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ABSTRACT

The ice phase is included in thermodynamic calculations of convective available potential energy (CAPE)
for a large number of soundings in the tropical atmosphere, at both land and ocean stations. It is found that
the positive-buoyancy contribution to CAPE resulting from the latent heat of fusion more than offsets the
negative-buoyancy contribution due to water loading in the reversible thermodynamic process. The departure
from moist neutrality in much of the tropical atmosphere exhibits a threshold in boundary-layer wet-bulb
potential temperature of 22°-23°C. The corresponding sea surface temperature is approximately 26°C, close
to the empirical threshold for hurricane formation, which suggests that conditional instability plays an important
role in the latter phenomenon. The simultaneous presence of finite CAPE and infrequent deep convection in
the tropics is tentatively attributed to the convective inhibition energy (CINE) and to the mixing process that
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destroys positive buoyancy in incipient cloud parcels.

1. Introduction

This study is concerned with the energy available
for convection in the tropical atmosphere. Our interest
in this topic grew out of efforts to understand the role
of deep tropical convection in the global electrical cir-
cuit (Williams et al. 1992; Williams 1992) and the rea-
sons for the order-of-magnitude differences in lightning
activity between land and ocean (Orville and Hender-
son 1986). The global circuit studies support a fun-
damental role for ice in accounting for cloud electrical
behavior. While electricity is emphasized less in the
present study, ice continues to hold center stage.

Calculations of convective available potential energy
(CAPE) for many tropical stations in section 3 are in-
tended to evaluate the effect of freezing on parcel
buoyancy in reversible ascent, for comparison with the
effect of water loading alone in currently popular cal-
culations based on reversible thermodynamics. CAPE
is shown to be linearly correlated with boundary-layer
moist entropy, and section 4 is concerned with the
global distribution of wet-bulb potential temperature,
a direct measure of moist entropy. The large areas of
stored energy in the tropics pose questions about the
release of conditional instability that are examined in
section 3.
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2. Data sources

Assessments of conditional instability in this study
were made possible by the availability of a large number
of soundings in a variety of tropical regions. The At-
lantic Ocean soundings were obtained from GATE
(Global Atlantic Tropical Experiment) from June to
September 1974. The soundings from South America
were taken in ABLE (Amazon Boundary Layer Ex-
periment) (Garstang et al. 1990), and the Australian
soundings were obtained from AMEX (Australian
Monsoon Experiment) in January and February of
1987, and in subsequent studies in Darwin in 1988—
1990 as part of DUNDEE (Down Under Doppler
Electrical Experiment ) ( Williams et al. 1992; Rutledge
et al. 1992). Additional thermodynamic data were also
available from the Line Islands experiment ( Zipser and
Taylor 1968) over the central Pacific Ocean.

This study has also made use of Doppler radar data
on tropical convection collected with the Massachusetts
Institute of Technology’s transportable C-band radar
during two wet seasons in Darwin, Australia (12°S).

3. The evaluation of parcel buoyancy and CAPE

a. The effect of thermodynamic process

The energy realized according to parcel theory when
conditional instability is released is CAPE, a quantity
first conceptualized by Margules (1905), but named
by Moncrieff and Miller (1976)

LNB
CAPE = f (Top — Toa)Rud InP, (1)
LFC
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where LFC is the level of free convection, LNB is the
level of neutral buoyancy, and T, and T, are the vir-
tual temperatures of the parcel and the environment,
respectively. Here, R, is the gas constant for dry air,
and P is pressure. CAPE is the integrated effect of the
rather modest positive buoyancy (a few degrees Celsius
at most) of the rising undiluted parcel relative to its
environment. Several different procedures have been
suggested for evaluating CAPE, depending on certain
thermodynamic and microphysical assumptions. The
choice of procedure is often crucial, because the as-
sumption can affect the parcel buoyancy at the level
of 1 K as was shown earlier by Saunders (1957). We
shall be concerned here with a comparison of three
specific processes: 1) the standard irreversible (“pseu-
doadiabatic’) process, 2) the reversible process, and
3) the reversible process including the ice phase. These
three processes are now discussed in turn.

1) IRREVERSIBLE OR PSEUDOADIABATIC PROCESS

First formulated by von Bezold in 1888 (see Mc-
Donald 1963), this process follows the thermodynamic
relation [see Iribarne and Godson (1981), Eq. (85)]

de InT + warwd InT — Rd 1I1Pd

rwLo

+

= constant. (2)
Here, C,, and C,, are the heat capacities (at constant
pressure ) of dry air and water vapor, respectively, T is
temperature, r,, is the mixing ratio of water vapor, R,
is the gas constant for dry air, P, is the partial pressure
of dry air, and L, is the latent heat of vaporization. In
this process, it is assumed that all liquid water conden-
sate is removed from the parcel the instant it appears.
This assumption eliminates the need to consider the
effects of either water loading or the heat capacity of
condensate on the subsequent motion of the parcel.
This assumption, however, conflicts with the obser-
vation of precipitation formation and the appearance
of radar echo at all but the very highest levels in deep
tropical convection.

2) REVERSIBLE PROCESS

First formulated by Reye in 1864 (see McDonald
1963), this process follows the thermodynamic relation
[see Iribarne and Godson (1981), Eq. (80)]

whlo
(Cos + FCo)InT — Ry InPy + ’T — constant, (3)

where r, = r,, + r;, the sum of the water vapor and
liquid water mixing ratios, respectively. In this process,
the assumption made is the other extreme when com-
pared with the aforementioned pseudoadiabatic as-
sumption: as liquid-phase condensate forms, it not only
is retained in the parcel, but is carried upward along
the parcel’s entire trajectory. While the formation and
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removal of precipitation are ignored in the reversible
process, both the important effects of water loading
and heat capacity of the condensate are included. Betts
(1982), Emanuel (1988), and Xu and Emanuel ( 1989)
have recently advocated the use of this process in eval-
uating CAPE in tropical soundings.

3) REVERSIBLE PROCESS INCLUDING THE ICE
PHASE

Although the significant effects of the latent heat of
fusion in parcel buoyancy have long been recognized
(Saunders 1957), ice has only rarely (e.g., Chapell and
Smith 1975) been included in CAPE calculations. The
reasons are attributable to the acknowledged presence
of supercooled water (i.e., liquid water condensate ) well
above the 0°C isotherm with the attendant ambiguity
in choice of freezing level for the condensate. In deep
tropical convection, which often extends several kilo-
meters above the —40°C isotherm and which exhibits
radar echoes at these high levels, there is little doubt
that the liquid water condensate eventually freezes, and
therefore the freezing process deserves inclusion in the
thermodynamics. In situ observation in the tropics at
altitudes above the 0°C isotherm disclose the presence
of ice particles in deep convection (Gamache 1990).
Perhaps the most dramatic evidence for ice in deep
tropical convection is the prodigious lightning activity
that is believed to be caused by collisions between
graupel and small ice particles (Williams 1989).

The isentropic quantity in the reversible process in-
cluding ice follows Eq. (3) for parcels warmer than the
freezing temperature. For parcels attaining the tem-
perature at which freezing is initiated, 7}, isobaric
freezing is assumed with an increase in parcel temper-
ature caused by both the latent heat of freezing and
the deposition of water vapor (due to the decrease in
saturation pressure ). The temperature increase is given
by [see Iribarne and Godson (1981), Eq. (94)]

_ Lfrl+ Lsrw(l — ei/ew)
Cpt+(riL§/RvT2) ’

where Ly and L, are the latent heats of freezing and
sublimation, respectively. The liquid water mixing ratio
is r;, and r; is the saturation mixing ratio over ice. Sat-
uration vapor pressure with respect to ice and water
are ¢; and e, respectively. The total heat capacity C,,
has contributions from dry air, water vapor, and ice-
phase condensate

AT 4)

Cpt = Cpg + 1,Cpp + 1Ci, (5)
with ’
rs(T) =~ r+r,(T) - r(T"), (6)
and
Py = ee—wéz—) (7)
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Vi =~ €

e(T)
p b

where ¢ is the ratio of gas constants for dry air and

water vapor. The parcel temperature after freezing 7'

is elevated AT relative to the freezing temperature 7
accordingto

(8)

T' =T+ AT, 9)
and the expression for moist entropy after freezing is
L
(Cpa + r,c;) InT — RyInPy + ’TS =G, (10)
where
C,=(Cpat rci)InT'— RyInP,
ri(T")Ls
+—. (11
.

The effects of the various assumptions in evaluating
CAPE are best seen in comparisons of parcel buoyancy
with height from a particular tropical sounding follow-
ing the three thermodynamic procedures just outlined.
These comparisons are shown in Fig. 1. The parcel-
buoyancy parameter in these calculations is cloud vir-
tual potential temperature (Betts 1982). For the re-
versible process involving ice, isobaric freezing is as-
sumed at —10°C for all calculations in this paper. The
irreversible calculation shows significantly more buoy-
ancy than the reversible calculation through most of
the troposphere except at upper levels, where the heat
capacity of liquid water tends to suppress cooling rel-
ative to the condensate-free irreversible process. When
ice is included, the buoyancy in the reversible process
is significantly enhanced at and above the freezing level.
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FiG. 1. Parcel buoyancy (K) versus height for three thermodynamic
processes [ pseudoadiabatic (solid line), reversible (short-dashed line),
and reversible with ice (long-dashed line)] for a sample tropical
sounding from the PRC ship north of Australia. For the reversible-
with-ice process, the conversion to ice is initiated at 7 = —10°C,
near the 7.5-km altitude.

WILLIAMS AND RENNO 23

The buoyancy exceeds that of the process with liquid
water because of the latent heat of freezing.

While it is noted that the vertical distribution of
buoyancy and CAPE are both affected by the choice
of freezing level, the choice is reasonably bounded by
0° and —20°C, a temperature interval over which ob-
served ice nuclei are scarce. Since the corresponding
interval in height (~3 km) is a modest fraction of the
interval over which CAPE has significant contributions
in the tropical atmosphere (~15 km), it is apparent
that the choice of freezing level is not too crucial. Sen-
sitivity calculations, not shown here, illustrate this point
quantitatively. ’

The effect of parcel buoyancy on CAPE for the three
thermodynamic processes is illustrated by the histo-
grams in Fig. 2 for large numbers of sequential sound-
ings in Darwin, Australia, Belem, South America, and
from the PRC and Quadra ships in AMEX and GATE,
respectively. Generally speaking, the effects of conden-
sate loading on the reversible process substantially di-
minish CAPE relative to the pseudoadiabatic process
(consistent with earlier results by Betts 1982; Emanuel
1988; and Xu and Emanuel 1989), but the inclusion
of the ice phase in the reversible process moves the
CAPE values back to their levels obtained with the
standard irreversible process. To a good approximation,
the negative buoyancy caused by condensate loading
is compensated by the positive buoyancy caused by the
latent heat of fusion.

b. The effect of wet-bulb temperature in the boundary
layer

In all of the calculations of CAPE presented thus
far, the thermodynamic properties of the lifted parcel
are taken to be those specified by the surface measure-
ments in the available sounding. This procedure may
well be unrealistic, but serves to provide upper bounds
for CAPE. The importance of this choice may be eval-
uated, first by considering the change in CAPE affected
by a change in wet adiabat of 1°C. For a typical surface
wet-bulb temperature of 24°C, a 1°C change in moist
adiabat results in a change of CAPE (irreversible pro-
cess) of about 1000 J kg ™!, for a parcel excursion from
the surface (P ~ 1000 mb) to the parcel equilibrium
level. This value is already of the same order as CAPE
values in the tropical atmosphere (recall Fig. 2); one
degree has a substantial effect.

To determine the sensitivity of CAPE to the origi-
nating height of the hypothetical boundary-layer parcel,
it is necessary to know the lapse rate of wet-bulb po-
tential temperature 6,, in the lower tropical atmosphere.
Figure 3 shows a compilation of @,, versus height for
Darwin, Australia. Examination of such plots for a large
number of tropical stations (see Table 1) shows that
8., generally decreases with height, at a rate of 0.15°-
0.25°C (100 m)"!. Combined with the earlier findings
(and the results to be discussed in Table 1), this result
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F1G. 3. Wet-bulb potential temperature versus height for seveéral
Darwin soundings.

shows a diminishment in computed CAPE of 150-250
J kg™! for every 100 m of initial height for the ascending
parcel.

To what extent is CAPE determined by the wet-bulb
potential temperature of boundary-layer air? Clearly,
if tropical soundings were invariable except for changes
in the boundary-layer air, then CAPE, following (1),
is entirely dependent on the 6,, of the boundary-layer

air, and should increase approximately linearly with -

the latter quantity as the wet-bulb adiabat translates
away from the sounding. As a further test of this con-

0, were assembled for tropical stations listed in Table
1. Selected examples using the pseudoadiabatic process
[Eq. (2)] from Darwin, Australia; Belém, South
America; the Atlantic Ocean in GATE; and for Ponape
in the western Pacific Ocean are shown in Fig. 4. In
most cases, CAPE is seen to increase approximately
linearly with 8,,, with correlation coefficients of 0.8-
0.9. The value of 6,, at which CAPE vanishes is called
the zero-CAPE intercept 6,,.. Values for these intercepts
are listed in Table. 1 and are seen to be narrowly dis-
tributed around 22°-23°C for stations around the
globe. From a statistical standpoint, a knowledge of
surface wet-bulb temperature allows the empirical pre-
diction of CAPE to within about 25%. Consistent with
the findings in the earlier section, the zero-CAPE in-
tercepts are slightly dependent on the thermodynamic
process; Table 1 summarizes slopes and intercepts for
all stations analyzed and for each of three thermody-
namic processes discussed earlier. The mean intercept
when ice is included is about 0.3°C larger than the
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mean intercept with the standard irreversible calcula-
tion. The mean slope (J kg™' °C™') is about 5% greater
when ice is included.

Comparisons between GATE and the other stations
in Table 1 show that the zero-CAPE intercepts are
slightly, but systematially, smaller in South America
and the Atlantic than in the warmer western Pacific.

¢. CAPE and the validity of parcel theory in deep
tropical convection

For lossless conversion of potential energy to kinetic
energy, the maximum upward velocity achieved by a
parcel at level i, acted on by buoyancy forces alone, is
given by

w = [2(CAPE;)]" (12)

where CAPE; is the integrated CAPE from the level of
free convection to level i. This result is an important
observational constraint on the validity of parcel theory
(e.g., Bluestein et al. 1989). Direct observations with
Doppler range-height indicator (RHI) scans on nearby
hot towers in Darwin, Australia, (Williams et al. 1992)
showed velocitiés that were significantly smaller than
values predicted by (12), regardless of the method
chosen for CAPE calculation, including the choice of
height of parcel origination. For example, for a CAPE
value of 1000 J kg ™', a modest value given the results
shown in Figs. 2 and 4, the correspondmg vertical ve-
locity following parcel theory is45 ms™'. In two wet
seasons of observations, a value this large was recorded
only once. Most vertical velocities were in the range
of 10-25 ms™'. The Doppler RHIs also indicated
rather narrow tower widths (~5 km) aloft with sig-
nificant lateral inflow, suggesting an important role for
entrainment and consequent departures from undilute
parcel ascent. Studies by Kingsmill et al. (1989) also
provide evidence for departures from parcel theory in

: . - deep convection.
dition, scatterplots of CAPE versus surface values of - p

In light of this evidence for a significant failure of
parcel theory, the choice of method for CAPE calcu-
lations is generally unconstrained by the observations
of vertical air velocity.

4. Global climatology of wet-bulb potential
temperature

The reasonably well-defined relationships (shown in
section 3b) between CAPE and the wet-bulb potential
temperature of boundary-layer air, over both land and
ocean in the tropics, suggests that the global distribution
of surface 6,, will be a reliable indicator of the distri-
bution of energy stored in the tropical atmosphere.
Monthly mean values of wet-bulb temperature for
tropical land stations were calculated from tabulated
temperatures ( Meteorological Office 1965) and vapor
pressures (NCDC 1988 ) and from a recently published
climatology of wet-bulb temperature (International
Station Meteorological Climate Summary 1990). The
wet-bulb temperatures were subsequently corrected for
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TABLE 1. Summary of zero-CAPE intercepts of wet-bulb potential temperature 8, in degrees Celsius and slopes of best fit
[d (CAPE)/dfw (J kg™' °C™")] for analyzed tropical soundings.

Station Latitude Longitude Irreversible Reversible Reversible with ice
Australia—AMEX
Darwin 12° 131°E 23.1 (1090) 23.6 (1030) 22.8 (1260)
Gove 12°S 137°E 23.0 (1150) 23.4 (1110) 22.6 (1310)
Thursday Island 11°s 142°E 23.2 (1210) 23.7 (1200) 22.9 (1360)
Broome 18°S 122°E 23.4 (1190) 23.8(1110) 22.8 (1090)
Hall’s Creek 18°S 128°E 22.9 (870) 23.3 (760) 22.8 (1090)
Townsville 19°S 147°E 21.9 (780) 22.4 (710) 21.8 (940)
Willis Island 16°S 150°E 22.0 (940) 22.5 (920) 21.7 (1050)
Mount Isa 21°8 140°E 21.7 (580) 22.0 (450) 21.7 (730}
Weipa 13°S 142°E 23.3(1170) 23.8 (1170) 22.9 (1300)
Burketown 18°S 140°E 23.0 (1020) 23.5 (980) 22.7 (1170)
Borroloola 16°S 136°E 23.0 (1170) 23.8 (1120) 23.0 (1320)
PRC ship 11°s 139°E 23.4 (1300) 23.9 (1290) 23.0 (1380)
South America—ABLE
Belém 1.5°S 49°W 22.5(790) 23.1 (682) 22.0 (819)
Boa Vista 3.2°S 61°W 22.6 (940) 23.1 (860) 22.3 (1020)
Tabatinga 4.1°S 70°W 22.9 (1000) 23.4 (932) 22.8 (1180)
Vilhena 13°S 60°W 21.5 (480) 22.3 (397) 21.2 (520)
Alta Floresta 12°S 55°W 22.3 (760) 22.8 (616) 22.2 (920)
Embrapa 3.0°S 60°W 21.2 (613) 21.7 (534) 20.5 (560)
Atlantic Ocean—GATE
Researcher ship 7°N 23°W 21.3 (860) 21.8 (730) 21.1 (990)
Quadra 9°N 22°W 21.7 (990) 22.2 (900) 21.5 (1090)
Onversaagd 15°N 54°W 21.1 (830) 21.7 (760) 20.9 (950)
Ascension Island 8°S 14°W 19.6 (380) 19.5 (260) 19.6 (470)
Barbados 13°N 59°W 21.6 (1050) 22.0 (950) 21.5(1180)
Trinidad 11°N 61°W 21.5 (980) 22.0 (900) 22.2 (1080)
Pacific Ocean—GATE
Ponape 7°N 158°E 22.4 (1170) 22.9 (1150) 22.1 (1270)
Africa—GATE
Malakai 10°N 32°E 22.6 (1020) 23.1 (960) 22.5 (1130)
Port Sudan 20°N 37°E 23.6 (1200) 24.0 (1150) 23.4 (1300)

mean station pressure to determine 6,,.. Over ocean
regions, tabulated values of sea surface temperature
and air-sea temperature differences (Bottomley et al.
1990) were used to determine boundary-layer temper-
ature, and a fixed relative humidity of 80% was assumed
(Riehl 1954) in calculating 8,, values. Subsequent cal-
culations of the relative humidity in the boundary layer
over the oceans using data from Bottomley et al. (1990)
showed that the latter assumption was quite accurate.
Climatological maps of 8,, for January and July are
shown in Fig. 5, where 1°C contours have been used.

Both January and July maps show three well-defined
maxima (25°C and larger) in ,, associated with tropical
continental zones (the Americas, Africa, and the mar-
itime continent ). These elevated values are largely at-
tributable to the effects of temperature; the land surface
(solid, immobile, with low heat capacity) is more
strongly heated than the ocean. It should be noted,

however, that the surface mixing ratio over tropical
continental zones is also slightly elevated relative to
the adjacent oceans (Newell et al. 1972), thereby con-
tributing to elevated values of moist entropy over the
continents.

The central oceans (both Atlantic and Pacific) ex-
hibit 8,, values close to 22°-23°C, the zero-CAPE in-
tercept in the scatterplots shown in Fig. 4 and tabulated
for a larger number of stations in Table 1. Oceanic
regions noted for tropical cyclone formation—the
western regions of the tropical Atlantic and Pacific
oceans, the Bay of Bengal, and the eastern Pacific off
Mexico—all exhibit 8,, values that are greater than the
zero-CAPE intercept, but significantly less than the land
values. The comparatively smaller values of CAPE in
the GATE soundings are consistent with the small up-
drafts recorded in that experiment (Lemone and Zipser
1980).
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The climatology in Fig. 5 shows considerable agree-
ment with global maps of deep cloudiness (Susskind
et al. 1984; Markson 1986), outgoing longwave radia-
tion (Bess et al. 1989), cloud albedo (Harrison et al.
1990), high-level cirrus cloud (Chiou et al. 1990), up-
per-level water vapor (Bannon and Steele 1957; Newell

et al. 1972), and the distribution of global lightning
(Kotaki and Katoh 1983; Orville and Henderson
1986). This general agreement supports the idea that
CAPE is present in regions of deep convection and
plays an important role in promoting ice particles to
the upper troposphere.
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5. The areal release of conditional instability

The calculations presented thus far indicate that
stored energy of the order of 1000 J kg™' of air are
present over large areas of the tropics, over land areas,
and over the warmer parts of the oceans as well. Further
calculations, shown in Fig. 6, show that CAPE is sus-
tained throughout the course of a day as well. Despite
this widespread availability of energy for instability,
observations show that deep convection breaks out over
a relatively small area. Figure 7 shows a histogram of
the maximum fractional area covered by radar echoes
(15-dBZ threshold) over the course of 47 days of the
wet season in Darwin, Australia. The geometric mean
value for maximum fractional area is only 7%. The
largest values in this histogram ( ~40% ) are associated
with monosoonal convection when CAPE values are
at their minimum level for the wet season.

In search of possible barriers to the initiation of con-
ditional instability, the convective inhibition energy
(CINE) was examined for the same set of tropical
soundings used for CAPE calculations. CINE is rep-
resented by the negative area on the tephigram at low
levels and is defined by

LFC

CINE=ff (Typ — Toa)Rad(InP).  (13)

Here, T, and T,, are the ambient virtual temperatures
of the environment and cloud parcel, respectively.
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Histograms of CINE values for four tropical stations
are shown in Figs. 8a-d. The values range from 0 to
about 200 J kg ! with mean values of about 20 J kg ~!.

The mean values are small (relative to CAPE val-
ues), but are by no means negligible. According to
(12), in order to overcome a negative area of 20 J kg~!,
a parcel velocity of 6.3 m s ™! is required. Such a velocity
is far in the tail of velocity distributions associated with
boundary-layer thermals (Lenschow and Stephens
1980; Raymond and Wilkening 1982). This result
suggests that CINE can frequently present a significant
barrier to the release of conditional instability in the
tropics.

Figures 8a—d also show that on other occasions, the
CINE values are essentially zero, and no capping in-
versions are present. It is possible that conventional
radiosoundings are too coarse a tool for resolving small

- CINE values. If CINE is essentially zero, however, al-

ternative barriers must be examined to explain the large
reservoir of CAPE in the tropical atmosphere. One
possibility, not examined in this study, is the entrain-
ment process itself, which may render neutral buoyancy
to small cloudy parcels in their early stages of forma-
tion.

6. Discussion

a. How should CAPE be calculated for tropical
soundings?

CAPE is unambiguously determinable only within
the confines of parcel theory, and a number of obser-
vations show that parcel theory is an inaccurate ap-
proximation. Furthermore, the parcel theory processes
of reversible and irreversible (pseudoadiabatic) dis-
placements represent extreme situations in which the
precipitation efficiency is either 0% or 100%, respec-
tively. Given these discrepancies between theory and
reality, how is CAPE most accurately calculated?

Betts (1982), Emanuel (1988, 1989), and Xu and
Emanuel (1989) all advocate the use of reversible ther-
modynamics in the evaluation of conditional instabil-
ity, and water loading substantially reduces CAPE val-
ues in comparison to pseudoadiabatic calculations, as
shown clearly in Figs. 1 and 2. In recent years, this
result has become a mainstay of the argument that the
tropical atmosphere is in a state of moist neutrality.
Consistent with the assumptions of reversible displace-
ments and a distinct departure from the pseudoadi-
abatic assumption, radar observations of deep tropical
hot towers provide firm evidence for the lifting of pre-
cipitation condensate aloft. Observations also show
(Gamache 1990), however, that the condensate above
the 0°C isotherm in deep tropical convection is pre-
dominantly ice rather than liquid water. The most dra-
matic probable manifestation of this ice is the lightning
activity over tropical land regions and the warmer areas
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FIG. 7. Histogram of maximum daily fractional area covered by precipitation echoes within the 40 000-km?
area of radar surveillance during the wet season in Darwin, Australia.

of the oceans (Williams et al. 1991), and there is now
considerable evidence that the global electrical circuit
is dependent on ice (Williams 1989). When the latent
heat of freezing is included in evaluating parcel buoy-
ancy, the results presented here show that CAPE values
are as large or larger than values obtained by the pseu-
doadiabatic assumption, as shown in Fig. 2. The pos-
itive buoyancy due to the ice phase more than offsets
the water loading, also shown in Fig. 2. This result was
really shown earlier by Saunders (1957), but the ac-
knowledged persistence of supercooled water, the am-
biguity of selection of freezing level, together with the
complication of the phase change in the analytical
treatment, have discouraged most efforts to include the
ice phase in thermodynamic calculations.

The predictions of parcel theory when ice is included
show a pronounced increase in buoyancy with height
above the level of freezing, as was shown in Fig. 1. A
likely manifestation of this extra buoyancy in conti-
nental convection are the observations of enhanced
horizontal convergence above the 0°C isotherm in the
mature stage of thunderstorm development noted in
the Thunderstorm Project (Byers and Braham 1949)
and more recently in Doppler radar observations, in-
cluding those reported here for tropical hot towers
(Williams et al. 1991). According to the continuity
equation, the horizontal convergence is given by the

vertical gradient of the expression for W; in (12). This
effect could easily explain the pronounced pregnancy
in the convergence profile between the 4.5- and 6.5-
km altitudes shown in Fig. 25 of Byers and Braham
(1949) for Florida thunderstorms.

In the case of severe storms in highly sheared envi-
ronments (which are more prevalent at midlatitude
than in the tropics), the inclusion of ice in buoyancy
calculations may be essential to resolve apparent vio-
lations of energy conservation in published observa-
tions (Vonnegut and Moore 1958; Roach 1967; Lud-
lam 1980). In all these studies, the positive area on a
tephigram, represented by Eq. (1) and calculated on
the basis of the pseudoadiabatic assumption [ Eq. (2)],
was found to be smaller than the estimated negative
area above (bounded by the LNB and the observed
overshooting cloud top). The comparisons in Fig. 1
make it clear that the inclusion of ice in buoyancy cal-
culations will simultaneously increase the positive area
and reduce the negative area, thereby eliminating the
contradiction presented by the conventional pseu-
doadiabatic calculations.

It is important to emphasize that none of the three
methods for CAPE determination is particularly ac-
curate, given the inadequacies of parcel theory. There
is, however, little question that the reversible calcula-
tion with ice is more accurate than the reversible cal-



32 MONTHLY WEATHER REVIEW

RN
IRREVERSTRLE PROCESS
———r — T —
1 ; ;
®
gé@-
o
f,
o
4
mn b
)
S 8
2
B - o 9 - Q d
[T R B S B A PR B
5] B 20 -159 -1 -5 ]
CINE (JOULES/KG)
P.R.L. SHIP
TRREVERSIRLE PROCESS
L T R
» : : : : :
L ; : .
i : : i
r : : b
mﬁﬂ -
(75} M : N
< | : g ]
&) : :
e : : i
O 4 ‘ : -
o : : 1
3] : :
o : : 4
:23 L : : ]
) : : .
» : : -
- 5 : : — s— -
PR PRI S SIS SRS S S PSS |
-3 -2 - -1% -168 -5 ]

CINE (JOULES/KG)

NUMBER OF CASES

VOLUME 121
30
IRREVERSTHE PROCESS

—— e e

o ! J

¥
(%]
o
(%]
<
3
o
O »
[N
o)
m b
=
=}
F4

10

8 - : : :

| WP S N SIS Y S S (T SO WO TS S ST S W ST S N ST SO

-0 750 2 159 -i89 5 [

CINE (JOULES/KG)

FATE SHIP POADRY (IRREVERSIRLE)

T T T T T 7T T T

b d

L Bt

T

L

T

LENLAR B B

-3 -2 -8 -1 -108
CINE (JOULES/KG)

FiG. 8. (a) Histograms of convective inhibition energy (CINE) for (a) Darwin; (b) Belem; (¢) PRC ship; (d) Quadra ship.

culation with liquid water loading alone. It may well
be unrealistic to carry the adiabatic liquid water content
(several grams per cubic meter) to the 200-mb level,
for example, but it is even more unrealistic to prevent
this water from freezing. As shown in earlier sections,
the CAPE calculations with ice lend an unequivocal
“yes” to the question posed in the title of Xu and
Emanuel (1989) for large regions of the tropical at-
mosphere.

It is often stated that the tropical atmosphere is close
to a condition of moist neutrality. What then does
“close” mean? The results of this study, like previous
results, show that the tropical atmosphere is substan-
tially closer to a moist neutral condition than a dry
neutral one. Itis precisely this circumstance that gives
the inclusion of the ice phase (vapor deposition and
freezing) a far greater influence on CAPE than the 12%
latent heat of fusion relative to the latent heat of con-
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densation. When the ice phase is included in the cal-
culations, we have shown that the parcel-theory pre-
dictions for velocity appear to account easily for mea-
sured velocities. To the extent that vertical motions are
attributable to the release of conditional instability in
the tropics, it must be concluded that the tropical at-
mosphere exhibits distinct departures from moist neu-
trality.

b. Threshold temperatures in the tropical atmosphere

The CAPE calculations for a variety of locations in
the tropics show reasonably well-defined empirical
thresholds in the wet-bulb potential temperature. Zero-
CAPE intercepts summarized in Table 1 are somewhat
dependent on method of CAPE calculation, but all re-
sults are close to 8,,, = 22°-23°C. For consistency, all
calculations in Table 1 are based on the assumption
of lifting from the surface, and it is noteworthy that
this assumption leads to a near-zero-CAPE atmosphere
over the central oceans, in agreement with Emanuel
(1988). For tropical boundary layers with 8,, values
larger than 23°C, CAPE increases (on average) at a
rate of about 1000 J kg™! °C~! of 4,,.

Betts and Ridgway (1989) have also observed an
“equilibrium” value for boundary layer 6, (347-350
K) in agreement with the 8, values shown in Table 1.
It is important to note, based on the results in Fig. 4,
that all tropical stations analyzed in this study show
systematic increases in CAPE for 6,, values larger than
the equilibrium 6,,., suggesting that tropical convection
is generally unable to maintain an equilibrium zero-
CAPE atmosphere. The sustained presence of finite
CAPE, both day and night over tropical continental
regions, is supported by the calculations shown in Fig.
6 and the existence of lightning activity at midnight
(Orville and Henderson 1986).

The 6,, threshold for finite CAPE is evidently linked
with a widely recognized empirical threshold for trop-
ical cyclone formation. As noted earlier, the 8, cli-
matology in Fig. 5 shows that 8, = 23°C in regions
over the oceans where such storms originate (Gray
1968). Longstanding evidence is available for a 26°-
26.5°C threshold in sea surface temperature for the
formation of tropical cyclones (Palmen 1948; Anthes
1982; Evans 1991). If the latter temperature threshold
is adjusted for the tropical air—sea temperature differ-
ence of 0.5°-1.0°C (Bottomley et al. 1990) and the
80% relative humidity typical of oceanic boundary-
layer air (Riehl 1954), a 6,, close to 8,,. value = 23°C
results. These results taken together suggest that finite
CAPE is present prior to tropical cyclone (hurricane)
formation and raise questions about the representa-
tiveness of numerical formulations that produce hur-
ricanes (Rotunno and Emanuel 1987) without preex-
isting CAPE.

Several studies (Kotaki and Katoh 1983; Orville and
Henderson 1986 ) show that the lightning activity over
the tropical ocean is an order of magnitude less frequent
than over the land. Williams et al. (1992) suggest a
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quantitative explanation based on the nonlinear de-
pendence of graupel formation on 6,, and CAPE. When
lightning does occur over the tropical ocean, it is most
prevalent over the warmer western regions of the At-
lantic and Pacific (where 8,, values in Fig. 5 are ele-
vated), often in association with tropical cyclones
(Dean 1929; Sashoff 1939; Kimpara 1958; Black et al.
1986; Venne et al. 1989). Based on evidence for a well-
defined threshold for CAPE and an empirical threshold
for lightning over the tropical oceans, it is tempting to
argue that CAPE is essential for lightning. While this
may well be true, at least one argument to the contrary
has been posted (Williams 1991).

Other observational studies of convection in the
tropical atmosphere have also shown evidence for a
threshold temperature. For example, Graham and
Barnett (1987) found a dramatic change in convection
regimes for a critical SST of 27.5°C. Raval and Ra-
manathan (1989) and Stephens and Greenwald (1991)
have examined the SST dependence of a greenhouse
parameter (essentially the measured difference between
the longwave radiation to space and the outgoing long-
wave radiation from the sea surface ). Both studies find
a well-defined nonlinear increase in greenhouse pa-
rameter for an SST = 25°-26°C. On the basis of the
results in this paper, we suggest that the onset condition
in temperature for conditional instability over tropical
oceans has a marked effect on tropical convection.

¢. Barriers to the deep release of conditional
instability

The results of this paper support the status quo: large
areas in the tropics have significant stored energy avail-
able for convection. By “significant,” we mean CAPE
values sufficient to account for observed vertical ve-
locities in deep tropical convection, according to Eq.
(12). Diurnal heating and the low heat capacity of land
areas cause maximum CAPE values there, but obser-
vations in this study (e.g., Fig. 6) suggest that finite
CAPE is present over land and ocean, day and night.
The reasons for the substantial discrepancy with other
results (Emanuel 1988, 1989; Xu and Emanuel 1989)
were discussed in section 6a. The maps of wet-bulb
potential temperature in Fig, 5 suggest that more than
half of the area within the tropical belt is conditionally
unstable. This status quo result again raises the question
posed several times in earlier studies (e.g., Byers 1951):
Why is the convecting area such a small fraction of the
conditionally unstable area?

Energy arguments for moist convection (Bjerknes
1938) predict a small area of ascent and a large area
of subsidence, but this steady-state argument does not
explain why the initiation of conditional instability is
prevented when energy is available, and other barriers
to deep convection may be present. Pronounced cap-
ping inversions, similar to ones observed in soundings
over the North American Great Plains in the spring-
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time, are occasionally observed in tropical soundings.
In Darwin, Australia, for example, pronounced caps
on about 10 days in two wet seasons prevented all deep
convection and the appearance of radar echoes, and
the CAPE values peaked at 4000-6000 J kg ~'. Most
of the time, however, the temperature inversions are
more subtle and daily convection is common, though
still occupies a small fractional area (Fig. 7).

Calculations of CINE discussed in section 5 for a
number of stations show that on about half the occa-
sions CINE is 20 J kg™! or larger, values sufficient to
prevent vigorous 6 m s ! boundary-layer thermals from
achieving the “condition” of conditional instability.
Observation of vertical velocities in dry boundary-layer
convection suggest that such thermals are relatively rare
events (Lenschow and Stephens 1980; Raymond and
Wilkening 1982). Other calculations of CINE from
tropical soundings (Keenan et al. 1990) show average
values significantly larger than 20 J kg™

Some tropical soundings show no capping inversion,
no measureable CINE, but substantial CAPE, and still
deep convection breaks out infrequently. Visual ob-
servations on such occasions often show the presence
of large numbers of shallow cumuli with bases at the
LCL that have ceased growing and appear to be neu-
trally buoyant ““fossils.” These observations suggest that
the small clouds, which are most susceptible to mixing,
ingest dryer environmental air and by evaporative
cooling quickly lose the buoyancy they acquire above
the level of free convection, thereby preventing them
from tapping the stored energy at higher levels. The
evaporation cooling also produces penetrative down-
drafts that may stabilize the planetary boundary layer.

This study provides only a partial answer to the
question posed at the beginning of this section. Further
detailed analyses of the soundings and the behavior of
clouds that develop in response to these soundings will
be niecessary to clarify the nature of barriers to the re-
lease of conditional instability.

d. Significance of results on conditional instability
for general circulation models

Global variations in boundary-layer moist entropy
(as quantified in this study by wet-bulb potential tem-
perature) and consequently CAPE, particularly the
land-ocean contrast in these parameters, appear to be
mirrored in a number of other meteorological variables,
as discussed briefly in section 4. The larger 6,, values
over continental regions lead to larger vertical velocities
(Williams et al. 1991), deeper clouds (Susskind et al.
1984), larger albedo (Harrison et al. 1990), larger
transports of ice particles to upper levels of the tro-
posphere (Chiou et al. 1990), substantially more light-
ning activity (Kotaki and Katoh 1983; Orville and
Henderson 1986), larger concentrations of water vapor
(Newell et al. 1972) at upper levels, and a reduction
in outgoing longwave radiation (Bess et al. 1989) rel-
ative to the regions over colder ocean water. All these
characteristics are determined essentially by the upward
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transport of ice particles in deep tropical convection,
a transport that is strongly influenced by CAPE and
the moist entropy of the planetary boundary layer em-
phasized in earlier sections. There is considerable ev-
idence that lightning activity, for example, is dependent
on the freezing of supercooled water as rime-on-graupel
particles in the mixed-phase region (0° < "< —40°C)
(Williams 1989). Other characteristics of the tropical
atmosphere—albedo, outgoing longwave radiation,
and upper-level water vapor—depend on small ice
particles whose residence times in the upper tropo-
sphere (by virtue of their small terminal velocities)
range from hours to days. The emplacement of these
small ice particles in the upper troposphere of the trop-
ical atmosphere may likely depend on a process that
is closer to reversible than processes at lower levels of
deep convection. In section 3, the departures from
reality in both the reversible and pseudoadiabatic pro-
cess at lower levels were emphasized. It is possible that
the reversible process is a more accurate description
for the evolution of ice condensate in the cold (T
< —40°C) portions of deep updrafts, where super-
cooled water is nonexistent and where precipitation
formation and efficient removal of the ice by gravita-
tional sedimentation is not possible. If this argument
is valid, the —40°C level (11-12 km MSL) is of con-
siderable importance in the tropical atmosphere.
Analysis of soundings in this study shows that the level
of neutral buoyancy is usually above the —40°C iso-
therm, and that this level increases with 8,, and CAPE.
The substantial land—ocean contrast in the previously
mentioned ice-controlled characteristics is probably
explicable in terms of differences in 6,, as shown in the
global climatology in Fig. 5.

In GCMs, the characteristics and parameters cited
previously are strongly impacted by cumulus param-
eterization schemes. The various cumulus parameter-
ization schemes now in use can be distinguished on
the basis of how they process CAPE in the atmosphere,
or how pervasively boundary-layer air of high 6, is
transported to upper levels of the troposphere by moist
convection. In light of the results in this study, an im-
portant test of how well these schemes process CAPE
is how well the GCM results for surface wet-bulb po-
tential temperature agree with the global distributions
shown in Fig. 5 and with the observation in Table 1.
We are presently seeking GCM results on 6,, to make
such comparisons for the various cumulus parameter-
ization schemes in current use.

7. Conclusions

Conditional instability has been examined for the
tropical atmosphere based on thermodynamic, radar,
and electrical observations. CAPE has been calculated
by three methods (pseudoadiabatic, reversible, revers-
ible with ice). The expectation that ice will dominate
the mixed-phase region and will be the sole form of
condensate at higher levels of tropical convection sug-
gests that the most accurate parcel-theory calculation
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is the reversible-with-ice method, in which it is found
that the negative buoyancy of condensate loading is
roughly offset by the positive buoyancy from the latent
heat of freezing. At all sites examined, CAPE is well
correlated with boundary-layer wet-bulb potential
temperature, with a well-defined zero-CAPE intercept
near 22°-23°C. Global distributions of 8,,, a variable
that appears to be a reliable proxy for CAPE, show
maximum values (23°-28°) over continents, inter-
mediate values over warm ocean water (24°-25°), and
values near the zero-CAPE intercept (22°-23°C) over
the central Atlantic and Pacific oceans. CINE provides
only a partial explanation for the simultaneous pres-
ence of widespread CAPE and infrequent deep con-
vection.
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