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ABSTRACT 

In a previous paper, Kornegay and Vincent (1976) calculated the kinetic energy budget during 
12 hours in the life of a tropical depression over the United States. The dissipation term, calcu- 
lated as a residual in the kinetic energy budget equation, was positive in areas of convective 
precipitation, prompting the authors to speculate that a subgrid-scale process, namely, deep 
cumulus convection, could supply kinetic energy to the synoptic-scale flow. That possibility is 
further examined here. The earlier case study is extended from 12 to 36 hours and additional 
evidence is presented, including a comparison with some theoretical results. 

The case study involved a tropical depression, the remains of tropical storm Candy, and its 
interaction with a developing extratropical cyclone between 1200 GMT, June 24 and OOOO 
GMT, June 26, 1968. The kinetic energy budget is based upon multivariate statistical analyses of 
radiosonde observations. Areas of kinetic energy increase and positive dissipation (dissipation 
acting as an energy source) are roughly the same; they are marked by deep convection as 
evidenced by radar reports and precipitation amounts. The kinetic energy increase and positive 
dissipation are initially greatest in the 700-500 mb layer as the tropical depression and mid- 
latitude cyclone begin to interact. Twelve hours later, however, the largest increase in kinetic 
energy and greatest positive dissipation occur higher in the troposphere, from 500 to 300 mb. 

1. Introduction 

There is growing observational evidence that 
significant kinetic energy may appear in synoptic 
scales of motion as a result of energy transfer from 
subgrid scales of motion (e.g., Kung, 1970; 
McInnis and Kung, 1972; Smith, 1973a, b; Kung 
and Smith, 1974; Smith and Adhikary, 1974; 
Kung and Baker, 1975; Kung and Tsui, 1975; 
Vincent and Chang, 1975; Kornegay and Vincent, 
1976; Ward and Smith, 1976; Chen and Bosart, 
1977; Chien and Smith, 1977; Sheu and Smith, 
1977; Tsui and Kung, 1977; Fuelberg and 
Scoggins, 1978). The evidence is based mostly on 
“positive dissipation” values computed as the 
residual term in the kinetic energy budget equation. 
In most cases, positive dissipation has been found 
in the upper troposphere, prompting speculation 
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that eddy transport processes and turbulence 
associated with the jet stream are the most likely 
sources of energy. In a few cases, however, wide- 
spread deep cumulus convection seems to act as a 
source of synoptic-scale kinetic energy. McInnis 
and Kung (1972), Fuelberg and Scoggins (1978), 
Kornegay and Vincent (1976), Chien and Smith 
(1977) and Sheu and Smith (1977) have all found 
positive dissipation in the middle troposphere 
during intense convective activity; but only in the 
last three papers is it suggested that convection 
plays a role in the transfer of kinetic energy from 
subgrid-to-grid scales. 

The purpose of the present paper is to focus 
attention on the role of deep cumulus clouds in 
producing grid-scale kinetic energy. This is accom- 
plished by presenting results from an observational 
case study and by showing that these are in agree- 
ment with an existing theory on how cumulus cloud 
systems might act as a source of grid-scale kinetic 
energy. The case study concerns the interaction 
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between a tropical cyclone and a developing extra- 
tropical cyclone over the United States. It has been 
previously discussed by Edmon and Vincent 
(1976), Kornegay and Vincent (1976) and Vincent 
et al. (1977). 

Kornegay and Vincent (hereafter referred to as 
KV) found good correlation between areas of 
positive vertically integrated dissipation (budget 
residual term) and areas of intense convection. In 
addition, their vertical distribution of area-averaged 
dissipation showed a kinetic energy source for both 
systems in the 700-350 mb layer, arousing 
suspicion that a subgrid-scale phenomen, possibly 
convection, was producing grid-scale kinetic 
energy. 

The KV study was limited to 12 hours because 
of the acknowledged difficulty in analyzing data 
subjectively at 19 pressure levels. Since the 
completion of that work, the period of investigation 
has been extended to 36 hours and new com- 
putations made based upon a multivariate 
statistical objective analysis scheme, developed by 
Schlatter (1975) at the National Center for 
Atmospheric Research (NCAR) and applied by 
Schlatter et al. (1976). The present paper uses this 
additional information, as well as new supporting 
evidence, to argue that deep cumulus convection 
acts to produce synoptic-scale kinetic energy. The 
period of this study begins 12 hours before and 
ends 12 hours after the KV period. 

2. Data reduction 

We computed objective analyses of geopotential 
height and wind in an area bounded by 48ON, 
16OW, 28ON and 108OW every 12 hours from 
1200 GMT, June 24, 1968, to oo00 GMT, June 26, 
1968. We used a 2O latitude-longitude grid on each 
of nine pressure levels: 850 mb, 700 mb, 500 mb, 
400 mb, 300 mb, 250 mb, 200 mb, 150 mb, and 
100 mb. Surface variables were not analyzed; thus, 
the surface wind was assumed to be zero. 

The objective analysis scheme used here differs 
in three ways from that described by Schlatter et al. 
(1976) and applied by Vincent et al. (1977): ( 1 )  it is 
regional rather than global; (2) the first guess is 12- 
hour persistence rather than a 12-hour ‘numerical 
forecast; and (3) the height-height correlation is 
modeled by a damped cosine rather than a 
Gaussian curve. 

3. Synoptic discussion 

The synoptic conditions at each analysis time 
are depicted in the first four figures. Fig. I shows 
surface fronts, mean sea level pressure centers and 
present weather. Fig. 2 shows radar echoes. Fig. 3 
shows the evolution of 5 0 0  mb geopotential height 
and temperature, and Fig. 4 the evolution of 5 0 0  
mb vertical motion (w). Vertical motion is calcu- 
lated kinematically with O’Brien’s (1970) adjust- 
ment scheme. The boundary conditions are that w 
= 0 at the earth’s surface and at 100 mb. 

Synoptic discussions of this case study may be 
found in KV, Sugg and Hebert (1969), and Edmon 
and Vincent (1976); only the highlights are 
mentioned here. At 1200 GMT, June 24, 1968, a 
warm-core tropical depression, the remains of 
tropical storm Candy, lies over central Texas, 
marked by a mixture of stable and convective 
precipitation, with the strongest convective activity 
just east of the system. Large-scale upward motion 
supports the observed precipitation pattern. Scat- 
tered showers and thunderstorms lie along a 
stationary front stretching from Utah to Michigan. 
Light continuous rain occurs over Montana, 
Wyoming, North Dakota and South Dakota in 
conjunction with cold air advection aloft and baro- 
clinic wave development. 

By oo00 GMT, June 25, the depression has 
moved to  eastern Oklahoma. It still has a warm 
core but no longer exhibits a closed low-pressure 
center at 500 mb. A trough aloft has moved into 
the northwestern corner of the grid as cold air 
continues to flow into the area. Convective pre- 
cipitation associated with both the tropical and the 
extratropical systems is widespread, again suppor- 
ted by large-scale upward motion. Downward 
motion at 500 mb occurs in the ridge over the 
eastern United States and between the tropical and 
extratropical waves. These areas are free of 
precipitation. 

By 1200 GMT, June 25, the tropical depression 
is marked by a weak short-wave disturbance over 
western Illinois but it still retains a warm-core 
structure. In the west, continued cold air advection 
aloft has intensified the 500 mb trough, and a 
closed low has formed over South Dakota. Pre- 
cipitation, primarily convective, remains wide- 
spread. It is difficult to separate the precipitation 
associated with the depression from that associated 
with the extratropical cyclone because the two 

Tellus 3 1 (1979), 6 



495 DEEP CONVECTION AS A SOURCE OF SYNOPTIC-SCALE KINETIC ENERGY 

Fig. 1. Surface maps every 12 hours from 1200 GMT, June 24, to oo00 GMT, June 26. Shown are fronts, pressure 
centers with lowest pressure (mb) and type of precipitation reported at observing stations. 

systems are beginning to interact. Radar echoes 
verify that convective activity is most pronounced 
where large-scale upward motion is at a maximum. 

By oo00 GMT, June 26, the tropical depression 
has deepened into a wave on the frontal system 
over northern Ohio, but it still has a warm core. 
The extratropical system is now associated with a 
surface low near the Illinois-Iowa border. Convec- 
tive precipitation still predominates, particularly in 
the northeast, along the cold front from Missouri to 
Texas and along the squall line in Kentucky. At 
500 mb, pockets of warm air and strong upward 
motion occur with this convective activity. 

4. Results 

We have computed the kinetic energy budget for 
the limited area described in Section 2 using 
Smith’s (1969) budget equation, which may be 

expressed symbolically as 

D K = H F + G + V F + P S + D  (1) 

where DK is the time rate of change of kinetic 
energy, HF and VF are horizontal and vertical 
fluxes of kinetic energy into the volume, G is the 
generation of kinetic energy due to cross-contour 
flow, PS is the change in kinetic energy due to 
changes in surface pressure, and D is the dis- 
sipation term computed as a residual. 

Vertical profiles of the area-averaged terms in 
the kinetic energy budget equation are shown in 
Fig. 5 for three 12-hour periods. PS was found to 
be two orders of magnitude smaller than the other 
terms and is not shown. The figure indicates that 
(1) kinetic energy is increasing; (2) horizontal flux 
acts as a sink, primarily in the upper troposphere; 
(3) kinetic energy is generated in both the lower 
and the upper troposphere; (4) kinetic energy is lost 
by the lower and middle troposphere and gained in 
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Fig. 2. Radar summary charts every 12 hours at 15 minutes before the synoptic times given in Fig. 1. Scalloped lines 
enclose convective area, solid lines indicate squall lines, numbers show maximum cloud tops in hundreds of feet. 

the upper troposphere due to vertical flux; and ( 5 )  
as in KV, dissipation acts as a source, primarily in 
the upper troposphere during the first 12 hours and 
in the middle troposphere during the last 24 hours. 

A close examination of Fig. 5 shows that DK 
and D change roughly in parallel. Furthermore, 
since profiles of other terms change less than 
profiles of DK and D and are similar to those 
shown in KV for the middle 12 hours, we will con- 
centrate on the DK and D terms. 

Fig. 5 shows large increases in kinetic energy 
(DK > 0) in the 700-500 mb layer during the 
second 12-hour period and in the 500-300 mb 
layer during the third 12-hour period. The dis- 
sipation term exhibits similar behavior. Because of 
these similarities and the probable existence of deep 
convection in the 700-300 mb layer, we examined 
these terms more closely. 

Maps of DK and D in the 700-500 and 500-300 
mb layers and for each 12-hour period are 
presented in Figs. 6 and 7. In both layers maximum 
positive values of DK roughly coincide with those 
for D. Moreover, areas of positive D correspond to 
areas of deep cumulus convection, particularly over 
eastern Nebraska and South Dakota in con- 
junction with the developing extratropical cyclone 
during the first two periods, from eastern 
Oklahoma to Ohio in connection with the tropical 
cyclone during the latter two periods, and over 
Arkansas and Missouri ahead of the cold front 
during the third period. In all three examples, 
according to Figs. 1 and 2, convective activity is 
widespread, deep and persistent in the areas of 
positive dissipation. It appears that such con- 
vection does act as a source of synoptic-scale 
kinetic energy. 
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Fig. 3. Geopotential height (dam) and temperature ("C) at 5 0 0  mb for same synoptic times as in Fig. 1 

Kornegay and Vincent (1976) note that only a 
small fraction of the large-scale potential energy 
releabed in areas of deep cumulus convection is 
converted to synoptic-scale kinetic energy. Ap- 
parently, the fraction of the latent heat energy 
converted to kinetic energy is also small, as illu- 
strated in Fig. 8. However, as shown later, the 
fraction of cumulus-scale potential energy trans- 
formed to large-scale kinetic energy is large. Fig. 8 
compares the average rate of energy dissipation in 
the 700-300 mb layer with the average rate of 
latent heat release between 0000 and 1200 GMT, 
June 25. Grid-point values of latent energy are 
derived from hourly precipitation records for June 
1968 (see Edmon and Vincent, 1976). Note that 
computed latent energy values are approximately 
two orders of magnitude larger than dissipation 
values. We assume that surface precipitation is 

representative of the latent energy released to the 
atmosphere in a column above a given grid point. 
The 700-300 mb layer, selected to illustrate 
dissipation, appears to be the layer most responsive 
to observed convective activity. 

Fig. 8 shows good correspondence between 
released latent energy and positive dissipation, 
particularly in eastern Nebraska and South 
Dakota, and from eastern Oklahoma to Ohio. As 
noted previously, convective precipitation pre- 
dominates in these two areas from 0000 to 1200 
GMT, on June 25, although stable precipitation 
also contributes to computed latent energy esti- 
mates (Edmon and Vincent, 1976). Although there 
is no precipitation reported in the Texas and 
Oklahoma panhandles where positive dissipation 
occurs, hourly radar charts show scattered echoes 
with maximum tops of 14,300 m (47,000 ft) between 
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Fig. 4. Vertical motion mb s-*) at 500 mb for same synoptic times as in Fig. 1. 
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Fig. 5. Vertical distribution of area averages of kinetic energy budget terms for layers between analyzed levels (W 
m+) in eq. (1) for 1200 GMT, June 24, to oo00 GMT, June 25 (solid line); oo00 to 1200 GMT, June 25 (dashed line); 
and 1200 GMT, June 25 to oo00 GMT, June 26 (dotted line). Mass-weighted integrals given at bottom. 

0445 and 0945 GMT. Positive dissipation is also 
evident over Ontario, Canada, but we have not 
attempted to examine Canadian precipitation data; 
thus latent energy estimates are not available there, 

How is potential energy on a cumulus scale 
transformed to kinetic energy on the synoptic 
scale? The answer to this question is difficult to 
obtain and generally requires theoretical, as well as 
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Fig. 6 .  Rate of change of kinetic energy with time (W m-*) in the 700-500 mb and 500-300 mb layers for three 12- 
hour periods. 

numerical modelling investigations. Only a few convection embedded in large-scale vertical shear is 
such investigations are relevant to the present developed for mid-latitudes, it is shown that large- 
paper. The most notable appears to be that by scale kinetic energy is often enhanced under 
Moncrieff and Green (1972), expanded by Miller conditions of large shear. In the second paper, two 
and Moncrieff (1978). In the first paper, in which a distinct models (mid-latitude and tropical) are 
non-linear theory of steady, two-dimensional deep discussed and a set of energy equations, relating 
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Fig. 7. Same as in Fig. 6 except for kinetic energy dissipation (W m 2 )  computed as the residual. 

kinetic energy generation, work done by the between parcel and environmental lapse rates) and 
pressure forces and net potential energy release, are large-scale vertical shear in the cloud layer. 
derived for each model. It is shown that the con- In the present study, Miller and Moncrieff s mid- 
tribution of potential energy released by deep latitude model equations are used to estimate con- 
cumulus convective overturning to large-scale vective available potential energy (CAPE), as well 
kinetic energy is a function of the convective avail- as the fraction of this energy that is available to 
able potential energy (buoyancy due to difference enhance large-scale kinetic energy, in the vicinity of 
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Fig. 8. Kinetic energy dissipation (W m-2) in the 700-300 mb layer for oo00 to 1200 GMT, June 25, 1968 (upper 
panel), and latent energy released (lo2 U' m-*) computed from observed surface precipitation amounts (lower panel). 
Isopleths have not been drawn for negative dissipation, but values are available in Fig. 7. 

the baroclinic zone over Nebraska for the period assumptions. Figs. 1 and 2 show that at the 
0000-1200 GMT, June 25. Conditions there beginning of this period widespread deep cumulus 
appear to be representative of the model convection is occurring with cloud tops reaching 
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Fig. 9. Kinetic energy generation (W m-’) in the 7W300 mb layer for 0000 to 1200 GMT, June 25, 1968. 

13,400 m (44,000 ft), or about 175 mb. Edmon and 
Vincent (1976) noted that this area contained bbth 
large-scale moisture convergence and upward 
vertical motion, conditions which are favorable for 
the growth and maintenance of deep cumulus 
convection. 

The average grid point value of CAPE in the 
vicinity of the area of maximum values of D and 
latent energy in Fig. 8 (eastern Nebraska) is 300 m2 
s-* for the average surface(950 mb)-to-cloud top 
(200 mb) layer. The mean value of large-scale verti- 
cal wind shear in the cloud layer is about 30 m s-*. 
Application of Miller and MoncriefTs equations 
yields a value of 59% for the portion of potential 
energy released by convection that is directly avail- 
able to enhance large-scale kinetic energy. Thus, 
4 1 ‘Yo remains to do pressure work. This compares 
well with the typical values of 62% and 38% given 
by Miller and Moncrieff. 

We shall assume that the deep convection lasts 
for about 6 hours as it propagates across eastern 
Nebraska. Individual hourly radar reports verify 
this. Based on our 59% conversion factor, this 
yields an increase in large-scale kinetic energy due 
to the release of convective-scale potential energy 

in the 950-200 mb layer of approximately 62 W 
m-*. This value compares favorably with the 700- 
300 mb values of D (maximum of about 30 W 
m-2) over eastern Nebraska (Fig. 8), particularly 
since D is averaged over a 12-hour period, the 
latter half of which deep convection had subsided. 
Furthermore, if we assume that 1-2% of the total 
analyzed area is occupied by deep convection, we 
arrive at an area-averaged value of large-scale 
kinetic energy inerease due to convection of about 
1 W m-2. This value is in good agrement with the 
mid-to-upper tropospheric values of D given in Fig. 
5 .  

It could be argued that our results are question- 
able since they depend partly on residual estimates 
of D, and D contains errors in other terms in the 
kinetic energy budget equation. Errors can be 
classified as either systematic or random and 
include effects of data inaccuracies, physical and 
mathematical assumptions in the governing 
equations, and analysis and computational pro- 
cedures. In particular, in the present study, it was 
shown that objectively analyzed winds tend to be 
“smoothed” toward geostrophic (Vincent et al., 
1977). This was primarily evident in the short-wave 
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troughs associated with the two areas of active 
convection. 

The effect of errors is difficult to assess quanti- 
tatively. In  two previous papers concerned with the 
present case study, KV and Vincent et al. (1977), it 
was found that magnitudes and subsequent inter- 
pretation of energy budget terms were not sig- 
nificantly altered by random fluctuations in the 
data. In the present paper, Fig. 9 shows that 
vertically integrated values of G, for the same layer 
and time period as for D in Fig. 8, are negative in 
areas of deep convection (where D and DK are 
positive). Thus, since our objectively analysed 
winds tend to under-estimate cross-contour flow 
angles, particularly in convection areas, G may in 
fact be more negative and D more positive than 
these results indicate. 
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AAHHbIE 0 rJIY5OKOfi  KOHBEKUMM KAK HCTOYHMKE 
KMHETMYECKOL? 3HEPTMM B CMHOnTMYECKMX MACUlTA6AX 

B IIpeJlblAyWefi CTaTbe Kop~er3B II BHHCeHT (1976) 
p a c w w a m  6ronxer KweTwiecKoB s ~ e p r ~ w  B 
TeYeHIie 12 vacoB B s e o n m ~ u ~ i  TponMrecKoii nenpec- 
CHH HBA COenHHeHHblMA UITBTBMII. ~HCCHnaTHBHbIfi 
YneH, BblYHCneHHbIfi KaK OCTaTOVHblk B YpaBHeHHH 
6mnrne~a  KHHeTwiecKofi 3 ~ e p r ~ 1 1 ,  o ~ a 3 a n c ~  nono- 
XHTeJIbHbIM B o 6 n a c ~ ~ x  KOHBeKTHBHblX OCIAKOB, ' IT0 
no6yn11no aBTOPOB BblCKa3aTb rMnOTe3y 0 TOM, YTO 

KOHBeKUHII, MOryT CHa6XaTb 3HeprHefi TeYeHHe 
CBHOnTWYeCKOrO ~ a c m ~ a 6 a .  3Ta B03MOXHOCTb 

nonce-rorebre npoueccb1, HMeHHo, rny6oran Kyqesaa 

nccnenyeTcn mecb Ranee. A ~ a n a 3  paHee Hccne- 
nosaeruerocn cnyqan pacwipeH c 12 AO 36 YacoB II 

104ue r a n o ~ e s y  o BO~MOXHOM M ~ X ~ H H ~ M ~  nepeHoca 
IlpeJJCTaBJIeHbI AOnO~HHTeJIbHbIe AaHHbIe, BKSIKYia- 

3HepTBH OT IIOACeTOYHbIX K CeTOYHbIM MaCIUTa6aM. 
PaCCMOTPeHHblk CnyYafi BKnWYaeT TpOnHYeCKylO 

B er0 B3aHMOAeRCTBHe C pa3BHBaIOLUHMCR BHe- 
aenpeccum, ocTaTKn TponunecKoro yparaHa KsHAa 
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