A3]

Reprinted from JOURNAL OF THE ATMOSPHERIC SCIENCES, Vol. 49, No. 15, 1 August 1992
American Meteorological Society

Observations of Cloud-Top Entrainment in Camuli

JEFFREY L. STITH



1334

JOURNAL OF THE ATMOSPHERIC SCIENCES

VoL. 49, No. 15,

Observations of Cloud-Top Entrainment in Cumuli

JEFFREY L. STITH
University of North Dakota, Grand Forks, North Dakota
(Manuscript received 25 March 1991, in final form 11 November 1991)

ABSTRACT

Sulfur hexafluoride tracer gas was released during single aircraft passes just above growing convective turrets
to study its entrainment into the clouds as they grew through the release altitude. The tracer was sampled in
situ from a second research aircraft that carried a real-time sulfur hexafluoride analyzer. The results from three
experiments are presented. They were done with clouds ranging in size from a vigorous convective turret to a

small cumulus.

The observations suggest that during the early stages of entrainment, the tracer remained mostly out of the
cloud and was carried alongside the upper cloud regions by the circulation present there. In each experiment,
concentrated tracer was first found on the edges of the turrets. Later, the tracer mixed into the central portions
of the turrets where it had diluted considerably and mixed through most of the turret. The observations are
consistent with the hypothesis that cloud-top entrainment occurs through a vortex-like circulation that brings
air from above the cloud into the central region of the cloud. The results are compared to some recent conceptual

and numerical models of entrainment.

1. Introduction

Much of the progress in understanding entrainment
has been due to new approaches in analyzing ther-
modynamic data or on progress in the refinement of
various numerical models. Thermodynamic techniques
may be used to determine the origin of entrained air
(e.g., Paluch 1979; Boatman and Auer 1983) but are
limited by our ability to measure humidity or temper-
ature, especially on small scales. Numerical models
simulate the history of cloudy or entrained air parcels
(e.g., Reuter and Yau 1987), but observational tech-
niques have not been available to provide comparable
information for natural clouds.

In this study I report on the first experiments to use
a tracer, sulfur hexafluoride (SFs), to tag the air above
growing cumuli and to observe its entrainment into
the cloud and the subsequent evolution of the entrained
air. The tracer was released during single aircraft passes
Jjust above the tops of growing convective turrets and
was sampled by a research aircraft as the tops of the
clouds grew into the release altitude. These techniques
and the results of three experiments are described
below.

2. Experimental methods and instrumentation

Sulfur hexafluoride is a nonnaturally occurring tracer
that is insoluble in water and easily detectable at ten
parts per trillion levels in the atmosphere. It is inert
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and inexpensive and has been used as a tracer for many
years in air quality studies. It was released in a gaseous
form by a treatment aircraft at a rate of approximately
0.5 kg km™'. The releases were started as the treatment
aircraft approached a growing convective turret that
was to be the candidate cloud and ended after the air-
craft had passed over the turret. Therefore, the initial
tracer distribution was a narrow plume of tracer above
the growing turret that extended well outward of the
cloud region on both sides.

During the treatment pass a research aircraft, the
University of North Dakota Citation, followed the
treatment aircraft. The Citation followed just behind
and below to maintain visual contact with the upper
aircraft until the Citation entered the cloud. If the cloud
exhibited strong updraft during the treatment pass, the
next sampling pass was made at a higher altitude, just
below the release altitude. For clouds that did not ap-
pear to be growing, the next passes were made at an
altitude that would place the Citation within about 300
m of the estimated visual cloud tops. The release and
sampling methods are illustrated in Fig. 1.

A real-time “pointer”-type system was employed to
assist in guiding the Citation back to the location of
the cloud. The pointer displays heading, distance,
elapsed time, and altitude required to intercept a parcel
of air assumed to be advected with the measured wind
field. Up to three pointers can be set and followed on
the Citation’s data system. During the treatment pass
the pointers were set as updrafts were encountered in
the central cloud region or in areas of relatively high
concentrations of liquid water. The pointer that was
set in the most vigorous (highest updraft or liquid wa-
ter) cloud region during the treatment pass was fol-
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FIG. 1. Diagram of the aircraft sampling and treatment experiment
as applied to the cloud on 22 June 1989. See text for more details.

lowed until intercept of the tracer. This proved to be
a successful method of staying with the candidate turret
(which was often part of many nearby turrets) until
the tracer was found. Once it was detected, the pointer
was updated at the tracer location on each successive
pass. Since the time required to return to the cloud
following a pass was about 2 min, this allowed the
pointer to be updated at this rate. These and previous
studies (e.g., Stith et al. 1990) suggest that this update
rate is generally adequate to follow tracer releases in
convective clouds horizontally, but the vertical com-
ponent often diverges from the tracer location in vig-
orous clouds due to vertical accelerations.

The Citation carried a fast-response (with about a
1-s response time ) analyzer for SFg of a type described
by Benner and Lamb (1985). More information on
the performance of the analyzer for this application is
given in Stith and Benner (1987). Other instrumen-
tation included a number of standard instruments for
wind and microphysical measurements. These included
an inertial navigation and gust probe system for wind
and turbulence measurements, an NCAR-type reverse-
flow temperature sensor, a Cambridge System-design
dewpoint hygrometer, and pressure transducers for
measurement of static and Pitot pressures. Particle
Measuring Systems (PMS) probes (FSSP, 1DC, 2DC,
1DP) were used for microphysical measurements.

PMS data were recorded at 4 Hz and the other mea-
surements were recorded at 24 Hz. The FSSP data were
corrected for sizing and concentration errors incurred
by optical coincidence and electronic dead time as de-
scribed by Baumgardner et al. (1985).

Liquid water concentrations were computed from
the corrected FSSP data. As a check on the performance
of this method, the liquid water measurements were
compared against adiabatic values from a cloud that
occurred on 28 June 1989 during the 1989 North Da-
kota Thunderstorm Project (Boe et al. 1992). Several
cloud passes were made in a developing cloud region
that exhibited large (greater than 2 km) adiabatic re-
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gions, based on a comparison of cloud-base measure-
ments of temperature and pressure from a second air-
craft (the University of Wyoming King Air) with in-
cloud measurements of temperature and pressure from
the Citation that were obtained at cloud midlevels. The
cloud was nonprecipitating (in the adiabatic regions).
It was also supercooled at the sampling level of the
Citation, so wetting effects (Lawson and Cooper 1990)
on the reverse flow temperature sensor were mini-
mized. In these regions, the FSSP liquid water mea-
surements were within 10% of the computed adiabatic
value, which is reasonably good agreement given the
difficulties involved in this type of measurement.

The aircraft made soundings from the sampling lev-
els to well below cloud, usually en route to the can-
didate cloud or during the return from the cloud. These
were used to estimate the height of cloud base and the
adiabatic liquid water content at the sampling altitudes.

The sampling procedures were intended to follow
that portion of the initial tracer plume that was affected
by the cloud circulation and interacted with the cloud.
These regions were initially only a few hundred meters
across (about 3 s of sampling time) but could be sam-
pled repeatedly by referencing the pointer system as
the cloud evolved. However, on these scales it is im-
possible to determine what part of the region (its center
or edge) is being sampled. Thus, the observed maxi-
mum SF¢ concentrations represent lower limits to the
actual maximum concentrations, especially in the early
stages of sampling when the tracer region is small. For
some of the experiments, orthogonal sampling passes
were made to better define the horizontal extent of the
tracer.

In a slightly different experiment, Stith and Polito-
vich (1989) followed a similar release of SFs made at
the base of a small cumulus. After it had come to rest
near the top of the cloud, sequential passes through
the tracer produced patterns of similar concentration
profiles, which suggests that the sampling in that ex-
periment may have been more successful at mapping
out the tracer than it is in the more rapidly evolving
situation in these experiments. They estimated the
subsequent dilution of the region by assuming that
representative samples of the SF, region were obtained.
This assumption is probably less valid for the cases
presented here.

Even with the above limitations, the tracer experi-
ments provide positive identification of entrained air
regions and identify their original altitude. Since the
treatment aircraft is over the top of the turret for less
than 1 min, the time the air was at the release point is
reasonably well determined. This is a great help in con-
structing a history of the region as it is entrained by
the cloud.

3. Results

The results from three experiments are presented
below. The most vigorous convective system occurred



FIG. 2. The region treated on 22 June 1989. The photograph was
taken towards the north-northeast approximately 3 min prior to the
start of treatment.

on 22 June 1989 during the North Dakota Thunder-
storm Project. The experiment was conducted on a
turret that was part of a larger precipitating cumulo-
nimbus. The two other cases were from smaller clouds
that occurred on 11 August 1990 in central Illinois.

a. Vigorous convection: 22 June 1989

The cloud system investigated was a small-to-mod-
erate-sized cuamulonimbus that occurred about 150 km
west of Bismarck, North Dakota. The cloud region se-
lected for treatment was an isolated turret that visually
appeared to be growing vigorously. An older glaciated
region of the cloud was above and just north to north-
east of the treated turret. The developing turret and
glaciated region are evident in a photograph taken at
1800 (LST) approximately 3 min before the start of
treatment (Fig. 2).

A sounding taken outside the cloud is presented in
Fig. 3. Cloud base was not measured but was estimated
to be at 2.5 km (MSL: 750 mb), near the level of free
convection and the LCL for subcloud air. An inversion
was present at 680 mb; once the cloud had risen above
that level, the atmosphere was very dry but had a nearly
moist adiabatic lapse rate outside of the cloud, sug-
gesting that the buoyancy of a rising cloud parcel would
be nearly constant above that level. The cloud growth
was probably limited by an inversion above 490 mb.

Treatment was done at 6.1-km altitude (MSL, pres-
sure altitude, 470 mb), with the Citation following just
behind and below at 5.2 km (pass 1) in a southeasterly
direction nearly parallel to the wind direction from
320 deg. Most of the horizontal wind shear was speed
shear, with light winds of 2.5 m s™' at the sampling
altitudes and twice that at the cloud base, which pro-
vided light wind shear (with upshear on the south-
eastern side of the cloud). Comments from the flight
crew indicated that they remained above the turret
during the pass, except for a brief moment when the
aircraft entered the very summit of the turret.
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After the treatment pass (pass 1), the Citation as-
cended to 5.8 km and made three passes ( passes 2-4)
in a direction that alternated between along and or-
thogonal to the treatment axis. The final pass (pass 5)
was made at 5.5 km along the treatment axis. A sche-
matic of the flight path (relative to the cloud) and the
cloud and tracer locations is shown in Fig. 4, along
with the beginning and end times of 1-min passes
through the cloud.

The results from the aircraft measurements made
during passes 1-5 are presented in Figs. 5, 6, and 7.
During pass 1 (Fig. 5) the turret had a warm, positively
buoyant updraft that covered the main cloudy region.
Cooler, negatively buoyant downdrafts were found on
both sides of the updraft. The gust data indicate that
the in-cloud motion had a southerly component, sug-
gesting that the updraft retained some of the momen-
tum it had when it was lower. The gust data from the
northern downdraft region (the downwind/downshear
side) indicated a divergent flow. The northern down-
draft contained only traces of cloud drops, while the
southern downdraft had only slightly more drops. This
suggests that these were evaporating cloud regions.

During pass 1 the updraft contained small (200-um
diameter) ice particles in relatively low concentrations
(Fig. 5). On subsequent passes the cloud region gla-
ciated considerably (Figs. 6 and 7). During pass 1 the
liquid water concentrations were close to adiabatic in
the central part of the turret. The drop sizes were also
very uniform across this region. Thus, at the time of
treatment, the cloud consisted of a central updraft re-
gion containing cloud-base air without significant en-
trainment, surrounded by narrow downdrafts of evap-
orating cloud.

Pass 2 was roughly perpendicular to pass 1 and was
on the northern edge of the turret sampled during pass
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FIG. 3. The results from an aircraft sounding made during the
return to Bismarck between 1908 and 1930 LST 22 June. Some
additional data from a balloon sounding at Bismarck at 1900 is rep-
resented by the dashed line. The altitudes of the Citation during each
of the sampling passes is indicated as P1, P2, P3, P4, PS5, for passes
1 through 5, respectively. The altitude of treatment is indicated as T
on the sounding.
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FIG. 4. Plan view of the Citation flight track on 22 June 1989
relative to the cloud. Cloud motion was based on the measured hor-
izontal winds at the sampling altitude. The cloud location is indicated
by the thick portion of each line. The tracer material was detected
between the locations marked by the small lines perpendicular to the
flight track. Pass numbers are given at the end of each track segment.
The time of each pass to the nearest 1-min segment is given.

1 (Fig. 4). This led into the large glaciated region of
cloud to the northeast of the treated turret. The tracer
was found in a weak downdraft region located in the
vicinity of the downshear/downwind region of pass 1.
Small amounts of cloud liquid water and ice were found
with the tracer, although neither the tracer or cloud
filled the downdraft region. The downdraft region had
a temperature similar to that in the environment.

The strongest tracer concentrations were found dur-
ing pass 3 on the northern side of the cloud (Figs. 4
and 6). The turret had a similar structure to that ob-
served during pass 1, except that it had mostly glaciated
and the updraft and buoyancy had decreased. The nar-
row tracer region was about half in and half out of the
updraft. The gust data in this region revealed a pattern
that resembled a small vortex (see the arrow in Fig. 6,
pass 3). This was clearly moving the tracer toward the
cloud.

During pass 4, 3 min later, the aircraft went through
the central portion of the turret region and probably
also hit part of the older cloud region in the later half
of the pass (Figs. 4 and 7). The tracer now covered a
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FIG. 5. Vertical wind, gust vector (turbulent air motion in the
vertical plane of the aircraft), droplet concentration, liquid water
content, volume mean droplet size, ice concentration (from the 2DC
shadow or count), and reverse-flow air temperature for the treatment
pass (pass 1). The droplet and liquid water data are from an FSSP
probe. The estimated adiabatic liquid water content is indicated by
the arrow by ALWC. For the gust vector, the length of each line
represents speed (corresponding to the scale at the left), while the
direction of the line indicates the gust direction in the vertical plane
of the aircraft.
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FIG. 6. As in Fig. 5 except for SF concentration, vertical wind, gust vector, liquid water content, ice concentration, and reverse-flow
temperature for passes 2 through 5. A small vortex-like region is indicated by the arrow in pass 3.

much larger region but at a much lower concentration, updraft and downdraft regions were now evident in
suggesting that considerable dilution had occurred the region of the cloud containing the tracer, but mild
during the 4-min period between passes 3 and 4. Both updraft regions covered more of the cloud. The largest
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FIG. 7. As in Fig. 6 except for passes 4 and 5. (Note the change in scale for SF¢ concentration.)

area of updraft, on the west side of the cloud, was also
still buoyant, suggesting that the cloud was still some-
what active.

During pass 5 a small dilute tracer region was found
in a weak updraft near the location where it was ob-
served earlier in passes 2 and 3 (Figs. 4 and 7).

b. Intermediate-sized convection on 11 August 1990

A smaller and more isolated convective cloud was
sampled on 11 August 1990. It was located 125 km

northwest of Champaign, Illinois. Although a few pre-
cipitation-sized particles were eventually produced by
the cloud, it dissipated before significant amounts of
precipitation were produced. A photograph of the
cloud, obtained about 4 min prior to treatment, is pro-
vided in Fig. 8.

A sounding taken just after sampling while returning
to Champaign is presented in Fig. 9. The estimated
visual cloud tops at 5.0 km (540 mb) were capped by
a small inversion. The observed lapse rate was nearly
moist adiabatic below this inversion to about 3.0 km
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FiG. 8. Photograph of intermediate-sized convection on 11 August 1990
about 4 min prior to the start of treatment.

(700 mb), so it was likely that the cloud base extended
down to about that level. Several layers of different
stability were present below the cloud base, suggesting
that the bottom of the convective layer was elevated
from the surface. The cloud-top region was treated
during pass 1 at 4.8 km. Sampling was conducted at
4.5 km (pass 1) and 4.8 km (passes 2 and 3), so the
cloud depth below the sampling altitude was similar
but slightly less than the 22 June cloud. However, un-
like the 22 June case, the atmosphere was near satu-
ration through most of the depth of the cloud.

Below cloud base at 2.8-km altitude the wind was
from 310 deg at 6 m s™' and increased slightly to 10

/ 0 10 20 30

FIG. 9. The results from an aircraft sounding made during the
return to Champaign between 2020 and 2035. The altitudes of the
Citation during each of the sampling passes is indicated as P1, P2,
P3, for passes 1 through 3, respectively. The altitude of treatment is
indicated as T on the sounding.

m s~ from 275 deg at 3.5 km and was steady from
there up to the cloud top. Thus, there was weak shear
(with upshear to the southwest) at lower levels of the

11 AUGUST 19890

PASS # TIME 2
1 1947:30 - 1948:30
2 1953:00 - 1954:00 1
3 1955:00 — 1956:00

3
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FiG. 10. As in Fig. 4 except for the intermediate-sized
cloud on 11 August 1990.
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FIG. 8. Photograph of intermediate-sized convection on 11 August 1990
about 4 min prior to the start of treatment.

(700 mb), so it was likely-that the cloud base extended
down to about that level. Several layers of different
stability were present below the cloud base, suggesting
that the bottom of the convective layer was elevated
from the surface. The cloud-top region was treated
during pass 1 at 4.8 km. Sampling was conducted at
4.5 km (pass 1) and 4.8 km (passes 2 and 3), so the
cloud depth below the sampling altitude was similar
but slightly less than the 22 June cloud. However, un-
like the 22 June case, the atmosphere was near satu-
ration through most of the depth of the cloud.

Below cloud base at 2.8-km altitude the wind was
from 310 deg at 6 m s™' and increased slightly to 10
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FiG. 9. The results from an aircraft sounding made during the
return to Champaign between 2020 and 2035. The altitudes of the
Citation during each of the samipling passes is indicated as P1, P2,
P3, for passes | through 3, respectively. The altitude of treatment is
indicated as T on the sounding.

m s~! from 275 deg at 3.5 km and was steady from
there up to the cloud top. Thus, there was weak shear
(with upshear to the southwest) at lower levels of the

11 AUGUST 1990
PASS # TIME 2

1 1947:30 — 1948:30
2 1953:00 ~ 1954:00 1
3 1955:00 - 1956:00

3

1 km

Fi1G. 10. As in Fig. 4 except for the intermediate-sized
cloud on 11 August 1990.
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cloud but little shear in the vicinity of the sampling
altitudes.

A treatment run (pass 1) and two subsequent passes
were made through the cloud along a north-south axis
(Fig. 10). The results are presented in Fig. 11. The
treated turret was on the southern end of a more vig-
orous, larger cloud that is evident in Fig. 11. During
treatment the central region of the cloud at 4.5-km
altitude had almost stopped rising and was surrounded
by cold, descending cloudy regions.

On the second pass, 300 m above the first, the cloud
was more continuous, with most of the cloud region
in downdraft, except for some small regions on the
southern side of the cloud (Fig. 11) where the treated
turret was located. The tracer was found on both edges
of a small turret that was adjacent to the main cloudy
region. The tracer had not mixed through the turret,
but was confined to both edges.

On the third pass the highest tracer concentrations
were still primarily on the edge of the turret, but small
amounts of tracer had mixed through the cloud, which
by now had begun to evaporate (Fig. 11, pass 3).

¢. Small, nonprecipitating convection on 11 August
1991

Earlier in the day an experiment was conducted on
a smaller cloud that formed 25 km northeast of Cham-
paign. Photographs of the cloud at various stages are
given in Fig. 12. Eighteen minutes prior to treatment
the area was part of a developing cumulus congestus
region (Fig. 12a). As the aircraft approached the cloud
for treatment, the convective activity in the area ap-
peared to the flight crew to be diminishing, but the
candidate turret still appeared to be growing with well-
defined boundaries near the top (Fig. 12b). Cloud tops
did not reach much above the treatment altitude of
3.6 km, due to the presence of a small inversion that
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F1G. 13. As in Fig. 9 except taken between 1840 and 1845 while
en route to the small convective cloud on 11 August 1991.
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11 AUGUST 1990

PASS # TIME
1 1904:00 — 1905:00
2 1905:30 — 1906:30 3

3 1907:30 - 1908:30

| |
1 km

FiG. 14. As in Fig. 10 except for the small convective cloud
on 11 August 1991.

is evident in the sounding made en route to the cloud
from Champaign (Fig. 13). The cloud evidently did
not have enough buoyancy to carry through this in-
version and consequently must have started from about
710 mb (2.9 km).

A treatment pass and two additional passes were
conducted along a north-south orientation (Fig. 14).
Since the cloud growth appeared to be subsiding, all
the sampling passes were made at 3.3 km. The results
are presented in Fig. 15. During the treatment pass the
cloud contained a large downdraft on the southern part
of the cloud and only a slight updraft on the northern
edge of the cloud where the greatest liquid water con-
centrations (near adiabatic) were also observed. Only
a slight downdraft was present outside the north edge
of the cloud. On the second pass (Fig. 15, pass 2) the
northern downdraft was more pronounced. The cloud
now exhibited a weak central updraft surrounded by
larger downdrafts. A high concentration of tracer was
observed within the downdraft region on the north side,
Jjust alongside the cloud. Although the central portion
of the cloud had some small areas of near-adiabatic
liquid water, most of the cloud was subadiabatic. On
the third pass the tracer was mixed through the north-
ern two-thirds of the cloud region and was entirely in
downdrafts. Observations from the flight crew indicated
that the cloud top had descended to near the sampling
altitude and that the cloud was dissipating at the time
the photo in Fig. 12¢ was taken during pass 3.



VoL. 49, No. 15

JOURNAL OF THE ATMOSPHERIC SCIENCES

1344

*91 "B1 ul enoads ozis 19[doIp 9y 10§ P2129]3s SUOLSAI Y} d1oMm
UOTBIIUIOU0D 19[dOIP JY) IA0QE SMOLIR AQ PIyIBWL SUOTISAI 94 ] "1 661 1SNBNY [ UO PNOJD JANIIAUOD [jews Y} J0J 3dadxa || ‘81 uI sy ‘G| Ol

wy |
| aa——

(]

1 _ I

s T e

T
Shddbd
O-NCO N

sel
o'Ge
G'LE
0'0s

it

—
o o ©
[= 2=
(=2 s
2

L——
Iy | G J T | T
[

0
S
omv —i 0
]
0

oL

000t 0002
& SSvd 2 SSvd T SSvd

(wr') 3218 (0.)
"dNAL A1V

(o~ wo)

(c-wr B)
"ONOD °JS QONIM TVOLIMEA ¥OLOIA LSND YALVM AINDIT 'ONOD dO¥d dodd NVAW

(s w)

(s w)

(1dd)



1 AUGUST 1992

©
—

(em?® m> um™)

VOLUME CONC /SIZE INTERVAL

S

T T —e 56—
0 10 20 30 40 50 60
DROP DIAMETER ( em)

FIG. 16. Droplet volume size spectra for the main cloud region in
Fig. 15, pass 2 (x), for the SF; region adjacent to it (boxes, heavy
line) and in the mixed SF, region in pass 3 (circles, dashed line).
These areas are marked in Fig. 15.

4. Evolution of the droplet size spectra during
mixing

The smaliest cloud described above was nonprecip-
itating and mixed the tracer through more than half
of the cloud (Fig. 15, pass 2 and 3). The droplet size
distributions before and after mixing are presented in
Fig. 16. The spectra from three regions of the cloud
were selected: the spectrum from the fragments of
cloudy air in the tracer region on the edge of the turret
during pass 2, the spectrum from the main cloud turret
. during pass 2, and the spectrum from the tracer region
in pass 3 (after the tracer had mixed with the main
turret). These regions are marked in Fig. 15.

The droplet spectrum from pass 2 in the center of
the main turret contained a single narrow peak. The
tracer region on the cloud edge had far fewer droplets,
as expected, and the shape of the spectrum was depleted
of small droplets compared to the main cloud. This
suggests that the cloud on the edge was partially evap-
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orated, since evaporation would have a greater effect
on smaller droplet sizes. After the tracer had been en-
trained more fully into the main turret, the shape of
the drop spectrum was similar to that found earlier in
the main turret, except that the peak size was slightly
smaller and fewer droplets overall were present. Evi-
dently, the cloud from the edge of the turret did not
provide enough larger drops to have much effect on
the drop spectrum in the final mixture.

5. Discussion

For each of the clouds studied, the tracer was first
found alongside of the treated turret before mixing into

the central regions. This suggests that the circulation

present near the cloud-air interface at the cloud top
carries air from above the turret to the side of the cloud,
where it is then entrained more fully into the cloud.
This process is illustrated for the conditions observed
on 22 June in Fig. 17. This type of circulation would
be produced by a toroidal circulation of a growing cloud
top, in accord with early studies of entraining thermals
(e.g., Scorer 1958; Woodward 1959) or later revisions
(Blyth et al. 1988, Fig. 18).

Scorer (1972) depicts the entrainment region just
below the toroid, in accord with our observations, and
a mixing region at the top. The latter region is called
the entrainment region in the Blyth et al. model (see
Fig. 18). However, the observations in section 3 in-
dicate that the very top of the rising turret may be a
region of comparatively shallow mixing, For example,
the tracer region observed during pass 3 on 22 June
was only about 300 m across (less than one-third of
the size of the cloud, see Fig. 5) after about 8 min of
transport and mixing since the release of the tracer
above the cloud. (The tracer region was slightly more
narrow than indicated in Fig. 6, due to the broadening
caused by the 1-s response time of the analyzer.) During
pass 4, 2 min later, the tracer had mixed horizontally

2 min
I

(VYA

FIG. 17. lllustration of the suspected sequence of events that took place following the tracer
release on 22 June 1989. During the first 3-9 min after the SF release, part of the SF was carried
to the downshear/downwind side of the cloud in a narrow region on the cloud periphery, where
it was entrained into the central cloud region by a small-scale vortex or eddy. During the next 2-
min period, it rapidly mixed with the main cloud region. See the text for more details,
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ENTRAINMENT

RISING THERMAL
UNDILUTE CORE
REGION

TURBULENT WAKE

FiG. 18. Schematic shedding-thermal model of Blyth et al. En-
trainment is depicted at the top of the cloud with an undiluted thermal
shedding material in a turbulent wake. Diagram taken from Blyth et
al. (1988).

through 1 km of the cloud (Fig. 7). Similar results are
seen in the other cases (although the clouds were more
short lived); in each case the tracer arrives at the side
of the cloud turret before mixing with the main portion
of the cloud. Fragments of cloud were found in and
near the tracer regions on the side of the clouds (or at
the midlevels of the cloud as in Fig. 5, pass 1), so some
mixing and evaporation had likely taken place as the
tracer was transported to the side of the cloud from
the top. The droplet spectrum in Fig. 16 also suggests
evaporation in the tracer region on the edge of the
cloud.

Klaassen and Clark (1985) performed numerical
experiments that showed a baroclinically driven insta-
bility of a laminar cloud top leads to the engulfment
of discrete parcels of unsaturated air. This entrainment
occurred via small nodes 100-200 m in size at the outer
boundaries of their simulated cloud. They suggested,
unlike the traditional concept of fluid diffusing across
a turbulent interface, that a sharp (i.e., shallow) inter-
face existed at the cloud top cased by a strong defor-
mation flow near that region. The small vortex region
observed on 22 June (Fig. 6, pass 3) appears similar
to the nodes described above. The observations suggest
that it did, in fact, entrain the tracer into the main
body of the cloud in agreement with the original sug-
gestion by Klaassen and Clark. Similar structures on
the sides of a cloudy updraft are evident in other studies
(e.g., Blyth et al. 1988).

Recently, Grabowski and Clark (1991) performed
high-resolution numerical simulations of this process
for a variety of conditions. They calculated the depth
of the velocity tangential to the upper cloud interface
as a function of the distance from the interface. These
calculations were made for the interface region dis-
placed a distance of 200 m from the cloud top along
the periphery of the upper cloud interface. Their results
are reproduced in Fig. 19. They indicate that the depth
of significant tangential air movement near the upper
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cloud interface is on the order of tens of meters. This
is too fine a resolution to be resolved by most airborne
measurements. In the tracer experiments, this type of
tangential movement would move the tracer to the
sides of the cloud from its top as illustrated in Fig. 17.
Such a shallow region of tangential velocity would carry
the tracer in only a narrow ribbon from the top to the
sides of the cloud. This may explain the narrow tracer
regions that were first observed along the sides of the
cloud turrets.

The mixing of dry air into the cloud top has been
proposed as a possible means of broadening the droplet
size distribution (Telford and Chai 1980). One of the
steps in this chain is the preferential evaporation of the
smallest droplets following entrainment of dry air into
the cloud, followed by renewed lifting of the cloud,
which allows surviving droplets to continue to grow by
condensation. Telford and Chai showed that repeated
cycles of this process could produce realistic droplet
spectra. The results in section 4 show qualitatively the
expected reduction in the small droplet sizes on the
side of the cloud where some evaporation would be
expected. However, the droplet spectra after mixing
with the main cloud did not retain much of this effect,
probably because of the much greater size of the main
cloud. Repeated cycles of this process would be re-
quired to produce significant numbers of larger drops.

5. Summary

These studies are intended to lay the groundwork
for future experiments. They demonstrate that airborne
tracer release and sampling experiments are successful
at observing the history of entrained air in cumuli.
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FI1G. 19. Grabowski-Clark simulation of the velocity tangential to
the cloud interface at a distance of 200 m from the cloud top along
the periphery of the growing thermal. Curves are numbered according
to time in minutes. The initial diameter of the thermal was 500 m.
[Redrawn from Fig. 9 in Grabowski and Clark (1991)].
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These types of experiments are useful for relating the
entrainment process to other airborne cloud measure-
ments such as droplet size or wind measurements. Al-
though only a few observations are available to date,
they offer supporting evidence for conceptual models
of entrainment and the recent suggestions from the
numerical simulations described above. However,
more detailed comparisons between these types of ex-
perimental results with sirnulations of the cloud under
investigation are needed. Comparisons with numerical
simulations of parcel trajectories, such as the simula-
tions in Reuter and Yau (1987), would also be useful.

The tracer technique offers opportunities for a va-
riety of new experiments in cumuli. By employing a
short-duration tracer release, it is possible to fix the
time that air was at a given location in the cloud and
to follow it in a Lagrangian frame of reference. This is
a great help in constructing a history of the cloud. By
releasing tracer outside the cloud, the history of en-
trained air can be studied. By releasing tracer at the
cloud base the history of that air can be studied in a
similar manner (Stith and Politovich 1989).

The main limitation of the tracer technique is the
inability to adequately sample and map out the tracer
concentrations with an aircraft. As with most in situ
aircraft sampling, only a small and potentially unrep-
resentative portion of the region of interest is sampled
by the aircraft. The best use of techniques such as these
may be in combination with new remote-sensing
methods for tracking air (e.g., Martner and Kropfli
1989). Experiments that utilize a combination of new
techniques provide our best opportunity for developing
a better understanding of entrainment and mixing in
cumuli.
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