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ABSTRACT

Generation of available potential energy (APE) is computed for the warm sector of an extratyopim] cyclone
containing intense convection. Three hourly mesoscale rawinsonde data from the 10-11 April day of AVE-
SESAME 1979 are used to evaluate generation by five diabatic components. Convective latent heat release
is found to be the dominant diabatic term during times of intense convection, whereas stable latent _heaﬁng
provides a relatively small contribution. Sensible heat transfer is important near the surface during the
afternoon. Solar and infrared radiative processes are quite significant in regions of low-level stratus and
convective activity. Solar absorption during midday is observed to be much greater than at the standard
rawinsonde observation times. The use of subjectively specified cloud data and sophisticated x.adiative transfer
models permit more detailed resolution of cloud effects than possible in earlier studies of this type. o

Negative generation of APE is dominant during the 24 h period because convective latent heating is
superimposed on areas of negative efficiency. The only consistent positive generation is due to mfra_red
cooling. Sensible heating is the third largest generating component, while stable heating and solar absorption
are least significant. Results document rapid temporal variations in generation as well as contrasts between
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energetics of the warm sector and those of entire cyclones.

1. Introduction

Meteorologists are increasingly focusing their at-
tention on mesoscale phenomena. Essential to an
understanding of mesoscale processes is a knowledge
of the associated energetics. Available potential energy
(APE), first considered by Margules (1903) and later
developed by Lorenz (1955), can be defined as that
portion of the total potential energy that is available
for conversion into kinetic energy (KE). Thus, it is
the amount that would be released during a reversible,
adiabatic redistribution of mass to a horizontally
stratified reference state. Although the role of APE in
global circulations has been studied rather extensively
(e.g., Dutton and Johnson, 1967; Oort and Peixéto,
1974; Peixoto and Oort, 1974), much less is known
about the APE of individual cyclones.

Investigations of APE in synoptic scale features
have emphasized the generation term of the budget
equation. Case studies have considered both tropical

cyclones (e.g., Anthes and Johnson, 1968; Edmon .

and Vincent, 1979) and midlatitude systems (e.g.,
Danard, 1966; Bullock and Johnson, 1971; Vincent
et al., 1977; Lin and Smith, 1979, 1982). Of the
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various diabatic components that can produce gen-
eration, convective latent heat release has been found
to be the greatest contributor, whereas infrared radia-
tive cooling was second in importance. Except for
Lin and Smith (1982), generation by solar absorption
has not been evaluated explicitly, and even they
considered only times corresponding to standard 12
h rawinsonde data. Furthermore, to the authors’
knowedge, there are no published studies that have
considered generation of APE at the mesoscale.

Results of Lin and Smith (1979) are of particular
interest to the current research. They noted that an
area of convection located primarily in the warm
sector of an extratropical cyclone was a region of
pronounced generation of APE. Values in that area
were four to five times greater than those of the entire
cyclone system. Thus, their findings suggest that the
energetics of the warm region deserve much closer
investigation.

This paper describes generation of APE for the
warm sector of a midlatitude cyclone. Unlike the
synoptic scale input of Lin and Smith (1979), however,
mesoscale rawinsonde data from the First Atmospheric
Variability Experiment-Severe Environmental Storms
and Mesoscale Experiment (AVE-SESAME 1) are
employed. The 24 h period coincides with the Red
River Valley tornado outbreak of 10~11 April 1979.
The mesoscale temporal and spatial nature of the
data, together with the area of coverage, permit an
in-depth analysis of generation within the convectively
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active warm sector. The diabatic components being
considered are convective and stable latent heat re-
lease, infrared and solar radiation, and sensible
heating.

2. Theoretical considerations
a. Generation of available potential energy

Calculating generation of APE for the limited
domain of AVE-SESAME 1 requires that the volume
be treated independently of the remaining global
atmosphere. Anthes and Johnson (1968) and Johnson
(1970) provided formulations for this purpose by
partitioning APE into baroclinic and barotropic com-
ponents. The barotropic component is the contribu-
tion by the limited region to global APE due to
differences in reference states between the limited and
global atmospheres. The baroclinic component rep-
resents the APE of the limited region based solely on
its locally defined reference state. Thus, baroclinic
generation represents the role of diabatic processes in
altering the baroclinicity of the limited region. In the
current study, baroclinic generation is computed for
the AVE-SESAME I domain. Therefore, resuits only
document diabatic effects on the baroclinicity of the
cyclone’s warm sector, i.€., their impact on the cyclone
as a whole is not considered.

Based on Smith (1969), Vincent and Chang (1973),
and Lin and Smith (1979), baroclinic generation of
APE may be expressed as

| L
G=- f NQdpdo, (1

g s Y Pu
where g is the acceleration of gravity, ¢; is the
horizontal area being studied, p, is the surface (station)
pressure, p, is the topmost pressure level (100 mb
for this study), Q is the diabatic heating rate, and N
is the efficiency factor for the limited region. The
expression for efficiency is

N = D _Kpr , (2)
D

where k = Ry/c, = 0.286, and where p, is the reference
pressure, the average pressure on the corresponding
isentropic surface within the limited region, i.e.,

1
p0,0=~ [ ooy 6,0d8, @
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where 6 is potential temperature at pressure level p.

Values of p, were obtained for isentropic surfaces
at intervals of 1.0 K. When a 8 surface penetrated
the ground, station pressures at those points were
used. When an isentropic surface extended above 100
mb, pressures were computed using Poisson’s equation
by assuming isothermal conditions above 100 mb.
The lowest pressure thereby obtained was 75.9 mb.
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b. Diabatic heating computations

The diabatic heating rate (Q) in (1) was the sum
of contributions by five components. Convective latent
heat release (CLHR) was parameterized using the
formulations of Kuo (1965, 1974) developed for
tropical systems, as modified by Edmon and Vincent
(1976) and Lin and Smith (1979) for the midlatitudes.
Previous applications have been limited to synoptic
scale input data; thus, its use in the current study
will provide evaluation with mesoscale data. Briefly
stated, CLHR was specified when low-level conditional
instability occurred in conjunction with moisture
convergence within the integrated atmospheric col-
umn. For this study, a conditionally unstable layer
at least 100 mb thick, and occurring within 200 mb
above the lifting condensation level, was required
(Edmon and Vincent, 1979). The convective cloud
base was defined as the base of this conditionally
unstable layer, and the cloud top was the last level
where the computed in-cloud temperature was warmer
than the surrounding environment. The only excep-
tion was that one negatively buoyant 50 mb layer
was permitted so that cloud depths would not be
unrealistically suppressed (Edmon and Vincent, 1976).
A further requirement was that mean relative humid-
ity within the surface to 500 mb layer be at least
40%, as suggested by Lin and Smith (1979). Finally,
the water vapor storage (b) term of the parameteriza-
tion was assumed to be zero, as was done in each of
the previously cited studies.
~ Stable latent heat release (SLHR) was calculated
using a procedure similar to that of Edmon and
Vincent (1976) and others. SLHR was specified when
there was 1) upward vertical motion, 2) vertical -
moisture convergence of saturated air at environmen-
tal temperatures, and 3) a relative humidity of at
least 90%. Calculations of both CLHR and SLHR
were performed at each computational grid point (see
Section 2c). . :

To determine diabatic effects due to radiative pro-
cesses, cloud types, altitudes, and amounts were
needed. Our procedure was to subjectively specify
this information using a combination of surface ob-
servations, upper air data, satellite imagery, and radar
reports. Previous APE investigations have used output
from latent heating parameterizations in order to
objectively describe the clouds (e.g., Vincent et al.,
1977, Edmon and Vincent, 1979; Lin and Smith,
1982). However, a limitation of that approach is that
any deficiencies in the latent heating schemes would
affect the radiation computations as well. Further-
more, many clouds are inactive in terms of latent
heat release but are quite important radiatively, e.g.,
persistent nonprecipitating stratus or stratocumulus,
and convectively generated debris clouds such as
altostratus or cirrus. Even for a cumulonimbus, the
area of significant radiative impact may be substan-
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tially larger than the area of surface precipitation.
Thus, the subjective analysis used here should provide
a more detailed and accurate representation of clouds
than an objective scheme based on CLHR and SLHR
diagnoses.

Diabatic heating due to absorption of solar radiation
was calculated using the radiative transfer model of
Manabe and Wetherald (1967) which includes the
effects of water vapor, ozone, carbon dioxide, and
clouds. Broadband radiative properties of clouds in
the solar spectral region were specified as shown in

- Table 1.

Computations of temperature tendencies due to
infrared (IR) processes were performed using the
radiative transfer model of Cox (1973). It is an
isothermal, broadband, flux emittance scheme that
includes the effects of pressure broadening and over-
lapping absorption bands, and considers contributions
by water vapor, carbon dioxide, ozone, and clouds.
Additional details about both the solar and IR models
may be found in Cox and Griffith (1979). Infrared
cloud properties are defined by upward and downward
effective, broadband flux emittances (¢¥(1) and e*(l),
respectively). Noncirriform clouds were assumed to
be radiatively black, i.e., e*(T) = e*(1) = 1.0. Values
of ¢*(T) assigned for cirrus cloud layers (Table 2)
correspond to observations reported by Reynolds and
Vonder Haar (1977). Corresponding values of e*(1)
were specified based on the scheme described by Starr
(1982). Emittances are allowed to increase exponen-
tially with depth into the cloud such that values
approach those in Table 2 within 100 mb of cloud
top, thereby providing for a radiative penetration
depth. Although the depth is greater than normally
considered for noncirriform clouds (Cox and Griffith,
1979), its effect is to account for local variations in
cloud heights about areal extremes. This is appropriate
when cloud tops are not horizontally .uniform, as in
the current case (Negri, 1982).

One should note that the current IR model is
significantly more sophisticated, and presumably more
accurate, than the Danard (1969) scheme which has
been used in several previous APE investigations (e.g.,
Vincent et al., 1977; Edmon and Vincent, 1979; Lin
and Smith, 1982). Given the apparent significance of
IR processes in the warm sectors of cyclones (Lin

TABLE 1. Values of broadband, flux absorbance (a*) and reflectance
(p*) used with various cloud types in shortwave caiculations. A range
indicates that the value actually used was dependent on the subjec-
tively determined cloud structure.

Cloud type Absorptance Reflectance
Cumulonimbus 0.20 0.70-0.75
Cumulus 0.15 0.50
Stratus 0.10-0.15 0.40-0.50
Thin cirrus 0.05 0.20
Dense cirrostratus and anvils 0.15 0.50
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TABLE 2. Values of upward [e*(1)] and downward {e*({)]
broadband, flux emittance used in infrared calculations.

Cloud type 1) (1)
Day Dense anvil 0.70 0.81
Cirrustratus 0.50 0.62
Thin cirrus 0.20 0.26
Night Dense anvil 0.70 0.76
Cirrostratus 0.50 0.56
Thin cirrus 0.20 0.23
Other types 1.0 1.0

and Smith, 1979), use of a more detailed scheme was
considered appropriate. :

Our methodology was to compute vertical profiles
of heating rates for the various cloud structures that
existed near each rawinsonde site. These values then
were transferred to nearby grid points (see Section
2c) by subjectively weighting each profile acccording
to the extent to which it represented observed clouds
in the corresponding grid volume.

Our procedure for calculating sensible heat flux
was based on Oliger et al. (1970). In the original
technique, horizontal eddy diffusivity (K,) was ob-
tained at each grid point based on second derivatives
of the wind. During the current case, however, upper-
level winds were as strong as 60 m s~!, producing
large regions where sonde elevation angles were below
10° and where the wind derivatives would be subject
to considerable uncertainty (Fuelberg, 1974). There-
fore, instead of the original procedure, K, was assumed
to be 1.0 X 10° cm? s™! at all grid points and altitudes.
This value is consistent with those of Gerrity (1967)
and Sasamori and Melgarejo (1978). Values of vertical
kinematic thermal eddy diffusivity were calculated at
each level of each grid point, as originally proposed,
since wind derivatives were not required.

¢. Data handling procedures

Data for the study were collected during the AVE-
SESAME I period (10-11 April 1979). Rawinsonde
observations were taken at 3 h intervals from 1200
to 1200 GMT inclusive at 39 sites having an average
station spacing of 250 km (Fig. 1). The data were
objectively analyzed onto a 15 X 13 grid having a
mesh length of 127 km. Eighteen levels in the vertical
were included; i.e., the surface and 50 mb intervals
from 900 to 100 mb. Vertical motions were calculated
using the kinematic method. The gridded data and
vertical motions are identical to those of Fuelberg
and Jedlovec (1982) where further details may be
found.

Additional data up to 1 mb were needed for the
radiative transfer computations. The concentration
of carbon dioxide was set at 338 ppm by volume at
all levels. A mean midlatitude spring season ozone
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FIG. 1. Outlines of the 15 X 13 analysis region (outer) and
computational region (inner dashed). Rawinsonde stations for
AVE-SESAME I also are indicated.

profile was assigned. Temperatures through 100 mb
were provided by rawinsondes, but above that level,
one of two standard stratospheric profiles was em-
ployed (Dubin et al, 1966). The profile that was
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selected for each point yielded the smallest absolute
temperature difference with the rawinsonde values
near 100 mb. Finally, for water vapor, a mixing ratio
of 2.5 ug g~! was used at all levels above 100 mb. A
linear increase then was allowed down to the top-
most level of radiosonde-derived mixing ratio (~350
mb). All generated data were checked to avoid ficti-
tious saturation in cloud free areas.

Observed precipitation values were used to evaluate
the latent heating parameterizations. Data from several
hundred stations were available in the Hourly Precip-
itation Data booklets published by the National Cli-
matic Center, NOAA. Each station’s hourly reports
were averaged over 3 h periods, i.e., | h before and -
2 h after the stated times. They were then subjectively
analyzed in order to retain the convective character
of the precipitation.

3. Weather summary

Several detailed synoptic discussions already have
been presented for 10-11 April 1979 (e.g., Alberty et
al., 1979; Carlson et al., 1980; Moore and Fuelberg,
1981; Vincent and Homan, 1983). Thus, it suffices
to present National Meteorological Center (NMC)
analyses for only the starting and ending times of the
experiment (Fig. 2). At the surface, a deep cyclone

SFC, 1200 GMT 10 Apr

SFC. 1200 GMT 11 Apr

FIG. 2. National Meteorological Center (NMC) analyses for the surface and 300 mb. Dashed lines are isotherms in °C.
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FIG. 3. NMC radar summaries with echo tops in km and observed precipitation rates in mm h™".

was centered over northcentral Colorado at the first
time, and it moved slowly toward the southeast
during the next 24 h. The front associated with this
low initially stretched through New Mexico but had
pushed into central Oklahoma and Texas by the end
of the period. In addition, a warm front advanced
northward through Texas during the day of 10 April.
At 300 mb, the dominant feature was a deepening
baroclinic wave extending from the Pacific Northwest
into New Mexico. A strong jet streak was located
over northern Mexico at the initial time, and it
rotated around the base of the trough and into
Oklahoma and Texas by the final observation. An
important point is that the AVE-SESAME domain
(Fig. 1) mainly captured the warm sector of the
cyclone for much of the 24 h period, i.e., the region
east of the upper-level trough and ahead of the surface
cold front.

Radar summaries and observed rainfall rates are
given in Fig. 3. At the initial times (e.g., 1500 GMT),
only scattered, light showers were occurring. However,
the middle times (2100 and 0300 GMT) included
intense organized convection stretching from western
Texas into eastern Kansas and Missouri. Echo tops

were often in excess of 15 km (50 000 ft), and rainfall
rates reached 10 mm h™! in southwestern Oklahoma.
In addition to the intense convection, weaker air
mass activity was occurring over the lower Mississippi
River Valley. By 0900 GMT, the storms generally
had weakened. Most echo tops were less than 13.5
km (45 000 ft); however, heavy rainfall at peak rates
of 10 mm h™! still was observed over southern
Missouri and southwestern Arkansas. Virtually all of
the air mass activity had already dissipated.

4. Results
a. Diabatic heating estimates

It is important to evaluate the various diabatic
heating estimates -because of their direct relation to
generation of APE through (1). The procedure will
be to first describe horizontal and vertical configura-
tions as well as peak values. Then, area averaged
statistics will quantify their relative importance within
the overall analysis region.

Total latent heat release (TLHR), the sum of
SLHR and CLHR, is vertically integrated and ex-
pressed as an equivalent rainfall rate in Fig. 4. Only
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FiG. 3. (Continued)

selected times are shown for ease of presentation.
Several points should be noted before the parameter-
ized values are compared with observed data. First,
radar summaries employ the manually digitized radar
(MDR) technique for indicating precipitation inten-
sity. This procedure tends to enlarge actual rain areas,
particularly for intense convective precipitation. Sec-
ond, the raingage network does not have a uniform
density. Third, some precipitation will “fall between
the cracks” even in areas of dense station coverage,
especially with convective activity. As an example,
the radar summary at 2035 GMT (Fig. 3) indicates
an area of rain from eastern Texas into southwestern
Mississippi; however, the raingage data show no
precipitation in that region. Finally, mountainous
terrain limits the radar’s areal coverage, and since
there is often a lower density of observing stations in
these arecas as well, much of the precipitation may be
undetected.

Even considering the aforementioned reminders, it
is clear that calculated rainfall rates (Fig. 4) generally
are in good agreement with observed patterns (Fig.
3). Since SLHR (not shown) seldom exceeds 1 mm
h™!, most of TLHR is attributable to CLHR. Specif-

ically, at 1500 GMT, the parameterization schemes
reproduce the small rainfall rates, although they are
not as well positioned. During times of greatest
convection (2100-0300 GMT), the schemes provide
accurate depictions of the intense, organized activity
that first developed over the Texas panhandle and
Oklahoma (2100 GMT) and later over westcentral
Texas (0300 GMT). It is noteworthy that at 0300
GMT the parameterizations duplicate the northeast—
southwest orientation of the major convective areas
as well as the tight gradient on the eastern edge of
the precipitation over Texas. Although observed max-
imum rainfall rates are not achieved, broader areas
of somewhat smaller values tend to compensate. For
example, at 2100 GMT the maximum observed
rainfall rate over the Texas panhandle is 10 mm h™!,
whereas the computed value only reaches 5 mm h™!,
The air mass type activity over the southeastern
portion of the area is not handled as well as the
organized convection. Weak instability and an ample
supply of moisture again produce greater than ob-
served areal coverage, but smaller than observed
maximum values. By 0900 GMT, observed rainfall
patterns become more cellular with large discrete
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FIG. 4. Vertically integrated total latent heat release (TLHR) expressed as a rainfall rate in mm h™'. Dashed
contours correspond to the next largest whole number value. The dashed line at 0300 GMT is the axis of a cross

section in Fig, 5.

maxima (Fig. 3); however, the calculated patterns

continue the broader representation (Fig. 4). Finally,
the light precipitation observed over Colorado at
most times is well matched by the parameterizations.
Patterns of SLHR (not shown) exhibit a strong cor-
relation with frontal locations. A broad band of
values less than 1 mm h™' occurs north of the warm
front (representing overrunning precipitation) from
the Texas panhandle into Missouri.

Figure 5 is a cross section of TLHR at 0300 GMT,
extending from near Abilene, Texas (ABI) to Salem,
Hlinois (SLO) (see Fig. 4). SLHR was not indicated
along this axis. The depth of the parameterized
convection is between 500-600 mb, with tops near
200 mb and bases between 800-900 mb. Greatest
heating rates exceed 80°C day™' near Abilene at 350
mb. For cross sections where SLHR is diagnosed (not
shown), greatest values are only 20-30°C day™!,
and most heating occurs at pressures greater than
600 mb.

Table 3 presents an objective comparison between
computed (TLHR) and observed rainfall data. When

all grid points of the experimental domain are con-
sidered, the difference between averages over the
composite 24 h period is only 0.06 mm h~!. One

1
2 -
L D O
’g“ — 80 40
~
B
a
6 -
T \_2
8- o
TLHR
of— 0300 GMlT | I -
ABI OKC UMN SLO

FIG. 5. Cross section of TLHR (°C day™).
The axis is shown in Fig. 4.
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TABLE 3. Average of observed and computed (TLHR) rainfall rates (mm h™!') when considering all points in the calculation region,
only points with observed rainfall, and only points with computed rainfall. Time is GMT.

10 April 11 April
Time (GMT) 1200 1500 1800 2100 0000 0300 0600 0900 1200 Composite
All points
Observed 0.10 0.11 0.20 0.40 0.59 0.61 0.61 0.63 0.50 0.42
Computed 0.15 0.1 0.25 0.51 0.68 0.70 0.68 0.55 0.64 0.48
Only points with observed rainfall
Observed 1.0 1.0 1.27 1.73 2.21 2.02 1.93 2.00 2.18 1.85
Computed 0.51 0.20 0.43 1.43 1.62 1.15 1.03 1.10 1.81 1.15
Number of points 15 16 22 33 38 43 45 45 33 290
Only points with computed rainfall
Observed 0.22 0.17 0.29 0.77 0.99 1.03 0.90 1.03 1.12 0.79
Computed 0.62 0.47 0.63 1.12 1.40 1.34 1.15 0.99 1.62 1.09
Number of points 36 42 58 65 69 75 84 79 57 565

should recall that the parameterized rainfall rate is
equivalent to vertically integrated latent heat release
that includes condensation from nonprecipitating
clouds as well as precipitating clouds that are less
than 100% efficient at converting moisture conver-
gence into rainfall. Thus, a calculated. rate greater
than observed could indicate an increase in cloud
cover over the volume. Satellite imagery (not shown)
supports this hypothesis.

For grid points where precipitation was observed
(Table 3), average rates are approximately 60% larger
than computed. However, the inverse is true when
examining only points having computed rainfall
(~30% less than computed). Also, the number of
grid points with observed precipitation during the 24
h period is 290, although there are 565 points where
rainfall is calculated. Thus, as noted from the hori-
zontal maps (Fig. 4), parameterized areas of rainfall
generally are larger than observed; however, computed
peak values are smaller. This result is not unexpected
since precipitation is diagnosed at the meso-a scale
of the input data. On the other hand, many observed
convective events occur at the smaller meso-vy scale.
The important point is that the parameterization
schemes duplicate the collective effect of latent heating

at the meso-a scale. Thus, in addition to their previ-

ously documented success when using synoptic scale
data (e.g., Kuo, 1965, 1974; Edmon and Vincent,
1976; Lin and Smith, 1979), they also appear equally
useful in conjunction with mesoscale input.

Results from the IR and solar computations indicate
that a major diabatic feature would have been over-
looked if “‘clouds” generated by the latent heating
schemes had been used. Figure 6 is a cross section of
IR heating rate from near Omaha, Nebraska (OMA)
to near Victoria, Texas (VCT) at 0000 GMT. Low

and midlevel clouds are found near OMA, intense
thunderstorms over north Texas and Oklahoma, and
shallow stratus over much of Texas. Greatest IR
cooling (up to —22°C day™!) occurs over Texas in
association with a persistent stratus deck in the lower
troposphere. The most intense cooling is at, and just
above cloud tops, and is considerably greater than
maximum rates of Vincent et al. (1977) and Lin and
Smith (1979). The strong cooling is attributable to
the relative dryness of the air overlying these warm
clouds. Since CLHR and SLHR are zero over most
of this area of Texas at this time, the region of
cooling would not have been detected using param-
eterized “clouds”.

A second important feature of the cross section
(Fig. 6) is the strong cooling near 250 mb over
Oklahoma. Greatest values are —13°C day™!. This
feature is due to cirrus anvils generated by intense

T R 7
2~ 0000 GMT s -
I8 =7 ]
2 7
':85— T 0 -
a. C:/‘C _

S ]

TOP

VvCT SEP OKC OMA

FIG. 6. Cross section of IR heating rate (°C day™).
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thunderstorms over extreme northern Texas and most
of Oklahoma. Although cooling rates of both features
are considerably smaller than peak values of CLHR
(Fig. 5), they nonetheless are important components
of the total diabatic effect. Finally, less prominent
features are weak IR warming (less than 1°C day™')
near the tropopause inversion and in subcloud layers,
and the weak cooling in cloud-free regions. Horizontal
maps of radiative processes are not shown; however,
the subjective procedure used for cloud specification
insures good continuity of the radiation patterns.
The 3 h AVE-SESAME data provide the opportu-
nity to describe the éffects of incoming solar radiation
during the afternoon hours when solar heating is
greatest, as well as during the regular synoptic times.
The cross sections of solar heating rate (Fig. 7) are
along the same north-south axis used for the IR term
(Fig. 6). At 2100 GMT (top), values are larger than
at any other time, and greatest magnitudes occur in
conjunction with extensive low-level stratus and cirrus
anvils. Maximum heating is approximately 14°C
day™!, slightly smaller than corresponding rates of IR
cooling (Fig. 6); however, the solar heating tends to
be distributed over a greater cloud depth. Thus, it

™ soL 7
ol 0000 GMT -~ 25— -
(/ AN

3 ”/. \ 7 -1
B4~ -
[3
esr .
adl B

Un 25 -

- ~
8 - \\ -
/ &—\
F i i
i 1 1 1 1
vCT SEP OKC TOP OMA

FIG. 7. Cross sections of solar heating rate (°C day™).
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more than counteracts the infrared cooling which is
concentrated near cloud top. In cloud-free areas, on
the other hand, the two processes do tend to cancel.
Cloud patterns changed little from 2100 to 0000
GMT; thus, major decreases in solar absorption (Fig.
7) are mostly attributable to the approach of sunset.

Areal averaged (Fig. 8) and vertically integrated
(Table 4) heating rates for selected times summarize
the relative importance of the five diabatic compo-
nents within the overall experimental domain (Fig.
1). During periods of convection, CLHR clearly is
the dominant process above the boundary layer. The
greatest layer value of 9.0°C day™! near 450 mb and
column total of 3.97°C day™' at 0000 GMT 11 April
are more than twice those of the next greatest con-
tributor, and are consistent with findings of Bullock
and Johnson (1971), Vincent et al. (1977), and Lin
and Smith (1982).

Infrared cooling and solar heating are the second
and third largest diabatic components during the
afternoon hours (Table 4). In fact, at 1800 GMT,
solar heating is the greatest single component. The
current importance of solar heating contrasts with
results of Lin and Smith (1982) who found it to be
their least significant term based on 0000 and 1200
GMT observations. Thus, it is clear that solar effects
should not be omitted from APE analyses of midday
events. However, when using the standard synoptic
times (0000 and 1200 GMT) over the United States,
the omission would be less serious. Vertical profiles
(Fig. 8) show that both radiative tendencies are greatest
in the lower troposphere due to the broad area of
stratus clouds. While the solar results show the obvious
diurnal fluctuations, values of IR cooling are quite
consistent, varying only 0.25°C day™! in the vertical
total (Table 4). This is attributable to a relatively
constant amount of cloud cover, i.e., as much of the
morning stratus dissipated, deep convective clouds
developed. While areal cloud coverage remained rel-
atively uniform, total cloud volume probably in-
creased, as suggested earlier. Cooling above the deep
cumulonimbus is comparable to that above the shal-
low stratus (Fig. 6), thus the similarity in Table 4.
Radiative effects of the convectively induced cirrus
outflow near 250 mb are not as pronounced in the
area averaged profiles (Fig. 8) as in the cross sections
through the storm area (Figs. 6-7). This is because
maximum cooling, associated with the dense anvils,
covers a relatively small area, while the more extensive
cirrus shield is much thinner and less active radiatively
(see Tables 1 and 2).

SLHR and sensible heating (SEN) are consistently
the smallest diabatic components, with values of 0.78
and 0.19°C day™!, respectively for the composite
period (Table 4). SLHR occurs much lower in the
atmosphere than CLHR (Fig. 8), and unlike its
convective counterpart, values steadily increase
through the end of the period. This is a response to
the low-level southerly flow of moist air over the
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FIG. 8. Vertical profiles of area averaged heating rates (°C day™") for individual times and the composite of the nine times.

eastern two-thirds of the area, coupled with an ex-
panding area of ascending motion (Moore and Fuel-
berg, 1981). Greatest values of sensible heating are in
the 900-750 mb layer. Since our procedure did not
permit SEN calculations at the surface, 900 mb is
the first above-ground level. Between 1800 and 0000
GMT, rates are as large as middle tropospheric values
of CLHR, reaching 9.0°C day™!. Sensible heat ex-
change consists of horizontal and vertical components;
however, horizontal eddy diffusion contributes less
than 0.1°C day™! to the totals. The vertical component
is dependent on the environmental lapse rate. Thus,
greatest values occur during the afternoon hours
when surface heating produces pronounced instability.

Magnitudes decrease dramatically after sunset as ver-
tical mixing diminishes.

b. Efficiency factors

Efficiency factors (N) relate diabatic heating to
generation or destruction of APE. Values of N depend
on the deviation of actual pressure from the average
pressure along the isentropic surface passing through
the location [see (2) and (3)]. That is, positive (nega-
tive) N occurs when observed pressure is greater (less)
than the reference value.

Horizontal maps of N at 500 mb are shown in Fig.
9, and east-west cross sections from near Raton, New
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TABLE 4. Area averaged, vertically integrated diabatic heating rates
(°C day™"). The composite is the average over all nine observation
times. Time is GMT.

10 April 11 April
12000 1800 0000 0600 1200  Composite
CLHR 0.82 1.45 3.97 3.67 3.34 2.60
SLHR 0.31 0.38 0.67 1.10 1.28 0.78
IR —-1.86 -—1.81 —-1.61 -—165 —1.80 —-1.74
Solar — 2.08 0.91 — —_ 0.75*
Sensible 0.12 0.43 0.22 -0.06 -0.13 0.19
Total -0.61 2.53 4.16 3.06 2.69 2.58

* Average over daylight hours is 1.69.

Mexico (RTN) to Oxford, Mississippi (UOX) (see
Fig. 9) are shown in Fig. 10. Negative efficiency exists
over the western part of the region, in the relatively
cold air, while positive values are located over the
east. An important point (Fig. 2) is that the surface
low and its associated cold front are consistently
located beneath regions of negative N at 500 mb.
Only after 0900 GMT does the southern portion of
the cold front pass into the area of positive values.
This positioning contrasts with that of studies consid-
ering the overall cyclone, i.e., both warm and cold
sectors (e.g., Bullock and Johnson, 1971). In those
cases, surface lows and fronts usually were located
beneath regions of positive N in the middle tropo-
sphere. Since the AVE-SESAME I domain primarily
samples the warm sector of the cyclone, the zero
isopleth is located farther east, where it tends to bisect
the region.

Several additional points should be noted. First,
greatest values of negative N (Fig. 10) are in the
middle to upper troposphere, near levels of maximum
area averaged CLHR (Fig. 8). Also, the absolute
values of efficiency increase slightly during the period
(Figs. 9 and 10), corresponding to increasing baro-
clinicity within the computational volume. Finally,
the zero isopleth at 500 mb (Fig. 9) shifts from a
northeast-southwest configuration to more of a north~
south orientation. Similar shifts were noted by Bullock
and Johnson (1971) and Lin and Smith (1979).

¢. Generation of APE

Fields of vertically integrated (surface-100 mb)
generation of APE by the sum of the five diabatic
components are presented in Fig. 11. After develop-
ment of the convection near 2100 GMT, the most
prominent features are positive and negative centers
that are related to areas of strong latent heat release.
Much of TLHR (Fig. 4) is located near the zero
isoline of N (Figs. 9 and 10). In fact, before 0900
GMT, generation is predominantly negative because
the latent heating is superimposed on negative N. By
0900 GMT, however, the parameterized storms mi-
grate into areas of positive N and are almost exclu-
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sively in that region by 1200 GMT 11 April (not
shown).

Vertical profiles of area averaged generation due
to the various components are given in Fig. 12, while
vertically integrated values are in Table 5. An impor-
tant point at the outset is that the mesoscale data
reveal significant temporal fluctuations in all terms.
One should also note that each component except IR
cooling produces negative vertical totals through 0600
GMT. Then, as the precipitation moves eastward,
each provides a positive contribution.

" CLHR is the greatest source of negative generation
(Table 5 and Fig. 12), often being several times larger
than the next greatest contributor. At 0000 GMT,
for example, its maximum vertical total of —7.28 W
m™2 compares to only —1.44 W m™ for sensible
heating. Generation by CLHR undergoes a significant
temporal variation, changing from negative to positive
during the period (Figs. 4, 9, and 10). Magnitudes
are greatest in the middle to upper troposphere where
both CLHR and N are maximized (Figs. 8 and 10).
In contrast, CLHR has produced positive generation

N,500 mb
1200 GMT
10 Apr

Fi1G. 9. Horizontal maps of efficiency factor (V) at 500 mb.
Dashed lines are the axes of cross sections in Fig. 10.
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Fi1G. 10. Cross sections of efficiency factor (N). The axis is shown in Fig. 9.

in previous studies of entire cyclones (e.g., Bullock
and Johnson, 1971; Vincent et al, 1977; Lin and
Smith, 1979). However, as noted earlier, this difference
is mostly due to the differences in the domains being
considered.

Infrared processes are a source of APE at all times
and have the second largest absolute value over the
composite period (0.61 W m™2) (Table 5). Values
increase steadily through 0600 GMT in spite of a
slight reduction in the IR cooling rates (Table 4).
The enhanced generation occurs mainly in the middle
and upper troposphere (Fig. 12) where the convection
with its associated cloud cover is coupled with greatest
negative efficiency. Increasing clouds over the western
portion of the analysis region are particularly effective
in generating APE due to the concurrent increase in
negative efficiency (Figs. 9 and 10). Conversely, large
cooling due to the low level stratus does not lead to
significant generation since efficiency factors are very
small near the surface. An important point is that IR
cooling is the onmly significant source of positive
generation above the boundary layer until the last
observation time. This finding is unique to the current
study of the warm sector inasmuch as cooling has
been the only major source of negative generation

within entire cyclone volumes (Vincent et al., 1977,
Lin and Smith, 1982).

Generation by sensible heating ranks third in mag-
nitude for the composite period (—0.59 W m™2)
(Table 5). Greatest negative values occur near the
surface during the daylight hours (Fig. 12). Although
sensible heating at 850 mb is nearly equal to CLHR
at higher levels (Fig. 8), the smaller efficiency in the
lower levels allows weaker destruction. Nighttime
values are considerably smaller than during the day,
and magnitudes in the middle and upper troposphere
are insignificant at all times.

SLHR destroys APE during most of the experiment
period; however, it becomes an important source at
the last observations, similar to that observed for
CLHR (Table 5). For the composite 24 h period, its
absolute value ranks fourth among the five compo-
nents. Greatest magnitudes are found in the middle
troposphere (Fig. 12).

Finally, solar absorption is the smallest component
of generation at the daylight observation times (Table
5). Vertical profiles (Fig. 12) show that the two
radiative processes tend to have a counteracting effect,
e.g., above 700 mb, generation from IR cooling is
weakly opposed by destruction due to shortwave
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FI1G. 11. Vertically integrated generation of APE (GEN) by total diabatic heating (W m™2).

heating. Although magnitudes of heating are similar
to those of IR cooling (Section 5a), a varying corre-
lation with N and a different vertical structure result
in the weaker generation. Maximum destruction is
in the upper troposphere where large negative effi-
ciencies are coupled with solar heating due to thun-
derstorm induced cirrus.

Averages for the composite of the nine times
summarize current findings (Table 5 and Fig. 12).
Above 800 mb, IR emission is the only source of
positive generation, whereas convective heating is the
greatest cause of negative generation. Sensible heating
provides a major sink of APE near the surface, while
SLHR yields positive generation near the surface and
negative values in the middle troposphere. Finally,
solar absorption has a negligible effect in the time
mean, but is more important during daylight hours.

5. Discussion

Most previous case studies have focused on gen-
eration within the overall cyclone environment. Al-
though this was the emphasis of Lin and Smith
(1979), they also evaluated convective subregions in

the warm sector of the cyclone which produced the
Jumbo Tornado Outbreak of 3-4 April 1974. Diabatic
processes, predominantly latent heat release, produced
negative baroclinic generation in the convective area,
with magnitudes similar to those found here for AVE-
SESAME 1. On the other hand, the heating was
highly effective in creating APE for the overall cyclone
system. If SESAME data had been available for the
entire system, the current warm sector probably also
would have been a region of positive efficiency,
thereby yielding the overall positive generation seen
by Lin and Smith (1979). The important point is
that sizes and locations of limited volumes used in
baroclinic APE investigations are crucial to proper
interpretation of the results. Also, it is significant that
current results for the warm sector are comparable
to those of Lin and Smith’s entire cyclone system.
Thus, generation/destruction can be pronounced even
when air mass contrasts are minimal over much of
the domain.

Finally, one should recall temporal variations in
efficiency and generation. Magnitudes of positive and
negative N increased during the course of the exper-
iment (Figs.”9 and 10). This resulted from greater
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FIG. 12. Vertical profiles of area-averaged generation of APE (W m™) by the five diabatic components
at individual times and the composite of the nine times.

slopes of the isentropic surfaces, i.e., increasing baro-
clinicity, and a corresponding increase in APE within
the area being considered. On the other hand, the
negative totals of generation (Table 5) signify destruc-
tion of APE by diabatic processes. The explanation
for this apparent contradiction is that the increasing
APE must be produced by terms of the APE budget
that were not evaluated here, e.g., conversions or
horizontal flux convergence. Thus, a complete APE
budget analysis is a potential topic for future research
on this case.

6. Summary and conclusions

~ Generation of APE has been evaluated in the warm
sector of an extratropical cyclone containing intense
convective activity. Mesoscale rawinsonde data from
AVE-SESAME ’79 were employed. Parameterization
techniques were used for latent and sensible heating
components. Variations to the Kuo (1965, 1974)
scheme provided convective latent heat release. Its
previous applications utilized synoptic scale input
data; however, current findings document that the






