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ABSTRACT 

Kinetic energy budgets of an extratropical cyclone and Hurricane Celia, 1970 are 
examined in moving coordinates. This represents a first attempt to diagnose the energy 
budgets of moving systems using the method suggested by Vincent & Chang (1973). 

Both systems are studied during three stages of their life histories over the United 
States. The extratropical cyclone is investigated for a 36-hour period during which 
it develops in the lee of the Rockies, matures and occludes as it moves rapidly eastward 
toward the Atlantic Ocean. Hurricane Celia is investigated for a 48-hour period after 
landfall, as it traverses southern Texas into New Mexico. This consists of a 12-hour 
mature stage, a 12-hour rapidly decaying stage and a subsequent 24-hour slowly de- 
caying stage when the storm dissipates. 

Generally speaking, the major findings are: (1) boundary fluxe3 of kinetic energy 
are important in maintaining the energy budget of the extratropical cyclone except 
during its occluded stage, whereas, they are practically negligible during all stages of 
Hurricane Celia’s life cycle; (2) upward transport of kinetic energy in the extratropical 
cyclone produces vertical divergence in the troposphere and convergence in the strato- 
sphere, while for Celia a vertical transport occurs away from the layer of maximum 
kinetic energy ( -  500 mb) with the energy being transported into the stratosphere 
and toward the surface; (3) generation takes place in the lower troposphere with a 
somewhat larger destruction aloft for the extratropical cyclone, whereas, generation 
occurs in all layers for Celia; (4) dissipation, calculated aa the residual in the energy 
budget, represents an energy loss during all stages for both storms except in the upper 
levels during the developing state of the extratropical cyclone. 

Sensitivity analyses were performed on the original data to evaluate the effect of 
random errors on kinetic energy budget calculations. The combined effect of random 
errors ranging between 10 degrees for wind direction, k20 % for wind speed, and 
+0.5% for geopotential height, occasionally cause certain terms in the budget to 
vary by almost a factor of two; however, the trend in the results and subsequent 
scientific interpretations remain essentially the same as those using original data. 

I. Introduction 

To predict the behavior of the everchanging 
migratory cyclone requires an understanding 
of the various physical processes associated with 
the cyclone as well as its interaction with its 
environment. One way of enhancing this under- 
standing is through detailed diagnostic energy 
analyses. Essentially, there are two approaches 
which can be used to diagnose kinetic energy 
exchange processes associated with a moving 
cyclone system. I n  one approach energy budget 
terms are computed for an area sufficiently 
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large to contain the cyclone during the period 
of interest, while in the other, computations 
are made for a much smaller area which con- 
tains the storm at a given time period and moves 
with the storm system. Kinetic energy studies 
of cyclone cases utilizing the first approach 
have been reported in the literature by several 
investigators including Palmen (1958), Riehl & 
Malkus (1961), Palmen & Holopainen (1962), 
Petterssen & Smebye (1971), Smith (1973a, b) ,  
and Vincent et  al. (1974). Published works 
based on the second approach are not as numer- 
ous because the approach is relatively new. 



216 D. G. VINCENT AND L. N.  CHANG 

Johnson (1970), Sechrist & Dutton (1970), and 
Vincent & Chang (1973) have provided theoret- 
ical contributions to this approach while 
Sechrist & Dutton (1970) and Chang (1973) have 
reported on kinetic energy studies of cyclone 
systems in moving coordinates. In the present 
paper the latter approach is used to investigate 
case histories of two cyclone-scale systems, an 
extratropical cyclone which developed in the 
lee of the Rocky Mountains and Hurricane 
Celia, 1970. This represents an initial attempt 
to apply the theory suggested by Vincent & 
Chang (1973) to kinetic energy budget studies. 

Using the notation developed by Vincent & 
Chang (1973) the kinetic energy equation of a 
moving system can be written in symbolic 
form as: 

where a positive sign of each term in (1) indi- 
cates a contribution to increase the kinetic 
energy content of the system. 

In ( l ) ,  C(Ki )  represents the conversion to 
kinetic energy due to “cross-isobaric” flow and 
is usually referred to as generation of kinetic 
energy. The term, B(K,), represents the net 
inflow through -the boundaries of the system 
due to the combination of boundary flux and 
the movement of the system. The last term on 
the right side of ( 1 )  represents the dissipation 
of kinetic energy by viscous forces and the 
cascading of energy into or out of subgrid scale 
processes. In the present work this term is 
calculated as the residual of (1); thus, in prac- 
tice, it contains errors which may have ac- 
cumulated from uncertainties in other terms. 

11. Synoptic discussion 

A. Extratropical cyclone 
The extratropical cyclone selected for the 

present energetics study is one of a particular 
class of cyclones which occurs relatively fre- 
quently in the winter and spring seasons in the 
United States. Typical characteristics of this 
class are: cyclone development in the lee of 
the Rocky Mountains, usually in Colorado or 
New Mexico, intensification and movement 
toward the eastnortheast, and association with 
a, frontal system which occludes as the system 

moves eastward. The present cyclone, which 
follows this pattern, develops in northern New 
Mexico between 0000 GMT and 1200 GMT, 
20 March 1962, reaches maturity during the 
next twelve hours and occludes by 0000 GMT, 
21 March 1962. Surface charts and accompany- 
ing 500 mb analyses are respectively illustrated 
in Figs. l a 4  and 2a-d for the four synoptic 
times during the period of investigation. The 
surface charts are reproductions of those 
analyzed by the National Meteorological Center; 
500 mb analyses as well as analyses a t  other 
pressure levels, were obtained using Northern 
Hemisphere Data Tabulations provided by the 
Nationd Climatic Center. 

At 0000 GMT, 20 March, Fig. l a  shows the 
major features of the surface weather pattern 
to be a subtropical high in the North Atlantic 
Ocean centered east of the Florida coast, and 
a front, which separates maritime tropical and 
modified continental polar air masses, extend- 
ing from a dissipating low pressure center near 
the Ohio-Pennsylvania border to the Texas 
Panhandle. The major cyclogenesis of parti- 
cular interest in this study first appears as a 
weak low pressure center over New Mexico. 
This low pressure system obtains upper air 
support from the trough aloft, as well as low 
level moisture import from the Gulf of Mexico, 
and develops into a moderately intense extra- 
tropical cyclone a t  the end of first twelve-hour 
period. By 1200 GMT, 20 March, the cyclone 
becomes the dominant weather feature in the 
central United States (Fig. l b ) .  The central 
pressure decreases from 1002 mb to 993 mb 
between 0000 GMT and 1200 GMT. Rain, 
showers and thunderstorms were reported at 
most stations in the warm sector. The storm 
continues to develop into a mature cyclone 
system consisting of twin low pressure centers 
by 0000 GMT, 21 March (Fig. l c ) .  The whole 
cyclone system now spans a larger area with 
widespread heavy rains and showers in the 
storm’s warm sector and northeast quadrant. 
As the storm continues its eastward movement 
both pressure centers merge into a single low 
pressure center of 986 mb by 1200 GMT, 21 
March (Fig. Id) .  The storm moves off the east 
coast of the United States and dissipates dur- 
ing the next twenty-four hour period. 

The upper air flow is characterized by the 
appearance of relatively short waves during 
the period investigated. Prior to the period 
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Fig. l a .  Mean sea level pressure chart for 0000 GMT, 20 March 1962. 

analyzed most of the United States was oc- 
cupied by very long waves except for a deeper 
trough off the western coast. The short cyclone 
waves gradually develop in the first twenty- 
four hour time period, and a closed 500 mb 
low first appears a t  0000 GMT, 21 March. As 
the storm moved off the east coast (after the 
period of investigation) the amplitudes of these 
short waves were observed to decay. Smith 
(1971) also discusses some of the synoptic 
features of this case study. 

B. Hurricane Celia, 1970 
A detailed synoptic history of Hurricane 

Celia, 1970 has been reported elsewhere (Pardue, 
1971; Gommel, 1973; Vincent et al., 1974) and 
only a brief summary, for convenience, is given 
here. Celia originated as an African disturbance, 
passing Dakar on 23 July 1970. The storm 
maintained its identity, traversing the Atlantic 
Ocean at a speed of about 600 miles per day, 
entering the Caribbean on 28 July, intensifying 
to hurricane strength after passing western 
Cuba on 1 August, and entering Texas near 
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Corpus Christi late on the afternoon (about 
2100 GMT) of 3 August. The period of investiga- 
tion begins at  0000 GMT, 4 August, three hours 
after Celia entered the Texas coast, and con- 
sists of two twelve-hour time periods and a 
subsequent twenty-four hour period. Fig. 3a, b 
depicts the surfaoe analysis at 1200 GMT, 
4 August and 1200 GMT, 5 August, while 
Fig. 4a-d illustrates the 500 mb analyses for 
0000 GMT and 1200 GMT, 4 August, 0000 GMT, 
5 August and 0000 GMT, 6 August. 

During Celia’s continental history the circula- 
tion pattern in the middle and upper tropo- 
sphere over Mexico, and much of the United 
States is dominated by a large quasi-permanent 
anticyclone (Fig. 4). Celia is a small but signifi- 
cant cyclonic perturbation embedded in and 
“steered” by southeasterly flow southwest of 
the anticyclone’s center. Celia deepens rapidly 
in a fifteen-hour period prior to landfall, from 
a central pressure of 988 mb to 953 mb. The 
latter pressure is reached at  approximately 
1900 GMT on 3 August, about two hours be- 
fore it strikes the coast of Texas just north of 
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Fig. 1 b. Mean sea level pressure chart for 1200 GMT, 20 March 1962. 

Corpus Christi. Pardue (1971) states that the 
lowest official pressure (945 mb) was recorded 
at Ingleside, which is just across the bay, about 
12 miles northeast of Corpus Christi. As the 
storm moves steadily north-westward the cen- 
tral surface pressure increases rapidly at  first, 
then more slowly afterward; however, the total 
columnar kinetic energy content remains nearly 
constant until about 1200 GMT, 4 August, 
then it begins to decrease rapidly. At 1200 
GMT on 4 August the surface pressure is 992 mb 
(see Fig. 3a) and twenty-four hours later it 
appears to be about 1000 mb (see Fig. 3b) .  
By 0000 GMT, 6 August Celia no longer is an 
active storm. 

111. Computational procedures 

In  general the analysis and computational 
procedures for both case studies were the same. 
Maps of geopotential height, temperature, and 
horizontal wind components were subjectively 
analyzed a t  the surface, 850 mb, 700 mb, 500 mb, 

300 mb, 200 mb and 100 mb. Grid point values 
of the analyzed variables were extracted every 
two and one-half degrees of latitude and longi- 
tude for the extratropical cyclone case and 
every two degrees of latitude and longitude for 
the hurricane case. Surface values of geopo- 
tential height were extrapolated from grid point 
values a t  850 mb using the hydrostatic equa- 
tion in a manner similar to that described by 
Kasahara & Washington (1971) so that height 
gradients a t  constant pressure, which are 
needed for the kinetic energy generation terms, 
could be computed. However, no adjustments 
of grid point values of temperature, pressure 
and wind components at the surface were 
attempted. 

For the extratropical cyclone case wind data 
(but not geopotential height) were missing 
above 500 mb a t  Tuscon, Arizona, Albequerque, 
New Mexico and El Peso, Texas a t  0000 GMT 
and 1200 GMT on 20 March. These stations 
represented key locations during the developing 
and early mature stages of the cyclone in that 
they were situated near the southwestern corner 
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Fig. I c .  Mean sea level pressure chert for 0000 GMT, 21 March 1962. 

of the area which bounded the storm. In par- 
ticular, they had a strong influence in deter- 
mining the boundary transport of kinetic energy 
across the western portion of the southern 
boundary at 1200 GMT on 20 March. In order 
to obtain wind components a t  300 mb, 200 mb, 
and 100 mb for these three stations, values 
were computed using the geostrophic approxi- 
mation and analyzed height data. Grid point 
values of the wind components were then ex- 
tracted as noted above. By the last two analysis 
times the storm had moved out of the south- 
western United States and missing data no 
longer presented a problem. 

A centered finite-difference scheme was used 
to compute all spatial derivatives for a synoptic 
time. Grid point values between two consecutive 
levels were linearly averaged to obtain values 
for the corresponding pressure layers. The rate 
of kinetic energy change is computed by taking 
the difference of kinetic energy between two 
consecutive time intervals and dividing by the 
appropriate time interval. The kinetic energy 
change due to the moving boundaries is dis- 
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cussed in the next paragraph. All other terms 
except frictional dissipation are taken to be 
the average between two consecutive time 
periods. The dissipation term is computed aa 
the residual for the balance requirement of (1). 

The main difference in analysis and com- 
putational techniques between the extratropical 
cyclone and hurricane cases was in the criteria 
used to select the horizontal boundaries. Since 
moving coordinates were used, the boundaries 
of each system were selected to vary with the 
storm’s movement. The following guidelines 
were applied. For the extratropical cyclone 
the center of the system was located approxima- 
tely in the center of the bounded region. The 
region inside the horizontal boundaries (which 
were vertically erect) generally contained the 
last closed isobar at the surface as well as the 
last closed contour line at 700 mb and 500 mb. 
This ensured that most of the significant fea- 
tures of the cyclone system were within the 
region of study. For Hurricane Celia the center 
of the system was also chosen to be in the 
vicinity of the center of the bounded region; 
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Pig. I d .  Mean sea level pressure chart for 1200 GMT, 21 March 1962. 

Pig. 2a. 500 mb analysis for 0000 GMT, 20 March 1962. Contours in units of geopotential meters. 
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Pig. 2b.  500 mb analysis for 1200 GMT, 20 March 1962. Contours in units of geopotential meters. 

Fig. 20.  500 mb analysis for 0000 GMT, 21 March 1962. Contours in units of geopotential meters. 
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Fig. 2d. 500 mb analysis for 1200 GMT, 21 March 1962. Contours in units of geopotential meters. 

~ 

Fig. 3a. Mean sea level pressure chart for 1200 GMT, 4 August 1970. 
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~ ~- 

Fig. 3b.  Mean sea level pressure chart for 1200 GMT, 6 August 1970. 

however, contrary to the boundary selection 
for the extratropical cyclone, Celia’s latitudinal 
and longitudinal boundaries were chosen to be 
the same distance apart for each analysis time. 
That is, the horizontal boundaries were not 
allowed to expand or contract. Celia ww a 
small storm mi indicated by the small area 
covered by its closed circulation. The lateral 
boundaries were selected such that larger scale 
circulation features were omitted for the most 
part, but it ua3 not possible to reduce the 
boundaries to the last closed isobar and still 
perform gradient calculations. A more detailed 
discussion of the boundary selections for Celia 
is given by Vincent et al. (1974). The horizontal 
boundaries used for the tropical cyclone were 
also erect. 

Since each of the cyclones span different 
areas during their respective lifetimes over the 
United States, budget terms for each time 
period have been divided by the corresponding 
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area so that the kinetic energy budget equation 
can be computed on an energy-per-unit area 
basis. Table 1 gives the locations of the selected 
horizontal boundaries and the area covered by 
each storm system during each synoptic time. 
The lower boundary varied according to changes 
in surface pressure while the upper boundary 
remained fixed at 100 mb. Original grid point 
data were required for an outer grid, two and 
one-half degrees and two degrees wider on each 
side, respectively, for the extratropical cyclone 
and Hurricane Celia, in order to compute gra- 
dients along the horizontal boundaries. 

Grid point values of vertical motions, cal- 
culated by the kinematic method and adjusted 
by a scheme similar to that suggested by 
O’Brien (1970), were assumed to vanish a t  
100 mb as well as a t  the surface. A detailed 
discussion of the vertical motion computational 
scheme is given by Chang (1973). 
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Fig. 4a, b.  500 mb analysis. Contours in units of geopotential decameters, isotherms in units of degrees 
Celsius. (a )  Upper panel for 0000 GMT, 4 August 1970; ( b )  lower panel for 1200 GMT, 4 August 1970. 
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Fig. 4c, d. 500 mb analysis. Contours in units of geopotential decameters, isotherms in units of degrees 
Celsius. (c) Upper panel for 0000 GMT, 5 August 1970; (d) lower panel for 0000 GMT, 6 August 1970. 
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paper. 
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Fig. 5. Kinetic energy budget for extratropical cyclone. Values in upper left are net horizontal boundary 
flux; lower left, net vertical boundary flux; upper right, generation; lower right, dissipation; in center of 
box, rate of change of kinetic energy; in upper part of box, vertical transport; in lower part of box, kinetic 
energy content. Contents are in units of 106 joules m-2, vertical transports in units of pbar sec-l ma sec-2, 
and all other quantities in units of watts m-e. 
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Fig. 6. Kinetic energy budget for Hurricane Celia. Arrangement and units same as in Fig. 5. 

A. Boundary flUXe8 

During the developing and mature stages, 
the horizontal import of kinetic energy in the 
troposphere is an important factor in main- 
taining the storm’s development. Horizontal 
exports, which occur mainly in the stratosphere 
during both stages, are much stronger in the 
developing stage resulting in a net columnar 
outflow of energy. However, during the mature 
stage values of horizontal fluxes are more 
positive (or less negative) in all layers resulting 
in a net energy import into the system. By the 
occluded stage the horizontal boundary fluxes 
have decreased considerably and the vertical 
integral is negligible compared to other terms 
in the budget. In nearly all cases the vertical 
transport of kinetic energy is upward. In the 
developing and mature stages this upward 
transport results in a flux divergence in the 
troposphere and a convergence in the strato- 
sphere. 

The large export of kinetic energy above 300 
mb during the developing stage is due to the 
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location of the jet stream whichzenters the 
energy computation box in the southwestern 
corner and exists along the middle of the eastern 
boundary. This results in a strong divergence 
of kinetic energy by the u-component of the 
wind which is not sufficiently compensated by 
the weaker flux convergence in the meridional 
direction. It is worth reiterating, at this point, 
that geostrophic wind components were used 
in the analyses above 300 mb at 1200 GMT, 
20 March, as a substitute for the missing data 
in the vicinity of the southwestern boundary; 
consequently, the possibility exists for wind 
error due to this approximation. 

B. Generation 

The vertical distribution of energy genera- 
tion is similar during all the stages of the 
cyclone’s life cycle. In general there is a pro- 
duction of kinetic energy in the lower tropo- 
sphere and destruction in the upper troposphere. 
The destruction, which reaches a maximum in 
the 500-300 mb layer, dominates so that the 



228 D. 0. VINCENT AND L. N. CHANQ 

mass integrals for the system yield net de- 
struction during the developing and occluded 
stages. During the mature stage the net value 
is approximately zero due to an extension of 
kinetic energy generation into the middle 
troposphere, coupled with smaller values of de- 
struction in the upper troposphere. The kinetic 
energy destruction in the 500-300 mb layer is 
caused by a dominance of supergradient flow 
along the leading edge of the troughes at these 
levels (see Fig. 2a, d, for example). 

C. Dissipation 
In this paper the dissipation term is com- 

puted as the residual of (1 ) .  When integrated 
over a large area and/or long period of time, 
the residual should be negative because viscious 
dissipation will dominate over such factors as 
convection and energy cascading between grid 
and subgrid scale processes. Further, errors are 
more likely to be smoothed. However, for a 
small region and short period of time, like 
those in the present case studies, the residual 
is sometimes positive indicating that viscous 
dissipation is masked by factors not capable 
of being detected by standard observing tech- 
niques (see, for example, Smith & Adhikary, 
1974). 

During the developing stage, dissipation is 
observed below the 300 mb level, being strongest 
below 700 mb, while a relatively large kinetic 
energy source (“positive” dissipation) appears 
above the 300 mb level. This yields a net co- 
lumnar gain of kinetic energy. It is possible 
that this gain might be reduced if critical data 
were not missing. By the mature stage, dissipa- 
tion is observed throughout the entire column. 
During the occluded stage, dissipation is still 
strong and occurs in most of the layers with the 
net columnar value slightly less than one-half 
of that in the mature stage. 

D. Kinetic energy budget summary 

The generation of kinetic energy in the lower 
troposphere and the horizontal import through- 
out most of the troposphere are the major 
energy sources during the cyclone’s life cycle. 
The significance of horizontal import during 
the cyclone’s earlier stages is similar to that 
discussed by Smith (1973~) ;  however, in some 
other cases an export has been found (see for 
example, Petterssen & Smebye, 1971). The 
major sinks of energy are the horizontal export 

and cross-isobaric destruction in the upper 
layers and dissipation in the lower layers. When 
the dissipation is integrated from the surface 
to 300 mb, values of 10.4 watts/m* for devel- 
oping stage, 17.3 watts/ma for mature stage 
and 9.6 watts/me for occluded stage, compare 
well with Smith’s ( 1 9 7 3 ~ )  values of 9.2, 15.5 
and 13.4 watts/m*, respectively, which were 
computed from the surface to 200 mb for an 
intense extratropical cyclone over North Amer- 
ica. 

V. Kinetic energy budget of Hurricane 
Celia 

Values of the kinetic energy budget of Hurri- 
cane Celia are presented in Fig. 6 .  A comparison 
between Celia and the extratropical cyclone 
shows that the magnitudes of the various energy 
budget terms associated with Celia are generally 
much smaller. For example, the kinetic energy 
content of the extratropical cyclone is several 
times greater than that of Celia, mainly because 
of weaker winds in the middle and upper tropo- 
sphere for the latter storm. Further, the maxi- 
mum wind occurs a t  a much lower level in 
Celis, than in the extratropical cyclone. 

A. Kinetic energy change 
During the first twelve hours over land Celia 

undergoes very little decrease in total kinetic 
energy. There are small gains in the 850-500 mb 
layer and small losses elsewhere. Essentially 
this period represents Celia’s mature stage. The 
most rapid decay of kinetic energy takes place 
during the next twelve hours when the decrease 
is 10 watts m-*. During this period losses occur 
in all layers, being largest in the lower tropo- 
sphere. During the last period investigated, 
additional losses of kinetic energy occur in all 
layers but at  a considerably slower rate than 
the previous period. 

B. Boundary fluxes 
Compared to the boundary fluxes of the extra- 

tropical cyclone, those of Celia are relatively 
small. Moreover, the contribution of the bound- 
ary flux term to the kinetic energy budget of 
Celia is about an order of magnitude less than 
that of the conversion term. Nevertheless, the 
distribution of the boundary flux in time and 
space shows a significant pattern. In  the first 
period there is a net energy import into the 
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system due to horizontal fluxes with the maxi- 
mum occurring in the middle troposphere. By 
the second period the pattern has reversed it- 
self, for the most part, and horizontal flux 
divergence occurs in all layers. During the last 
period values are reduced, but a weak net ex- 
port of kinetic energy from the system con- 
tinues. Values of the vertical flux are compar- 
able in magnitude to those of horizontal flux 
and, in general, the pattern is one of divergence 
near the level of maximum kinetic energy with 
convergence above and below this level. Note 
that, except for the second period, the vertical 
flux divergence and convergence distributions 
are the results of a vertical transport of energy 
away from the layer of maximum kinetic energy, 
that is, an upward transport into the strato- 
sphere and a downward transport toward the 
surface. 

C. Generation 
The conversion to kinetic energy is strongest 

during the first period when the cyclonic cir- 
culation and “cross-isobaric” flow is most 
intense. The storm’s generation gradually de- 
creases during the next two periods as wind 
speeds subside and gradients of geopotential 
weaken. During the first two periods there is a 
double maxima of generation, one in the bound- 
ary layer and the other in the middle tropo- 
sphere. Note that values in all layers are posi- 
tive during all time periods except above 300 mb 
in the first period. In contrast, generation of 
kinetic energy for the extratropical cyclone was 
restricted to the lower troposphere and ver- 
tically-integrated values show destruction. 

D. Dissipation 
Values during the first two periods are similar, 

showing dissipation of approximately 23 watts 
m-*; however, by the last period the dissipa- 
tion is reduced about threefold. It is seen that 
Celia shows a loss of kinetic energy in all layers 
during each period except in the uppermost 
layer during the first period. The pattern for 
the extratropical cyclone was somewhat dif- 
ferent although there was net dissipation during 
the mature and occluded stages which compares 
favorably with the results for Celia during her 
mature (first period) and rapidly decaying 
(second period) stages. 

It is worth noting that maximum dissipation 
occurs in the boundary layer during the first 
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period whereas a lower value is evident in the 
lowest layer during the succeeding two periods. 
This is partially due to the decreasing depth 
of the surface-850 mb layer as the storm moves 
inland over higher terrain. For example, the 
average surface pressure in the last period is 
approximately 860 mb compared with a value 
of 963 mb during the first period. Thus, the 
effedt of boundary layer dissipation probably 
extends above the 850 mb level during the 
latter two periods as suggested by the higher 
values in the 85C700 mb layer. This same ef- 
fect of terrain was noticeable for the extra- 
tropical cyclone. 

E. Kinetic energy budget summary 
The horizontal and vertical boundary fluxes 

(external sources or sinks) are relatively small 
compared to generation and dissipation estima- 
tes (internal sources or sinks). Further, only 
during the second period is the rate of change 
of kinetic energy significant. Consequently, in 
the first and third periods there is an approxi- 
mate energy balance between generation (source 
term) and dissipation (sink term). This is true 
in all layers as well as in the vertical integral. 
During the second period there is a relatively 
large imbalance between generation and dissi- 
pation which causes a rapid decrease of kinetic 
energy. 

With regards to its kinetic energy budget, 
Celia behaves as a pseudoclosed system in that, 
for the most part, internal sources and sinks 
are responsible for change in kinetic energy. 
This does not imply that external sources or 
sinks of other forms of energy, which can be 
converted to kinetic energy, are unimportant. 
For the extratropical cyclone, on the other 
hand, external influences dominate during the 
developing and mature stages. Celia appears 
to be unique in that during her life cycle (at 
least over the United States) external sources 
and sinks of kinetic energy are unimportant. 
In most other kinetic energy budget studies of 
tropical and extratropical cyclones, boundary 
fluxes have been found to be significant during 
some part or all of the storm’s life cycle (PalmBn, 
1958; Riehl & Malkus, 1961; Petterssen & 
Smeby, 1971; Smith, 1973~) .  

VI. Random error estimates 
In order to evaluate the effect which errors 

might have on the results, sensitivity analyses 
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Table 2a.  Vertical integrals of kinetic energy budget terms of extratropical cyclone 
Comparison of results based on original data and data containing random variations in wind direction 
( f lo"), wind epeed ( t 20 %), and geopotential height ( k0.5 %). Contents in lo6 joules m-*, all others in 
watts m-= 

Terms Original R u n 1  R u n 2  R u n 3  R u n 4  R u n 5  R u n 6  R u n 7  R u n 8  R u n 9  RunlOAver-  
age 

March 20 0000 WMT - March 20 1200 BMT 
K 47.2 48.4 46.9 49.7 48.3 47.2 47.4 46.7 47.8 48.9 46.4 47.8 
DK/Dt -32.8 -37.1 -33.4 -40.1 -37.8 -34.9 -34.6 -32.8 -35.8 -32.2 -33.1 -35.2 
NHF -50.7 -66.7 -63.2 -74.1 -80.3 -78.5 -82.5 -50.7 -97.1 -37.8 -36.0 -66.7 
C - 9.2 12.6 - 8.0 4.8 -13.5 -12.4 - 5.9 - 1.1 -12.2 - 6.1 - 5.9 - 4.8 
D 27.4 17.2 37.8 29.2 55.9 56.0 53.8 19.0 73.5 11.7 8.9 36.3 

March 20 1200 GMT - March 21 0000 BMT 
K 42.3 43.0 42.6 43.3 42.5 43.4 42.4 42.7 42.4 43.1 42.3 42.8 
DKIDt 9.9 11.7 13.3 10.4 10.8 17.3 11.6 13.8 10.9 5.3 13.9 11.9 
NHF 37.4 25.5 46.3 29.5 13.5 23.4 38.0 46.8 35.5 44.3 47.3 35.0 
C 0.1 7.3 - 6.6 6.3 -18.2 - 9.4 - 0 . 5  10.2 - 3.5 0.5 0.1 - 1.4 
D -27.4 -21.1 -26.4 -25.4 15.5 3.3 -25.8 -43.2 -21.1 -39.5 -33.5 -21.7 

March 21 0000 BMT - March 21 1200 BMT 
K 38.1 38.8 38.7 38.8 38.2 39.9 38.9 38.9 37.8 38.6 38.2 38.7 
DK/Dt -29.0 -31.2 -31.3 -31.2 -30.9 -33.5 -27.9 -31.4 -32.1 -25.8 -32.6 -30.8 
NHF - 0.5 - 2.1 - 5.0 9.0 - 9.3 - 5.5 -20.4 7.6 8.3 6.2 - 0.2 - 1.1 
C -16.9 -23.0 -17.3 -17.1 -24.4 -23.5 -22.2 -15.1 -17.1 -16.9 -18.2 -19.5 
D -11.6 - 6.1 - 9.1 -23.1 2.8 - 4.5 14.8 -23.9 -23.3 -15.1 -14.3 -10.2 

were performed on the original data sets. Errors 
in kinetic energy budget calculations evolve 
from wind (direction and speed) and/or height 
errors and include the effects of data innac- 
curacies, physical and mathematical assump- 
tions in the governing equations, and analysis 
and computational procedures. In the real 
atmosphere errors can be classified as either 
random or systematic. Several authors have 
discussed the significance of random and sys- 
tematic fluctuations in data on computational 
results. Perhaps the most notable, for com- 
parison with the present results, is the discus- 
sion given by Kurihara (1961). A majority of 
the errors that might occur in the present 
kinetic energy budget estimates, are probably 
randomly distributed. Since there appears to 
be no viable way of testing for the influence 
of systematic errors, only the effect of random 
fluctuations is evaluated. 

The sensitivity analyses were conducted using 
a set of computer-generated random numbers. 
Random numbers, which were uniformly dis- 
tributed and never repeated, were used to alter 
the original wind and height information. The 
sensitivity of kinetic energy budget calcula- 

tions were tested by allowing wind direction, 
wind speed and geopotential height to vary 
independently as well as collectively. The dif- 
ferent data fluctuations tested, when compared 
to those of Kurihara, indicate that reasonable 
limits of maximum variation are + l o  degrees 
for wind direction, t 20 % for wind speed and 
+0.5% for geopotential height. The combined 
effect of these limits on kinetic energy results, 
based on ten different sets of random numbers, 
is given in Table 2a, b .  It should be stressed 
that because data fluctuations were allowed to 
vary and accumulate collectively, tabular re- 
sults probably approach the extremes which 
can be expected from randomly distributed 
errors. 

The major information contained in Table 
2a,  b shows that: (1) terms in the kinetic energy 
budget of the extratropical cyclone are more 
sensitive to errors than those in the tropical 
cyclone, mainly because winds and contour 
gradients are greater for the former; (2) kinetic 
energy contents and content changes ( D K / D t )  
are less sensitive to errors than net horizontal 
flux divergence or kinetic energy generation, 
mainly because the former two terms depend 
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Table 2b. Vertical integrals of kinetic energy budget terms of Hurricane C e l h  
Comparison of results based on original data and data containing random variations in wind direction 
( 2 lo”), wind speed ( f 20 %), and geopotentid height ( 20.5 yo). Contents in lo6 joules m-8, all others in 
watts m-2 

Aver- 
Terms Original Run1 Run2 Run3 Run4 Run5 Run6 Run7 Run8 Run9 Runloage 

August 4 0000 GMT - August 4 1200 GMT 
K 8.2 8.5 8.5 8.2 8.2 8.2 8.0 8.2 8.2 8.3 8.5 8.3 

NHF 2.7 2.1 3.4 1.7 2.2 3.4 2.2 2.7 2.4 2.4 2.3 2.5 
C 20.1 22.1 21.0 23.2 16.7 22.7 22.3 20.1 23.0 19.7 23.2 21.4 

DK/Dt -0.6 -1.1 -0.3 -0.3 -1.6 -0.1 0.3 -1.4 -0.4 -1.0 1.8 -0.4 

D -23.6 -25.5 -24.9 -25.4 -20.7 -26.4 -24.4 -24.4 -26.0 -23.3 -23.9 -24.5 

A w W t  4 1200 GMT - August 5 0000 GMT 
K 6.0 6.0 6.3 5.9 5.9 6.1 5.9 5.9 6.1 6.0 6.4 6.0 
DK/Dt  -10.0 -10.3 -10.1 -10.2 - 8.8 - 9.4 - 9 . 8  - 9.3 - 9.5 - 9.4 -11.4 - 9 . 8  
NHF - 1.8 - 1.8 - 1.0 - 2.2 - 2.6 - 1.8 - 1.6 - 2.4 - 2.2 - 2.3 - 1.2 - 1.9 
C 14.7 19.6 15.6 15.8 9.7 12.5 16.8 18.0 20.2 17.3 12.7 15.8 
D -23.3 -28.4 -25.4 -24.2 - 16.3 -20.5 -25.3 -25.3 -27.8 -24.8 -23.3 -24.1 

August 5 0000 GMT - August 6 0000 GMT 
K 3.1 3.1 3.3 3.1 3.2 3.2 3.1 3.1 3.2 3.2 3.2 3.2 
DK/Dt  - 1.6 - 1.5 - 1.9 - 1.6 - 1.8 - 1.9 - 1.5 - 1.7 - 1.9 - 1.7 - 1.6 - 1.7 
N H F  - 0.5 - 0.1 - 0.7 - 0.8 - 0.8 - 0.1 - 0.8 - 0.3 - 0.2 - 0.6 0.0 - 0.4 
C 6.4 6.2 4.1 4.8 4.8 4.1 8.1 9.8 10.9 10.9 0.9 6.4 
D - 7.6 - 7.7 - 5.4 - 5.6 - 5.9 - 6.0 - 8.9 -11.3 -12.7 -12.1 - 2.6 - 7.8 

on the square of the wind speed while the latter 
two depend on the cube of the wind speed and 
a correlation between wind direction and geo- 
potential contour gradients, respectively; (3) 
uncertainty as to sign is greatest when a term 
is near zero; as values become larger, the per- 
centage change for different runs is reduced; 
(4) errors in individual terms rarely exceed 
original values by a factor of two and then 
only for the extratropical cyclone; and ( 5 )  the 
general trend of the results and subsequent 
scientific interpretations for almost all of the 
runs remain essentially the same regardless of 
the error amount. 

VII. Conclusions 

An initial attempt has been made to apply 
the energy budget equations in moving coor- 
dinates using the method proposed by Vincent 
& Chang (1973). The life cycles of two storms, 
an extratropical cyclone and a hurricane, have 
been investigated. Each is a member of a class 
of cyclones which affects the weather of certain 
geographical sections in the United States. 
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The extratropical cyclone develops essentially 
as a “Colorado LOW” and moves rapidly east- 
ward as it matures and occludes. Hurricane 
Celia enters the Gulf Coast near Corpus Christi, 
Texas as a mature hurricane and eventually 
decays about 48 hours later in New Mexico. 
In this paper only the storms’ kinetic energy 
budgets are discussed; for more complete 
analyses, available potential energy budgets 
need to be computed. This is a much more dif- 
ficult undertaking and research has only re- 
cently begun concerning this aspect of the 
problem. Nevertheless, some interesting and 
significant findings have resulted from the 
kinetic energy budget studies. 

Perhaps the most significant finding is the 
one which is least surprising. That is, values 
of the energy parameters associated with the 
moving storm systems are considerably larger 
on an energy-per-unit area basis than the same 
parameters computed for a volume of larger 
areal extent containing the moving systems dur- 
ing their life cycles. This can be verified by 
comparing the present results with those of 
Chang (1973) for the extratropical cyclone and 
Vincent et al. (1974) for Hurricane Celia. Smith 
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(1973a) and Vincent et al. have also found that 
values of energy budget terms computed for 
a fixed volume are much greater in the storm’s 
vicinity than corresponding values in a region 
of larger areal extent. 

In  summarizing the results of this study it is 
perhaps most appropriate to emphasize some 
of the major differences in energy budget calcu- 
lations between the extratropical and tropical 
cyclones. Generally speaking, i t  was found that 
the horizontal boundary flux of kinetic energy 
was an important process in the life cycle of 
the extratropical cyclone (except for the oc- 
cluded stage), whereas, it was essentially negli- 
gible during Hurricane Celia’s life history, at  
least after landfall. The vertical transport of 
kinetic energy was upward from the surface to 
the stratosphere for the extratropical cyclone, 
while it was transported both upwards and 
downwards, away from the layer of maximum 
kinetic energy (near 500 mb) in Celia’s case. 

The conversim to kinetic energy, which has 
been referred to as generation, essentially is 
positive (increase the kinetic energy) in all layers 
during Celia’s cycle, but is positive only in the 
lower troposphere for the extratropical cyclone. 
In the upper troposphere, particularly in the 
vicinity of the jet stream, there are large areas 
of supergradient flow so that the vertical in- 
tegral contributes to decreases in kinetic energy. 
Dissipation, which is computed as a residual 
in the budget equation, is negative (contributes 
to decreases in kinetic energy) during all periods 
of both the extratropical and tropical cyclone’s 
life cycle except during the extratropical 
cyclone’s developing stage when positive dissi- 
pation occurs in the upper two layers. 

While it is recognized that positive dissipa- 
tion is generally viewed with skepticism, results 
of other case studies currently in progress sug- 
gest that residual estimates of dissipation are 
frequently positive in the region above the 
atmospheric boundary layer. A possible physical 
explanation for this phenomena is that subgrid 
scale energy sources, such as convection in the 
middle troposphere and eddy momentum trans- 
ports in the upper troposphere, which are not 
detectable in the analysis, require compensating 
mechanisms for dissipation. These processes, if 
detectable or capable of being parameterized, 
would most likely reduce or negate positive 
dissipation. 

Another possible explanation for positive 
dissipation, and the one usually invoked, is 
that it results from error accumulation in wind 
and height data, an effect which normally in- 
creases with altitude in the troposphere. Error 
analyses, when applied to both cases, show that 
kinetic energy contents and rates of changes 
in these contents, which depend on the square 
of the wind speed, are relatively insensitive to 
random errors. However, the net horizontal 
flux divergence which depends on the cube of 
the wind, and generation, which depends on 
wind direction and geopotential height, are 
more sensitive to random data fluctuations, 
particularly in the extratropical cyclone case 
where winds and contour gradients are greater. 
Only in a few of the error analysis runs did 
kinetic energy terms vary by more than a factor 
of two from original estimates (see Table 2a).  
Further, the residual dissipation estimates 
seldom changed sign, suggesting that positive 
values for the dissipation do not occur because 
of error accumulation. 

The trends in the results and the conclusions 
to be reached from them are almost always the 
same for all error analysis runs, regardless of 
error size. Thus, the authors conclude that i t  is 
possible to compute kinetic energy budgets of 
moving systems utilizing the approach sug- 
gested by them in an earlier paper (Vincent & 
Chang, 1973); nevertheless, the present study 
and others in progress indicate the importance 
and need to investigate ways of filtering wind 
and height data in order to reduce errors and 
to incorporate methods of accounting for sub- 
grid to grid scale energy exchanges. 
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