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1. INTRODUCTION

The Cooperative Atmosphere-Surface Exchange
Study - 1999 (CASES-99) was conducted to
investigate the atmospheric processes of the
nocturnal boundary layer near Leon, Kansas (50
km) east of Wichita, Kansas during the month of
October 1999 (Poulos et al. 2002). An important
aspect of stable night-time turbulence is the
"global intermittency” (Mahrt 1989), i.e., variations
in space and time of the fine-scale turbulence
guantities such as the energy dissipation rate €
and the temperature structure constant CTZ.

The statistical description of the variations in € and
C+* are essential for valid comparison with other
remote sensing techniques for estimating € or c
because remote sensing estimates are produced
as a spatial average of the turbulent field. The
most common remote sensing measurements of €
include Doppler radar (Cohn 1995; Jacoby-Koaly
et al. 2002) and Doppler lidar (Frehlich et al.
1998). Estimates of C.> which is proportional to
C;* are produced by sodar (Gossard et al. 1984;
Smedman 1988) and Frequency-Modulated
Continuous Wave (FMCW) radar (Richter 1969;
Gossard et al. 1984; Eaton et al. 1995).

The small-scale velocity statistics of turbulence
were predicted for locally stationary and isotropic
conditions by Kolmogorov (1941) assuming that
the average energy dissipation rate € was constant
over a spatial domain less than the external length
scale L. Kolmogorov (1962) proposed a refined
similarity theory to include the random variations
of €. The key predictions of this theory are based
on the probability density function (PDF) of € as
well as the spatial statistics of € such as the spatial
correlation and the spatial spectrum (Monin and
Yaglom 1975) .
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In situ measurements of small scale turbulence
are typically performed with fixed sensors on
towers or on moving platforms such as aircraft.
Both measurements are limited in their altitude
coverage and aircraft provide measurements at a
single altitude. In addition, to sample a given
regime of spatial scale, measurements from a fast
moving aircraft platform require wider bandwidth
and lower noise than the same measurements
from a slow moving platform (Muschinski et al.
2001).

To improve the spatial resolution of a variety of
atmospheric measurements in the boundary layer,
the Tethered Lifting System (TLS) was developed
by the Cooperative Institute for Research in the
Environmental Sciences (CIRES) at the University
of Colorado (Balsley et al. 1998, 2003; Muschinski
et al. 2001). A vertical array of sensors was
specifically designed for the CASES-99 campaign
to produce fine scale temperature and velocity
measurements. These measurements could be
made at fixed altitudes by keeping the platform
stationary or by slowly moving the platform to
produce profiles of atmospheric quantities from the
surface up to an altitude of 2 km (see Fig. 1 of
Balsley et al. 2003). Temperature measurements
were produced with a low-frequency response
solid-state temperature sensor and a high-
frequency response fine cold-wire sensor. Velocity
measurements were made using a sensitive Pitot-
tube velocity sensor vaned into the wind and a
high-frequency response fine hot-wire sensor.
Both cold-wire and hot-wire signals were sampled
at 200 Hz. The temperature was calibrated to an
absolute accuracy better than 0.5 K and the
accuracy of the linear calibration constant was
better than 2%. The velocity was calibrated to an
absolute accuracy of better than 1 m/s and the
accuracy of the slope of the calibration curve is
better than 5% (Frehlich et al. 2003). This resulting
data set permits accurate spectral based
estimates of the temperature and velocity structure
constants (C;* and €*®) that describe the small-
scale turbulence.The sampling error of the
estimates for the spectral level in the inertial range
£?® and C;%) is typically 15% using 1 second of
data. Useful turbulence measurements can be
produced with time intervals as short as 0.25 s



when the atmospheric variability dominates the
estimation error. The statistical description of the
atmospheric variability Is the focus of this paper.

2. ATMOSPHERIC CONDITIONS

During the night of 20-21 October 1999 UT, a kite
was chosen to loft the instruments since the winds
aloft were moderate, ranging between 5-14 ms™
over the course of the evening. Examination of
earlier profiles indicates that the nocturnal jet first
appeared about 0200 UT at a height of 120 m with
a maximum wind speed of roughly 14 m st
retained its general shape until just after 0715 UT,
at which point wind speeds above the earlier jet
peak increased to produce an almost constant
profile with height up to at least 2500 m which
persisted for many hours. Wind direction during
this period was roughly south-southwesterly at the
surface, veering gradually with increasing altitude
to west-southwesterly above 150 m. The profile of
wind speed and temperature is shown in Figure 1
for the time interval 8.1-8.2 UT.
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Figure 1. Wind speed and temperature vs altitude.
The straight line to the right side of the plot depicts
the 9.8 K km™ dry adiabatic lapse rate for
reference.

The profiles of energy dissipation rate ¢ and
temperature structure constant C;° for the same
time period as Figure 1 is shown in Figure 2. The
top of the boundary layer is clearlg defined by the
sharp drop in turbulence (¢ and C;” ) at an altitude
of 80 m which corresponds to a slight temperature
inversion and the beginning of a constant wind

speed region. Below the boundary layer height is a
region of almost constant wind shear of
approximately 0.13 s* . The gradient Richardson
number R; < 0.25 for altitudes below 80 m
indicating shear generated turbulence. For
altitudes above 100 m R; > 1 and the potential
temperature gradient is positive indicating stable
conditions which is reflected in the very low values
of ¢ above 100 m.
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Figure 2. Small scale turbulence levels defined by
¢ and CT2 vs altitude for the same time interval as
Figure 1.

3. SMALL-SCALE TURBULENCE ESTIMATES

Estimates of small-scale turbulence are produced
from spectral estimates of the high-rate along
stream velocity u(t) and temperature T(t) data over
short time intervals. Maximum likelihood estimates
(Ruddick et al. 2000) of the spectral levels are
converted to ¢ and C;° (Frehlich et al. 2003)
assuming the small scales of turbulence are
approximately isotropic with universal descriptons
and assuming Taylors frozen hypothesis (Taylor
1938) is valid which is a good approximation for
the stable boundary layer (Wyngaard and Clifford
1977; Hill 1996; Frehlich et al. 2004). The velocity
spectra are modeled as a universal shape which is
a function of the Kolmogorov microscale. The
temperature spectra are modeled as a universal
shape based on the inner scale calculated from
the Kolmogorov microscale. Examples of the time
series of the data and spectra are shown in Figure
3 for velocity and Figure 4 for temperature at
10.54 UT and an altitude of 68.7 m. The variability
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Figure 3. Time series of the along stream velocity
fluctuations u(t) and it's spectra (¢) with best-fit
model and estimate of «.
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Figure 4. Time series of temperature fluctuations
T(t) and it's spectra (¢) with best-fit model and
estimate of C;%.

of the spectral estimates is described by the
exponential distribution. The accuracy of the
maximum likelihood estimates of the spectral level
depends on the number of useful estimates N
spanning the frequency region away from the
noise floor at high frequency. If one assumes half
of the spectral estimates are useful then N=50 and
the accuracy in the estimates of the spectral level
is 1/N"?=0.141.

A time series of 1-sec estimates of ¢ and C;° as
well as the altitude of the measurements is shown
in Figure 5. The large variations in ¢ and C;* are
dominated by atmospheric processes since the
estimation error of the measurements are less
than 20%. The long period of stationarity persists
over the 1.4 hours and the 10 m change in altitude
because the turbulence is approximately constant
with height from 60-70 m as shown in Figure 2.
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Figure 5. Time series of 1-sec estimates of ¢ and
CTZ and the altitude of the measurements vs time.

4. STATISTICS OF TURBULENCE

The long time series of stationary turbulence
estimates is essential for extracting reliable
statistics of the small scale turbulence. The PDF
of the 1- second estimates of £ and CT2 in Figure 5
are shown in Figures 6 and 7, respectively, as well
as the predicted Gaussian distribution, i.e., a log



normal distribution for ¢ and CTZ based on the
average and standard deviation of the log,, of the
data. The agreement is excellent for both
statistics, in agreement with previous surface layer
measurements (Van Atta and Chen 1970;
Kukharets 1988; Bezverkhniy et al. 1986, 1988;
Frehlich 1992).
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Figure 6. PDF of Log ¢ from the data in Figure 5
and the predicted log-normal model based on the
average of Log € (<Log € >) the standard deviation
of Log € (SD[Log ¢]).

Similar results are produced with estimates from
0.5 sec of data as shown in Figures 8 and 9. Note
that the standard deviation of the estimates
increase with decreasing measurement interval.
The log normal distribution is produced for all the
estimates with measurement intervals ranging
from 0.25 sec to 4 sec indicating a very robust
statistical description. By combing all the data
from 4 packages with normalized variables
(normalized by local mean and standard deviation)
it can be shown that the joint PDF of € and Csis
consistent with the joint log-normal distribution
(Frehlich et al. 2004).

Another important statistical description of the
small scale turbulence field is the spatial spectra
of ¢ and CT2 which can be estimated assuming
Taylor's frozen turbulence hypothesis (Taylor
1938) to convert temporal frequency to spatial
frequency. If one assumes that each
measurement is equivalent to the average of the
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Figure 7. PDF of Log C+* from the data in Figure 5
and the predicted Iog-normal model based on the
average of Log Cq° (<Log CT2>) the standard
deviation of Log C+* (SD[Log C+° ]).
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Figure 8. PDF of Log ¢ from 0.5 sec data and the
predicted log-normal model based on the average
of Log € (<Log ¢ >) the standard deviation of Log &
(SD[Log €1]).

turbulence statistic over the observation interval
T, then unbiased estimates of the spatial spectra
can be produced by correcting for this averaging
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Figure 9. PDF of Log C;* from 0.5 sec data and
the predicted log-normal model based on the
average of Log C;° (<Log C;*>) the standard
deviation of Log C;* (SD[Log C+° ]).

filter (Frehlich et al. 2004). A simple model for the
spatial spectrum of the turbulence statistic x is
given by

Sc(k)=C (Lo 2+ k)™ (1)

where 6= 1 - U is the slope of the spectra, | is the
intermittency exponent, and Lo is a length scale for
the fluctuations of x. The spatial spectra for € and
C+” are shown in Figures 10 and 11, respectively,
for the 0.5 second estimates. Note that the
estimation error of the turbulence estimates is
observed at the high frequency region of the
spectra. The spatial spectrum of € has 6 = 0.45
which agrees with previous results from surface
layer measurements (Gibson et al. 1970; Van Atta
and Chen 1970). Praskovsky and Oncley (1994)
estimated o6 = 0.8 for atmospheric surface layer
measurements. The spatial spectrum of C+*has &
~ 0.67, a value twice as large as the 6 = 0.3 value
determined by Kukharets (1988). More data is
required for stationary conditions to improve the
accuracy of these spectral estimates. In addition,
higher bandwidth sensors would improve the
accuracy of the turbulence estimates for shorter
time intervals and therefore improve the high
frequency region of the spectra.
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Figure 10. Spatial spectrum of € (+) and the best-fit
to Eq. (1) (solid line).
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Figure 11. Spatial spectrum of C+ (*) and the
best-fit to Eqg. (1) (solid line).
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