MHz bound-
ary layer wind profilers from 3 to 29 October. Of the
27 evenings examined, 9 nights show evidence of IOs
commencing at 0000 UTC (see Table 3), 1–2 h after
the surface heat flux changes sign, and lasting for 14–
16 h at two or more profiler sites. Winds below 150 m

are not available from boundary
layer profilers, and are often not
available from GPS soundings,
so it is not possible to determine
if IOs are present at or below the
inversion level on these nights.

One of these nights can illus-
trate the role of IOs in the devel-
opment of the jet profile in the
winds of the stable boundary
layer. The day of 10 October,
prior to IOP-4, is marked by

moderate winds, warm tem-
peratures, few clouds, and the
growth of a convective bound-
ary layer. The mixed layer,
sampled by a sounding at the
main Leon site, grows to 1400 m

by 2300 UTC on 10 October (see
Fig. 18). The ELD profiler indi-
cates that winds are 4–5 m s−1

from the north. Based on tower
measurements the surface heat
flux changes sign at 2230 UTC.

By 0100 UTC on 11 October,
the wind profiles confirm LLJ
development (Fig. 19). The
0300 UTC sounding and profiler
data show a distinct jet structure
in the wind. This jet persists

through the night, with the wind
direction rotating through the
east as the wind speeds in the jet
increase to 18 m s−1 by 0700
UTC. The speed in the jet maxi-
mum remains constant through

1200 UTC, and then starts to di-
minish. Throughout the night,
all jet development is confined
to below 600 m; profiler resolu-
tion does not reveal whether the

FIG. 17. (top) The hodograph of the winds observed from 0000 to 1600 UTC

at El Dorado at 361 m during IOP-4. (middle and bottom) Time series of

the zonal and meridional winds. The solid line represents the observed

data; the dashed line is the “best-fit” IO; the dotted line is the noise re-

maining after the mean winds and the IO have been removed from the

time series.
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jet max rises or lowers over the course of the night.
Thermodynamic data from the radiosonde at mid-
night local (0700 UTC) reveals that atop a sharp sur-
face inversion (4 K over 150 m), a statically stable layer
(7 K over ∼450 m) exists from 150 to 600 m. Above
600 m, the residual mixed layer survives the entire

night (Fig. 18).
Analysis of the IOs on this night shows that IOs

occur primarily in the very stable layer below 600 m
and generate a large component of the LLJ vector. The
inertially oscillating component of the wind, which
commences its oscillation at 0000 UTC, has an initial

wind direction of approximately 290°. The IO and
mean wind component line up at 0700 UTC, the same
time that the jet reaches its maximum. On this night,
inertial oscillations in the stable layer enhance the de-
velopment of the maximum in wind speed in the
lower levels of the boundary layer by 30% through the

vertical extent of the jet, although a weaker jet profile
would still be evident without the influence of the IO.

SUMMARY. CASES-99 is an investigation of the
NBL and its transitions, whose primary focus is on
data analysis from a field experiment held during Oc-
tober 1999. A broad range of instruments were uti-
lized, including many useful remote sensing instru-
ments, aircraft, surface-based, and elevated

high-frequency sensors in overnight sampling for 11
IOPs. The data from these IOPs are shown, here in
preliminary form, to begin to address portions of each
of the four scientific goals. These goals are, in short,
(see introduction for more detail) the following: 1) to
provide a time history of NBL phenomena, and to

evaluate their contributions to intermittent heat,
moisture, and momentum fluxes; 2) to measure fluxes
and their divergences throughout the nocturnal
boundary layer and surface layer to assess the depar-
tures from similarity theory under otherwise dynami-
cally stable conditions; 3) to define the relative impor-

tance of surface heterogeneity on NBL evolution; and
4) to compare measurements with existing models of

FIG. 18. Profiles of (left) wind speed and (right) potential temperature from radiosonde data on the night of 10–

11 Oct 1999, IOP-4. The + symbol indicates actual observations; some gaps exist in the winds portion of the

dataset.
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the transition periods, and to asses the role of the tran-
sition period in the initiation of inertial oscillations and
the enhancement of low-level jets. Overall, it is antici-
pated that addressing these scientific goals will provide
a basis for the improvement of the representation of

surface layer fluxes, and also near-surface turbulence
fluxes, within numerical models of the atmosphere.

Information provided herein shows that what at
the surface may appear, due to weak winds and strong
static stability, to be a relatively quiescent nocturnal
boundary layer, may in fact be intermittently popu-

lated with a variety of atmospheric phenomena that

provide deviations from a dy-
namically stable condition. In
Kansas, these phenomena are
frequently generated from the
upper levels of the NBL and
have influence downward due to

nocturnal jets that form with in-
fluence from inertial oscilla-
tions. These jets are not con-
fined to a particular orientation,
such as the Great Plains low-
level jet (e.g., Zhong et al. 1996),

which is generally considered to
be a southerly phenomenon,
with a jet maximum at altitudes
100 m or more above the jet
maxima observed during
CASES-99. The fluxes generated

from one event are shown to
have a significant effect on the
vertical structure of the NBL
despite its short-lived existence
(∼25 min). While not conclusive
given the small sampling pre-

sented herein, typical horizontal,
vertical, and timescales for in-
termittent phenomena observed
at CASES-99 are O(10–100) m,
O(1–10) m, and O(100–1000) s,
respectively. The challenge, in

part, lies in adequately repre-
senting the influence of these
microscale phenomena within
numerical models that typically
use larger-scale grid spacing.

Ongoing efforts investigating

the wide variety of events
sampled during the CASES-99
field experiment are yielding
additional information on their
sources and characteristics, such

that a robust understanding of the NBL can be

achieved. Further, many modeling techniques and theo-
retical tactics are being applied within CASES-99 to im-
prove model performance during conditions where
intermittent turbulence predominates.

We encourage all interested parties to pursue in-
vestigations utilizing the CASES-99 data archive that is

freely available online at www.joss.ucar.edu/cases99/.
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APPENDIX: LIST OF ACRONYMS.

ABLE Argonne Boundary Layer Experiment
AGL Above ground level
ANL Argonne National Laboratory

APO Argonne Project Office
ARM-CART Atmospheric Radiation Measurement-

Clouds and Radiation Testbed
ARO Army Research Office
ATD Atmospheric Technology Division

(NCAR)

ATDD Atmospheric Turbulence and
Diffusion Division

CASES Cooperative Atmosphere–Surface
Exchange Study

CBL Convective boundary layer
CoRA Colorado Research Associates
COT CASES-99 operations trailer
CPD Coherent pressure disturbance

CSU Colorado State University
DNS Direct numerical simulation
DOE Department of Energy
ETL Environmental Technology

Laboratory (NOAA)
FM-CW Frequency modulation-continuous

wave
GLASS GPS/Loran atmospheric sounding

system
GPS Global positioning system
HRDL High-resolution Doppler lidar
INEL Idaho National Energy Laboratory

INM Instituto Nacional de Meteorologia
IO Inertial oscillation
IOP Intensive observation period
ISS Integrated Sounding System
ISFF Integrated Surface Flux Facility
JOSS Joint Office for Science Support

(UCAR)
KH Kelvin–Helmholtz
LANL Los Alamos National Laboratory
LES Large eddy simulation
LIDAR Light detection and ranging
LLJ Low-level jet

NBL Nocturnal boundary layer
NCAR National Center for Atmospheric

Research
NOAA National Oceanographic and Atmo-

spheric Administration
NSF National Science Foundation

NWS National Weather Service (NOAA)
OSU Oregon State University
PBL Planetary boundary layer
RADAR Radio detection and ranging
RAMS Regional Atmospheric Modeling

System

RASS Radio acoustic sounding system
SGS Subgrid scale
SBL Stable boundary layer
SODAR Sound detection and ranging
TEP Turbulent eddy profiler
TLS Tethered Lifting System

UCAR University Corporation for Atmo-
spheric Research

VAD Velocity-azimuth display
WRW Walnut River watershed
WT Wavelet transform
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