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ABSTRACT
The buoyancy of convective clouds in TOGA COARE was calculated from the NCAR Electra in situ measurements of temperature, humidity, liquid water content, and two-dimensional images of raindrops. Most of
the measurements were made at 700 mb (108C) although some were made at 850 (188C) and 600 mb (28C).
The temperature was measured with the Ophir radiometer, which does not have the wetting problem that has
degraded many previous measurements of in-cloud temperature in warm clouds.
On average, the in-cloud virtual temperature excess was found to be less than the adiabatic value by about
2 K, while the negative influence of total water content on buoyancy was less than 0.5 K. Furthermore, the total
water content was highly variable and much smaller than the adiabatic value. The authors conclude, therefore,
that entrainment and mixing was usually a much larger factor in reducing the buoyancy than water loading.
The average buoyancy in downdrafts was positive and similar to the value in updrafts.

1. Introduction
One of the surprising results of the Global Atmospheric Research Program’s Atlantic Tropical Experiment (GATE) was that updrafts were observed to be
weaker than those in the Thunderstorm Project (LeMone
and Zipser 1980; Zipser and LeMone 1980; Byers and
Braham 1949). Observations made by Barnes et al.
(1983), Jorgensen et al. (1985), Jorgensen and LeMone
(1989), Lucas et al. (1994a,b), and others further confirmed that convective updrafts over tropical and subtropical oceans are weaker than convective updrafts in
continental storms.
Zipser and LeMone (1980) and Jorgensen et al.
(1985) noticed that the measured updraft velocity in
clouds over the ocean was only a small fraction of what
was expected from parcel theory. Jorgensen and
LeMone (1989, hereafter JL) calculated cloud buoyancy
using the temperature measured with a CO 2 radiometric
thermometer and concluded that both water loading and
entrainment played a significant role in reducing buoyancy and vertical velocity in updrafts. They also found
that the majority of the strongest downdrafts were
warmer than the environment.
Recently, Lucas et al. (1994a, hereafter LZL) examined the data obtained during the Equatorial Mesoscale Experiment that took place in the Gulf of Carpentaria north of Australia. They speculated that water
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loading is more effective in reducing buoyancy in oceanic convection than in continental convection because
the lifted parcel’s virtual temperature excess in soundings over tropical oceans is smaller. They also speculated that entrainment is more effective in reducing
buoyancy in oceanic convection because the thermal
cores are smaller.
In this paper, we examine the buoyancy of cumulus
convection that occurred in the western equatorial Pacific using temperature measured by the Ophir III radiometer and precipitation water content measured by
the Particle Measuring System (PMS) 2D probes (Knollenberg 1981). The measurements were gathered during
the Tropical Ocean and Global Atmosphere Coupled
Ocean–Atmosphere Response Experiment (TOGA
COARE) (Webster and Lucas 1992) using the National
Center for Atmospheric Research (NCAR) Electra. The
cloud regions penetrated were typically part of large
systems tens of kilometers across, often reaching an
altitude of 15 km or higher. The flight plans were such
that long penetrations were made through the system,
so flights were just as likely to encounter stratiform
regions of cloud as convective regions. The aircraft did
not make many penetrations through precipitation-free
turrets. In fact precipitation was often encountered during the first penetration. Typical values of cloud base
pressure and temperature were p 5 940 mb, T 5 238C;
that is, about 600 m above mean sea level. Penetrations
were made by the Electra at p ø 600, 700, and 850 mb
(T ø 28, 108, and 188C). Table 1 shows the flights chosen
for this study. The boundary layer missions were not
included since only a few cloud penetrations were made.
Flight 30 was not included since the aircraft did not
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TABLE 1. Flight number, date, and penetration levels of the flights
analyzed in this study. Notice that penetrations were made at only
one level in most flights.
Flight no.
02
07
08
13
14
15
18
25
27
28
29
31
32

Date
19
5
6
13
14
15
12
27
4
6
9
17
18

Nov 92
Dec 92
Dec 92
Dec 92
Dec 92
Dec 92
Jan 93
Jan 93
Feb 93
Feb 93
Feb 93
Feb 93
Feb 93

Penetration
levels (mb)
600, 700
850
850
850
700
700
850
700
700
700
700
850, 550
850, 700

encounter very much clear air so it was difficult to process the temperature measurements.
2. Analysis methods
We define cloud buoyancy B as
B [ DT y 2 B l ,

(1)

where DT y 5 T y 2 T y e and B l 5 T y e r l . Here, T y and
T y e are, respectively, the virtual temperature in cloud
and in the environment, and r l is the total liquid water
mixing ratio. The in situ measurements of temperature,
pressure, cloud water content, and PMS data were used.
All data were averaged to 1 Hz by NCAR. The King
probe was used for cloud water mixing ratio, although
the Johnson–Williams probe was used when the King
probe was not working. The precipitation water mixing
ratio was calculated from the PMS probes.
In the results presented in section 4, we do not limit
the analysis to updraft and downdraft cores in the manner described by LZL, for example. Instead, we consider
a region to be an updraft or downdraft if the vertical
wind speed, w . 1 m s21 and w , 21 m s21 , respectively. We further limit the analysis to regions with cloud
liquid water content (LWC) measured by the forwardscattering spectometer probe (FSSP) greater than 0.03
g m23 .
a. Temperature
Accurate in-cloud temperature measurements are crucial for determining cloud buoyancy. Measurement of
in-cloud temperature is usually made by sensors that are
immersed in air. The temperature measured in this manner has been determined to be too low in clouds where
T $ 228C due to wetting of the sensor (Lenschow and
Pennell 1974; Heymsfield et al. 1979; LeMone 1980;
Cooper 1987; Lawson and Rodi 1987; Blyth et al. 1988;
Lawson and Cooper 1990). The evaporative cooling
caused by the wetting problem in warm clouds is typ-
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ically 1–3 K, which is comparable to the magnitude of
cloud buoyancy (Lawson 1990). Moreover, it is impossible to make any corrections for the effect of wetting
since it is difficult to determine how much of the sensor
is wet.
The first results using an airborne radiometric thermometer showed that the in-cloud heat flux was more
than four times greater than that from Rosemount measurements, and it was in good agreement with the numerical simulation (Albrecht et al. 1979). Jorgensen and
LeMone (1985) found, using a CO 2 radiometer, that the
majority of the updraft cores had positive temperature
anomalies in warm oceanic convective clouds as expected, and Lawson (1990) found that the Ophir radiometric measurements made in adiabatic cores of warm
clouds were in good agreement with the calculated values. Furthermore, Cooper (1987) concluded that the
Ophir measurements agreed well with the temperature
measured by immersed sensors in clear air and that the
Ophir was not affected by the wetting inside of clouds.
The Ophir radiometer used in this study senses the
spectral radiance at a wavelength of 4.25 mm rather than
at 15 mm, which was used in other radiometers in previous experiments (Albrecht et al. 1979; JL; LZL). CO 2
is a stronger absorber and emitter at 4.25 than at 15
mm. Therefore, the sample volume of the 4.25 mm radiometer is smaller. Moreover, absorption and emission
by liquid water at 4.25 mm is weaker than at 15 mm,
so the measurements of the 4.25-mm radiometer are less
affected by water drops. A 4.25-mm radiometer receives
significant radiation from cloud droplets only in very
dense clouds where the difference between the droplet
temperature and air temperature is believed to be smaller
than 0.1 K (Lawson and Cooper 1990). On the other
hand, temperature measurements made by a 15-mm radiometer can be too low in subsaturated cloud regions
where water drops can be as much as 1 K colder than
the air (Jorgensen and LeMone 1989).
The calibration of the Ophir probe was based on the
finding that the Ophir radiometer behaves in the same
manner inside a cloud as in clear air and the belief that
the temperature measured by immersion sensors is reliable in clear air (Lawson and Cooper 1990). The temperature measured by the Rosemount probe (Tros ) in
clear air was used as a base line for the Ophir data to
remove the offset.
The calibration involves five steps. The first step was
to linearly interpolate Tros between two points before
and after a cloud to remove the wetting effect on the
base temperature. Since it usually takes about 10 s for
immersed sensors to dry out, the interpolation is carried
out from the clear region 20 s before entering a cloud
to the clear region 20 s after exiting the cloud. A cloud
is defined as the region where cloud LWC measured by
FSSP probe is greater than 0.03 g m23 .
The second step was to obtain the low-frequency part
of Tros processed in the previous step. The low-pass filter
used here consists of both a forward and backward filter
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FIG. 1. Data from the cloud penetration at 1909:20 UTC on 14
December 1992 plotted versus time in seconds. Here, 1 s corresponds
to about 100 m. From top to bottom panel: vertical air velocity (w)
in m s21 , cloud liquid water content (q c ) in g m23 , and temperature
measurements (T ) in 8C from the Rosemount (dashed, lower line)
and corrected Ophir (solid line).

so that there is no phase shift in the filtered data. The
forward filter is
x9i 5 0.99x9i21 1 0.01x i ,

and x90 5 x 0 ,

where i 5 1, 2, . . . , N 2 1; x 0 , x1 , . . . , x N21 are the
input data, and x90, x91 , . . . , x9N21 are the forward-filtered
data. The backward filter is
x0i 5 0.99x0i11 1 0.01x9i ,

and

x9N21 5 x9N21,

where i 5 N 2 1, N 2 2, . . . , 2, 1, 0; and x00, x01 , . . . ,
x0N21 are the low-pass filtered data. The low-pass filter
has a cutoff frequency of 1.59 3 1023 Hz, which is
about 60 km at 100 m s21 true airspeed.
The third step was to obtain the high-frequency components of the Ophir signal by subtracting the low-frequency components from the raw data.
The fourth step was to de-spike the Ophir temperature, Toph . If the high-frequency component of Toph was
greater than a threshold value of 0.8 K, the Ophir measurements in that time period were treated as a spike,
and a linear interpolation was performed. The threshold
value was determined by examining the data.
The final step was to combine the low-frequency part
of Tros obtained in the second step with the scaled, despiked high-frequency component of Toph to produce the
final temperature T c . A scaling factor was used to adjust
the magnitude of the variations in the high-frequency
part of Toph . It was determined by comparing the highfrequency components of Toph with those of Tros filtered
by the same filter in clear air.
Figure 1 shows an example of the behavior of the
corrected Ophir temperature T c and the Rosemount tem-
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FIG. 2. Values of DT y and B versus pressure for a sounding taken
at 0220 UTC 19 February 1993 (18 February case). Curve I is the
virtual temperature excess (DT y ) in a parcel lifted adiabatically from
cloud base. Curve II is the buoyancy with all the condensed water
in the parcel. Curve III is the minimum value of DT y after all the
liquid has been evaporated. The points correspond to in-cloud measurements of DT y in cloud regions with no particles larger than 800mm diameter: plus signs, w . 1 m s21 ; crosses, w , 21 m s21 .

perature Tros on 14 December 1992. The effect of wetting
on the Rosemount is clearly seen: Tros decreased significantly upon entering the cloud and then required
about 10 s to dry after exiting the cloud. Here, T c is
greater in the cloud region. Notice that the difference
T c 2 Tros is greater in regions with larger cloud liquid
water, q c . The match of T c and T ros in the clear air away
from the cloud is by design of the correction procedure.
Figure 2 shows that Toph values are within the limits
predicted from parcel theory. The line on the negative
side of the figure is the virtual temperature expected if
all of the adiabatic liquid water is evaporated by mixing
with the environmental air at the given altitude, while
the line on the positive side is that expected in an adiabatic parcel. The Electra sounding taken at 0220 UTC
on 19 February was used with a value of cloud base ( p
5 940.2 mb, T 5 23.48C) determined from flight legs
flown beneath the cloud.
The environmental temperature used in the analysis
was calculated in the clear regions 20 s of flight time
away from and on both sides of the cloud. Since clear
air that is near convection might be stabilized (destabilized) by low-level mesoscale sinking (lifting) (JL),
the environmental temperature might have been modified by convection when there were not enough clear
regions between cloud penetrations. The buoyancy calculated here is the buoyancy relative to the adjacent
environment of convective clouds rather than relative
to the unmodified environment.
b. Humidity
The NCAR Electra was equipped with a Lyman-alpha
and UV hygrometer as well as the standard chilled mir-
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ror device. The chilled mirror instrument provides reliable humidity measurements in clear air, but it has a
slow response. The Lyman-alpha and UV hygrometer
have a faster response time and better resolution but
have calibration drift problems. Humidity values were
constructed in this analysis from the low-frequency signal from the chilled mirror device combined with the
high-frequency component of the signal from the Lyman-alpha. The UV hygrometer was used when the Lyman-alpha was not working.
The mixing ratio was assumed to be saturated inside
clouds. The error in buoyancy resulting from this assumption is smaller than 0.1 K in cumulus clouds since
the maximum supersaturation is usually smaller than
0.5% (Politovich and Cooper 1988). However, the error
can be larger if a cloud is actually subsaturated. When
the saturation assumption is used, an error of 1 g kg21
in vapor mixing ratio will cause an error of 0.2 K in
buoyancy.
c. The precipitation water content
Precipitation water content was obtained by integrating the masses of all particles measured by the PMS
two-dimensional optical array probes. The probes were
located in front of the wingtips, so that the measurements were not disturbed by flow over the fuselage of
the aircraft. The probes produce two-dimensional images of particles with diameters ranging from about 100
mm to 6.4 mm, or larger with proper reconstruction of
partial captured images (Heymsfield and Parrish 1979).
The image of a particle is taken in slices: the slice
rate is adjusted so that the resolution along the flight
direction is equivalent to that along the direction of
orientation of the photodiodes. The maximum rate at
which the 2D probe can store image slices is 4 3 10 6
slices per second (Baumgardner 1989). The high sampling rate can cause an overflow in the data acquisition
system, which results in the probe ceasing to take data.
The equivalent size of a particle can be derived from
its two-dimensional image by proper curve fitting. However, this process is complicated by two factors: 1) many
particles are only partially imaged, and 2) large drops
are generally elliptical in shape and canted forward. The
shapes of falling liquid drops are strongly dependent on
their sizes due to aerodynamic forces. Precipitation particles with diameters larger than about 200 mm are usually deformed into approximate oblate spheroids that
are flattened at the bottom and round at the top (Magono
1954; Pruppacher and Beard 1970; Cooper et al. 1983).
The accelerated airflow ahead of the probe was thought
to be the cause of the canting (Beard and Jameson 1983;
Beard 1983). However, Chandrasekar et al. (1988) found
that the canting mainly results from the fall of drops as
they pass through the aperture of the probe. The angle
is dependent on the ratio of the minor axis to the major
axis of the drop and the ratio of the fall speed of the
drop relative to the speed of the aircraft.
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We included the effect of canting and the nonspherical
shape of the images in the 2D processing. Both elliptical
and spherical curve fitting were used to determine the
size of particles. The volume equivalent size was taken
as the particle size. When the image was a whole particle, an elliptical fit was used. Otherwise a spherical fit
was used for simplicity. For partially imaged particles,
the fraction of the imaged particle was counted so that
the sample volume was not affected. If we count the
whole particle, then we have to adjust the sample volume since part of the particle is actually out of the
sample volume of the instrument for that size of particle.
Only those particles in which at least a half of the particle was imaged were taken into account. The following
images were rejected in the calculation: images of less
than half a particle, images with holes and many segments, and images whose one dimension is more than
four times longer than the other dimension.
The calculation of concentration for one of the 2D
probes was complicated by the frequent omission of the
time bar following the timing word. The difficulty was
largely alleviated by counting the number of transitions
between on and off bits in each word to distinguish
between a particle and a timing word.
d. The subcloud air
The magnitude of the variations in the reversible
equivalent potential temperature u e entering the cloud
is important since we compare, in the next section, the
adiabatic value of DT y with the in-cloud values. Large
variations in boundary layer u e , such as reported by
Raymond (1995), are usually associated with downdrafts. Figure 3 shows values of u e measured during a
leg flown under cloud base on 5 December 1992. We
can see that in any one precipitation-free updraft, values
of u e varied by no more than 0.5 K. However, u e varied
by about 1.5 K from one updraft to the next since u e
varies on the mesoscale. This corresponds to a difference in DT y for an adiabatic parcel ascending from cloud
base to 700 mb of about 0.7 K. As we shall see, this is
smaller than the difference between an average adiabatic
value and the measured values.
3. Results
The 1-Hz buoyancy values were calculated from in
situ temperature, humidity, cloud liquid water content,
and precipitation water content measurements using Eq.
(1). The buoyancy varied in the 13 cloud systems studied from 22.4 to 3.3 K with an overall average of about
zero. The in-cloud temperature excess (DT y ) ranged
from 22.3 to 3.4 K and the maximum negative buoyancy from liquid water loading was 2.5 K.
In this section, we present the averages of B, DT y ,
and B l in updrafts and downdrafts at the three different
levels. In particular, we compare the negative buoyancy
from liquid water loading (B l ) with the in-cloud virtual
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FIG. 3. Data from a leg made at 965 mb on 5 December 1992 beginning at 1933:20 UTC. The
panels are from top to bottom: upward radiometer temperature (Trad ) in 8C; concentration of particles
detected by the 2DP, (N 2DP ) in l; vertical wind velocity, (w) in m s21 ; and the reversible equivalent
potential temperature, u e in K.

temperature excess (DT y ) and the difference between
the measured DT y and the typical adiabatic DT y . We
also illustrate various features of the clouds using data
from several penetrations made on 18–19 February
1993.
a. Cloud penetrations from 18–19 February 1993
Eight penetrations were made at three different levels
in this cloud system. Figure 4 shows three consecutive
penetrations made across a convective line at about 700
mb. The cloud liquid water content is less than 1 g m23
everywhere: with a cloud base of 940.2 mb and temperature of 23.48C, the adiabatic liquid water content is
about 5 g m23 . The precipitation water content q p is
highly variable; as can be seen in the figure, there are
narrow regions with large values of q p adjacent to
regions with appreciably lower values. A particularly
prominent peak in q p is associated with a downdraft in
Fig. 4a at about 0053 UTC. Here, DT y is positive, but
the weight of the precipitation is sufficient to make the
value of B in the downdraft negative. This is the socalled warm downdraft (JL). An example of an unusually strong and broad downdraft is seen in Fig. 4c at
about 0118 UTC.
There is a 3-km-wide updraft with w ø 5 m s21 at
about 0053:30 UTC (Fig. 4a), and a 6-km-wide updraft
at about 0105 UTC (Fig. 4b). Both updrafts contain
significant precipitation: the maximum value of q p was
about 4.5 g m23 in the later updraft.
There are two regions shown in Fig. 4c where q p 5
0 but q c . 0. For example, there is a 1-km-wide updraft

at 0118:50 UTC with w ø 3 m s21 and q c , 0.75 g
m23 . It is likely that precipitation has fallen out of the
parcel, since precipitation is present in other regions
of cloud that have similar values of q c , w, DT y , and B
and since q c is so small. Most of the cloud regions
penetrated during TOGA COARE contained precipitation. However, most precipitation-free regions contained very little cloud liquid water: typically q c , 1
g m23 . Indeed only one adiabatic core was measured
by the Electra in the entire project (this is shown later
in Fig. 7).
b. Buoyancy in updrafts
According to parcel theory, active updrafts that are
accelerating upward will have a positive buoyancy and
a positive correlation between the vertical velocity and
buoyancy. The histogram in Fig. 5 shows that the distributions of DT y and B are skewed toward the positive
side with DT y more so. There are several cloud regions
with w . 1 m s21 and B , 0; an example was shown
in Fig. 4b. The majority (86%) of 1-s B l values are
smaller than 0.5 K, as Fig. 5 shows.
Figure 6 shows that there is a slight positive correlation between B and w in precipitation-free updrafts
that contained more than 0.3 g m23 of cloud liquid water
content. There is no correlation when regions containing
precipitation are included. Figure 7 shows the time series from a cloud penetration made at 840 mb on 5
December 1992. The aircraft entered the shallow cloud
from the southwest and sampled the only adiabatic region in the project. The buoyancy is roughly correlated
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FIG. 5. Histogram of buoyancy B (thick solid line), virtual temperature excess, DT y (thin solid line), and the negative contribution
to buoyancy by liquid water loading B l (dotted line) in all updrafts
at all levels with w . 1 m s21 .

with vertical velocity during the time period t 5 100
2 130 s when cloud LWC was high. There is a better
correlation between buoyancy and cloud LWC. Four
turrets can be distinguished, each with an updraft bounded by weak downdrafts and with a size of 1–2 km. The
buoyancy is greatest in the adiabatic core. However, the
maximum vertical velocity (wmax ø 8 m s21 ) is about
the same in the adiabatic core as in two other turrets.
Figure 8 presents the average values of the buoyancy
B, the in-cloud virtual temperature excess DT y , and the
negative buoyancy due to water loading B l in all updrafts penetrated at the three levels in the 13 flights.
The averages are taken over all 1-Hz values in updrafts
with w . 1 m s21 at each level. It shows that the largest
values of B, DT y , and B l in updrafts are at the lowest
altitude. The values of B are almost equal to B l and
about half of DT y .
The values of DT y at these three levels are positive.
However, they are much lower than the adiabatic values
at each level for a typical TOGA COARE sounding.
The difference between the typical adiabatic values and
the average measured values is larger than 2 K at all
three levels. On the other hand, the negative buoyancy
resulting from water loading is smaller than 0.4 K. The
difference between the adiabatic and measured values
increases with altitude as expected from entrainment

and mixing theory. The reduction in B due to precipitation water loading (B l ) decreases slightly with
height.
Figure 9 shows the variation with the updraft strength
of the average values of B, DT y , and B l taken over all
cloud regions with w . 0 m s21 at 700 mb. It shows
that all three quantities increased with increasing w for
w , 4 m s21 ; they were almost constant for 4 , w ,
7 m s21 , and both B and DT y increased rapidly with w
for w . 7 m s21 , while B l was almost constant. Notice
that B l was almost half of the value of DT y for w , 7
m s21 but was much less than half when w . 7 m s21 .
Also, B l , 0.5 K for all values of w. On the other hand,
the difference between the adiabatic and measured values of DT y was greater than 1.0 K when w . 7 m s21
and greater than 2 K when w , 7 m s21 , taking the
typical adiabatic value of DT y to be 3 K at 700 mb.
Therefore, as shown above, the reduction in buoyancy
by entrainment in updrafts was much larger than that
by precipitation at 700 mb. Furthermore, the reduction
by entrainment and mixing decreased with increasing
vertical velocity.
c. Buoyancy in downdrafts
As in updrafts, the values of B and DT y in downdrafts
approximately followed a normal distribution. However
they were slightly skewed to the negative side (Fig. 10).
Among the negatively buoyant downdrafts, 17% had
positive DT y .
The average values of B, DT y , and B l taken over all
points in downdrafts for the three levels are plotted in
Fig. 11. Figures 11a,b are for w , 21 m s21 and w ,
23 m s21 , respectively. The values of DT y in both strong
and weak downdrafts were positive at all three levels.
Notice DT y increased slightly with height in weak
downdrafts (Fig. 11a), while it decreased with height in
strong downdrafts (Fig. 11b). Also B l was the largest
at the lowest level and approximately the same at the
two upper levels in strong downdrafts, and values were
about the same at all levels in weak downdrafts. The
value of B in weak downdrafts is almost zero at the
lowest level and slightly positive at the upper levels.
Also B was larger in stronger downdrafts at the lowest
two levels and slightly positive at the upper level. Notice
that B . 0 in downdrafts. Values were less than the
average values found in updrafts except at 700 and 850
mb in strong downdrafts (see Figs. 8 and 11). There are
a number of points where DT y , 0 and B , 0, as can
be seen in Fig. 7.

←
FIG. 4. Data from three cloud penetrations made on 19 February 1993 beginning at (a) 0050, (b) 0104:10, and (c) 0117:10 UTC. Note
that the flight began on 18 February, so is called the 18 February case. The panels are from top to bottom: cloud liquid water content, q c ,
in g m23 , measured by the King probe; precipitation water content measured by the 2DC q 2DC (solid line), and the 2DP q 2DP (dashed line)
both in g m23 ; vertical velocity w in m s21 ; and DT y (solid line) and B (dashed line) in K. Gaps in the trace of B are due to bad data from
the 2D probes.
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FIG. 6. Scatterplot of w versus B in all updraft regions (w . 1 m s21 ) at all levels with q 2DC ,
0.5 g m23 , q c . 0.3 g m23 that contained no raindrops with size D . 800 mm.

The averages for different vertical velocity intervals
in cloud regions with w , 0 m s21 at 700 mb are shown
in Fig. 12. All values of DT y and B are positive and
increase with the strength of the downward motion.
Here, B l increased as w decreased for w . 23 m s21
and remained constant thereafter.

4. Summary and discussion
This paper reports on the buoyancy of TOGA
COARE clouds using measurements of temperature
made with the Ophir radiometer, and cloud and precipitation water loading measured by the King and John-

FIG. 7. Data taken from the cloud penetration starting at 840 mb at 2011:40 UTC 5 December
1992. Panels are from top to bottom: (a) cloud liquid water content q c measured by the Johnson–
Williams probe in g m23 ; (b) precipitation water content from 2DC q 2DC (solid line) and 2DP q 2DP
(dashed line) in g m23 ; (c) vertical air velocity w in m s21 ; and (d) virtual temperature excess DT y
(solid line) and buoyancy B (dashed line) in K. The adiabatic values of cloud liquid water content
and buoyancy are 3 g m23 and about 1.3 K, respectively, at this level.
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FIG. 8. Averages taken in updrafts with w . 1 m s21 of B (M
joined by solid line), DT y (3 joined by short dashed line), and B l (*
joined by long dashed line) plotted versus pressure P. The standard
deviation for B, 6s B is shown by 1 joined by a solid line. The
number of samples at each level are 704 at 850 mb; 2748 at 700 mb;
and 166 at 600 mb.

son–Williams probes and PMS probes. The most significant results are summarized below.
R The reduction in buoyancy due to the reduction of the
virtual temperature excess by entrainment from the
adiabatic value is much greater than the negative contribution to buoyancy due to precipitation on average.
R Precipitation water content is highly variable both during a penetration and from one penetration to the next
(e.g., see Fig. 4). Also, there are several cloud regions
where B l 5 0, B . 0, w . 5 m s21 , but the cloud
liquid water content is very low (e.g., Fig. 4). These
observations suggest that precipitation only temporarily slows a parcel down: once the precipitation has

FIG. 10. Same as Fig. 5, but for downdrafts (w , 21 m s21 ).

fallen out, the parcel accelerates upward. This and the
previous result show that entrainment and mixing play
a much larger role in reducing the buoyancy than
precipitation loading.
R The average buoyancy in downdrafts is positive and
is similar to the value in updrafts at all levels (see
Figs. 8 and 11). The result suggests that downdrafts
are transient.
R The cloud liquid water content is usually less than 0.1
of the adiabatic value even in updrafts. Such low values are most likely caused by conversion of cloud
water to precipitation.
R The average value of DT y in updrafts increases with

FIG. 9. Averages taken over 1 m s21 intervals in cloud regions with w . 0 m s21 at 700 mb of
B (M joined by solid line), DT y (3 joined by short dashed line), and B l (* joined by long dashed
line) plotted versus w. The standard deviation for B, 6s B is shown by 1 joined by a solid line.
There were over 100 samples with w , 6 m s21 , but there were only 73, 32, and 15 samples for 7
. w . 6 m s21 , 8 . w . 7 m s21 and 8 . w . 9 m s21 , respectively.
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FIG. 11. Same as Fig. 8, but for (a) all downdrafts with w , 21
m s21 , and (b) strong downdrafts with w , 23 m s21 . The number
of samples at each level are for (a) 933 at 850 mb, 3149 at 700 mb,
and 760 at about 600 mb, and for (b); 28 at 850 mb, 176 at 700 mb,
and 11 at about 600 mb.

w (Fig. 9) indicating that updrafts which have been
affected less by entrainment and mixing are more vigorous, as expected. The average of B l also increases
with w, although less rapidly. This is probably because
more cloud liquid water is available for the precipitation process with less entrainment and mixing.
It is clear that on average the effects of entrainment
and mixing are much greater than precipitation in reducing the buoyancy in TOGA COARE clouds. Typically the available buoyancy is about 2–3 K at 700 mb,
the reduction of DT V due to entrainment is about 2 K,
while the negative buoyancy due to the weight of precipitation is typically less than 0.5 K. However, we must
be careful to place the conclusions in the context of how
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the measurements were made. Only one adiabatic core
was measured during the project: it is likely that many
more existed at 850 mb, but were missed because of
the flight strategies. Even though adiabatic cores may
be elusive in an average sense, their role in influencing
the dynamics and microphysics should not be overlooked. For example, the influence of precipitation loading is possibly much larger than that of entrainment in
reducing the buoyancy in near-adiabatic cores. Further
field experiments are needed to specifically examine adiabatic cores in tropical clouds.
Negatively buoyant warm downdrafts, such as were
observed by JL, LZL, and others, were also often observed in these TOGA COARE clouds. However, a surprising result from this study is that on average, downdrafts were found to be positively buoyant. Igau et al.
(1998, manuscript submitted to J. Atmos. Sci.) and M.
A. LeMone (1998, personal communication) suggest
that some of the positively buoyant downdrafts may in
fact be negatively buoyant if downdrafts are not saturated as assumed. They examined several of the strongest downdrafts and concluded that a few of them could
in fact be negatively buoyant if the relative humidity in
the downdraft was lower than 80%. However, they
found that even if the relative humidity in downdrafts
was 60% (which is less than the average environmental
value) rather than the assumed 100%, there would still
be many positively buoyant downdrafts. Downdrafts are
usually negatively buoyant due to evaporation in cumulus clouds over the High Plains of the United States
(e.g., Blyth et al. 1988) and models using only buoyancy
have been relatively successful in describing the source
of entrained air and horizontal divergence in these
clouds (e.g., Raymond and Blyth 1986, 1992).
The results reported herein suggest that more detailed
models will be required to describe clouds that form in
the moister environments over the tropical oceans. Fi-

FIG. 12. Same as Fig. 9, but for cloud regions with w , 0 m s21 at 700 mb. There were over 2500
1-Hz samples for intervals with w . 24 m s21 but only 33 with 25 , w , 24 m s21 .
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nally, it is clear that improvements should continue to
be made in measuring in-cloud temperature, humidity,
and cloud liquid water content, particularly in the individual turrets of tropical cumulus clouds.
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