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1. INTRODUCTION

The importance of determining the top of the
nighttime stable boundary layer for modeling
purposes and for understanding the transport and
diffusion of pollutants is well recognized. On the
other hand, the difficulty in properly defining this
quantity has been discussed in detail by many
authors (Nieuwstadt, 1984; Beyrich, 1997; Mahrt,
1998; Seibert, et al., 2000; Zilitinkevitch and
Baklanov, 2002; and Mahrt and Vickers, 2003).
Techniques used to estimate this height include
sodars, lidars, boundary-layer radars, untethered
and tethered balloons, instrumented towers, and
aircraft. In some instances these measurements
estimate the boundary layer top in terms of the
zero gradient in the wind profile or the level of
maximum potential temperature gradient; other
methods estimate the height of the so-called
“mixing layer”, or ML. Typically, ML measurements
are derived from remote sensing instruments
(lidars, sodars, and radars) returns and result from
the fact that the scattering processes producing
these returns are correlated with turbulent mixing
within the boundary layer. Turbulence-related
returns are either non-existent or sharply reduced
above the top of the stable nighttime boundary
layer (NBL). Difficulties in resolving differences in
these determinations have been discussed in
detail by Beyrich (1997).

During the CASES-99 campaign in east-central
Kansas, the CIRES Tethered Lifting System (TLS)
of the University of Colorado made some forty
high-resolution vertical profiles of temperature,
wind speed, and turbulence intensity (Balsley, et
al., 2002). Analysis of these nighttime profiles can
provide considerable insight into the relationship
between the top of the mixing layer height (MH),
the height of zero-wind shear, and the height of
maximum potential temperature gradient. Here we
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examine the MH in terms of high-resolution
profiles of the energy dissipation rate, €. The
reason for this is that inclusion of comparable (or
approximately comparable) values of the
temperature structure constant, C;>, would be
more confusing and would complicate these
presentations.

We show here a number of distinctly different
examples of nighttime boundary layer (NBL)
structures under a variety of atmospheric
conditions. The examples shown below include
pertinent parameter profiles of (1) a “traditional
stable NBL, (2) a very shallow NBL, and (3) an
example of a so-called “upside down” boundary
layer, where the turbulence aloft to ~170m altitude
is apparently generated entirely by wind shear,
since the surface turbulence is prevented from
diffusing upward by an very stable low-level
inversion and minimal wind shear at ~40m.

2. PROCEDURES

Between two and five turbulence “packages”
tethered on a single line suspended from the TLS
tether were used during the CASES-99 campaign
(Balsley, et. al, 2002; Frehlich, et al., 2002). Each
package independently recorded temperature,
wind speed, pressure, as well as high-frequency
temperature and wind speed data that were
converted into turbulence information (i.e., the
temperature structure constant, CTZ, and the
energy dissipation rate, €). In the results shown
below, the TLS was operated in a profiling mode,
travelin%) up and down at a rate of approximately
0.4 ms™'. The resulting 1-second-averaged vertical
profiles of wind speed and temperature (~ 40 cm
vertical resolution) have been approximated by a
10™-order polynomial fit. These fitted profiles have
been used to produce profiles of (dU/dx)?, Brunt-
Vaisala Frequency (Nz), and Richardson number
(Ri). All profiles have been included in the
examples for clarity.

3. EXAMPLE OF A “TRADITIONAL” STABLE
NBL PROFILE

Figure 1 shows an example of what could be
considered to be a “traditional” stable NBL. During
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Figure 1. Profiles for 20 October 1999 between 06:13 UT and 06:36 UT. Vertical profiles of 4-second
smoothed temperature and wind speed (light, Jagged red and blue profiles) in the left-hand panel, along
with the darker, smoother profiles obtain using a 10™-order polynomial fitting scheme These polynomial
fitted curved are used to produce the sheared-squared wind speed profile (2 panel), the Brunt-Vaisala
frequency profile (3r panel), and the Ri profile (nght-hand profile). Horizontal dashed lines in the center
three panels mark the heights of the minimum (dU/dz) and the maximum N2 within the height range
40m-200m indicated at the bottom of the figure. The 4" panel is a log plot of the turbulence profile
epsilon.
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Figure 2. Same as Figure1, except for 23 October 1999 between 02:15 UT and 03:08 UT.
Fit 7: 14 October 1999; Pkg#3 (12m above Basic Payload)
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Figure 3. Same as Figure1, except for 14 October 1999 between 11:48 UT and 12:03 UT.



this night (20 October 1999), the lower
atmosphere exhibited a monotonically increasing
potential temperature profile to at least 250m and
a gradually increasing mean wind speed to a
height of approximately 129m with the velocity
decreasing above that height. The resulting shear-
squared profile shows a clear zero minimum at the
peak of the wind profile at 122.3m (horizontal
dashed blue line in the second panel) while the
corresponding N? profile has a relative maximum
at 127.7m (horizontal dashed red line in the third
panel). Both of these heights are shown
superimposed on the epsilon (turbulence) profile in
the fourth panel.

Note the close correspondence between the two
dashed lines and the height at which the
turbulence drops sharply by over an order of
magnitude. Finally the Ri profile (fifth panel) shows
that the entire height range below 100m is
unstable (Ri < 0.25), with a pronounced (stable)
peak in Ri near the ~ 125m height region
delineated by the minimum wind shear, maximum
potential temperature gradient, and the sharp
decrease in turbulence intensity.

This example can be thought of as a “traditional”
stable NBL profile, where a reasonable portion of
the turbulence aloft is produced by the near-
surface dynamic processes and carried aloft by
large-scale turbulence processes and gravity-
wave activity. This  near-ground-generated
turbulence, and that portion of the upper-level
turbulence generated aloft by wind shear, is well
mixed in the NBL. The upper limit of this mixing is
capped by both the zero wind shear at the
maximum of the mean wind profile and the region
of rapidly changing potential temperature with
height (i.e., a maximum in the Brunt-Vaisala
frequency, N2), which combine to produce a large
(stable) value of Ri.

Stable nighttime boundary layers of this type have
been studied extensively, and appear to be
reasonably understood. TLS analysis of this type
of NBL during CASES-99 shows a consistent
correspondence between the top of the well-mixed
layer and the heights of zero wind shear and a
maximum in N2, It is perhaps significant that the
typical height difference between zero wind shear
level and the level of N®° maximum is typically
within a few meters. It is also important to point out
that the turbulence gradient at the top of the mixed
layer can often be in the range of 1 to 2 orders of
magnitude per meter. While gradients of this

magnitude are surprisingly steep, the TLS results
show that they are not uncommon.

4. EXAMPLE OF A SHALLOW NBL

Figure 2 shows an example of a very shallow NBL.
During this night (23 October 1999), the lower
atmosphere exhibited a moderately increasing
potential temperature profile to about 100m with
relatively constant values above that height. The
wind speed profile exhibited a similar trend, with
wind speeds increasing up to about 100m and
remaining roughly constant above that height. As
indicated in the 2™ and 3™ panels, the deduced
profiles of both (dU/dx)> and N? dropped to near
zero at about 100m and remained low above that
to the maximum observed height on that particular
flight. There is no obvious indication of either a
pronounced minimum in wind shear squared or a
maximum in N, although a slight hint of a
minimum in (dU/dx)® selected by the automated
analysis procedure can be discerned at 304m,
with @ comparable small maximum in N? at 321m.
Indeed, the only unstable region below 200m
appears to lie close to the surface, with the rest of
the region being stable.

The strong decrease in the turbulence level with
height, and the ~5 ms” surface wind suggest
strongly that the turbulence is generated near the
surface, and is prevented from expanding upward
by the stable atmosphere above ~ 50m. In the
absence of a si%nificant minimum in (dU/dx)? and
a maximum in N7, it is difficult to assign a height to
the top of the ML using these criteria. If we resort
to an alternative definition of the top of the mixing
layer as the height at which the turbulence level
drops by 90% (10 dB), then the top of the ML by
that definition is in the vicinity of 100m.

5. EXAMPLE OF AN UPSIDE DOWN NBL

The set of profiles shown in Figure 3 are similar to
those shown in Figure 1, with the exception of the
steep gradients in both the wind speed and the
potential temperature profiles in the first 20m or
so0. Both a minimum in the shear-squared profile
(188m) and a maximum in the N? profiles (144m)
are apparent in the second and third panels,
respectively. A relatively steep drop in turbulence
intensity between these two heights is also visible
in the third panel. The major difference between
the 20 October results in Figure1 and the current
example lies in the steep “bite-out” in the
turbulence profile around 30m. The decrease here
is greater than two orders of magnitude. Note that



the turbulence level below that height returns to
the level of the upper levels.

Examination of the Ri profile (last panel) in Figure
3 shows a marked difference with the Ri profile in
Figure 1: While the entire NBL below about 90m in
Figure 1 appears to be unstable, there is a
pronounced (stable) peak in Ri around 20m in
Figure 3, and a region of (possibly) unstable Ri
values very close to the surface. The stable region
around 20m would prevent the surface-generated
turbulence from moving upward to fill the entire
NBL. Thus it would appear that the turbulence
above 20m derives not from the surface but arises
from the unstable regions above 30m-40m and
below the top of the mixed layer near 155m, a
suggested by the Ri profile.

The concept of these ideas has been embodied in
the definition of an “upside down” boundary layer
by Mahrt (1998), Ha and Mahrt (2001), Mahrt and
Vickers (2002) and discussed further by Banta, et
al. (2002) and by Mahrt and Vickers (2003). For an
upside down boundary layer the turbulence is
generated by shear in the low-level nocturnal jet.

6. CONCLUSIONS

The above results should be considered as only a
preliminary study of the relationship between high-
resolution vertical profiles of temperature, wind
speed, and turbulence and the top of the nighttime
boundary layer. The results are representative,
however, of some forty separate vertical profiles
obtained during CASES-99 under a wide range of
conditions.

In the majority of these profiles there was a good-
to-excellent correspondence between the mlxmg
height and the height of a zero value of (dU/dx)
and a relative maximum of the Brunt-Vaisala
Frequency (Nz), where these values indicated a
maximum in the wind profile and the steepest
portion of the potential temperature profile,
respectively. MH levels during CASES-99 ranged
between a low of 15m and a high of 200m.

Our analyses also show clear examples when
there is an absence of a distinct peak in the wind
profile (zero shear) and a correspondlng absence
of a measurable maximum in the N? profile. In
these instances, the mixing heights do not appear
to be correlated with inflections in the mean wind
speed and potential temperature profiles, but
rather reflect the height where the Ri number
becomes strongly positive.

It appears that the TLS technique can be a
promising tool for studying the relationship
between nighttime boundary layer turbulence
processes and the associated wind and
temperature profiles. The fundamental advantage
of TLS in situ sampling lies with its high-resolution
capability (sample rates of >200 Hz combined with
the slow track of the sensors through the
atmosphere). TLS data on wind speed/direction,
temperature, as well on as ¢ and CT2 should
provide critical information for calibrating remote
sensing instruments such as lidars, FMCW radars
and boundary layer radars.
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