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ABSTRACT

During the summer of 1973 a pilot balloon experiment was undertaken on the island of
Barbados. One of the objectives was to obtain measurements of the flow fields around cumulus
clouds during undisturbed conditions. The main results were: less than 1% of the balloons
entered the base of clouds; no balloon was observed to enter the sides of the clouds; the clouds
moved on the average of 2 m s~! slower than the surrounding air when positive vertical shear
existed; balloons accelerated over the clouds on the cloud’s upwind side instead of entering or
circumscribing them; when in close proximity of the clouds balloons on either side of the clouds
moved laterally, not into them, but into the overriding current on the upwind side; up- and
downdrafts associated with the clouds were of the order of 1-3 m s~!; and circulation around a
horizontal axis through the cloud and perpendicular to the general flow may support the
existence of a cumulus cloud street parallel to the flow for hours.

1. Introduction

The windfield in the lowest 1 km of the tropical
troposphere has always been of great concern to
the meteorologist. In this layer convergent
windfields must exist in order to transport heat,
mainly latent, from the surface upwards to produce
clouds. Detailed measurements of the windfield in
this layer, however, are not carried out on a regular
basis. Routine rawinsondes provide the major part
of such information. Yet this instrument is not
suitable for low-level measurements since such
ascents are subject to considerable uncertainty
even during controlled research experiments.
Recently, elaborate tethered balloon systems have
been designed to obtain details of the kinematic and
thermodynamic properties of the subcloud and
lower cloud layers (Ropelewski, 1975; Echternacht
and Garstang, 1976). These electronic packages
are expensive and require much attention and
cumbersome calibrations. Much improvement of
these systems is still desired to increase their
reliability. A cheap and well-proven method to

obtain low-level winds is the pilot balloon. Its
greatest disadvantage is that it is limited to
operation during fair weather conditions, when the
cloud amount is small. The pibal is very suitable for
studying the windfields around small trade cumuli
in the tropics, since releases can be carried out with
fairly high space and time resolution at a minimal
cost. Such a program was conducted on the island
of Barbados during the summer of 1973.

2. Data

Nearly 4000 pilot balloons were released from
various sites on the southeastern corner of the
island (Fig. 1). The 10 g balloons were tracked with
recording theodolites using both single and double
theodolite methods. The balloons were filled with
helium until they just fit into a pre-measured metal
loop to give an ascent rate of 120 m min~". In this
way the balloons would have the same diameter at
release and also they could be checked for
roundness, which is a very important controlling
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Fig. 1. Pilot balloon station network on the south-
castern corner of Barbados during the summer of 1973.
High density time series ascents were executed in the
hatched areas. Station 10 is Seawell airport from where
rawinsondes were released.

factor of the ascent rate (Ludlam, 1953). Several
empirical formulas for calculating the ascent rate
for use with the single method are found in the
literature (Berry et al., 1945; Meteorological Office,
London, 1944). The following one has been used
here:

qu/Z
= (L + W)US

where V' = ascent rate in m s~*, g = constant =
1.40, L = free lift in g, W = mass of balloon in g.

The azimuth and elevation angles were mech-
anically recorded every 30 s on paper tapes. The
azimuth angle was read to the nearest 0.1 degree,
and the elevation angle to the nearest 0.05 degree.

It has been assumed throughout this study that
the balloons with their very small inertia react to
the motion of the air they are rising through to such
a degree that no serious errors are introduced into
the measurements.

The winds were computed in both raw and
smoothed form. Smoothing was done by utilizing a
weighted (1, 2, 1) moving average of order three.
This procedure filters out high frequency fluc-
tuations that are both real and erroneous.

Initially control operations were carried out, to
raise the skill of the observers and to ensure the
proper functioning and operation of instruments
and balloon filling. Five theodolites at either end of
a north—south baseline (almost 600 m and normal
to the average wind direction) were set up. Using
the double theodolite method twenty-five wind pro-
files were obtained for each balloon release.
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Computer facilities on the island permitted wind
calculations following each day’s operation. In this
way, errors and problems could be located and the
training program was continued until the errors
were reduced to an acceptable minimum, i.e. the
profiles for each ascent were virtually all the same.

The hatched areas in Fig. 1 indicate where
intensive time series measurements were taken.
During the acquisition of these data series ten
theodolites were used, either in pairs, five at each
end of a baseline (double method) or singly at the
same site (single method). Both methods have their
limitations. If the double method was used balloons
could be released every 2 min to reach a maximum
height of about 1000 m, or every 4 min to reach
about 2000 m (in both cases allowing some time
for balloon filling, log keeping, etc.). When the
single method was employed balloons could be
released twice as often to reach the corresponding
heights with the sacrifice of some accuracy in the
measurements. The data presented here are mostly
of a 1-min interval (single method) although
double-method measurements have been used
where needed for the interpretation of some results.

During these series the balloon trajectories were
not only observed from the release point, but also
from the side and from a site down stream. Such
visual observations often helped to clarify the
balloon path in relation to the clouds. Very detailed
logs were kept during the experiment giving
information about every ascent, cloud and weather
conditions, and any other relevant facts.

Supporting data included four rawinsonde as-
cents at 08, 12, 16 and 20 LT from Seawell airport
(station ten in the array, Fig. 1). A rainfall network
with approximately 200 fence post raingages and
10 recording gages was established within the net-
work. The non-recording gages were read twice a
day when conditions so warranted.

The weather conditions during the days on
which the data were taken were typically undis-
turbed mode 1 or 2 conditions (Aspliden, 1976).

3. Results

Only those results which are directly associated
with the flow fields around trade cumuli will be dis-
cussed in this paper. Wind measurements covering
other parts of the project have been reported on
elsewhere (Aspliden et al., 1976).
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In Table 1 are given typical sample sizes, ascent
rates and standard deviations for double theodolite
soundings taken around small cumuli. In front of
an approaching cumulus downdrafts are encoun-
tered; after its passage there are on the average up-
drafts, while between these extremes the mean
ascent rate is about the same as the assumed. The

Table 1. Mean ascent rates of double theodolite
soundings taken between July 11-18, 1973

In front of Between* Behind
clouds clouds clouds
Number of ascents 24 28 29
Mean ascentrate  48.2 59.8 69.4
(over 30s)
Standard deviation 20.3 8.0 17.5

¢ Interpreted as not being under direct influence of clouds.

Table 2. Smoothed vertical velocities calculated
Jfrom double theodolite ascents. Vertical component
calculated for each 30 s interval for 40 ascents

Standard
deviations

(ms™)

Mean
(ms™)

Sample
size

175
150
325

0.53
0.52

+2.52
—-2.50
+2.05

Positive values
Negative values
Total

Number of values > 3 m s~': 36.
Maximum “updraft” velocity: 3.18 m s~*.
Maximum “downdraft” velocity: —3.48 m s~
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—e-1200 LT
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standard deviation is large. This is to be expected
as the balloons were purposely launched so that
their paths would intersect the three-dimensional
flow associated with the cumulus elements.

The strength of the smoothed up- and down-
drafts is of the order of 1-3 m s~!, Table 2. Peak
values in the raw data exceeded occasionally 4 m
s~! (measured over 30 s). The time during which
the balloons were affected by the up- and down-
currents associated with the small trade cumulus
was in general less than 1 min.

Ascents at a release interval of 1 min (using the
single method) were made from the hatched areas
in Fig. 1, during a few days when a small but
seemingly organized cumulus population was
present for several hours of the day. Most of these
time series contained at least one hundred ascents.
Several interesting observations were made during
such flights:

(1) Less than 1% of the balloons entered the base
of cumulus clouds. Less than 30 balloons of
nearly 4000 released during the project are
known to have penetrated the cloud base.

(2) Not a single balloon was observed to enter the

sides of the cumuli.

The cumuli moved slower than the current in

which they were embedded. The difference in

the majority of cases was 1.5~2 m s~!. On all
the undisturbed days during which balloons

were released, the horizontal wind exhibited a

positive shear with height in the subcloud and

cloud layer. This is verified in Fig. 2 which
illustrates the mean wind profiles in this layer
as obtained from rawin and pilot balloon

observations during three days (July 25-27).
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Fig. 2. Mean windspeed profiles as measured by rawinsonde (left) and mean windspeed and direction profiles as
measured by pilot balloons on July 25-27 1973. N = number of measurements at each level.
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BALLOON
TRAJECTORIES

——Balloon  Trajectory

SIDE VIEW OF CLOUD

East

«—— CLOUD MOTION

4 ———Halicon Trajectory

CLOUD SEEN FROM
BEHINOD

North

Fig. 3. Balloon trajectories in the vicinity of cumulus
clouds.

The shear was also very well evidenced by the
clouds, which always sloped markedly down-
wind with height.

(4) Trajectories of balloons, which were released
after the passage of clouds and in their down
stream paths, went over the upwind side of the
clouds, into what appeared to be an accelerat-
ing current (Fig. 3).

(5) Balloons which were released after the passage
of clouds but to either side of their paths down
stream, were observed to move in toward the
cloud and to enter the accelerating current
outside of the cloud on its upwind side (Fig. 3).

(6) Wind speed and direction exhibited a sys-

tematic pattern of oscillations in the subcloud
layer extending through the lower cloud layer.
The oscillation was most pronounced during
morning hours at about 400 m above ground
(cloud base was at 600-700 m); the period
varied from 10—15 min; the speed ranged from
8-15 m s7! and the direction fluctuated
between 100-110 degrees. A typical time
series, for July 25, displaying such oscillations
is presented in Fig. 4. Time series containing
more than one hundred consecutive ascents
each were exposed to spectral analysis.
Although the samples are rather small for such
a treatment, the obtained results, 0.08 cycles
min~! or a period of 12.5 min, agree with our
visual inspection of the time series.
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4. Discussion

The observation that very few balloons entered
the cumulus clouds through the base is not new.
Although it is difficult to find publications with ex-
plicit reference to such events, it seems to be
generally accepted by meteorologists in the tropics.
Charnock et al. (1956) reports that ... ‘“the
balloons rarely, if ever, disappeared into the
Anegada cumulus.” Nearly four hundred ascents
were made during the experiment. There are a few
incidents reported in the literature when balloons
were either accidentally caught in a cloud (Levine
et al., 1973; Barnes, 1970) or deliberate attempts
were made to get balloons into clouds (Booker et
al., 1966). A cumulus humilis or small trade
cumulus has a life span of not more than 15-20
min (Malkus, 1950). Its growing period is about
one-third of that. The growing is not continuous
but occurs in stages. Bubbles of latent heat are fed,
not from the surface, but from the upper subcloud
layer into the cloud. BLIS (Boundary Layer
Instrumentation System) data taken during the
GATE show that maritime cumulus clouds have
shallow roots (Emmitt, 1975). The observed
resultant balloon trajectory is the sum of the free
lift ascent velocity of the balloon, the horizontal air
motion and vertical air motion. Net upward
balloon motion occurs for vertical air motion
> —2 m s~ while the horizontal balloon velocity is
assumed to be that of the air and is in most cases
1-2 m s~! greater than that of the cloud. Therefore
the more vertical the resultant balloon trajectory is,
the greater is the chance that the balloon may enter
the cloud. It follows that the favorable area of the
cloud base for the balloon to enter is only a fraction
of the total cloud base and the entering should
preferably take place during that fraction of the
cloud’s life when upward motion exists there.
Outside the updraft area and during the whole
decaying period the cloud is primarily associated
with downward motion. Considering these space
and time constraints it is therefore not surprising
that cumuli bases are so inhospitable to balloons.

Similarly, no balloons were seen to enter the
walls of the clouds. On the downwind side of the
cloud downward motion must be the rule judging
from the fragmented structure that is observed here
throughout the life of the cloud. On the upwind side
wind currents override the cloud (discussed in the
next section). Therefore, it is very unlikely for an
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Fig. 4. Oscillations of windspeed as measured at the 400 m level on the morning of July 25 1973. The horizontal axis
indicates local time in min. Windspeeds greater than 12 m s—! are shaded.

ascending balloon in the subcloud layer to enter a
cloud either from the front or from behind.
However, one would have thought it should be
feasible for balloons to become entrained into the
cloud from the sides. Since this was not observed to
take place, it is assumed that the balloons either did
not come close enough to become part of the
entrainment, or the detrainment shedding pro-
tected the cloud from intrusion during such
occasions. As entrainment occurs in response to
the updrafts, its existence both with regard to space
and time must be limited in a similar way to that of
the updrafts.

The observations of balloon trajectories over-
riding cumulus clouds as well as balloons being
forced into the overriding current from the sides of
the cloud are spectacular. The questions that first
come to mind are of course “why don’t the
balloons go horizontally around the clouds?” and
“why doesn’t the overriding current condense?”
Melkus (1949, 1952a and 1952b) determined that
cumulus clouds embedded in a positive shear move
slower than the environmental air. She found that
the horizontal velocity difference between clouds
and environmental air is mainly dependent on the
shear while the effect of mass-momentum entrain-
ment is only minor. Qur results of 1.5-2 m s~!
velocity difference for shallow cumulus sub-

stantiate those of hers which were “on the order of
2ms 1,

The cloud moves in a torque field with a
horizontal axis perpendicular to the general wind
flow. This torque is set up partly by the shear and
partly by the up- and downdrafts associated
(thermodynamically induced) with the cloud itself.
Riehl (1954) discussed these conditions from the
viewpoint of vorticity considerations. The change
of vorticity around the axis may be written as:
dn )

” n div
where

ou ow

" a a

and

. ou ow
div=— + —
ox oz

and other terms are neglected; u and w represent
the flow field just outside of visible cloud. If it is
assumed that initially mass-balance exists (div = 0)
and that the vorticity in the environment is con-
served, it follows that

ou ow U

174 8x=—9;
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where U is the horizontal wind component in the
environment in the direction parallel to wind (x-
component, easterlies are positive). In the low levels
of a normal tropical atmosphere 6U/dz > 0. In the
immediate vicinity of the cloud itself, du/oz is also
> 0. Observations indicate that on the upwind side
ou/ 0z > U/ 0z and on the downwind side ou/0z <
oU/éz. In agreement with these results, it follows
that &w/8x > 0 on the upwind side and ow/dx < 0
on the downwind side. Visual observations con-
firm this. Billowing appearance and sharp contours
are characteristic of the upwind side of the cloud.
There is no indication of any mixing with outside
air. On the downwind side the cloud is ill-defined
and fragmented. Here cloud matter can actually be
seen to dissolve. Cloud drops which emerge and
evaporate in the surrounding air, cool the air and
consequently the air becomes negatively buoyant.
This is confirmed by measured downward motion
in this region. These downdrafts are frequently
larger than 2 m s~! as the balloons entering here
are actually descending. The flow around the
cumulus is not as simple as described by the
abbreviated two-dimensional vorticity equation.
Mass-balance is only achieved by importation of
air from the sides as shown in Fig. 3. Also the
circulation set up by the cloud and the shear must
affect the immediate environmental air both on the
upwind and the downwind sides of the cloud.
Balloon trajectories confirm that upward motion
exists on the upwind side and downward motion on
the downwind side of the cloud.

The observation that air is moving over the
clouds without condensing is informative. In Table
3 low-level temperatures and humidities are given
as measured by radiosonde at Seawell at 11 LT,

Table 3. Temperature (T) and specific humidity (q)
at 11 LT, July 25 1973, at Seawell

Observed

Height Saturated
(m) T(°C) q@ke™ gq(gks™)
1200, cloud tops

(1200-1500) 19.6 114 16.2
600, cloudbase

(600-750) 22.1 16.2 18.0
Surface 29.6 17.0 26.5
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July 25, one of the days on which balloons were
observed to ride over the clouds. If the overriding
current consisted of air from below the cloudbase
with ¢ > 16.2 g kg! condensation would occur
somewhere between cloudbase and 1200 m (lower
cloud tops). It is to be expected, however, that
some air would be entrained into the current from
the sides as well as from upstream. Since the clouds
frequently occurred in a cloud street parallel with
the flow, each cloud ejects droplets into the air,
which evaporate and increase the air’s humidity
content. This added humidity would be of the order
of 1 g kg™, since the liquid water content of small
cumulus is about 1 g m~ (Malkus, 1954). Despite
these modifying processes, there are still no traces
of condensation observed at the cloud tops (1200-
1500 m). One may conclude, therefore, that the air
in the overriding current must be primarily of
above cloudbase origin.

During 7 days, July 25-31 1973, several 1
min interval time series with a hundred or more
consecutive ascents were run. Part of such a series
is shown in Fig. 4. The shaded areas indicate wind
speeds greater than 12 m s~'. There is a regular
pattern of high and low wind speeds. The high
speeds are noted to occur on the downwind side of
the cumulus and the low speeds on its upwind side.
From the double theodolite soundings taken
around cumulus it is known that on the upwind side
updraft currents exist and downdrafts on the down-
wind side as well as above average horizontal wind
speeds. However, a downdraft will cause a decrease
in the elevation angle which will correspond to a
fictitious increase in the horizontal speed, when
using the single theodolite method with an assumed
ascent rate. The reverse is true for an updraft. In
these time series, therefore, the high wind speeds
which were measured on the downwind side, most
likely represent both downward motion as well as
an increase in the horizontal speed. Unfortunately
no double theodolite readings were taken during
these series. Therefore these contributing factors to
the resultant horizontal wind speed cannot be
specified separately.

Similarly to the observed variations in wind
speed small changes in the wind direction were also
noted. On the morning of July 25 the measured
wind directions were on the average of 5-10
degrees more northerly on the downward side of
the clouds than on. their upwind side. However,
these small but noticeable changes were on each
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occasion consistent with the change of wind
direction with height. For example, if the winds
backed with height then the wind directions down-
wind of the clouds also were more northerly than
those on their upwind side. These changes of the
wind speed and direction in the upper subcloud and
lower cloud layers on the downwind side of the
clouds indicate that the downdrafts transferred
momentum from higher levels.

Based on the various observations discussed
above and especially those taken during the 1 min
time series a schematic model of the wind flow
associated with a cumulus cloud street moving in a
wind field with positive vertical shear and parallel
with the flow, can be assembled. Such a model is
presented in Fig. 5.

windspeed

2
y m
8 400m

level
1o

|®W
(s8]

Fig. 5. Schematic model of the wind flow associated with
a cumulus cloud street parallel with the flow with positive
vertical shear during undisturbed conditions.

The suggested  alternating  divergence—
convergence field is a direct result of the vertical
wind shear and the up- and downdrafts associated
with the cumuli. Once a cumulus is formed a cloud
row would develop and have a tendency to main-
tain itself provided the initial meso and synoptic
scale conditions are not altered. Also the individual
clouds would propagate downstream and their
otherwise relatively short life span would be pro-
longed considerably. Sixteen-millimeter time lapse
films of such cloud streets are available from the
pre-BOMEX experiment of 1968. During a 15-day
spell in September 1968, a street of such clouds
was visible over the ocean a few kilometers south of
Barbados from morning to late evening. These
films show that each cloud within the row sustained
itself while within observational range, i.e. for more
than 1 hour.
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1t is very likely that the cloud street found over
the island on several days during the 1973
experiment was only a part of an array of cloud
streets over the region (Malkus, 1963). Our
network was not designed to make such measure-
ments of the overall island cloud distributions.

5. Concluding remarks

A number of interesting wind measurements
made around small tropical cumulus clouds during
undisturbed conditions have been presented and
discussed. It is evident from these observations that
the factor that to a great extent determines the flow
conditions around these convective elements is the
vertical shear of the horizontal wind. Without the
shear a rotation around a horizontal axis perpen-
dicular to the general flow would be unlikely. Nor
would the up- and downdraft regions in the
environment of the immediate vicinity of the clouds
be so well distinguished. These up- and downflows
in the environment govern to a large extent the
entrainment—detrainment of the clouds. The ver-
tical shear is also the mechanism responsible for
the development of a particular kind of cloud
streets parallel to the flow. However, the family of
cumuli consists of a large and diversified hierarchy
of clouds. It is therefore very likely that the
associated flow fields are as diversified as the
clouds themselves. Depending on the environ-
mental conditions individual cloud rotation may be
established around vertical and horizontal axes or
both, so that a multitude of different wind regimes
could result. However, nature is rather selective, so
that even if dozens of combinations are theoreti-
cally possible very few would indeed be probable
and realistic. It should therefore be possible to
specify the dominant environmental conditions so
that the resulting flow conditions around cumulus
clouds could be determined in each case. Not only
would such a classification of conditions be an aid
in forecasting, e.g. rotational severe storms, but it
would also be of interest to cloud experimentalists
and researchers, e.g. in the field of cloud seeding.
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TPEXMEPHAS CTPYKTVPA BETPA B OKPECTHOCTHU
KOHBEKTHUBHBIX 3JIEMEHTOB HAlT TPOIMMUYECKHM OCTPOBOM

B reuenne nera 1973 r. Ha ocrpose bapbanoc 6s11
NPEeANPHHAT WIAPOIMIIOTHBIR 3KkcnepHMenT. OnHo#t
A3 nesielt GBITIO MOJIyYeHHE TIONEH CKOPOCTH B OKpec-
THOCTAX KOHBEKTHBHbIX O0JIAKOB TIPH HEBO3MYILEH-
HbIX YCJIOBHAX. OCHOBHBIMH pe3yJIbTATAMH ObLIH
cilieqylolue: B OCHOBaHKE 00NMaKoB NMPOHMKIO MEHb-
me 1% mapoB; HA OOUH U3 IIAPOB HE NPOHHK Yepe3
6oxoBylo cTeHKy o06sakoB; ofraka IBHraauck B
cpeaHeM Ha 2 M/c MelTieHHee OKPYXaIoLLEero BO3ayxa,
Korga HOGMIOAAncA MOJIOKHTEbHBIA BepTHKAbHBIH
TPAaJHCHT CKOPOCTH BETpAa; Wapbl YCKOPANHMCH Haj
o6nakaMH Ha HX HABETPEHHOH CTODOHE, BMECTO
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TOrOo, 4TOOBI NPOHHKATH B HMX HNM orwbare Mx; B
TecHOH Onm3oct ot o6naxos ¢ Hx ofewx CropoH
APl BHIAIIMCH B CTOPOHY OT 0O0JakoB, a He K
HHM, B NOTOK, orubaioiuii ceepxy o61ako ¢ HaBeT-
pPEHHOH CTODOHBI; MOABMBI H OIYCKaHHA BO3NYyXa,
cBA3aHHblE ¢ oOnakamM, ObuM mopanka 1-3 M/c;
LMPKYJALMSA BOKDYT TOPH3OHTANLHOM OCH, NPOXOI-
sied dYepes o0061ako, M MEPHNEHAMKYIAPHOM Han-
paBl/icHHIO OOIIEro MOTOKa MOXET NMOMAECPXHBATEL B
TEYCHHE MHOTHX 4YacOB CYyILeCTBOBAHHE TIPAN KOH-
BEKTHBHBIX 00/1aKOB, TApaJIENLHLIX MOTOKY.



