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ABSTRACT

Spectral analysis of high-resolution turbulence data from the South Australian Cessna research aircraft is
performed in an investigation of the multiscale nature of vertical transport processes in the atmospheric boundary
layer (ABL) during TOGA COARE. The flights were conducted in the vicinity of large cloud cluster systems
in the intertropical convergence zone, but away from the most intense mesoscale (100s of km) convective systems
within the clusters. A number of very long (up to 430 km) and low (20-70 m) continuous data runs, composing
an excellent dataset for studying the spectral composition of near-surface fluxes, are complemented by eight
‘‘stack’’ patterns providing important information regarding vertical variations. The ABL in these regions is
found to be highly horizontally heterogeneous, due to the intrusion of cool air masses associated with precipi-
tating cumulus and cumulonimbus clouds, and the action of lines of convection on a range of scales. Not only
does this lead to large variations in the surface turbulent flux field, but it can also generate significant direct
fluxes in a submesoscale (20-50 km) range at low altitudes, which are not expected to be controlled by ABL
parameters. That is, enhanced motions resulting from the action of precipitating cumulus clouds in the presence
of wind shear can lead to strong entrainment of air into the subcloud layer, and, in addition, gravity waves
generated above the ABL can also influence subcloud motion. Analysis of the form and consistency of the
cospectra suggests that, despite the absence of a clear ‘‘gap’” in the power spectra of the major variables, it is
nevertheless possible to achieve a reasonable partitioning between ‘‘ABL turbulence’’ and the larger-scale pro-
cesses via a simple spectral separation with a crossover wavelength at around 2 km. This useful characteristic
appears to reflect an ability of the ABL turbulence to maintain a high degree of coherency in spite of the changing
conditions imposed by the mesoscale disturbances.

1. Introduction into mesoscale (100s of km) cloud clusters dominated
. . . by one or more intense mesoscale convective systems
a. Multiscale processes in the Tropics (MCSs) containing many penetrating cumulonimbus

clouds and associated middle to upper level stratiform
cloud shields, known as ‘‘anvil’”’ clouds. These con-
vective systems generally take the form of either fast-
moving squall lines or slower-moving nonsquall clus-
ters. Although much of the vertical motion within cloud
cluster systems is accomplished by the accumulated ac-
tion of the convective-scale cumulonimbus cells in the
MCSs, with their strong updrafts and intense precipi-
tating downdrafts, it was recognized and confirmed
during the Global Atmospheric Research Program’s
Atlantic Tropical Experiment (GATE) that significant
vertical transport components were also contributed by
mesoscale downdrafts of air cooled by stratiform pre-
cipitation beneath anvil clouds (Zipser 1969, 1977;
Leary and Houze 1979, 1980).
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The organization of convection across the multitude
of scales apparent in the atmosphere over the tropical
‘“‘warm pool’’ region of high sea surface temperatures
to the east of Papua New Guinea (PNG) was identified
as an issue of fundamental importance in the goals of
the Tropical Ocean Global Atmosphere Coupled
Ocean—Atmosphere Response Experiment (TOGA
COARE); for an overview of the experiment back-
ground, see Webster and Lukas (1992). As had pre-
viously been recognized [ see, e.g., the excellent review
by Houze and Betts (1981)], deep convection in the
intertropical convergence zone (ITCZ) is concentrated
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convert it to conditions close to those of the undisturbed
presquall ABL. This recovery process can take several
hours, however, and the ABL of the ITCZ and closely
adjacent trade wind regions is characteristically het-
erogeneous. Low-level convergences near the intersec-
tions of the various air masses lead to patches, arcs, and
lines of new convective clouds on a range of scales in
the ABL (Warner et al., 1979), including nonactive
(passive) and active cumulus {according to the clas-
sification of Stull (1985)1, and deeper precipitating cu-
mulus, which can reach 3—-9 km in height. While non-
active and active cumulus can exist in homogeneous
and even suppressed conditions, requiring only a high
moisture flux at the condensation level (which tends to
occur in mesoscale patches in the Tropics: LeMone
1980a), or with the correct wind regime, the presence
of roll vortices (LeMone 1973), the MCS outflow-
scale low-level convergences appear to be a necessary
requirement for sustaining the observed deep precipi-
tating cumulus clouds (Simpson and van Helvoirt
1980). Downdrafts below these clouds strongly modify
the subcloud layer (Betts 1976), and again lead to cool
density currents close to the surface, with more lines
of new cloud. To complicate matters further, tropo-
spheric gravity waves generated by convection can
have a strong effect on the patterns of subsequent con-
vective activity in the region of cloud clusters and be-
yond (Clark et al. 1986; LeMone and Meitin 1984; Ba-
laji et al. 1993; LeMone 1990; Gage and Nastrom
1986).

The distribution of clouds within ITCZ cloud cluster
systems was confirmed in GATE to be approximately
log-normal (Houze and Cheng 1977), with large num-
bers of nonactive, active, and precipitating cumulus
clouds being present in the vast regions adjacent to the
largest mesoscale convective systems. An understand-
ing of the structure of the heterogeneous boundary
layer in the latter regions, with its continuously evolv-
ing lines and arcs of cumulus, is therefore a crucial
component of the understanding of the evolution of the
cloud cluster system as a whole.

This study makes use of a large set of aircraft runs
in the tropical warm pool cloud cluster ABL away from
the most intense MCSs during TOGA COARE, to in-
vestigate the multiscale nature of the lower atmospheric
fluxes using the tools provided by spectral analysis. The
flights by the Cessna research aircraft, owned and op-
erated by the Flinders Institute for Atmospheric and
Marine Sciences (FIAMS ), cover a range of altitudes
from 18 to 1075 m and include a number of unusually
long (up to 430 km) runs very close to the surface. The
results provide an insight into the influence of pro-
cesses covering a range of scales, from those of ABL
turbulence to nonactive, active, and precipitating cu-
mulus, and isolated cumulonimbus clouds, as well as
lines of cloud associated with outflow boundaries and
the possible effects of gravity waves. To the authors’
knowledge, no aircraft studies have yet been published
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that investigate in detail such a highly disturbed bound-
ary layer close to deep tropical convection, the nearest
being the studies of the GATE fairweather regime (e.g.,
Nicholls and L.eMone 1980).

b. The TOGA COARE boundary layer

The Cessna flights were mainly conducted under con-
ditions coded by the operational forecasters as “‘class 0/
1’ (Webster and Lukas 1992). This classification is
based on a scheme by Mapes and Houze (1993) and
includes conditions from completely clear up to cloud
systems where the areas of satellite cloud tops (infrared
temperature <208 K) have length scales of the order of
20-30 km. Since the latter criteria only identifies clusters
of deeply penetrating cumulonimbi (and their high-level
cloud decks), many smaller convective systems that may
contain extensive precipitating cumulus but only a few
isolated cumulonimbi thus fall into the class 0/1 category.
Such systems may have length scales at cloud base of up
to 100 km or more, and video footage and comments by
the crew of the Cessna, as well as the dataset itself, show
that there was a large amount of cloud activity around at
most times during the flights. The most intense convective
line squall systems were avoided. These systems are
many hundreds of kilometers in length and pose a safety
problem for small aircraft. In any case, they cannot be
treated adequately by spectral or other similar statistical-
type analyses of high-resolution aircraft data (being se-
verely undersampled by even the longest flight runs) and
must therefore be investigated from the “‘case study’’ per-
spective. Numerous datasets intended for such studies
were collected by other larger aircraft during the experi-
ment, including much airborne Doppler radar data.

The boundary layer encountered during the Cessna
flights was typically observed to be topped by a hetero-
geneous collection of convection-related clouds and cloud
patterns. Shallow nonprecipitating small cumulus clouds
were prolific, as in the ‘‘fair weather’”” GATE ABL de-
scribed by Nicholls and LeMone (1980), among which
were often observed ‘‘active’’ cumuli (Stull 1985) of a
deeper vertical extent (up to 2 km). Towering above these
were the precipitating cumulus clouds, reaching up to sev-
eral kilometers in height, and the occasional isolated cu-
mulonimbus. Lines of clouds were encountered rather fre-
quently, with lengths from tens to hundreds-of kilometers
and containing the full range of cloud types. Space series
plots often reveal strong fronts (sharp changes in tem-
perature, humidity, and wind) associated with these lines,
which seem to be important components of the transport
process. Many of these lines appeared to be associated
with the lifting of ABL air at the gust fronts of outflows
from precipitating cumulus. High-level layer cloud was
commonly observed and was usually associated with
nearby ‘‘buildups’ of more intense convection. Strati-
form precipitation, however, was never encountered dur-
ing the flights.

Figure 1 presents an example of space series from
one of the longer runs, in which one can identify activ-
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ity on a range of extra-ABL scales. Cumulus activity,
revealed by short downspikes in the incoming short-
wave radiation (S;,), is found in the vicinity of a large
region (100—150 km) of cool air, which is probably
the remains of a cold pool left by an MCS (LeMone
1995, personal communication ). Humidity and the hor-
izontal wind components (u: along-wind, v: across-
wind) also reveal activity on this scale, and in the cen-
ter, consistently low S;, indicates the presence of layer
cloud. Within this region, temperature, humidity, and
the wind components also show vigorous activity on
20-50-km scales, with temperature and humidity being
negatively correlated. A number of sharp changes in
both temperature and humidity are also apparent in the
data. This example therefore captures much of the com-
plexity of the TOGA COARE ABL described above
and in the introduction.

2. The aircraft dataset

a. The data

The data used in this study are the processed high-
resolution (20 Hz, or approximately one sample every
3 m) space series data from the TOGA COARE Cessna
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flights. The first version of the dataset has been de-
scribed in Williams and Hacker (1993), and since that
time it has undergone a series of checks, corrections,
and adjustments before arriving at its current form. This
form is to be considered final, apart from a possible
adjustment in mean values of one or two physical vari-
ables after the analysis of multiplatform intercompari-
sons has been completed in late 1995. Such adjust-
ments, however, are unlikely to affect eddy correlation
fluxes or spectra and are, therefore considered of little
importance for the present purposes. The significant
corrections to and problems with the Cessna dataset, in
so far as this study is concerned, are as follows:

1) The low-frequency part of the vertical aircraft
velocity component, which previously has been cal-
culated using differentiated altitude computed from
static pressure, was replaced by differentiated altitude
from the radar altimeter data for these flights over the
ocean. This correction removes the possible effects of
horizontal pressure variations upon the computed ver-
tical wind component.

2) The data from the aircraft’s temperature sensors
suffer from an attenuated signal in the very high fre-
quencies, which has been traced to an interface cir-
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Fig. 1. Example time series of shortwave incoming radiation (S;,), specific humidity (g), potential temperature (theta),
and horizontal wind components (u: along-wind, v: across-wind) from ‘‘long’” flight run 7.1fa: 18 January 1993.
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cuitry problem. The lower-frequency part of the tem-
perature signals is not affected, but it is possible that
the loss of high-frequency signal has led to an under-
estimation of the fluxes of sensible heat.

3) Rain was encountered during many of the aircraft
runs. Analysis of the onboard video camera data
(mounted in the cockpit overlooking the temperature
and humidity sensors on the nose), however, has in-
dicated that rain was always of short duration (usually
<30 s, corresponding to distances of <2 km), being
associated solely with downdrafts beneath precipitating
cumulus (stratiform rain was never experienced). Al-
though all sensors are protected from direct impact by
water drops and are well drained, we cannot rule out
occasional short-term contamination of some data by
liquid water effects during subcloud runs, while serious
contamination is expected when flying in the cloud
layer.

Temperature and humidity sensors in particular are
known to be affected by rain (see, e.g., Lenschow and
Pennell 1974; LeMone 1980b). Wetted temperature
sensors indicate spuriously low values due to evapo-
rative cooling, while chilled-mirror humidity instru-
ments (used on the Cessna for low-frequency humidity
measurements ) record spuriously high dewpoints. The
effect of wetting of lyman-alpha humidiometer win-
dows (used for the high-frequency humidity compo-
nents) is unknown. The degree of damage of the tem-
perature and humidity signals by rain contamination is
difficult to ascertain since the effects produced can of-
ten not be distinguished from naturally occuring ef-
fects. For example, spuriously low temperature data
will occur in (precipitating) downdraft regions where
real air temperatures are also expected to be cooler than
average. The effect of such problems can therefore be
estimated only by comparing results from runs that are
known (via scrutiny of the video data) to contain rain
events with those that are known to contain no rain
events.

On a few occasions, the high-frequency part of the
vertical air velocity signal contained noise generated
by what is believed to be rain contamination of the
upper differential pressure port in the aircraft’s nose
(used to calculate angle of attack). In contrast to the
case of temperature and humidity, this problem was
easily identifiable by a sharp peak in the vertical ve-
locity power spectrum which, when it occured, was
usually short lived.

b. The flights

We draw from two types of data-gathering runs with
the Cessna over the tropical ocean: ‘‘long runs’’ and
“‘stacks runs.”’ The long runs are generally subsections
of ferry flights from the aircraft’s base in Rabaul, PNG,
to the center of the COARE experimental site, the so-
called ‘‘Intensive Flux Array’’ [IFA: centered on the
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IMET buoy at 1°45.0'S, 156°00.0' E; see Webster and
Lukas (1992)]. They were therefore not flown in any
predecided orientation to the mean wind, which in any
case often varied significantly along the track. The long
runs were flown at low altitude (20-70 m) and logged
at full resolution, leading to a dataset containing con-
tinuous space series of lengths from 99 to 430 km.
Those runs exhibiting the w-defect noted in (3) above,
have been excluded from the current study. Of all the
aircraft datasets emerging from TOGA COARE, these
runs contain perhaps the largest range of horizontal
scales and will be used in this and forthcoming papers
to investigate the multiscale nature and variability of
the near-surface fluxes.

The second type of data runs come from eight ver-
tical single-aircraft stack patterns covering altitudes
from near the surface to heights varying from 373 to
1075 m. All of these were flown in the IFA region,
with two exceptions, which were flown on the same
day in the vicinity of 2°45’S, 153°05'E over the re-
search vessel Malaita. For logistical reasons, the stack
runs were generally much shorter than the ferry runs
and will be used to investigate the height variability of
flux spectra. Stack runs exhibiting the w defect have
been retained in order to maintain maximum height
coverage. Stacks were flown at varying angles with re-
spect to the mean wind, with an approximately across-
wind angle being more common (see Table 3).

From the entire Cessna dataset, 59 runs were suit-
able for use in the current study. These runs are sum-
marized in Table 1 and grouped into height catego-
ries in Table 2. The 15 stack runs falling into height
categories A and B were not used, due to their short
length in comparison with the long runs, leaving a
final total of 44.

c. ABL parameters

As is often the case with convective cloud-topped
boundary layers, no obvious height could be found to
define its ‘‘top.”” Cloud depths ranged from hundreds
of meters to several kilometers, and the Cessna sound-
ing profiles often show no clear inversion, with tem-
perature and humidity having slow trends (rather than
sharp changes) around the condensation level. This lat-
ter level was found from the profiles to remain fairly
steady at around 600 m throughout the experiment, and
generally agrees with the crew’s observations of cloud
base. We therefore use the depth of the subcloud layer
(SCL), h, as our scaling height throughout the study.
This has also been found by others to be the most useful
scaling height for the oceanic ABL (Pennell and
LeMone 1974).

Table 3 presents estimated surface fluxes derived
from linear extrapolation of the stack flux profiles to
z/h = 0, and some associated scaling/stability pa-
rameters. Here H,, E,, and H,, represent the surface
fluxes of sensible heat, latent heat, and buoyancy
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TaBLE 1. Cessna data suitable for use in this study [see text and Williams and Hacker (1993) for more details].

Date Start time Height Length
Type Flight and run (1993) (UTC) (m) (km) Comments
Long runs (Low) 5/22b 14 Jan 2350 20.6 99.0
5/23b 15 Jan 0047 22.6 105.2
6/1fc 17 Jan 0037 20.0 1229 Miscellaneous runs in the IFA,
7/1fa 18 Jan 2317 37.2 251.0 except 7/1fa: ferry run from
7/2fb 19 Jan 0103 222 122.7 Namatanai (3°40.0'S
g/1fp 10 Feb 2347 29.4 139.9 152°26.5'E) to IFA.
Long runs (High) a/3fa 27 Jan 0131 59.9 229.8
b/2fa 27 Jan 2148 62.4 206.7
e/lfa 3 Feb 2126 61.6 4239
e/1fl 4 Feb 0132 65.4 285.6
f/1fa 9 Feb 2256 59.8 289.3
f/1fm 10 Feb 0141 58.4 197.5
f/1fn 10 Feb 0251 60.4 135.5
g/lfa 10 Feb 2035 63.2 238.8 All are ferry runs between
g/1fq 11 Feb 0022 62.4 327.8 IFA and Namatanai.
Stack 1 7 19 Jan 0035 22.2/373.1 50/122
5 runs IFA north/south-stack
Stack 2 a 26 Jan 2303 18.7/789.8 58/94
6 runs IFA north/south-stack
Stack 3 b 27 Jan 2304 21.3/890.1 47/54
4 runs IFA north/south-stack
Stack 4 b 28 Jan 0020 26.6/431.8 28/38
4 runs IFA north/south-stack
Stack 5 c 28 Jan 2312 20.7/1036.2 32/55
8 runs IFA north/south-stack
Stack 6 e 3 Feb 2321 19.8/1075.8 39/56
8 runs IFA east/west-stack
Stack 7 h 13 Feb 2320 21.3/9449 53/75
5 runs Malaita SW/NE-stack
Stack 8 h 14 Feb 0105 21.1/956.6 56/68
: S runs Malaita SW/NE-stack

(virtual potential temperature), respectively, while
uyo is the surface friction velocity and L is the
Monin-Obukhov length. Since, as will be seen later,
flux contributions were often found in a low-fre-
quency range that is unlikely to have originated at
the surface, only wavelengths up to 2 km were used
to obtain fluxes for extrapolation to the surface. Ta-
ble 4 presents actual fluxes (wavelengths up to 2 km)
from the long runs. These are used as approximations
to the surface values in order to estimate scaling/
stability parameters in the last two columns of the
lower run group. Such estimates are unreliable in the

higher long-run group, since the altitudes (see Table
1) are already greater than the expected value for L
and are also due to the rapid reduction of H, with
height. The Cessna TOGA COARE missions were
characterized by light to moderate winds, leading to
low momentum fluxes (characterized by u, ), latent
heat fluxes in the range 40—140 W m™2, and almost
vanishing sensible heat fluxes. The consequent small
positive buoyancy fluxes and Monin—Obukhov
lengths from —19 to —91 meters led to moderately
unstable conditions with the stability parameter, —h/
L, falling in the range 6 to 31.

TaBLE 2. Height grouping for Cessna runs.

Height range Average height
Group (m) (m) Number of runs Comments
A 0-30 253 6 Long runs only (10 unused stack runs)
B 50-80 61.5 9 Long runs only (5 unused stack runs)
C 85-125 103.2 5 Groups C—G: Stack runs only
D 150-235 179.9 8
E 310-430 374.9 7
F 580-650 616.8 2 At cloud base
G 780-1100 933.1 7 Above cloud base
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TABLE 3. Surface fluxes and associated parameters from the stacks.
Angle of wind
Wind speed Wind dirn to track H, E, H,, Uso -L
Stack (ms™) D (0-90°) (W/m?) (W/m?) (W/m?) (m/s) (m) ~h/L
1 7.9 155 25 12.3 1324 224 0.2694 79.5 7.55
2 4.6 320 40 4.6 65.8 9.5 0.1428 27.6 21.71
3 7.1 285 75 22 81.2 8.3 0.1744 574 10.45
4 7.7 280 80 45 110.6 12.8 0.2030 59.3 10.12
5 6.4 280 80 2.1 76.5 7.8 0.1765 63.7 9.42
6 4.9 325 55 24 65.2 73 0.1259 24.5 24.49
7 7.3 300 75 1.0 113.6 9.5 0.1898 64.7 9.27
8 7.7 300 75 1.5 123.0 10.7 0.2094 76.7 7.82

3. Spectral analysis
a. Methods

One-dimensional power spectra and cospectra of
conditioned variables (linearly detrended and bell ta-
pered: see, e.g., Stull 1988) have been computed for
all runs using a fast Fourier transform (FFT) method.
To reduce the noise in the raw spectra and increase the
reliability of the lowest frequencies, three spectral es-
timates were made from each space series and then
averaged together to obtain the raw spectrum. The three
estimates come from different parts of the space series:
1) the first half, 2) the second half, and 3) the middie
two quarters. This technique is recommended in Press
et al. (1987) and produces a spectrum covering wave-
lengths up to half the length of the original series with
significantly reduced noise. The spectra thus produced
were transformed onto a common fine-resolution wave-
number axis before averaging adjacent wavenumbers
together onto a coarser logarithmic axis with a constant
number of points per decade. After grouping into
height categories according to Table 2, the resultant
spectra were averaged together wavenumber by wave-
number and the final composite spectra smoothed using
a simple symmetric running average filter. The resul-
tant set of smoothed composite spectra are presented
in sections 3b—3e. A physical interpretation of the fea-
tures seen in the spectra is provided in section 4.

It is important to note that the presence of cumulus
arranged along lines implies that we are sometimes
sampling an anisotropic field. The position of peaks in
one-dimensional spectra will therefore be expected to
shift wavelength according to the angle of penetration
of the aircraft through the lines. The effect of this will
be to ‘‘smear’’ any peaks into lower wavenumbers,
while the presence of sharp frontal features will tend
to create a high wavenumber *‘tail’’ in the spectrum.
Overall we expect a smoothing of peaks across both
lower and higher wavenumbers. Attempts to reduce
these geometrical sampling effects by grouping the
runs according to direction relative to the run-mean
wind have not produced conclusive results in this re-
gard, however. The reason is probably that density out-

flows originating from convective systems will not nec-
essarily align with the run-mean wind, which is gen-
erally rather small.

b. Power spectra

Figure 2 presents combined one-dimensional veloc-
ity spectra from all height categories, normalized in the
fashion suggested by Garratt (1994 ) (first used by Kai-
mal et al. 1976), with the rates of molecular dissipation
of momentum, moisture, and heat (¢, x,, and x,, re-
spectively) calculated from the inertial subrange values
via Eqs. (3.97)-(3.99) in Garratt (1994) with G,
=0.6 and 8, = B, = 0.8. The nondimensional fre-
quency, f; = kZ;/2n (k is wavenumber in radians per
m), is converted to the more convenient wavenumber
in cycles per km on the abscissae of all graphs. Since
the shapes of individual curves are obscured in plots
where all height categories are directly overlaid, two
graphs are presented for each set of spectra, with the
curves in the second graph offset.

The normalization technique collapses all velocity
power spectra onto universal curves in the inertial sub-
range (Figs. 2a, 2c, and 2e). The restriction imposed
by the lower boundary on the range of permissible ver-
tical velocity (w) wavelengths is observed in ‘‘text
book’’ fashion (Figs. 2a and 2b) as a decline in the
spectral amplitudes toward lower frequencies, after a
peak frequency that moves toward longer wavelengths
with height. In the higher regions, this peak shifts more
quickly, from about 800-m wavelength in the mid-SCL
(group D), to 2-km wavelength at cloud base (group
F), and then a sharp peak at 4-km wavelength above -
cloud base (group G). A similar shift was seen in the
GATE fairweather ABL (Nicholls and LeMone 1980),
where the peak at height # was found at a wavelength
of 1.5-2.5 h. In cloudless conditions, the peak in w is
rarely found to exceed a wavelength of 1.5 h (Kaimal
et al. 1976; Young 1987). In fact, in the low wind
shear, cloudless Ashchurch experiment, the w peak was
found to decrease again close to the ABL top (Caughey
and Palmer 1979). Our maximum of 2 km (3.3 h) at
cloudbase is greater than the GATE case, and may re-
flect the effects of enhanced up/down-drafts below ac-
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TABLE 4. Actual (not surface) fluxes from the long runs. The L and A/L values have been estimated
by approximating the surface fluxes by the actual fluxes (lower height group only).
Mean wind H E H, Uy -L

Run (ms™h (W m™2) (Wm™?) (Wm™) (ms™" (m) —hIL
5/22b 0.9 5.5 43.8 8.8 0.1129 20.0 29.9
5/23b 0.9 6.5 48.3 10.2 0.1188 19.2 313
6/1fc 29 6.0 62.3 10.8 0.1186 20.5 29.2
7/1fa 5.9 8.5 98.4 15.9 0.1942 52.0 11.5
712fb 6.8 9.6 122.5 18.8 0.2306 91.8 6.5
g/lfp 7.8 79 140.5 18.5 0.2346 71.6 8.4
a/3fa 4.6 6.3 69.9 11.6 0.1848 — —
b/2fa 7.6 9.8 89.3 16.6 0.2458 —_ —
e/lfa 6.6 1.1 70.8 6.3 0.2013 — —
e/1fl 5.9 -0.4 71.7 5.4 0.1863 — —
f/1fa 9.0 29 71.1 8.2 0.2577 — —
f/1fm 8.6 5.6 86.7 12.1 0.2676 — —
f/1fn 11.4 52 105.3 13.1 0.2960 — —
g/lfa 7.1 -1.6 131.7 8.1 0.2336 —_ —
g/1fq 7.8 4.4 113.4 12.9 0.2263 — —

“tive and precipitating cumulus clouds. Given that wind
shear above cloud base is often present in the Cessna
TOGA COARE data, the enhanced convective condi-
tions are also likely to excite internal gravity waves,
since rising cumulus clouds act as obstacles to the flow
(Clark et al. 1986). Roll vortices (see, e.g., LeMone
1976) are unlikely to be a significant contributor, given
the fairly high —A/L values (Grossman 1982) and the
lack of corresponding sharp peaks in the spectra of

- other quantities (see below ), but cannot be entirely dis-

counted. The high-frequency ‘‘bumps’’ in the spectra

- in categories C, E, and G originate from the rain-con-
taminated angle-of-attack data (section 2b: not re-
moved due to the small number of runs per stack).

The horizontal velocity power spectra (u: along-
wind; v: across-wind), for which no lower boundary
restriction applies, show significant variance through-
out all resolvable wavelengths (Figs. 2c—f). After
“‘classical’’ inertial subrange behavior, all u and v spec-
tra climb at a slightly increased rate to a plateau be-
tween 1 and 5 km. This is followed by another rise,
and the lower three groups indicate that a peak may be
reached at around 20—50 km. Unfortunately, the higher
groups are truncated too early to confirm the existence
of a corresponding peak.

The absence of a ‘‘gap’” in the power spectra be-
tween ABL-scale and larger (mesoscale or synoptic-
scale) motions appears to be a characteristic of many
unstable cumulus-topped ABLs. Nicholls and LeMone
(1980), for example, noted such behavior in the fair-
‘weather GATE ABL. In the JASIN ABL (Nicholls
. .1985), a range of conditions from stable to mildly un-

. stable yielded spectra exhibiting gaps ranging from

* very strong in the stable case to nonexistent in the most

unstable case (—h/L = 7.6). A plot of the individual

u spectra from the lowest long-run height cate-

gory (Fig. 2g) shows that stabilities ranging from

h/L = —6 to —31 in the present dataset make little

difference to the shape of the spectra, confirming sta-
bility independance in unstable conditions. For interest,
we note that curve 4 corresponds to the same run as in
Fig. 1.

The power spectra of humidity (Figs. 3a and 3b)
exhibit a steady rise up to wavelengths of around 500
m, where the higher categories (E, F, and G) show a
slight increase in slope, while the others continue in-
creasing with the same slope. Further on, the lower four
groups again exhibit an increased slope between 5 and
50 km, with group A showing a peak at around 20~-50
km. The temperature spectra (Figs. 3c and 3d) all ex-
hibit a strong attenuation at wavelengths shorter than
20-30 m due to the circuitry problem mentioned in
section 2a. This is followed, in categories A~E (par-
ticularly pronounced in A and B), by a “‘flat’’ region
rather than the expected inertial subrange, indicating
that the temperature fluctuation amplitudes at these
wavelengths were so small that the instrument was op-
erating close to its resolution and the signal was there-
fore noise affected. The molecular dissipation rates for
heat were consequently overestimated, leading to a
breakdown of the normalization technique and curves
that are too far separated in the longer wavelengths.
Away from the damaged high-frequency region, how-
ever, the shapes of the temperature spectra are much
the same as those for humidity.

The presence of significant variance in the low wave-
number part of the power spectra of all variables (ex-
cept vertical velocity, which is surface limited) is easily
explained in terms of the description given in the in-
troduction. In short, the action of MCSs and precipi-
tating cumulus, combined with slow ABL recovery
times, results in a highly heterogeneous boundary layer
dominated by cool density currents of varying humidity
and speed, which interact with the ambient ABL air. In
addition to this, mesoscale gravity waves on a range of
wavelengths are also known to be excited in the vicinity
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FiG. 2. Height-grouped combined normalized power spectra for wind components: (a, b) w (vertical); (c, d) u (alongwind),
and (e, f) v (across-wind). Letters refer to height groups, with groups A and B containing only ‘‘long’’ runs and groups C to G
containing only ‘‘stack’” runs. The second graph in each pair contains curves offset by a multiplicative factor of 2. (g) Individual
spectra contributing to the height group ‘“‘A’’ composite of u (numbers refer to order as in Table 1; offset factor: 2).

of deep convection. Banded structures of wavelength
10-30 km in the cloudiness and subcloud fields of the
fairweather GATE ABL, reported by LeMone and Mei-
tin (1984), were explained by Balaji et al. (1993) in
terms of gravity .wave modulation of boundary-layer
structure. Again, the requirement for wave propagation
is shear at the SCL top, which is present in most of the
TOGA COARE Cessna data. These findings can per-
haps be summarized by referral to the study of Gage
and Nastrom (1986), who point out that the theoreti-
cally expected spectra for quasi-two-dimensional tur-
bulence in the mesoscale range (forced by a mesoscale

source of kinetic energy in the presence of stratifica-
tion) coincides with that for internal gravity waves,
making a split between variance contributions from tur-
bulence and gravity waves difficult. Some combination
of both sources seems likely. ,

The extent and degree of rain contamination of the
power spectra of temperature and humidity is difficult
to estimate. Given the discussion in section 2a, the most
likely effect is spurious variance at wavelengths cor-
responding to the duration of typical rain events en-
countered in the present dataset (up to 2 km) and also
at wavelengths corresponding to the separation be-
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tween precipitating cumulus clouds. However, no clear
systematic differences have been observed between
spectra from runs identified (by video) as containing
rain events and those with no rain events, indicating
that contamination effects may be small.

¢. Cospectra

The combined cospectra for the flux of latent heat
(E) are shown in Fig. 4a. These, and the other flux
cospectra, have been normalized by their surface values
estimated in the following way: 1) for the (low)
““long’’ runs, the surface values have been estimated
by the actual run-averaged flux (see Table 4); 2) for
the stacks, the surface values have been estimated by
linear extrapolation of the flux profile to z/k = 0 (see
Table 3).
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FiG. 2. (Continued)

All E cospectra initially climb to a peak and then fall
away into the low wavenumbers. The position of the
peak moves to longer wavelengths with height, as
found in other studies (e.g., in GATE: Nicholls and
LeMone 1980; in BOMEX: Grossman and Bean
1973). However, whereas in those studies little flux
was ever seen at longer wavelengths, in this data the E
spectra often have a significant low wavenumber
“‘tail.”” Furthermore, the strength and even sign of this
tail is highly variable, as is evidenced in Fig. 4b, which
presents the standard deviation of the individual co-
spectra about the composite value. The low-frequency
component to the total flux is expected to be non-SCL
in origin, and so it is not surprising that the spectral
variability is high in the long wavelength region. The
large variability in the high wavenumbers will be dis-
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FiG. 3. Height-grouped combined normalized power spectra of (a, b) specific humidity and (c, d) potential temperature.
Multiplicative offset factor between curves (second graph of each pair): 2.

cussed in section 3d below. Above the top of the ABL
(category G), E exhibits a very strong peak at 1-2-km
wavelengths, dropping to large negative values at
longer wavelengths. This is clearly impossible (clouds
cannot transport air downward that is moister than the
ABL air) and must be a spurious effect related to sensor
wetting. The E variability (Fig. 4b) exhibits strong
peaks in the F and G categories at the 1-2-km wave-
length. The E spectra exhibit no stability dependancy
(Fig. 4¢).

The combined cospectra of u momentum (Fig. 5a:
normalized with pu%,) are surprisingly well resolved,
considering the low values of the mean fluxes, and

show a peak that shifts to lower wavenumbers with
height. A low wavenumber ‘‘tail’’ is again present, al-
though it is not as strong as in the case of the E flux
and does not reach to such low wavenumbers. The v
momentum spectra (not shown) are generally quite
small in magnitude and variable in sign, making them
difficult to interpret.

The sensible heat flux (H) cospectrum (Fig. 5b) is
very similar in shape to the £ cospectrum in the lowest
height category, apart from a significantly faster drop-
off in the very high wavenumbers (>30 cycles km™")
due to the attenuation of the temperature signal (see
section 2a). In the second height category, however,
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the shape is quite different from that of E, and the vari-
ability plot (not shown) displays extremely high val-
ues. This is due to the fact that H drops very quickly
with height and is already significantly smaller than in
height group A (in fact it is quite close to zero), making
it a bad estimator of the surface value of H. In higher
height categories, where the stack-extrapolated surface
values are used, the switch to negative fluxes is seen
first in height group D. A significant low wavenumber
*“tail’’ is again present in all of the composite spectra
and, in fact, at higher altitudes the peak at 1-2-km
wavelengths (seen in the E cospectra) is masked by the
high-magnitude of this tail. We remind the reader that
those parts of the H spectrum corresponding to flat
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FIG. 4. Height-grouped combined normalized cospectra of
latent heat flux: (a) combined (average) cospectra [note that
level ““G’’ (in-cloud) is clearly affected by sensor wetting]
and (b) standard deviation of individual wavenumber values
about the combined cospectra. (c) Individual spectra from
height group A (numbers refer to order as in Table 1). Ad-
ditive offset between curves: 0.2. Zero lines have been in-
cluded for clarity.

regions in the temperature power spectra (Figs. 3c and
3d) are close to the instrument’s resolution and must
be treated with caution.

As rain wetting of temperature and humidity
sensors is most likely to occur while in downdrafts
below precipitating cumulus, spurious correlations
are a possibility on wavelengths up to 2 km and
also on the scale of the separation between rain
shafts. As with the power spectra, however, in-
spection of individual cospectra has not generally
found any consistent differences between rain-con-
taining and non-rain-containing runs. The exception
is clearly the in-cloud level ‘‘G,”’ as discussed
above.
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d. Cumulative latent heat cospectra

Figure 6 shows examples of cumulative E cospectra,
or ‘‘ogives.”” These are the cumulative sum of cospec-
tral intensities (rather than densities, as in the other
plots) from high to low wavenumbers, and conse-
quently the lowest wavenumber value (i.e., the left-
most point in each plot) corresponds to the total (sub-
run scale) flux. Ogives have been used by others (e.g.,
Saucier et al. 1991) because they represent a much
smoother (and therefore more easily interpretable) ver-
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sion of the raw cospectrum. An even more useful fea-
ture is that their value at any given wavelength corre-
sponds to the flux one would obtain if the original series
were high-pass filtered using that wavelength as a cut-
off, prior to computing the flux. A ‘‘platean’’ through-
out the long wavelengths indicates that the cospectrum
is zero there and that all wavelengths contributing to
the flux have been captured below the cutoff wavenum-
ber (or the run length, if no cutoff is used). Ogives can
therefore be used as an indicator of confidence in the
flux value obtained from an aircraft run, with ogives
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Fi1G. 6. Latent heat ogives (cumulative cospectra): (a) group A runs
(cf. Fig. 4c), (b) whole run (bold) and 30-km segments of run 7.1fa
(cf. Fig. 1 and #4 in Fig. 6a), and (c) whole run (bold) and 30-km
segments of run e.1fa.
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exhibiting no ‘‘plateau’’ having low confidence (C.
Friehe 1994, personal communication).

The Cessna TOGA COARE E ogives typically ex-
hibit a limited plateau region, corresponding to the fall
away of the E cospectrum to near zero on the left of
the initial peak (Fig. 4a). However, the low wavenum-
ber cospectral ‘‘tail’’ discussed in section 3c often leads
to relatively short plateaus, after which the ogive may
once again rise or fall. When the cospectrum does not
fall all the way to zero after the initial peak, the plateau
is replaced by an inflection point in the ogive followed
by a region of much reduced slope. In Fig. 6a, E ogives
for the six group ‘A’ runs are presented (basically
corresponding to an integrated version of Fig. 4c). All
exhibit plateaus or regions of reduced slope.

The ogives of the longest runs from height groups A
and B are plotted in Figs. 6b and 6¢, along with ogives
computed from 30-km subsections of the same runs.
For interest, the run analyzed in Fig. 6b is the same as
that in Figs. 1, 4c (curve “4’’), and 6a (curve ‘“‘4’"),
and the Fig. 6¢ run is the longest run used in this study
(424 km). Plateaus or reduced-slope regions are seen
to occur in most subsections, but different ‘‘plateau’’
levels are reached in each 30-km section, indicating a
different high wavenumber (“‘turbulent’’) flux. This
implies that most of the 30 km cospectra have basically
the same shape, but different amplitudes. The large val-
ues in the high wavenumber part of the standard de-
viation spectrum (Fig. 4b) therefore reflect the range
in the overall amplitude of the shape of the cospectrum,
rather than just random point-to-point scatter. This is
in contrast to the low wavenumber tail, which may have
any shape.

The above behavior of the E cospectra and ogives
indicates that there is a basic structural difference de-
tectable between the eddies containing the high and low
wavenumber fluxes, with the high wavenumbers exhib-
iting coherent and repeatable behavior. This suggests
that the interactions between the two groups of eddies
are such that the high wavenumber (turbulent) flux
comes into ‘‘local’’ equilibrium with the local mean
conditions imposed by the low wavenumber variations.
We note that the plateau (or reduced slope) region of
the ogives usually begins at a wavelength of around 2
km. We identify this as a wavelength of special im-

portance and mark it by vertical dashed lines in Figs.

4 and 6. Further implications will be discussed in sec-
tion 4.

e. Correlation spectra

The correlation cospectra of temperature versus hu-
midity are given in Fig. 7. These exhibit a jump from
positive values at high wavenumbers to negative values
at low, with the crossover point moving to increasingly
higher wavenumbers with height. The long wavelength
eddies are always negatively correlated, verifying the
Fig. 1 analysis in section 1b. The reduction of corre-
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FiG. 7. Height-grouped combined §—gq correlation spectra.
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lation to zero in the highest wavenumbers is a conse-
quence of the attenuation of the temperature signal. A
strong negative range of correlation at low wavenum-
bers has also been noted during BOMEX (Donelan and
Miyake 1973; McBean 1973) and GATE (Wyngaard
and LeMone 1980) and is indicative of the effects of
downward entrainment of dry, warm air from above
cloud base. The positive correlation at high wavenum-
bers is due to convection of warm, moist air from the
surface.

Rain-contamination of data may produce spurious
high-frequency negative 6 —gq correlations under precip-
itating downdrafts. Again, no systematic differences
have been found between rain-containing and non-rain-
containing runs, however.

Imagining ourselves in a coordinate system moving
with the run-mean flow, the strength of the local wind
perturbation becomes our local wind ‘‘speed’’:

§=1V'| = [(u—u))*+ (v = WH*1'"?,

"where the angled brackets (‘( )’’) denote a run-

length average. This is, in a sense, the ‘‘natural’’ co-
ordinate system for cloud—ABL interactions. A corre-
lation plot of S versus # (Fig. 8a) shows a strong neg-
ative correlation through most wavelengths in the
lowest three levels (at higher levels it is small and vari-
able), indicating that relative to the moving coordinate
system, near the surface the cooler regions of air are
moving faster than the warm. If we can equate faster-
moving regions of air with outflows from precipitating
cumulus and cumulonimbus clouds, then this obser-
vation confirms they are density-driven, probably due
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