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ABSTRACT

The structure of turbulence in a strongly stratified nocturnal boundary layer is studied using fast-response
aircraft data collected under clear sky conditions with weak ambient flow. The principal source of turbulence
is shear generation near the top of the surface inversion layer. This shear is induced by the development of
surface flow which appears to be cold air drainage. The downward heat flux in the turbulent shear zone acts to
warm the upper part of the inversion layer and is opposed by clear-air radiative cooling and advection of
cold air. i

The horizontal structure of the turbulence is studied using conditional means and other properties of the
joint frequency distribution and analysis of the eigenvectors of the correlation matrix. Often, the turbulence
exhibits statistical properties consistent with shear instability on horizontal scales near 300-400 m. Although
modified by stratification, the main motions are turbulent-like with sharp horizontal boundaries and lead to
net downward heat transport. The overturning also appears to lead to some buoyancy instability on somewhat
smaller scales. The smaller scale turbulence is more three-dimensional but some influence of stratification is
evident on horizontal scales even smaller than 100 m.
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1. Emtroduction

Models of the stable boundary layer generally express
the boundary layer depth and other characteristics in
terms of surface fluxes and associated parameters such
as the surface friction velocity and Obukhov length.
These models appear to successfully approximate the
weakly or moderately stratified boundary layers where
the turbulence is more or less continuous and the
strongest stratification may assume the form of a cap-
ping inversion (Nieuwstadt and Driedonks, 1979; Wit-
tich and Roth, 1984). However, models based on sur-

-face fluxes poorly describe the very stable boundary
layer (Arya, 1981).

Turbulence in the very stable boundary layer, as de-
fined here, is generated intermittently by local shear
and only indirectly related to any surface fluxes. As a
result, the vertical structure of the very stable “bound-
ary layer” may assume a variety of forms. To avoid
introducing new terminology we must stretch the usual
meaning of boundary layer and postpone refinement
of semantics until the various regimes are better un-
derstood. We now briefly discuss two forms of the very
stable boundary layer, each of which have appeared in
previous studies.

a. Low-level wind maximum

A low-level wind maximum may develop near the
top of the surface inversion layer due to inertial effects
(Blackadar, 1957) and a variety of other mechanisms
(see Mahrt, 1982 for a partial survey). If accelerations
are only modest, fully-developed turbulence will not

‘be maintained throughout the surface inversion layer.

Then, significant turbulence seems to be confined
mainly to the adjacent surface and near the wind max-
imum where shear extends into weak stratification
above the surface inversion layer (Mahrt ez al., 1979).
Clear-air radiative cooling is relatively important
(Garratt and Brost, 1981) and may contribute to the
extension of the inversion layer above surface-based
turbulence (André and Mahrt, 1982).

b. Directional shear zone

In this case, directional shear near the top of the
surface inversion layer generates turbulence. This di-
rectional shear may be induced by downslope drainage
of cold air which occupies the inversion layer (Manins
and Sawford, 1979; Garratt, 1982; Mahrt and Larsen,
1982; Yamada, 1983; Blumen, 1984). Turbulence also
develops near the surface. However, most of the in-
version layer between the surface based turbulence and
the shear zone may remain nonturbulent.

These two types of stable boundary layers, as envi-
sioned here, are idealized prototypes. Influences from -
both boundary layer prototypes may occur simulta-
neously as well as interact with other external influences
such as terrain drag. Although poorly understood, the
very stable boundary layer is of considerable practical
interest since the weakness of the turbulent transport
allows buildup of particulates and gases which are re-
leased at the surface. The suppression of turbulence
can also lead to especially cold surface temperatures.

Here we will analyze fast-response data collected by
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the NCAR Queen Air in a nocturnal surface inversion
layer. These measurements were taken during a fair
weather period in the Severe Environmental Storms
and Mesoscale Experiment (SESAME) conducted in
the state of Oklahoma in April and May of 1979. Air-
craft slant soundings to within 15 m of the surface
were implemented to provide repeated sampling of the
vertical structure of the surface inversion layer and to
provide information on spatial variability of such
structure. Repeated horizontal flights were flown. over
the same track within and near the top of the surface
inversion layer. The resulting data allow estimates of
turbulence statistics at a given level.

Intermittent turbulence for this case is generated
primarily by directional shear at the top of the surface
inversion layer as in the second prototype boundary
layer. The shear is induced by surface flow of cold air
which is directed down the regional scale slope and is
probably cold air drainage. Surface data from a network
of portable automated stations located throughout
Central Oklahoma indicate that surface winds were less
than 2 m s~"-with considerable spatial variation of wind
direction. These surface wind directions showed only
a modest tendency to be directed down the local slope.
The flow above the surface inversion was directed to-
ward the north or northwest with a speed of a few me-
ters per second. For the two remaining nights when
the aircraft flew in the boundary layer, not analyzed
here, winds were much stronger and significant tur-
bulence was continuously maintained throughout the
boundary layer. '

Sections 3-5 will examine the vertical structure of
the boundary layer as motivated above. The turbulence
is found to be intermittent and mainly confined to the
shear zone at the top of the surface inversion layer.
Sections 6-7 examine properties of the turbulence itself.
Previous analysis of turbulence in stratified atmo-
spheric flow has been primarily limited to spectral de-
composition. Conditional sampling, which has been
frequently and successfully applied to study motions
in the heated boundary layer does not seem very ap-
plicable to stratified turbulence where events are dif-
ficult to define. In some flow cases, organization by
gravity waves provides a basis for compositing (Fin-
nigan et al., 1984). In this study, conditional mean
distributions will reveal useful information on the
multivariate relationships between temperature and the
three wind components. Analysis of the eigenvectors
of the correlation tensor will allow classification of mo-
tion types. Together these two approaches lead to in-
ferences about the characteristics of the turbulence and
indicate the extent of buoyancy oscillations, initial
shear instability and more developed three-dimensional
turbulence.

2. Data analysis

We analyze several horizontal aircraft legs and eleven
slant soundings between 0530 and 0640 LST 5 May

JOURNAL OF THE ATMOSPHERIC SCIENCES

Vol. 42, No. 22

1979. Sunrise occurred at approximately 0600 LST.
However, changes in the surface inversion layer and
overlying turbulence could not be detected until after
0700. Flights were aligned in the north-south direction
and accumulated 84 000 data points during this period,
each separated by a distance of approximately 4 m.

The instrumentation is as outlined in Wyngaard et
al. (1978). Temperature measurements are somewhat
tentative because thermal inertia of the thermistor
housing reduces the high frequency response. We have
adopted the correction procedure used in Wyngaard
et al. (1978). The conclusions in this study are not
significantly affected by the use of this correction which
influences scales much smaller than the main trans-
porting scale. Aircraft time was converted to distance
using a constant aircraft speed of 80 m s™! which leads
to an overestimate of distance of 5-10% for some of
the records.

After high-pass filtering with a cutoff wavelength of
500 m to partially remove gravity waves, the standard
deviation of the vertical velocity in the patches of in-
termittent turbulence is usually about 10 cm s~! with
strongest vertical motions reaching about Y2 m s’
These stronger motions dominate the structure of the
turbulence examined in this study. For comparison,
thermal updrafts average closer to 1 m s™" in the middle
of the strongly heated boundary layer although vertical
motion fluctuations are much weaker between thermals
and near the top and the bottom of the boundary layer
(e.g., Lenschow and Stephens, 1980).

The standard deviation of the vertical velocity out-
side the turbulent patches is sometimes less than 1 cm
s~!. The spectral shapes of such weak signals do not
exhibit expected features of instrument problems or
instrumental noise. This suggests the measurement of
some actual turbulence outside the turbulent patches
in addition to any instrumental noise. These weak mo-
tions will not be analyzed here.

Horizontal aircraft flights provide direct information
on horizontal structure without imposing Taylor’s hy-
pothesis. However, the choice of the horizontal length
scale used to define the “turbulence” is a formidable
problem, analogous to the problem of choice of time
scale for analysis of time series. In stratified turbulence,
a spectral gap between wave motions and “turbulence”
is often not well-defined. This is partly due to over-
turning on scales that are only a factor 2 smaller than
the smallest obvious gravity waves. The overturning
also leads to sharp boundaries which distribute energy
over the entire spectra and further obscures any sep-
aration of scales in spectral space. Since records are of
finite length, restrictions on window width or number
of lags is necessary for spectral decomposition. This
further obscures any gap in spectral space. Thus any
flux calculations will be sensitive to averaging length,
detrending procedures and filtering. At the same time,
flux calculations seem almost meaningless without
high-pass filtering or alternative attempts to remove
trend.
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Additional Reynolds averaging terms associated with
detrending, w'¢ and w¢', do not vanish, where the ov-
erbar includes removal of trend and ¢ designates one
of the wind components or temperature. In the present
study, the extra Reynolds terms associated with the
filtering were systematically about '3 of the main term
w'¢’ and of same sign for the horizontal flights of width
of 10-15 km but were sometimes as large as the main
term for shorter records corresponding to turbulent
patches of width of several kilometers. Clearly any flux
calculations reported here must be considered as only
order of magnitude estimates. A final sampling problem
is that the net flux may be a smaller difference between
turbulent gradient transfer and countergradient trans-
port due to rebounding turbulent motions, or nonlinear
waves as implied by the study of Finnigan ef al. (1984).

The definition of turbulence and mean flow seems
little affected by the ambiguity of coordinate system
due to terrain variation. Slopes were typically about
14% or less on the scale of 5-10 km. On smaller scales,
such slope values can be larger. The horizontal aircraft
flights are flown at approximately constant height above
ground although the pilot response to small scale terrain
variations is not possible. When analyzing slant flights,
we will use height above the local terrain surface which
has been smoothed using a 200 m low-pass filter. The
terrain height is computed as in. Mahrt and Heald
(1983).

a. Slant soundings

The eleven slant soundings are characterized by an
aircraft ascent slope of about 12%. Aircraft slant
soundings allow estimation of the vertical structure
with implicit horizontal averaging. However, several
special problems with slant soundings must be consid-
ered. The first problem is contamination of the mea-
sured vertical velocity. Since the aircraft ascent slopes
are O(107?) and vertical velocity fluctuations are only
a few factors smaller than the magnitude of the hori-
zontal fluctuations and only an order of magnitude
smaller than the absolute horizontal velocity, direct
contamination of the vertical velocity is unimportant
for the present case even if the error in the estimated
ascent rate was 100%.

With slant records, vertical mean structure may
contaminate the computed horizontal turbulent struc-
ture and vice versa. Artificial fluctuations induced by
the mean vertical structure can be estimated from the
following order of magnitude argument

"~ 9%

(¢ ~ 52 SL ()
where d¢/0dz is the estimated true vertical gradient, S
is the aircraft ascent slope and L the horizontal length
scale which defines the computed turbulence. The rel-
ative error is of the order
@) _ 98

d

= SL/o, @)
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where ¢, is chosen to be the average standard deviation
of the turbulent fluctuations as estimated from hori-
zontal flights.

Mean gradients are chosen to be the average vertical
gradients from 20-70 m as estimated from the com-
posited soundings in Fig. (2) in Section 4. The vertical
variation of mean vertical velocity is too small to mea-
sure. Table 1 lists the relative errors computed from
(2) after applying three different high-pass filters. The
L-value is chosen to be the filter wavelength in which
case Table 1 becomes a measure of the upper bound
for the errors.

The relative errors seem important but perhaps no
more so than uncertainties of turbulence variance as-
sociated with the somewhat arbitrary choice of hori-
zontal length scale. At the usual levels of the turbulence,
the vertical gradient of horizontal momentum is larger
than that used in Table 1 while the potential temper-
ature gradient is usually smaller (Fig. 4, Section 3).
Thus the potential importance of the errors for poten-
tial temperature is probably significantly less in the
turbulence patches while the errors for horizontal mo-
mentum is greater than estimated in Table 1. Hori-
zontal velocity fluctuations computed from slant air-
craft soundings will therefore not be used.

The contamination of computed vertical velocity
fluctuations is expected to be much smaller. Vertical
velocity fluctuations are the same order of magnitude
as horizontal velocity fluctuations but the vertical gra-
dient of mean vertical velocity are orders of magnitude
smaller than vertical gradient of mean horizontal ve-
locity and should experience no sharp changes with
height. Therefore, vertical velocity fluctuations will be
used as an indicator of turbulence.

Comparison between turbulence statistics computed
from horizontal and slant flights failed to yield any
systematic differences for any of the variables as dis-
cussed briefly in Section 6. Nonetheless, only vertical
velocity variance and the bulk vertical structure of the

TABLE 1. Estimation of errors for slant soundings where o, is
estimated from the horizontal flights, S = 12%.

© 39/0z o (#)d/ 0,
L=200m
[/ 34X 102K m™ 0.13K 0.78
u 10X 107257 0.12ms™ 0.25
v 1.3x 107257 0.10ms™ 0.39
L =500 m
0 34X 102K m™ 0.15K 1.70
u 1.0 X 107257 0.14ms™ 0.54
v 1.3Xx 1072s7! 0.12ms™! 0.81
L =5km
0 34X 102K m™! 037K 6.89
u 1.0 X 1072 57! 0.58 ms™! 1.29
v 1.3 X 1072s! 047ms™ 2.07
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heat flux will be evaluated from the slant flights. To
minimize any temperature contamination problems,
we choose L to be 200 m for analysis of slant soundings
which may omit a significant portion of the transport-
ing turbulence. Use of such values of the heat flux in
this study will be compared first to values obtained
from horizontal flights to help ensure at least the correct
order of magnitude.

We must also consider the problem that low fre-
quency horizontal fluctuations ¢4(L) on horizontal
scale L and larger will contaminate the computed ver-
tical gradient of the mean flow. Since the sign of this
error reverses randomly between soundings, slant
soundings will be composited to reduce the role of such
erTors.

For purposes of defining vertical structure, each slant
sounding is subdivided into record segments of hori-
zontal length of 200 m corresponding to a change of
vertical height above ground of about 3 m, although
this value varies due to variations in local terrain slope
and variations of ascent rate. The typical depth of a
turbulent patch appears to be about 20 m.

The mean and fluctuation part of the flow are defined
by computing a linear least-squares fit for each segment.
This simple procedure yielded fluctuation variances
which were generally a little larger than values obtained
by low-pass filtering with a 4-pole Tangent-Butterworth
filter with a wavelength cutoff of 200 m. However, in
both cases, flux values were the same order of magni-
tude and exhibited the same qualitative vertical struc-
ture. Comparable results were obtained by detrending
with least-squares cubic splines with nodal points every
200 m although the spline technique sometimes led to
spurious oscillations. The average value of each variable
and its variance are computed for each record segment.
The slant soundings are composited and only limited
use will be made of individual soundings by themselves.
Composite profiles were computed by first interpolating
to levels located every 10 m above the ground and then
averaging over all of the soundings at each of the in-
terpolation levels.

b. Horizontal flights

Inspection of the raw records and analysis of the
correlation and covariance tensor (not reported here)
indicate that internal gravity waves dominate variations
on scales greater than 1 km while intermittent energetic
turbulence appears to be confined mainly to scales less
than 500 m although a complete scale separation prob-
ably does not occur. A partial merging of turbulence
and gravity wave scales seems likely, a possibility noted
by Caughey (1982). Certainly, the gravity waves are
not as regular as in the recent study of Finnigan et al.
(1984) and, undoubtedly, contribute to some of the
high-pass variance. On the other hand, the motions at
the 500 m scale are considerably more nonlinear and
three-dimensional than motions on scales larger than
one kilometer. A four-pole Tangent Butterworth filter
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with a cutoff value of 500 m was used to partition the
flow.

Turbulent patches were generally characterized by
sharp boundaries so that it was possible to extract seg-
ments of the record coinciding with such patches. The
boundaries of these patches were not only obvious in
terms of motion amplitude but also in terms of qual-
itative appearance. Therefore, the patches were defined
by inspection. Only patches with ¢,, > 5 cm s~! were
retained where ¢,, is the standard deviation of the 500
m high-pass vertical velocity. For these turbulent
patches, the vertical velocity fluctuations of the main
transporting eddies are greater than 10 cm s™!. Most
of the turbulence observed here is a little weaker than
the intermittent turbulence observed by Blumen (1984)
near the top of a gravity flow.

Twenty-two patches of turbulence were identified
with an average width of 4 km. The actual width of
the patches could be greater since the aircraft may fly
through the top or bottom of the patch if such bound-
aries are not horizontal. Thirteen patches of weaker
turbulence with o, between 1 and 5 cm s™! were also
identified. An additional 12 patches of turbulence of
various turbulence strength were located in the slant
records. For the analyses and conclusions of this study,
both of these additional classes of turbulence data pos-
sess various multivariate properties close to those of
the 22 patches from horizontal flights where o, > 5
cm s~ !. Even though the properties of these three groups
of data seem to be indistinguishable, we will analyze
only statistics for the group of 22 patches that was ob-
served from horizontal flights and contained the stron-
gest turbulence.

In addition to statistics for individual patches, sta-
tistics representing the entire population of 22 patches
were computed in three ways. In the first way, param-
eters were computed for each patch and then averaged
over all of the patches. In a second approach, one large
population of data was created by simply combining
all of the patch records. Such statistics are generally
strongly influenced by the most vigorous turbulence
patches. In a third calculation, the variables are scaled
by their standard deviation for each patch and then
one large population of data is created. This approach
essentially weights each patch equally. The statistics
for the three approaches are qualitatively similar. Re-
sults will be reported here for the first approach, except
that the joint frequency distributions of the total pop-

‘ulation can be constructed in a more general way by
. using the third approach.

3. Mixing events

We can construct examples of the vertical and hor-
izontal structure of the flow and the preferred regions
for development of turbulence by studying the two
cross sections which could be constructed from the two
undulating aircraft flights flown during the period of
interest (Fig. 1). These undulating flight paths also
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FIG. 1. Two cross sections of low-level airflow constructed from aircraft data taken with two
similar undulating flight tracks (north is on the left). The lower solid line marks the terrain surface.
Also shown are lines of constant potential temperature (°C, solid lines) and wind vectors indicating
speed in the north-south direction. Dotted lines enclose regions of vertical velocity variance

greater than 1 cm? 72,

contribute to the sample of slant soundings analyzed
in Section 4.

The cross sections show cold, strongly stratified, air
near the surface flowing southeastward with a speed of
typically one meter per second. Above this surface in-
version layer, warm air is moving northward with a
representative speed of 1 m s™!. The cold surface air
moving southeastward is usually approximately 50 m
thick and tends to thin and become slightly warmer
toward the southeast, implying cold air advection or
subsidence. The southeastward direction would be
consistent with drainage of cold air down the slope
which prevails on a scale of several hundred kilometers.

The thickness of this cold airflow also varies locally
and may even vanish, giving the impression of surges
of cold air as previously observed by Geiger (1975),
Doran and Horst (1981) and Mahrt and Larsen (1982).
Of importance to this study is that the turbulence is
intermittent and most often occurs at the transition
between the southeastward moving cold air and north-
ward moving warm air, as in the cross sections (Fig.

1). At this level the shear is significant and the strati-
fication is weaker than in the underlying cold inversion
layer. The air within the cold air layer in these examples
contains very little turbulence. The flow immediately
adjacent to the surface may be turbulent and perhaps
directed down the local slope but it was not measured.

4. Vertical structure

Five of the eleven slant soundings show significant
small-scale turbulent activity at the transition zone be-
tween the two airflows where the vertical velocity vari-
ance exceeds 15 cm? s™2. The remaining soundings
contained little turbulence at any level. To form a sta-
tistical picture of the mean profiles and to reduce the
influence of horizontal inhomogeneity occurring with

individual soundings, we now study the composited

soundings computed according to the procedures out-
lined in Section 2 and plotted in Fig. 2.

Since the level of the transition zone varies substan-
tially from sounding to sounding, the maximum of the
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FIG. 2. Profiles composited from eleven aircraft soundings for po-
tential temperature, southward flow (v), eastward flow (), and vertical
velocity variance which is expressed in 1072 m? 52 using the upper
scale. :

vertical velocity variance of the composited sounding
is diffuse and poorly defined. Comparing the mean flow
of the five cases with a turbulent transition zone with
the six cases without turbulence indicates that turbu-
lence is generated when significant southeastward flow
develops near the surface (Fig. 3). This leads to large
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FiG. 3. Composited profiles for potential temperature (solid lines),
" northward flow (broken lines) and eastward flow (dashed-dotted lines)
for the 5 soundings with significant turbulence (thicker lines) and the
6 soundings with little turbulence (thinner lines).
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FIG. 4. The Richardson number computed from the composited
profiles for the five soundings with significant turbulence (broken
line) for these five soundings as a function of height relative to the
level of maximum turbulence (thick solid) and for the six soundings
with little turbulence (thin solid). -

shear and relatively small Richardson number (<)
near the top of the surface inversion layer as compared
to the cases with little turbulent activity (Fig. 4) where
the Richardson number was greater than three in this
region. Of course, the minimum value of the Richard-

son decreases with increased resolution. For example,

the bulk Richardson number between 20 and 70 m is

approximately 1.3 for the turbulent class and about 9.
for the nonturbulent class. This confirms the expec-

tation that bulk Richardson number > 1, for example,

does not rule out shear generation on smaller scales.

For individual soundings, the relationship between

turbulence and the Richardson number shows consid-

erable scatter probably due to various sampling prob-

lems, as-discussed in Section 2, and the possible phase

lag between intermittent turbulence and mean shear

as noted by Finnigan et al. (1984), and others.

The mean vertical variation of the patches is esti-
mated by defining height relative to the level of max-
imum vertical velocity variance usually occurring near
the center of the patch. Figures 4-6 show the profiles
constructed by first interpolating variables to levels ev-
ery 5 m above and below the level of maximum vertical
velocity variance for each individual sounding. Values
were then averaged for each of these levels. Compos-
iting for the 5 slant soundings where significant tur-
bulence activity occurred (Fig. 6) indicates that the
thickness of the turbulent layers are about 15 or 20 m
assuming that the aircraft did not systematically exit
the side of the patch before crossing the top or bottom.
The turbulent layers coincide with the top of the layer
of strong shear which occurs in the transition between
the cold southeastward flow and the overlying, warm,
northward flow. A broad region of minimum stratifi-
cation occurs near the top, and above the layer of tur-
bulence. The significant turbulence extends downward
into the upper part of the inversion layer where the
shear is strongest. That is, the stratified side of the tran-
sition supports the largest shear without yielding to
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FI1G. 5. Composited profiles of potential temperature (thick solid),
northward flow (broken) and eastward flow (thin solid) for the five
soundings with significant turbulence as a function of height relative
to the level of maximum turbulence. The average value of this level
is indicated by a thin horizontal line.

vigorous instability. This type of asymmetric shear zone
is expected to be a common feature at the top of noc-
turnal surface inversions but has no close analogy with
previous laboratory studies or theories of shear insta-
bility.

The strongest turbulence coincides with the mini-
mum value of the Richardson number (Fig. 4) occur-
ring at the bottom of the sublayer which is partially
mixed in both potential temperature and momentum.
On three of the five soundings with turbulence, a sharp
inversion caps the sublayer of minimum stratification.
This feature is partially eliminated by the compositing
process. The development of mixed sublayers has been
previously noted by Li et al. (1983) and others.

5. Heat budget

The significant downward heat flux at the top of the
cold air layer decreases within the inversion layer and
thus acts to warm the upper part of the inversion layer.
The downward heat flux in the turbulent transition
zone averages about 2 X 1073 K m s™!. Since the tran-
sition zone is significantly turbulent about half of the
time, the time-averaged heat flux across the transition
zone is about 1072 K m s™!. The downward heat flux
computed from horizontal flights close to the average
level of the turbulence averages about 2 X 107> K m
s~! using a 500 m filter. The latter estimate includes
more of the turbulence and does not suffer from pos-
sible samplings associated with slant flights, as discussed
in Section 2. This transported heat is presumably dis-
tributed slowly throughout the cold air layer by weak
background turbulence and occasional intermittent
turbulence whose variance was typically an order of
magnitude smaller than that in the turbulent transition
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zone. The heat transport is also spread vertically by
the “wandering” of the turbulent transition region
within the layer between 35 and 65 m.

The eddy diffusivity for heat for the small scale tur-
bulence is approximately 4 cm? s! in the turbulent
transition zone and less than 1 cm? s™! below this zone.
This value is quite low partly because it accounts for
regions of essentially no transport. Unfortunately, there
are not enough cases to obtain a mean warming profile
from the turbulent heat flux convergence with respect
to absolute height above ground. The downward heat
transport of 1073 K m s™! at the turbulent transition
zone would lead to a warming rate of about 0.36 K
h~!, if distributed over a 10 m layer, and 0.07 K h™',
if distributed over a 50 m layer, although all of the
cooling rates could be in error by a factor of 2.

Cooling due to radiational flux divergence was es-
timated from the radiation model applied in André
and Mabhrt (1982) using temperature and moisture val-
ues averaged over 10 m layers. Temperature and mois-
ture were extrapolated from 20 m to the surface by
assuming linear temperature variation to an average
surface air temperature of 7°C. This value is based on
tethered balloon data and nearby Portable Automated
Mesoscale surface data. Measurements of surface ra-
diation temperature from the aircraft imply that the
vertical temperature gradient near the surface must be
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F1G. 6. Composited profiles of vertical velocity variance and heat
flux for the five soundings with significant turbulence as a function
of relative height (see text and Fig. 6).
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quite variable and dependent on local terrain and sur-
face conditions. Therefore, the radiation calculations
near the surface may be in error. The estimated radia-
tional cooling rate, averaged over all the soundings (Fig.
7), is largest in the layer between 25 and 50 m where
it averages near 0.2 K h™'. This appears to include
much of the region of significant convergence of tur-
bulent heat flux near the surface.

In fact, within accuracy of the calculations, the cool-
ing due to radiation and the warming due to turbulence
seem to be of comparable importance. Cold air advec-
tion and subsidence could also be important but cannot
be estimated with sufficient reliability.

6. Horizontal structure of turbulence

Theories of wave and shear instabilities influence
the way in which we interpret data collected in stratified
turbulence. However, such theories are linear or quasi-
linear. The patches here generally contain developed
nonlinear turbulence due to the selection procedure.
Some of the motions exhibit features consistent with
shear-induced overturning but occur in an environ-
ment of significant ambient turbulence. The nonlinear
nature of the flow for horizontal scales smaller than
roughly %> km is indicated by the importance of inertia
terms compared to the buoyancy term. The nonlinear
character is also implied by sharp horizontal variations
at the edges of some turbulent motions as evident in
the example in Fig. (8). This record also shows wavelike
motion on scales of roughly 1 km and characteristic
small scale pockets of very cold air. These features are
common-to most of the patches, and will be discussed
further. Other features in the example in Fig. (8) are
not necessarily observed in many of the other patches.

It also appears unlikely that the sharp variations in
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FIG. 7. The averaged profile of clear air radiational cooling rate.
The near-surface cooling is expected to vary substantially due to hor-
izontal inhomogeneity of surface temperature.
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FIG. 8. Example of the temperature and vertical motion record
for a vigorous turbulént patch. No detrending is applied.

A}

the present flow case can be efficiently represented by
random superposition of the smooth eddies, as sug-
gested by Townsend (1976) to explain behavior of the
double velocity correlation function in laboratory tur-
bulence. For the same reason, spectral decomposition

- is difficult to interpret. Such decomposition is shown

in Fig. (9) to facilitate comparison with previous stud- -
ies. Spectra and cospectra were computed for each of
four aircraft legs flown in the layer of intermittent tur-
bulence. Such legs are 10-15 km wide and approxi-
mately 60% occupied by turbulence, as defined by the
criteria for the turbulent patches (Section 2).

The spectra indicate considerable activity at scales
less than 100 m. The high wavenumber portion of the
temperature spectra may be adversely influenced by
the procedure to correct for thermal inertia. The hor-
izontal velocity components show a broad peak cen-
tered at roughly 50 m. This energy is probably asso-
ciated with small scale turbulence which appears to be
quite prolific in the original records. This turbulence
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FIG. 9. Spectra averaged over the four horizontal legs containing substantial turbulence where S is the spectral density
and k is the wavenumber. The coordinates are In(k)S vs In(k), although the abscissa is labeled in terms of wavelength.

leads to little measureable transport. The vertical mo-
tion variance at these small scales is typically 50%
weaker than the variances for the horizontal compo-
nents, suggesting that stratification exerts some re-
straining influence even on this small-scale turbulence.
The spectra do not show an obvious inertial subrange
which may be lost due to instrumental noise or reso-
lution problems. These motions on scales less than 100
m exert little influence on the statistics which will be
studied here.

The spectra of the velocity components also indicate
spectral regions of significant activity on scales between
200 and 800 m which is superimposed on a general
trend of increasing energy with increasing wavelength.
The motions on these scales may lead to an inertial
subrange which, however, would not be visible due to
the activity peaking at scales less than 100 m. It is also
possible that some of the energy generated at scales
greater than 200 m is lost to gravity wave generation
which would short-circuit establishment of an inertial
subrange.

While wavelengths between 400 and 800 m lead to
significant downward heat flux (Fig. 10), the quadrature

exceeds the cospectra by roughly a factor of 2 in this
spectral region, suggesting the presence of gravity wave
motions. This ratio is about the same as observed by
Zhou et al. (1985). Much of the variance on scales
between 400 and 800 m in the present study could be
contributed by wave motions especially at locations
between turbulent patches. Cospectra of individual
turbulent patches are vulnerable to significant sampling
problems but generally show significant downward heat
flux on scales somewhat smaller than 500 m. The
physical interpretation of the spectra and cospectra is
obscured by the fact that the Fourier modes, or even
spectral bands, cannot be identified with specific tur-
bulent phenomena. That is, the turbulent patches are
not orders of magnitude wider than the width of the
main eddies and the main eddies are not sinusoidal in -
nature. For this reason, this study will not rely signif-
icantly on spectral techniques.

Turbulent-like vertical motions with sharp horizon-
tal boundaries appear on much of the original records
usually on scales smaller than 500 m, suggesting that
the motion is at least locally quite nonlinear. At the
same time the vertical velocity variance on scales
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around 500 m is typically a factor of 2 or 3 smaller
than the variance of the horizontal velocity compo-
nents, indicating a significant influence of stratification.
For comparison, this factor was more like 5-10 in the
region of mixed waves and shear driven turbulence
studied by Zhou et al. (1985).

Motions on scales larger than 1 km show increasing
variance for horizontal velocity components and tem-
perature but much less so for vertical motion. In fact,
the vertical motion variance becomes 1-2 orders of
magnitude weaker than that for horizontal compo-
nents. Therefore, these larger scale motions are almost
certainly not three-dimensional turbulence.

Analysis of autocorrelation and structure functions,
not reported here, also indicates a difference in the na-
ture of the flow between scales > 500 m and scales
< approximately 500 m. For these reasons and rec-
ognition of sampling problems, we have chosen a cutoff
filter of 500 m for the calculations in subsequent anal-
yses. However, it is not possible to impose a clear cut
distinction between turbulence and nonturbulent mo-
tions. '

Inspection of the records also indicates that the
qualitative appearance of turbulence varies from patch
to patch. This variation may be due to sampling dif-
ferent stages of turbulence development and decay, and
to sampling different levels with respect to the axis of
the turbulent patch. The evolution of intermittent tur-
bulence from initial shear instability to turbulence de-
cay is thought to be a possible explanation of the vari-
ation of behavior of vertical velocity fluctuations near
the top of cold air drainage in the study of Blumen
(1984).

Here, we attempt to identify any recurring features
of turbulence as revealed by analysis of the multivariate
structure of correlation for the population of turbulent
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patches; we do not attempt to focus on possible local
dominance of a single stage of development. Several
statistical tools will be adopted to infer characteristics
of the turbulence. In principle, we wish to study the
simultaneous correlation between temperature and the
three velocity components, in an effort to infer the
structure of the turbulent motions. After high-pass fil-
tering with a 500 m cutoff wavelength and removal of
the mean, the variables are scaled by their standard
deviation for each patch. The coordinate system was
not rotated to the shear direction since the shear mean-
ders somewhat. Since aircraft flights were nearly con-
stant pressure, temperature is an adequate measure of
buoyancy. ' ,

Characteristics of the joint relationship between
variables for the turbulent patches are first studied by
constructing the joint frequency distributions for the
total population of observations (Fig. 11a) where vari-
ables were first scaled by the standard deviation of each
patch. These joint frequency distributions indicate only
a slight preference for downward heat flux and a modest
preference for relative flow in the northeast-southwest
direction. Also note the preference for very cold air
with little vertical motion. The tendency for downward
heat flux on the scale of hundreds of meters is diluted
by the influence of the obiquitous smaller scale motions
where the net heat flux is approximately zero. Individ-
ual turbulence patches sometimes show a strong pref-
erence for downward heat flux and occasionally sig-
nificant upward heat flux.

The slight preference for downward heat flux for the
entire population of turbulent patches is also evident
from the contributions to the total covariance from
different regions of the joint frequency distribution.
Figure 11a arbitrarily shows the isoline (dashed) where
the local sum, £ w'T" per unit area }o,*3or equals
5% of the covariance summied over the entire popu-
lation where ¢,, and o are standard deviations averaged
over all of the turbulent patches. From the viewpoint
of the joint frequency distribution for the entire pop-
ulation of data, the net heat flux seems to be a small
difference between much larger opposing contributions.

Impressions formed from the joint frequency dis-
tribution are somewhat dependent on the choice of
discretization of the distribution and choice of isoline
values. Information about the joint frequency distri-
bution and its variation between turbulence patches
can be more quantitatively summarized by defining
global properties of the joint frequency distribution.
Such properties can be defined in a physical way by
first posing the joint frequency distribution in polar
coordinates (Mahrt and Paumier, 1984) somewhat
analogous to construction of a wind rose. The particular
version adopted in this study is explained in Fig. (12)
where eight angle sectors are defined. For temperature -
and vertical motion, these sectors correspond to warm
air with little vertical motion, rising warm air, rising
motion with little temperature perturbation, and so
forth.
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FIG. 11a. Joint frequency distribution of temperature and vertical
motion. Thick solid lines indicate various percents of the total ob-
servations per unit area §o7+ 0, the original resolution of the joint
frequency distribution. Also shown is the isoline where = w'T" per
unit area }or- {0, scaled by the total = w'T", equals 5%. The anal-
ogous isolines are plotted on the joint frequency distribution for u
and v except that the thin lines identify where = u'v’ per unit area

10,40, scaled by the total = u'v', equals 3%.

For each sector of the joint frequency distribution
of a given turbulence patch, we compute the number
of occurrences N and the scaled joint variance (square
of the amplitude)

r?=[T?+ W2 3)

where the caret denotes that the variable is scaled by
the standard deviation. For a given polar angle, the

FIG. 11b. Conditional mean distributions of u (solid lines) and v
(dashed lines) plotted on the w-T joint frequency distribution and
conditional mean distribution for T (solid lines) and w (dashed lines)
on the ¥-v joint frequency distribution. The isoline is plotted where
the average value of the conditional variable exceeds 25% of its stan-
dard deviation.

flux is proportional to the number of observations and
the joint variance r? (Mahrt and Paumier, 1984).

Large averaged variance indicates the prominence
of significant events which create large fluctuations.
For a given patch, we compute the average of the joint
“variance of the sector
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FIG. 12. Joint variance (r?, thin solid) and covariance (thick solid)
of W-T and #-9 for each sector as averaged over the 22 turbulent
patches. Solid outer circle denotes the average single distribution value
of r? = 2. Inner solid line arbitrarily denotes where the average of
the sector sum of the covariance, scaled by standard deviations, equals
unity.

where j identifies the sector and i identifies an obser-
vation within the sector. The joint variance of a given
sector is averaged over all of the turbulent patches and
plotted in Fig. (12) along with the number of obser-
vations for each sector averaged over all of the patches.
Finally, the scaled covariance for each sector

2

wT &)

1

T

is averaged over all of the patches and plotted in
Fig. (12, inner arrows).
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The radius corresponding to the population average
value of r? = 2 is plotted in Fig. (12) to assist the com-
parison of joint variance between patches. Relatively
small differences in the joint variance between sectors
can lead to significant correlation and production of
net flux. Note that the odd numbered sectors corre-
sponding to strong temperature perturbation and weak
vertical motion, or large vertical motion and weak
temperature perturbation generally earn larger joint
variance than the even numbered sectors which contain
both significant temperature and vertical motion am-
plitudes, as is also indicated by the joint frequency dis-
tribution (Fig. 11). Here pockets of especially cold air
with weak vertical motion are prevalent. Warm air
pockets are also found but less frequently, so that tem-
perature is generally negatively skewed (Table 2). Since
the turbulent patches normally occur at the top of the
inversion layer, updrafts can pull rather cold air into
the turbulent region. The overlying fluid is less stratified
so that downdrafts produce smaller temperature fluc-
tuations. There is some tendency for the largest negative
temperature skewness to be generated by patches with
the strongest turbuleénce energy (Table 2). _

The occurrence of largest temperature fluctuations
with weak vertical motion is consistent with parcel
theory where the maximum temperature perturbation
occurs just as the vertical motion vanishes and reverses
direction. However, warm updrafts and cold down-
drafts (sectors 2 and 6) lead to smaller covariance than
the cold updrafts and warm downdrafts (sectors 4 and
8). As a result, the net heat flux is downward. Also note
that a smaller number of high amplitude cold updrafts
and a larger number of warm downdrafts lead to almost
equal contributions to the downward heat flux. These
characteristics are one of several clues that indicate that
the dominant motions are not linear symmetric mo-
tions such as simple gravity waves but rather turbu-
lentlike motions.

Analysis of the sector statistics for different pairs of
the velocity components does not indicate a preference
for low correlation (odd numbered) sectors in contrast
to the distribution between temperature and vertical
motion. These statistics (Fig. 12) and the joint fre-
quency distributions (Fig. 11) indicate preference for
sinking northwestward flow and rising southeastward
flow as would be predicted by parcel theory, although
the influence of pressure fluctuations is thought to be
important. Rising southward surges are stronger than
sinking northward velocity fluctuations and velocity
fluctuations in the north—south direction are better de-
veloped and higher correlated with vertical motion than
fluctuations in the east-west direction. This feature is
discussed in the analysis below.

Further insight is revealed by constructing the con-
ditional mean distribution (as recently applied by
Grossman, 1984). Such averages are plotted in Fig. 11b
for the population of turbulent patches. Largest values
of the conditional means generally occur in the corners

" of the joint frequency distribution where the values of
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TABLE 2. Statistics for individual turbulent patches.
. Standard deviation
Skewness Correlation
Patch u v w T )
number (ms™’) (ms™') (ms") (ms™) u v w T wTl uw vw uv ul vT

1 0.27 0.26 0.16 0.17 0.02 -0.20 0.04 -0.16 0.14 —0.16 -0.33 023 —-0.12 -0.22

2 0.06 0.06 0.06 0.14 —-179 -0.36 0.17 -0.56 -0.24 -0.14 -0.07 0.01 0.10 0.22

3 0.11 0.13 0.07 022 —0.11 —-041 -005 -048 -0.13 —-046 —0.04 -0.14 —-0.01 0.47

4 0.13 0.17 0.08 0.23 —0.08 -0.42 0.19 —1.07 —-0.07 0.03 0.08 —-0.22 0.20 0.56

5 0.10 0.07 0.06 020 —0.65 065 —-0.06 -0.37 -0.02 -—0.22 0.09 -0.01 -0.10 -0.29

6 0.17 0.13 0.10 021 —043 —0.43 0.08 —0.57 0.09 0.38 —0.09 -0.08 0.48 043

7 0.28 0.18 0.16 021 —-0.57 -1.22 0.04 020 -0.08 024 —-0.11 -0.19 0.32 0.06

8 0.08 0.05 0.07 0.11  —0.31 0.15 0.08 —-0.16 —0.07 0.04 0.09 0.12 -0.25 0.03

9 0.10 0.07 0.06 0.11 0.10 0.18 0.12 -0.08 -0.05 0.02 -0.02 -023 -0.20 0.29

10 0.23 0.20 0.12 0.15 0.54 -059 —-024 -1.03 0.05 0.17 —-0.18 —0.55 -0.42 0.22
1 0.33 0.25 0.19 0.25 0.04 -030 -021 -—145 -0.15 0.24- -0.30 -0.37 —-044 0.40
12 0.09 0.08 0.05 0.09 0.09 0.53 0.13 0.58 0.04 021 -0.13 —-0.40 -0.28 0.20
13 0.16 0.13 0.06 0.10 -0.20 0.19 -0.09 -0.01 -0.04 0.09 —0.14 -059 -046 0.38
14 0.23 0.15 0.11 0.11 0.34 0.40 0.74 -0.10 -0.21 0.25 -032 -0.65 -—0.65 0.63
15 0.05 0.07 0.05 0.11  -0.11 —-0.90 0.35 1.68 0.18 —0.09 0.18 —-0.30 —0.11 0.38
16 0.09 0.08 0.06 007 —0.31 0.23 -0.20 0.32 0.07 024 -0.12 -0.34 -0.01 -0.19
17 0.13 0.12 0.07 0.09 —047 0.80 0.17 —0.19 006 0.14 -024 -0.51 -0.28 0.03
18 0.07 0.07 0.06 0.07 0.69 —0.20 0.19 -0.57 -0.08 -0.01 -0.15 -0.15 -0.01 0.08
19 0.13 0.11 0.05 0.16 .10 —1.31 0.69 095 —-0.19 -0.09 -0.07 -0.60 0.26 —0.18
20 0.07 0.06 0.05 0.20 0.14 0.35 0.38 0.21 0.22 -0.05 0.03 -043 -0.05 0.18
21 0.11 0.07 0.09 0.10 —0.58 0.42 3.91 191 —-0.17 -0.13 0.04 —0.40 028 -0.36
22 0.15 0.18 0.14 0.17 —0.04 0.08 0.35 042 -0.12 032 -0.37 -047 -0.46 0.57
Avg 0.14 0.12 0.09 0.15 —-0.12 -0.11 030 -0.02 -0.04 0.05 -0.10 -029 -0.10 0.18

the two variables defining the coordinate system are
also largest. The conditional mean distributions for the
Joint frequency distribution of temperature and vertical
motion indicate the expected prominence of rising,
cold, southeastward flow and sinking, warm, north-
westward flow. The relationship between strong south-
ward velocity fluctuations and very cold air is partic-
ularly well-defined. This relationship is evident in all
of the combinations of the conditional mean distri-
butions. It may be that such cold southward fluctua-
tions occur during a surge in the general downslope
flow. Such surges were suggested by Fig. (1). The weaker
involvement of the east-west flow component may be
associated with disruption of the larger scale terrain
slope by rougher terrain and several low mountain
peaks located a few tens of kilometers west of the flight
track or may be due to influences of cold air drainage
down the gently sloped valleys whose axes were roughly
oriented in an east-west direction.

7. Motion types

Additional combinations of joint frequency distri-
butions and conditional mean distributions do not
contain significant new information owing to some re-
dundancy between distributions and are therefore not
shown. Although the above conditional averages reveal
the average relationship between the four variables,
such an analysis does not imply much about the nature
of the motions leading to such statistics and cannot
resolve situations where a given variable is locally im-
portant in determining the correlation structure but

may assume opposing roles in different spatial regions.
The resulting reversal of signs leads to cancellation in
the conditional averaging process and corresponding
loss of potentially important information.

This spatial variation can be included by determining
the eigenvectors of the correlation matrix. Such eigen-
vectors transform the original observational vectors
into principal components (e.g., Timm, 1975). Using
the notation of Wallace and Dickinson (1972)

4

Cz{g) =

J=

e;uly). (6)
1

Four principal components z; are generated which are
linear combinations of #;(y), the four original variables
consisting of temperature and the three velocity com-
ponents. Principal components (or empirical orthog-
onal functions) have been applied to analysis of the
correlation tensor for shear driven turbulence by Payne
and Lumley (1967). Discussion of the general technique
and application to meteorological examples can be
found in Kutzbach (1967) and Wallace and Dickinson
(1972). :

The eigenvectors of the correlation matrix e; essen-
tially describe a transformation from the four-dimen-
sional coordinate system defined by temperature and
the three velocity components to a rotated coordinate
system where each new coordinate is a linear combi-
nation of temperature and the three velocity compo-
nents. We have also defined the arguments of the ob-
servational vector to represent different spatial posi-
tions, in order to define horizontal structure of the main
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eddies. This analysis becomes physically quite complex
and will not be reported here. '

The first eigenvector explains a maximum amount
of variance of the original four variables; the second
eigenvector explains the maximum amount of the re-
maining variance, and so forth. Each of the four com-
ponents of the eigenvector represent the relative im-
portance and sign of the influence of each of the four
original variables. The eigenvectors can then be clas-
sified according to the combination of signs of its com-
ponents. Noting that multiplying the entire eigenvector
by minus one corresponds to the same eigenvector,
eight independent combinations of signs are possible.
These combinations and physical identification are
listed in Table 3. This physical identification describes
aspects of “statistical” eddies. That is, the determina-
tion of the eigenvectors merely maximizes variance-
explained which might be accomplished by assuming
characteristics which lie somewhere between two or
more prominent types of motions. :

Nonetheless, certain eigenvector types are consistent
with the geometry of known idealized eddies (Fig. 13).
For example, simple gradient transfer is represented
by eigenvector Ia (Table 3) while shear driven vorticies,
as shown in Turner (1973) and Koop and Browand
(1979) would lead to the succession of eigenvectors
involving Ia, Ib, Ila and IIb. Two examples are shown
at the bottom of Fig. (13). Buoyancy oscillations trans-
lated by their initial horizontal momentum corre-
spond to eigenvector Ia followed by IIb. Pressure fluc-
tuations may lead to development of significant flow
perpendicular to the plane containing the shear and
thus eigenvectors Ic, 1d, Il¢, IId. The importance of
these four eigenvectors indicate the degree of three-
dimensionality of the flow.

A given data set corresponding to a turbulence patch
is completely described by four eigenvectors. The ei-
genvector corresponding to complete gradient transfer
of heat and both momentum components is far more
important than the other eigenvectors (Table 4) as
might be anticipated from the previous conditional av-
eraging on the joint frequency distributions. These
motions correspond to cold, rising, southeastward flow

TABLE 3. Classes of eigenvector combinations.

Sign of coefficient

Circulation type T u v w

1. Downward heat flux
a. Gradient transfer
'b. Horizontal flow reversed
c. Cross-flow (v reversed)
d. Cross-flow (u reversed)

++++
+ 1+
+ 1
-

1. Upward heat flux
a. Gradient momentum transport
b. Horizontal flow reversed
¢. Cross-flow (v reversed)
d. Cross-flow (u reversed)

Hk
P+ 1+
L+ +
+4+++
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Fi1G. 13. Plausible geometric depiction of the main eigenvéctors.

Positively buoyant air is indicated by thin lines; negatively buoyant
by thick lines.

and warm, sinking, northwestward flow. Table 4 lists
the number of cases where a given eigenvector type

-explains more than 30% of the variance of a given tur-

bulent patch. These eigenvectors usually include only
the largest eigenvector of each turbulent patch. Al-
though these eigenvectors were found to be highly sig-
nificant using the usual tests (e.g., Harris, 1975), the
assumptions and situations described by such tests have
minimal meaning for the present application. Table 4
also summarizes results for all of the eigenvectors that
explained more than 20% of the variance which always
included the second most important eigenvector. Fi-
nally, Table 4 lists the percentage of the variance ex-
plained by each eigenvector averaged over all of the
turbulent patches.

Complete gradient transfer (eigenvector Ia) is the
largest eigenvector for about half of the turbulent
patches. Although by far the most important, this ei-
genvector explains, on the average, only about ' of
the total variance of the patches (Table 4). The failure
of a single eigenvector persistently to explain a majority
of the variance probably reflects the turbulent nature
of the flow where a variety of motions coexist. Some
of the variance not explained by eigenvector Ia, can be
described by assuming equal distribution over all of
the remaining types of motion, suggesting a random
portion of the flow as would occur with fully turbulent
motion. No motion type, other than complete gradient
transfer, is persistently a dominant factor. The broader
class of motions leading to downward heat flux with
any type of momentum transport include the most im-
portant motion type for about 80% of the turbulent
patches and explains a little more than 60% the total
variance. Motions corresponding to upward heat flux
counter to the mean gradient, only occasionally dom-
inate a turbulent patch.

Noting that eigenvector Ib is the second most im-
portant mode and that eigenvectors Ila and IIb are of
comparable importance suggests a conceptual model
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TABLE 4. Percentage variance explained (pve) for the 22 turbulent patches and totals for all motions leading to
upward heat flux (up) and downward heat flux (down).
Eigenvector
Down Up
Ia Ib Ic Id Ha Itb Ilc IId Down Up
Number of patches
pve > 30% 11 4 1 3 2 3 0 0 19 5
Number of patches ’
pve > 20% 13 7 4 5 8 2 6 29 24
Average pve 26 16 9 12 12 11 5 9 63 37
Average coefficients of the eigenvectors.
Eigenvector T U |4 /4
Ia 0.46 045 0.56 0.37
Ib 0.38 0.55 0.37 0.44
Ic 0.55 0.45 0.36 0.37
id 0.51 0.46 0.46 0.40
1la 0.39 0.38 0.37 0.56
1Ib 043 0.36 0.30 0.66
Ilc 0.37 0.62 0.39 043
IId 0.51 0.13 0.11 0.80

of shear driven overturning (Fig. 13). Simple buoyancy
oscillation would not explain the importance of modes
Ib and Ila, while simple gravity wave instability with
no shear would not explain the dominance of eigen-
vector la.

Adopting a conceptual model of shear-driven over-
turning (Fig. 13) for purposes of discussion, Table 4
indicates that after the initial stage (Ia), each of the
subsequent stage of overturning explains less variance.
As a result, the initial stages of downward heat flux
lead to greater transport than the subsequent stages of
upward heat flux. Apparently as the overturning pro-
ceeds, ambient turbulence distorts and interferes with
overturning progress.

As the overturning approaches the 180° stage, the
circulation may partially break down due to local ther-
modynamic instability. Local thermodynamic insta-
bility resulting from shear-driven overturning and the
subsequent upward buoyancy flux associated with sec-
ondary turbulent motions have been observed in lab-
oratory turbulence by Thorpe (1973), Koop and Bro-
wand (1979) and others. Upward heat due to secondary
rebounding motions can also be inferred from turbu-
lence in stratified laboratory flows where mean shear
is not present. In the immediate region where the lab-
oratory turbulence is generated, strong downward
buoyancy flux is generated. As some of the displaced
fluid accelerates back toward the buoyancy equilibrium
level, the buoyancy flux decreases and may even locally
reverse to small net upward buoyancy flux downstream
from the generation region, as observed by Stillinger
et al., 1983. They suggest that the region of vanishing
buoyancy flux may be associated with a transition from
stratified turbulence to internal wave motions rather

than buoyancy instability. Gravity wave activity is
consistent with the relatively large quadrature at scales
greater than 400 m (Fig. 10) and the wavelike activity
at such scales suggested by inspection of the records
outside regions of turbulence.

In contrast to the wave mechanism, local buoyancy
generation of turbulence would imply increased activity
on smaller spatial scales compared to the initial over-
turning scale. The occurrence of upward heat flux due
to secondary buoyancy instabilities is consistent with
the occurrence of small upward heat flux on smaller
wavelengths between 100 and 200 m in the cospectra
for some of the individual horizontal legs and patches.
A small peak of upward heat flux also appears at smaller
scales in the composited cospectra (Fig. 10) although
the composited slant soundings indicated net down-
ward heat transport at such scales.

Also note that the percentage variance explained by
motions leading to upward heat flux is more distributed
between various eigenvector types compared to mo-
tions causing downward heat flux. This suggests that
the upward heat flux is caused by motions whose ve-
locity field is more random. Spectral decomposition of
the eigenmodes (not shown) similarly indicate that the
more important eigenvectors la and Ib corresponding
to downward heat flux are associated with larger scales
compared to the scales of the eigenvectors correspond-
ing to upward heat flux. Zhou ez al. (1985) also ob-
served upward heat flux at scales smaller than the spec-
tral region of dominant downward flux for a case of
turbulence in stratified flow above a shallow convective
mixed layer.

The smaller scale upward heat flux suggests the oc-
currence of secondary buoyancy instabilities due to the
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overturning and/or interaction with the smaller scale
turbulence. Upward heat flux due to completion of the
overturning or simple rebounding of displaced fluid
acts to reduce the net downward heat flux on the scale
of the overturning but could not by itself explain the
upward heat flux on smaller scales. The smaller scale
upward heat flux may also be related to mechanisms
other than buoyancy instability such as smaller reverse
eddies due to shear between updrafts and downdrafts
of the main overturning eddies.

Horizontal motion perpendicular to the mean shear
(eigenvectors Ic-d, IIc-d) explains about 3 of the total
variance and may occasionally dominate individual
turbulent patches indicating significant three-dimen-
sionality. This estimate may be in error if some of the
variance explained by these eigenvectors is due to
meandering of the mean shear vector if such mean-
dering is not considered to be turbulence. The slant
records indicate significant variation of the #-compo-
nent of mean shear. Fluctuations of u in general show
erratic relationship with the other variables. Also, note
that the averaged coefficients of eigenvector IId are
small for the horizontal wind components (Table 4)
implying that this eigenvector is more an indicator of
upward heat flux with weak fluctuation of the hori-
"zontal motion. Nonetheless, much of the variance of
eigenvectors Ic-d and IIc—-d is probably due to motions
perpendicular to the shear plane and caused by sec-
ondary shear and buoyancy instability and turbulent
pressure fluctuations.

While linear shear instability theory usually predicts
predominance of flow variance in the plane containing
the mean shear, some specific shear instabilities quickly
lead to significant energy for motions perpendicular to
the mean shear (e.g., Corcos and Lin, 1984). This pos-
sibility, together with the occurrence of a partial spectral
- gap between the transporting motions on the scale near
500 m and small scale turbulence, suggests that some
of the turbulence is young without a well-developed
inertial subrange. '

The foregoing results and inspection of the records
for each patch confirm that the dominant motions are
not likely described by a single eddy model of over-
turning. The degree of three-dimensionality and the
value of the heat flux and other quantities vary signif-
icantly from patch to patch. While a single eddy model
cannot describe the main turbulent motions of the var-
ious patches, repeated similar spatial structure do seem
" to occasionally dominate a single turbulence patch,
perhaps due to common stage of turbulent develop-
ment and orientation of the aircraft trace with respect
to the main eddies within the patch.

8. Conclusions and discussion

The foregoing results indicate that the usual simple
models of the structure of the stable boundary layer
do not adequately describe the vertical structure of the
very stable case. In this case, turbulence is generated
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mainly by shear at the transition between the surface
flow and the overlying synoptic flow. This transition
generally occurs near the top of the surface inversion
layer and sometimes leads to partially mixed layers
embedded within the uppér part of the inversion layer.

Turbulence is weak below the shear zone, which fa-
vors buildup of contaminants as well as cold nocturnal
surface temperatures. Quantitative flux estimates are
difficult to interpret since they are contaminated with
sampling problems aggravated by the intermittency of
the flux. However, the various computational methods
employed here all indicate important downward heat
flux generated by the shear at the top of the cold air
flow. ] :

Since the downward heat flux is a maximum at the
boundary layer top, turbulent transport leads to warm-
ing of the boundary layer as in the study of Manins
and Sawford (1979) and Finnigan et al. (1984). This
contrasts with the usual conceptual model of the noc-
turnal boundary layer where turbulent transport leads
to cooling of the air. Here the. warming due to down-
ward turbulent heat transport is opposed by clear-air.
radiational cooling and possibly cold-air advection by
the downslope flow. This heat balance describes the
observations of the surface inversion layer at the end
of the night. The rapid initial cooling of the nocturnal
boundary layer at the beginning of the evening may
be quite different.

The nature of the turbulence in this study is signif-
icantly influenced by the rapid decrease of stratification
with height. For example, the temperature fluctuations
at the top of the inversion are negatively skewed with
a tail toward cold values. This feature explains some
of the relationship between temperature and momen-
tum structure. The temperature and horizontal velocity
statistics are also influenced by surges of cold air which
could be due to cold air drainage.

Much of the turbulence can be described by simul-
taneous gradient transfer of temperature and both hor-
izontal momentum components. This appears to be
the first phase of shear-induced overturning. Motions .
corresponding to subsequent phases of shear-induced
overturning also seem important although they explain
sequentially less variance and are somewhat more
random, three-dimensional and smaller scale. The lat-
ter stages are characterized by upward heat flux which
reduces the net downward flux resulting from initial
overturning. This upward heat flux appears to be partly
due to small scale buoyancy instability resulting from
the overturning. While the most energetic transporting
motions exhibit features consistent with shear-driven
overturning, gravity waves appear to influence the sta-
tistics computed in this study.

The present study, together with some of the studies
cited in the Introduction, indicates that the nocturnal
boundary layer assumes a variety of vertical structures.
Under conditions of clear skies and light ambient wind,
the vertical structure appears to vary spatially over short
distances in response to variations of terrain and surface
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conditions. In large-scale and regional models of the
atmosphere, these variations become subgrid scale
variance. The transport by cold air drainage circula-
tions, which was considered as advection in this study,
would also contribute to the subgrid scale variance and
vertical flux in larger scale models. There appears to
be no reasonable way to include such flux suggesting
that formulations of the very stable boundary layer in
large scale models might as well be simple.

The foregoing study has also estimated various errors
resulting from use of aircraft slant flights. For the data
used here, errors in the vertical velocity fluctuations
are unimportant. Errors in vertical heat fluxes are more
important but these appear to be small compared to
the more general problem of choosing a length scale
to define the turbulence and compared to errors due
to neglect of extra Reynolds terms resulting from de-
trending procedures.
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