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ABSTRACT

A situation of fair weather cloudy convection is examined using a dual Doppler radar, environmental
measurements and cloud photogrammetry, The convective layer is characterized by the interaction between
the northward monsoon wind at low levels and the easterly wind above; a convective organization is found
to be related to the shear between both flows. Moreover, at the convective scale, properties of the convective
layer below clouds and in clear air are considered. They show significant differences in buoyancy and entrainment
effects but similar effects of the shear on variances and momentum production profiles.

1. Introduction

One of the fundamental aspects of the atmospheric
boundary layer is its interaction with nonprecipitating
cumuli—the fair weather cloudy convection. Its struc-
ture includes interactions between different scales, from
small-scale turbulence below and inside clouds to me-
soscale organization (into cloud streets, for example).

Most of the studies consider this phenomenon from
a local point of view, assuming horizontal homoge-
neity. Thus, one-dimensional models were developed
by Manton (1981), Emanuel (1981), Ryan and Lalousis
(1978), Asai and Kasahara (1966), Betts (1975, 1976)
and Deardorff (1979), principally for determining ver-
tical energy transports by buoyancy, shear, advection
effects, and the mean evolution of the cloudy boundary
layer. Indeed, these transports are of primary impor-
tance in understanding mesoscale evolution of the at-
mosphere, and in deep convection initiation. Exper-
imental works were performed using instrumented
tethered balloon (Kitchen and Caughey, 1981) or air-
craft [Caughey and Readings (1974), Nicholls and
LeMone (1980), Jensen and Lenshow (1978)]. Their
purpose was essentially to determine vertical energy
transports, or the kinetic energy budget in case of
cloudy convection.

Howeyver, a spatial point of view was considered by
LeMone (1973), studying the convective organization
below cloud streets and by Kitchen and Caughey (1981)
who looked at the flow circulation around small cu-
muli. Deardorff (1973) and Sommeria and Deardorff
(1977) developed a three-dimensional model of con-
vection for examining its dynamic and thermodynamic
evolution.

The experimental spatial works using aircraft or bal-
loons provide data in only one or two horizontal di-
rections at just a few height levels. On the contrary,
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Doppler radars record the spatial wind field over several
kilometers horizontally in a short duration (~4 min),
with a better vertical resolution (100 m, for example).

The interest of radar observations in the boundary
layer has been shown by several authors: Frisch et al.
(1976) compared radar measurements with other in-
struments; Reinking et al. (1981) studied roll vortices;
Kropfli and Kohn (1978) showed the effect of a thermal
heterogeneity on the convective organization; Eymard
and Weill (1982) also studied organized convective
structures; Rabin and Zrnic’ (1980) and Rabin et al.
(1982) considered the air properties at larger scale (sub-
synoptic scale), in particular, calculating momentum
fluxes. However, except in the last study, radars were
never used for determining fluxes as well as for studying
the cloudy convection in the boundary layer.

The purpose of the present study is to examine both
dynamic organizations of the cloud and subcloud lay-
ers, and the circulation and transports associated with
cpnvection below clouds, compared with those of clear
air areas.

Data from the two C-band Doppler radars (RON-
SARD system) of CRPE' (Nutten et al., 1979) are
principally used, completed by measurements from a
surface network, soundings of wind and temperature
and photogrammetry of clouds. They were obtained
during the COPT 81 (COnvection Profonde Tropicale)
experiment performed in May and June 1981 in the
Ivory Coast.

After describing the experimental processing, the
first sections will consider the averages in the subcloud
and cloud layers over the radar domain to determine
their structure and organization. Properties of areas
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FiG. 1. Map of the experimental area, showing the principal cities and
rivers and the instrument locations. Half-hour mean temperatures between
1530 and 1600 GMT are indicated at surface stations where they are available.

below clouds compared with clear air areas are the
subject of the following section. Results concerning
divergence, vorticity, velocity variances and momen-
tum fluxes will also be presented.

2. Experimental setting and radar methodology

The COPT 81 experiment was conducted in the
Ivory Coast at about latitude 10°N, during May and
June, 1981. Its principal purpose was the observation
of isolated storms and squall lines frequently occurring
at the beginning of the rainy season. The experiment
has been described by Sommeria (1982), so we will
describe only the instrumental setting involved in the
boundary layer experiment.

Figure 1 shows the experimental area. The topog-
raphy of the country is basically a plateau of mean
altitude 330 m. The highest zone is near point P (380
m) and the altitude gently decreases to the Bandama
river valley (280 m). The vegetation across the area
comprises a patchy savanna and fields around villages.
The following features should be noted.

e Two Doppler radars were employed, one located
at each of the points R1 and R2. They explored the

volume of a horizontal base represented by the shaded
rectangle (20 km X 15 km) in which chaff was released
from an aircraft at a height of 600 m.

e A surface network developed partly by EERM,?
and partly by LAMP,?> was composed of 22 meteo-
rological stations (S). They provided every few minutes
(~3 min) surface pressure, temperature, humidity, net
radiation and wind speed and direction. At several
stations (S1), sensible and latent heat fluxes were also
determined. A three-antenna Doppler sodar from
CRPE was located near the R2 radar at Sinematiali.

e Wind and temperature soundings were performed
near the R1 radar at Korhogo at the beginning and
the end of each experiment and every day at 0600 and
1800 (all times GMT).

¢ Photogrammetry of clouds was realized by IOPG*
near point P. Cloud sizes and locations were deter-
mined through a circular area of radius about 12 km
around P during the experiment.

2 Etablissement d’Ftudes et de Recherches Météorologiques.
3 Laboratoire Associé de Météorologie Physique.
4 Institut de ’Observatoire de Physique du Globe.
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On 6 June 1981 an experiment was carried out be-
tween 1525 and 1630. Soundings were performed at
1430 and 1715 and photogrammetry of clouds between
1535 and 1710.

The dual-Doppler radars were operated following
the coplane methodology (Miller and Strauch, 1974).
The radar data are obtained between altitudes of 0.15
and 2 km according to the chaff diffusion. The total
scanning time ranged from 210 to 280 s. Three-di-
mensional wind fields from radar data [Testud and
Chong (1983); Chong et al. (1983); Chong and Testud
(1983)] have been recovered with a grid resolution
300-500 m horizontally and 100 or 150 m vertically.
The accuracy in horizontal and vertical velocity com-
ponents is 0.1-0.15 m s™! and 0.2-0.25 m s™!, re-
spectively, increasing with the distance from the radar
baseline. The quality of the restored wind field depends
on several factors, principally, the chaff density in the
lowest elevation coplane and the flow stationarity.

The stationarity has been verified using correlation
between successive sequences, (Eymard and Weill,
1982). Nevertheless, there was an important improve-
ment between the two studies: Chong and Testud
(1983) developed a variational analysis scheme to op-
tim'ize the vertical velocity calculation by adjusting the
boundary condition at ground level in order to improve
the mathematical regularity of the vertical velocity field.
Its effect is to uniformly distribute the instrumental
noise with height. It is therefore possible to quanti-
tatively study the vertical velocity properties, contrary
to our previous work.
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3. Mean behavior of the subcloud layer and the cloud
layer

a. Synoptic situation

The incursion of the African monsoon during May
and June is characterized by the interaction between
the wet southerly monsoon flow with the easterly wind
above it. The most important effect of this interaction
is the frequent occurrence of thunderstorms (local
thunderstorms or squall lines).

The boundary layer generally extends through the
monsoon layer, capped by an inversion at the transition
level. However, on 6 June 1981, the temperature and
wind profiles show a more complex situation (Figs. 2
and 3): the monsoon wind blows toward the north
with a speed ~3 m s”! from the surface up to a height
of 1 km. Higher, the easterly wind flows toward the
southwest  (60° from south) above a rotating shear.
The temperature sounding indicates an inversion layer
at a height of 1.6 km at 1715 which caps the well-
mixed layer extending through the monsoon layer and
the base of the easterly flow. The condensation level
is found near 1.7 km, above the inversion level. Thus,
the cumulus clouds do not occur inside the monsoon
layer, but in the easterly flow, contrary to general ob-
servations during BOMEX and GATE experiments
[Betts (1975); Nicholls and LeMone (1980)] and ob-
servations on the other days during the COPT 81 ex-
periment.

Observations took place during the decreasing part
of the surface heat flux (Fig. 4), maximum near 1500.
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FIG. 2. Horizontal wind profiles from wind soundings at 1430 and 1715
GMT and Doppler radars (the shaded area is the envelope of 11 successive
profiles). Directions are referred to south. The inversion height Z; at 1715

is indicated.
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Temperature and humidity are near constant at their
extreme values of 34°C and 62% respectively, and this
period also corresponds to a decreasing number of
clouds. After 1630, the humidity again increases and
a thunderstorm was observed near 2100.

b. Convective layer dynamic properties

The mean dynamic properties during the experiment
are deduced from 11 recorded scans. The horizontal
wind field is illustrated by Fig. 5, at heights 0of 0.3, 1.2
and 1.5 km (the horizontal frame corresponds to the
shaded rectangle in Fig. 1). At 16235, the wind field
presents the same features as previously: the monsoon
wind at 0.3 km is northward but the local wind di-
rection varies by 90° from place to place (this heter-
ogeneity is also found near the surface, as shown by
the surface network). At a height of 1.2 km, the mean
wind profile of Fig. 2 indicates a weak mean wind
rotating with height. But the wind field exhibits wind
fluctuations of intensity 1-5 m s™! in different direc-
tions: there is not a regular wind rotation at this height.
Above the shear, the wind is regular, blowing south-
westward. It is only affected by some strong convective
cells.

Thus, the convective layer 1s divided into two layers
separated by a transition layer. Remembering this
structure, we will examine the velocity variances and
convective spatial organization.

1) VELOCITY VARIANCES

The velocity variances are taken as spatial averages
on the whole horizontal radar domain at each height
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level. Although they have been calculated at all se-
quences, we will only consider the six sequences with
the best horizontal resolution, 300 m. The correspond-
ing vertical and horizontal velocity variance profiles
are drawn in Fig. 6.

Below a height of 1 km, the vertical variance presents
a weak maximum at 0.45 km and then a slow decrease.
This shape is in agreement with those observed by
Kaimal et al. (1976) and Caughey and Palmer (1979),
but the maximum is smaller: about 0.3w?2 instead of
0.4-0.5w2 (wy = 1.5 m s™! deduced from the surface
heat flux measured near P). This difference is essentially
due to the small-scale filtering, but the different kinds
of averaging (spatial and temporal) may have an in-
fluence. Between 1 and 1.5 km, the vertical variance
increases with height, because of shear production.
Above 1.5 km, entrainment is a possible cause of in-
creasing, but also possibly radiative effects or latent
heat release, as showed by Brost et al. (1982).

Horizontal variances are taken with respect to the
mean spatial wind over the radar domain at every
level, u being alongwind and v crosswind. They present
large values (u? ~ 0.4wi and v? =~ 0.8w}) near
the surface when compared with Caughey and Palmer’s
(1979) observations. This difference may be due to the
horizontal heterogeneity or mesosynoptic disturbances,
as noticed by Panofsky (1973) and Caughey and Palmer
(1979), or to convective organization. Variances de-
crease weakly with height near 0.7 km and then increase
strongly in the shear layer. This effect of shear gen-
eration on velocity variances was discussed by Turner
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F1G. 4. Evolution during the day at Kothogo of the relative humidity
H, the temperature T and the virtual heat flux Q near the surface.
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FIG. 5. Horizontal wind at 1625 for z = 0.3, 1.2 and 1.5 km. The
length of the 5 m s™' wind vector is illustrated by an arrow above
each figure. The origin is (X, Yo) with respect to the baseline center.
The axes XoX and Y,Y are respectively parallel and perpendicular
to the radar baseline (see Fig. 1). North is indicated by an arrow in
the upper left corner of each figure.
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(1973), also recently by Brost er al. (1982). Above a
height of 1.4 km, the horizontal variances decrease
because of the easterly wind regularity.

Thus, the wind velocity variance profiles confirms
that the convective layer structure is divided into three
layers: free convection is observed below the shear (0.9
km), then the shear strongly affects the mixed layer in
a transition layer between 1 and 1.4 km, and finally
the inversion level is found in the regular easterly flow.

2) SPATIAL ORGANIZATION OF CONVECTIVE
STRUCTURES

A two-dimensional spectral analysis has been applied
to the vertical velocity at every height level to determine
the preponderant scales and corresponding orientations
of the convective structures. The analysis process has
been detailed in Eymard and Weill (1982). After se-
lecting the significant peaks of each sequence, we have
gathered them in the same spectral diagram (Fig. 7).
In this figure, the wavenumber frame is referred to the
geographic axis and only the centers of peaks are in-
dicated, although they are sometimes broad. The lo-
cation of a peak provides the wavelength and the di-
rection of the convective structures at this scale, per-
pendicular to the wavenumber vector. At each
sequence, two or three principal peaks are found; they
take place in three broad areas circled on the figure.
The corresponding scales are indicated in Table 1, as
well as the mean scale characteristic of each area:

e The mean wavelength of area (1) is 2.4 km, i.e.,
about 1.5Z;, for a direction of alignment nearly parallel
to north. This mode is established at 1541 and is ob-
served mainly below the shear. The scale 1.5Z; is the
convective scale, found in convective situations (Kai-
mal et al., 1976; Caughey and Palmer, 1979 and
others).

¢ Gathered in area (2) are peaks of larger scale,
between 3.5 and 6 km, in mean 3.9 km =~ 2.5Z;. The
corresponding flow alignment is more imprecise than
the previous, in mean at about 20-30° clockwise of
north. Peaks are generally observed in the whole con-
vective layer, often with the greatest amplitude. This
mode appears at 1551 and seems to disappear near
1620-1625 at which a peak of middle scale between
modes (1) and (2) is found (3.2 km ~ 2Z)).

¢ Finally, located in area (3) are peaks of mean scale
2 km =~ 1.2Z; corresponding to a flow orientation of
~40° clockwise of north. This scale is most common
until 1541, after which it becomes weaker than the
others, sometimes disappearing. It is principally found
below the shear and above it, and is very weak inside
this transition layer.

The remaining part of the spectral diagram (half-
plane of positive k, only) contains very few peaks. The
three areas delimit flow orientations between N-S and
45° along a. NE-SW direction. As homogeneous and
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1540 and 1625. At every level, the horizontal velocity components are taken with
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FIG. 7. Two-dimensional spectrum of the vertical velocity field.
The wavenumber frame is referred to the geographic axis. Centers
of the principal peaks from each sequence (noted by a number) are
gathered. They define three areas noted ©, @ and ®. The corre-
sponding directions of alignment are indicated by dashed lines. The
wind velocities as well as the wind hodograph between them are
drawn in the monsoon layer (V,,,) at height 0.3 km and at the inversion
level (V,). The arrow (S) indicates the direction of the mean shear
vector, perpendicular to the wind at 1.1 km (middle of the shear
layer).

1.5ms™.

random convective layer would have presented peaks
in all directions, a convective organization is probable
here, characterized by the mode of scale 2.5Z; super-
posed to convective scales. It is in agreement with
observations of banded flows by Kuettner (1971),
LeMone (1973), Berger and Doviak (1980) and others
showing a typical spacing 2-4Z; between bands. To
estimate the propagation velocity of the mode of scale
2.5Z;, we determined the advection of the wind field
using a two-dimensional cross-correlation between
successive sequences. A Cressman weighting filter
(1959) was used to filter out scales < 3 km, neglecting
large-scale effects. We obtain a propagation velocity
1.1 £ 0.4 m s™! toward the northwest constant with
time during the whole experiment, corresponding to
the wind speed at a height of 1.1-1.2 km.

Causes of convective organization may be local or
thermal instability (Harrold and Browning, 1971;
Kropfli and Kohn, 1978), pure dynamic instability
(Brown, 1970, 1972), or thermal instability modified
by shear (Kuo, 1963; Asai, 1970, 1972). Finding, in
our case, a stable propagation velocity over the duration
of the experiment tends to eliminate local effects. It
suggests an interpretation in terms of an unstable wave,
as proposed in Asai’s model (1972) in a thermally
unstable boundary layer with a linear shear. The most
unstable mode corresponds to bands parallel to the
shear with a wavelength of ~1.5Z; and a phase velocity
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TABLE 1. Mean pr_epom?eram scales of each sequence, distributed among the three areas shown in Fig. 6. Angle brackets indicate
the layer in which the peak is found: left angle bracket means below the shear and right angle bracket, above it.

Time (GMT)
1535 1541 - 1551 1556 1601 1607 1610 1615 1620 1625 Mean
) 2.3 2.6 24 22 2.8 22 2.5 2.5
: ~ ( { | < 32
) 34 3.7 37 4.6 5-6 49 3.9
€ .
3) 2. 23 1.6 1.5 2. 2.1 2.8 1.6 2.
- 2 < €

similar to the smallest wind speed, transverse to the
shear. Comparing this model with our results, we obtain
a reasonable agreement (wavelength of ~2.5Z;, align-
ment close to the mean shear direction, and propa-
gation as the smallest wind at 1.1 km), taking into
account the different basic states in both cases (the
real shear is not linear).

We will now relate the cloud field properties to the
convective subcloud layer organization.

¢. Dynamic structure of the cloud field

Photogrammetry of the shallow cumulus clouds was
performed from 1525 to 1650 with two cameras op-
erating 1.5 km apart near P. Using triangulation, the
sizes and locations of clouds may be determined
through a circular area of radius about 12 km around
P (Bénech et al., 1983). The accuracy is a few hundred
meters horizontally and about 100 m vertically. A full-
sky camera took pictures above P (Fig. 8), providing
the locations and horizontal sizes of clouds within 7
km from P (but without indication about heights).
These pictures complement photogrammetry data
available only for clouds farther than 2 km from P.
The individual cloud evolution may be investigated,
since pictures were taken every 2-5 min.

The geometric characteristics and evolution of 25
clouds have been examined by drawing cloud maps
from photogrammetry pictures. An example of a cloud
map (at 1607) in geographic. coordinates is given in
Fig. 9, also indicating the approximate cloud center
locations with time. No clear evolution of the cloud
layer appeared in the mean results for the whole ex-
periment (90 min duration). They are summarized in
Table 2, showing the following characteristics:

¢ Cloud base and top: cumuli are based near a height
of 1.8 km, a little above the lifting condensation level
(from the temperature sounding at Korhogo), as also
observed by Kitchen and Caughey (1981) and Warner
(1973). This height, though, is higher than the inversion
level (1.6 km) and clouds are found in a drier atmo-
sphere. A possible explanation following Manton
(1978) and Augstein (1978) is that convective patches
penetrate upward through the stable layer where they
reach the condensation level. However, another ex-

planation may be that the inversion rises above the
clouds as observed by Kitchen and Caughey (1981):
the amplitude variation of the inversion height is of
the order of the cloud depth. Regardless, the chaff
often reaches heights of 1.9-2 km in cloudy areas but
is generally limited to 1.5-1.6 km in clear air supporting
both explanations. On the other hand, cumuli present
a weak vertical growth, perhaps because they develop
in a layer with lower humidity and because the con-
vective activity has decreased since 1300 [from the
surface heat flux (Fig. 2)].

o Diameter, shape and distribution (see Fig. 9): small
clouds are roughly circular, of diameter 1-2 km. Larger
clouds are often elongated, being 4--5 km long but 1~
2 km wide (three cases). On the other hand, the cloud
distribution is not homogeneous, as most of them are
found a few kilometers NNW from P, often joined at
their base. Elsewhere, only isolated cumuli appear and

S

F1G. 8. Example of full-sky camera picture taken at 1607. Clouds
are principally observed north and east of P (center of the figure).
Some of them, north of P, are elongated along the direction
NE-SW,



15 APrIL 1984 LAURENCE

EYMARD 1387

+

(km)

Pl

Ocloud shape at 1547

\g; cloud displacement with

L 9 observation times from birth
——
W P —

(km),

——.

E

J

3 I L

FI1G. 9. Schematic cloud map at 1547 in geographic axis: the main clouds are drawn, as well
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almost no cloud is found south of P. This indicates a
spatial convective heterogeneity, which could be due
to thermal heterogeneity, as shown in Fig. 1 on which
half-hour mean temperatures (between 1530 and 1600)
have been indicated at several surface stations. No
temperature higher than 33.5°C is observed southeast
of P. Moreover, the area between P and the stations
north and northwest of P where most of the observed
clouds are formed is particularly warm. As the most
cloudy area is located inside the radar domain, it is
possible to compare the cloud patterns with the spectral
characteristics of the subcloud layer: the small cloud’s

TABLE 2. Mean cloud properties.

Mean and limits Comments

Base height 1.8 £ 0.15 (km) Weak variability with
time
Top height 2.2 (2. t0 2.7 km) Few reach 2.5-2.7 km
Diameter 1to 4 km
Shape circular (about 15 small clouds) to elongated
along the NE-SW direction (3 cases)
Distribution heterogeneous: few clouds at south of P; most

are close to each other or joined at their
base (at 8 km north of P)

Displacement from stationary to speed 3 m s~

(average 2 ms™")

Lifetime average 20 min [from 5 min (I case) to more

than 50 min]

diameter is in the range of the convective scale (2-2.5
km). On the other hand, some larger cumuli (including
joined clouds) are elongated along a NE-SW direction,
which is the mean orientation of the convective struc-
tures. For example, a convergence line is shown in
Fig. 3 at a height of 0.3 km, corresponding to strong
convective structures. These cells are capped by joined
clouds aligned along the convergence direction. Fig.
10 shows the vertical velocity at contour intervals of
0.7m s from 0.2 to 1.8 km (the lack of chaff explains
the few contour lines at this height).

® Cloud displacement and evolution: Fig. 9 shows
the cloud center locations during their life cycle from
successive pictures. Their displacements appear in-
homogenous—often nearly stationary during several
minutes, they move toward the northwest with an av-
erage speed of ~2 m s~!, with a rather great dispersion
between north and west. Since the easterly wind blows
toward the WSW (120° from north) at cloud level,
these small cumuli are not wind tracers. Their dis-
placement may be related to the convective organi-
zation since cumuli are initiated by convective struc-
tures in the mixed layer. They present a tendency to
be aligned along the NE-SW and travel toward the
northwest, transverse to the mean shear direction,
similar to the largest mode (2.5Z;) found in the sub-
cloud layer.

The observation of ¢louds above the radar domain
will allow us to study the convective layer from another
point of view. After looking at spatially averaged dy-
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FIG. 10. Perspective view of vertical velocity contours with a step
of 0.7 m s™' in horizontal planes from heights of 0.2 to 1.8 km.
Solid lines correspond to updrafts, dashed lines to downdrafts. The
locations of two clouds observed at that time (1625) are indicated
on the highest plane.

namic properties, we shall now distinguish areas capped
by clouds from clear-air areas. From two-dimensional
spectral analysis, the scale of organized convection
(3.6-3.9 km) is the preponderant scale and is also larger
than the mean cloud size. As most of the energy in
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this convective situation is taken into account, we shall
examine the dynamics and vertical energy transports
of subcloud and clear-air areas at this scale.

4. Dynamic structures of cloudy and clear-air topped
volumes in the convective layer

a. Defining the studied volumes

Among the 25 clouds observed by photogrammetry,
eight have been chosen to be placed above the radar
wind field (clouds of very short lifetime, small size or
on the edges of the radar domain have been eliminated).
However, their evolution is slow enough for placing
them on several successive wind fields. As noted in
the previous section, the evolution of the cloud layer
is negligible during the experiment. Neglecting the fact
that the same cloud is considered several times, we
obtain 18 cloud-topped areas. The locations of all cloud
centers are indicated in Table 3.

In order to compare their properties with those of
clear-air regions, volumes with square bases of the same
area are defined in both-cases. The square size is 3.6
to 3.9 km, providing at every level 140-160 grid points,
a sufficient number for calculating statistical averages.

The clear-air volumes are defined at each sequence,
as far as possible from the cloudy areas, to be sure of
their independence of effects of clouds. Some of them
correspond to the same area observed at successive
sequences. In this way, 12 clear-air volumes are con-
sidered. In the following, cloud-capped volumes will
be noted CCV and the clear-air volumes CAV,

First we shall examine horizontal divergence and
vorticity, and horizontal and vertical velocity variances,
then momentum fluxes and shear stress production
will be compared.

Before beginning this quantitative comparison, it
must be noted that there are important differences in
chaff diffusion between cloudy and clear-air volumes.
At 1.7 km, 8 CCV’s still contain a total of more than
100 points, in contrast to only 2 CAV’s. The presence
of clouds and associated entrainment improves the
chaff diffusion, whereas the inversion layer at height
1.6 km stops the vertical diffusion in clear air. Because
of this difference, CAV profiles will be limited to a
height of 1.5 km. '

TABLE 3. Locations of cloud centers with respect to the radar baseline center.

The sequences used are those with the best

resolution 0.3 km X 0.3 km X 0.1 km.

Time

(GMT) A B C D E F G H
1551 0., —15. 2.5, —15.5 -1.5, —14.

1556 0.5, —14. 2.5, —14.5

1601 1., ~13.5

1607 1.5, ~13. -1., —16. ‘

1620 -0.5, —15. ~3.,-145 -1.3, —17. ~5., —18. 4.5, —17.
1625 0. ,—14. ~2.5, —14.5 -2.,-17. -~5., —18. 4.5, —16.5




15 APRIL 1984

b. Horizontal-divergence and vorticity

From the horizontal velocity components at grid
points, the divergence and vorticity are calculated using
spline differentiation. Taking their average at every
level provides the divergence and vorticity at the 3.5-
4 km scale. In this case and below, confidence intervals
for each average are determined using the Student’s
t-test for a 95% confidence assuming Gaussian distri-
butions. Fig. 11 presents divergence and vorticity pro-
files for CCV and CAV. The divergence profiles show
differences between CCV and CAV at low levels and
in the shear layer. The cloudy volumes are convergent
(about ~0.2 X 1073 s ) up to 0.6 km and then become
divergent (reaching 0.5 X 1073 s™! at height of 1.3 km),
whereas the CAV are neither convergent nor divergent.

Hence, clouds are associated with strong updrafts
at low levels, as shown in the example in Fig. 10. At
shear level, close to cloud base, the mean CCV vertical
velocity is found to be generally negative. This means
that updrafts cover only a small fraction of the total
area, as proposed in models by Asai and Kasahara
(1966), Augstein et al. (1973), or observed by Greenhut
and Khalsa (1982) and others. The measured diver-
gence is therefore probably due to entrained air around
updrafts.

On the contrary, the vertical component of vorticity
profiles principally shows the dispersion between in-
dividual measurements either in CCV or CAV: weak
averages, but broad confidence intervals are observed.
Magono and Hozumi (1982) found rotations to occur
in the direction of the vertical shear in the cloud layer,
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but Frisch er al. (1976) and Kitchen and Caughey
(1981) observed both cyclonic and anticyclonic rota-
tions. The increase of the CAV vorticity above 1.2 km
is probably not significant because of the very broad
confidence intervals. Thus, cloud-capped volumes are
characterized by their divergence profiles, whereas
vorticity only indicates a great variability at this scale.

¢. Velocity variances

The horizontal velocity components are referred to
as the layer mean monsoon wind direction between
0.2 and 0.8 km, u being the parallel component and
v the transverse one. The u- and v-variance profiles
are shown in Fig. 12, in which the convective velocity
w, (at (P)] is used to normalize variances. The u-vari-
ances are small below 0.8 km (=0.25 w2) but the

CCV u" is greater by 0.2 m? s~2 than the CAV. Above,
they increase, reaching together about 0.6w3 at 1.2
km. This is due to the shear production and they rapidly
decrease above 1.2 km. Both v-variances present the
same profile with a broad confidence interval below
1.7 km. They are greater than the u-variances, being
of the order of 0.4-0.6w%. This difference is due to
the convective organization, since the flow orientation
is closer to the monsoon wind direction than to the
transverse one. Above 1.2 km, variances rapidly de-
crease with height, separating from each other.

On u- and v-variance profiles, CCV values are gen-

. erally a little greater than CAV values, but no simple

explanation may be put forward. However, the con-
vective organization is not spatially homogeneous: it

Zt dlivergence
(km)}

15

vorticity ]

_3.5 P -5
(10" 87)

FIG. 11. Mean horizontal divergence and vorticity profiles for cloudy capped volumes (dots)
and clear air volumes (circles). Averages are taken in horizontal areas of surface 4 X 4 km®. The
solid and dashed intervals indicate the respective confidence intervals for 95% confidence.
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F1G. 12. As in Fig. 11 but for horizontal velocity variances for CCV and CAV;
u and v are calculated with respect to the monsoon wind.

perhaps affects cloudy areas more than the fairly distant
clear-air regions (see Fig. 9). Therefore, strong velocity
perturbations in the vicinity of convergence or diver-
gence zones beneath clouds could increase the vari-
ances. _

Vertical velocity variances w? (Fig. 13) present a
slight maximum at a height of 0.4 km (0.27 and
0.32wZ) and decrease up to 0.8 km. The stronger
CCV buoyancy is the cause of the difference between
profiles, as is shown by the upward velocity variances
(w?) at the same height (Fig. 13). A similar difference
is found between CCV variances and the mean large-
scale variance studied in Section 3b: as there is no
energy peak at scales = 4 km, this difference shows
that the presence of several clouds of relatively smali
area does not influence the mean behavior of the mixed
layer. Above 0.8 km, both variances increase up to
1.2 km because of shear production. Above 1.2 km,

the CAYV variance is almost constant, whereas the CCV
variance still increases with height. This is essentially
due to entrainment around cloud edges as the down-
ward velocity variance (w/7) shows (Fig. 13). But there
may also be contribution of latent heat release at cloud
base and possibly radiative cooling, following Brost ez
al. (1982).

The entrainment effect may be estimated by com-
paring variances, following Deardorff (1979). When
looking at variances at the inversion level (cloud top)
he found a rate wca/w"c ~ 0.3 [w"ca the clear air
variance and w'’c the cloudy-air variance] in the case
of stratocumulus clouds. As we have no information
about the cloud top, we may only compare variances
at cloud base with clear-air variances. Using Deardorff’s
profiles, a ratio of 0.35-0.4 is found between clear-air
variances at the inversion level and cloud base vari-
ances. When calculating the ratio between CAYV vari-

2/2Zil z 2 2 2z
[ oem) w é w3
1]
[15 ]
L1,
5. o '
Ls
- - (m*s’?) (m*s?)| * (m's’)
ol 5 y._ B -5 .
) 2 a4 6 0 2 ) .2
; —2
wiwi WUIwW. wirw?

FIG. 13. As in Fig. 12 but for vertical velocity (w), upward velocity (w.)
and downward velocity (w,) variances.
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ance at 1.5 km and CCV variance at 1.7 km, we obtain
the value 0.57. This value, greater than his, is partly
due to the different kinds of clouds, shallow cumuli
instead of stratocumuli, which are generally associated
with a stronger inversion. However, we do not take
into account the small-scale variance which could
modify the result.

CCV vertical variance is therefore greater than the
CAV at low levels because of greater buoyancy, and
near the top of the mixed layer because of entrainment
around clouds. This last difference is great enough to
suggest that the clouds actually penetrate the inversion,
so that the loss of mass is compensated by entrained
air. On the other hand, in the shear layer, the CAV
and CCV velocity variances are increasing in the same
manner. We will now examine the shear production,
the cause of this increase.

d. Momentum fluxes and production

Momentum fluxes u'w’ and v'w’ are computed
through a two-dimensional cross-correlation on the
horizontal CCV and CAV areas {as for variances, they
do not include scales smaller than 3 grid lengths (0.9
km)]. The shear stress production is

M (uw dz+vw dz)’

where U and V are the mean horizontal wind com-
ponents within the areas (velocities are still referred
to the monsoon wind direction). The shear vector is
determined using a second-order polynomial differ-
entiation. Here, M is calculated between heights of 0.3
and 1.6 km for CCV and between 0.3 and 1.4 km
for CAV.

Fig. 14 shows the mean fluxes and production [the
friction velocity, u, =~ 0.27 m s, is measured at the
meteorological station at Korhogo (R1)]. Below the
shear level, both #'w’ and v'w’ are weak, about 0.01
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m? s72, Despite the small-scale filtering, they are in
the range of values found by Jensen and Lenshow
(1978) or Nicholls and LeMone (1980), but smaller
than those found by Lenshow et al. (1980), Kaimal et
al. (1976) or Rabin et al. (1982) at larger scale in the
case of rolls. This weakness is due to the light wind
in this layer. Above 1 km, fluxes increase because of
the shear, reaching 0.02 m? s=2 (~0.322) in absolute
values. At any level, few differences appear between
CCV and CAYV, taking into account the uncertainties.

This is also observed on shear production profiles.
Both CCV and CAYV profiles present similar shapes.
In the mixed layer below the shear level, M is close
to zero, since the wind is regular, then increases with
height, reaching 0.2 X 107> m? s™3 at 1.5 km.

Thus, the shear production is rather small although
the shear is the probable cause of the convective or-
ganization. This means perhaps that the preponderant
scale for momentum production is larger than the con-
vective scale, as in the case of rolls described by Rabin
et al. (1982).

However, this comparison between clear-air and
cloudy capped volumes shows that the greater con-
vective activity below clouds is discernible at the scales
resolved by radars. On the other hand, the shear is
found to equally affect CCV and CAV, increasing vari-
‘ances and momentum fluxes, but the momentum pro-
duction is rather small at the convective scale.

5. Conclusion

Spatial properties of a tropical cloudy boundary layer
have been studied using radar velocity data and pho-
togrammetry. Despite the small-scale filtering, the radar
analysis provided us information about the spatial
structure of the subcloud boundary layer and allowed
us to study second-order moments. Both subcloud and

_cloud layer means and a statistical comparison of areas

beneath clouds and in clear air have been presented
with the following results:

T -1 2.2
(10 mas) .

lotmy) (10 e?,

o .5 2
uw’/u,

(4] 5
vw'/u?

FIG. 14. Momentum fluxes and shear stress production M. Notation is
similar to that of previous figures; u, is measured at Korhogo and is of the

order of 0.27 m s™',
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1) The mean characteristics of the mixed layer are
strongly influenced by the shear between the monsoon
and the easterly winds; important variances are found
at its level with respect to the monsoon layer values.
The shear appears to be the cause of the observed
convective organization of scale 2.5Z;, which is ori-
ented along a NE-SW, a direction close to the shear
vector, and propagates at the smallest wind speed,
transverse to the shear, as suggested by Asai (1972).

2) The cloud layer presents some characteristics
similar to the subcloud convective layer—the same
range of scales (2-4 km) and a tendency also to be
aligned along the NE-SW direction. However, two
aspects are unusual: clouds are formed in the easterly
flow, above the measured inversion level in clear air
suggesting that clouds penetrate the inversion. On the
other hand, clouds travel toward the northwest, dif-
ferent from the easterly wind or the monsoon wind
direction, but.in agreement with the convective or-
ganization.

3) By locating cumuli above the radar wind field,
respective properties of subcloud and clear air areas
have been determined, providing the following results:

e The horizontal divergence is modified by clouds,
presenting a convergence at low levels and a diver-
gence above. The individual vorticity shows a great
variability without any characteristic mean behavior.

e Horizontal and vertical velocity variances are
greater below clouds. In particular, the difference of
0.2 m? s~2 between vertical variances in the mixed
layer indicates a greater buoyancy below clouds.

¢ Entrainment also increases vertical variances
near the top of the convective layer below clouds,
confirming that the inversion is crossed by strong
updrafts.

e Momentum fluxes and production look similar
in both cases and differ from zero only in the shear
layer. The shear, therefore, has no direct influence
on the cloud formation at the convective scale, but
it is an important factor in the boundary layer dy-
namics: it is probably the cause of the convective
organization and it is involved in the energy ex-
changes through velocity variances and momentum
production.

This study concerned the mesoscale spatial structure
of a tropical boundary layer and showed the ability of
radar to study the problem of deep convection initi-

ation. However, to achieve a better understanding of -

the relation between the cloud layer properties and the
subcloud layer, a more complete experiment would
be necessary, including dynamic and thermodynamic
measurements inside clouds.
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