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Abstract 
An analysis of the kinetic energy budget is made for a tropical cyclone. Horizontal flux conver-
gence constitutes a major energy source. Generation of kinetic energy via cross-contour flow is a 
persistent sink throughout the pre-storm and growth periods. Dissipation of kinetic energy from 
subgrid to grid scales is an important source during the pre-storm and growth periods; it acts as 
the major sink of energy during the decay period. The major contribution to kinetic energy comes 
from a persistent upper tropospheric jet stream activity throughout the period of the cyclone de-
velopment. Unlike midlatitude cyclones, a considerable quantity of kinetic energy appears be-
tween 850 - 500 hPa layers especially during the growth period. While the behavior of the values 
of horizontal divergence by nondivergent wind closely resemble to those of total horizontal di-
vergence term, neglecting the divergent part of the wind would clearly lead to a considerable er-
ror in the calculation of total horizontal divergence. The mean error in approximation of total ho-
rizontal divergence by the nondivergent part during the life cycle of our cyclone is about 36%. 
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1. Introduction 
Tropical cyclone landfall engages numerous important issues including structure/change in intensity and track 
turning when it moves towards coastal area, sustention and decay over land, storm surge, wind strength and 
rainfall. The land falling tropical cyclone rainfall is one of the majority complex issues. When a tropical cyclone 
approaches the coastal area, interaction between ocean, atmosphere and land topography should be considered. 
The greater part of the severe disasters or catastrophes were often caused by heavy rainfall of a land falling 
tropical cyclone which could result in flash flooding, reservoir collapses and debris flow to threaten the loss of 
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lives and properties. Extreme weather events and disasters from landfalling tropical cyclone occurred in both Pa-
cific and Atlantic coastal regions frequently, especially in recent years, such as super typhoons [1]. A number of the 
damages were caused by heavy precipitation from those typhoons and hurricanes. Accurate forecasts and warnings 
on tropical cyclone rainfall in this connection will play an important role for disaster avoidance and preparedness.  

Many studies are applied to convectively unstable synoptic situations [2]-[7]. Synoptic-scale kinetic energy 
analysis has shown convective storm environments to be regions of intense energy transformations and trans-
ports [8]-[10]. Widespread convection is thought to be a source of synoptic-scale kinetic energy [11] due to 
transfer of unresolvable (subgrid) to resolvable (grid) scales of motion [12]-[14]. Sources and sinks of kinetic 
energy within the mesoscale storm environment appear to be more intense than those at the larger scales [15]- 
[21]. The coupling of convection to synoptic-scale processes is explored [22]. The bulk upscale influences of 
convection in baroclinic cyclones obviously force the downstream synoptic scale and instant mesoscale envi-
ronment. This includes: enhanced differential cyclonic vorticity advection ahead of weak upstream troughs re-
sulting from convection-generated enhanced downstream ridging and jet development with landfalling and re-
curving tropical cyclones [23] [24]; vorticity buildup and merger in vortical hot convective towers throughout 
initial tropical cyclogenesis [25]; and mesoscale ridging in the upper troposphere ahead of convection linked 
with mesoscale convective vortices [26]. 

A different approach for describing kinetic energy balance is to regard as the relative contributions of the di-
vergent and rotational wind components. Using summertime data of Northern Hemispheric, the ratio of diver-
gent kinetic energy to the total amount is approximately 0.10 to be found [27]. In other words, the dominant 
component of 200 hPa tropical flow is the rotational wind [28]-[33]. While the divergent wind was small in 
magnitude, it assumed vital importance in the generation and transport of kinetic energy within a midlatitude 
cyclone [34]. Likewise kinetic energy of the Arabian Sea monsoon was observed to increase via interactions 
between the divergent and rotational wind components [35]. Conversely, a lot of the cross contour generation of 
kinetic energy in some cyclones has been attributed to the rotational wind [36] [37]. The purpose of the present 
study is to discuss and analyze the kinetic energy budget of a developing tropical cyclone over a limited area 
during 14 to 25 October 2008. Also, to examine the relative contributions of the divergent and nondivergent 
wind components to the kinetic energy budget. 

2. Theoretical Consideration 
The Kinetic Energy Equation 
In pressure coordinates, the kinetic energy equation given by [13] in an atmospheric column is 
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where S is the area of computational domain, g is the acceleration due to the gravity and P0 is the surface pres-
sure. On the right-hand side of Equation (1), the first and second terms are the horizontal and vertical flux di-
vergence of kinetic energy, the third term is the generation of kinetic energy due to the cross-contour flow and 
the last term D (k), commonly called the “dissipation” term. 

To examine contributions of the divergent and rotational winds to the total kinetic energy balance, these 
components must be introduced into Equation (1). This can be done by following the procedure of [34].  

Helmholtz’s theorem states that horizontal wind can be expressed as the sum of the divergent (VD) and 
non-divergent (or rotational) components (VR), i.e., 

R DV V V= +                                      (2) 
The kinetic energy per unit mass can be expressed as 

( ) ( ) ( )R DVK V K V K−∇ ⋅ = −∇ ⋅ −∇ ⋅                          (3) 

where 
andR R R D D DK V V K V V= ⋅ = ⋅                              (4) 
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Using Equation (2), we may write the integrands of the first and third terms on the right-hand side of (1) as 
( ) ( ) ( )R DVK V K V K−∇ ⋅ = −∇ ⋅ −∇ ⋅                           (5) 

R DV V Vφ φ φ− ⋅∇ = − ⋅∇ − ⋅∇                              (6) 
Equation (5) shows that the horizontal flux convergence of kinetic energy is caused by the horizontal trans-

port of non-divergent and divergent winds. For sake of convenience we associate RV φ− ⋅∇  and DV φ− ⋅∇  
with the generation of kinetic energy due to barotropic and baroclinic processes, respectively [27] [38]. The ba-
rotropic term integrates to zero in a closed domain [27], but not in an open domain as considered here. Using (5) 
and (6), we can rewrite (1) as  
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We shall pay particular attention to the contribution of VR and VD to kinetic energy in Equation (3), to the ho-
rizontal flux convergence ( )VK−∇ ⋅  of kinetic energy in Equation (5), and to the generation of kinetic energy 

V φ− ⋅∇  in Equation (6).  

3. Data and Computation 
3.1. Input Data  
The data used in this study have been taken from the archives of the European Center for Medium-Range 
Weather Forecasts (ECMWF). It consists of the horizontal wind components (u—eastward, v—northward), the 
temperature (T) and the geopotential height (Z) on regular latitude-longitude grid points resolution of 2.5˚ × 2.5˚. 
The used data is only at 1200 GMT during the period 14 to 25 October 2008 for isobaric levels 1000, 850, 700, 
500, 400, 300, 250, 200, 150 and 100 hPa. The domain of the study extends from 25˚ to 65˚ and from 0˚ to 40˚. 
The 1200 GMT was used for the present study. The inner domain which is used for the present case of study in 
calculations of kinetic energy budget is shown in Figure 1 and Figure 2.  

3.2. Analytical Procedures  
The vertical wind component in the P-coordinate system, namely d dP tω = , is estimated using the kinematic 
method. However, due to errors in horizontal divergence estimates, accumulation of error in ω occurs away 
from the bottom of the atmosphere. To remove this bias a pressure-weighted correction for ω was adopted fol-
lowing [39]. This technique was employed to calculate grid point values of ω at all standard isobaric levels and 
at the midpoint of each sub layer. At the bottom and the top of the atmosphere ω was initially set to zero.  

An advanced technique for obtaining divergent and non-divergent winds (VD and VR) is the solution of pois-
son equations for stream function and velocity potential using the relaxation method [40]. The energy variables 
are calculated at 1200 GMT. Therefore, time derivatives evaluated by central differences spanning of 48h give a 
reasonable indication of the time variation of kinetic energy. Centered finite differences were used to compute 
horizontal derivatives and all vertical derivatives except those at the 1000 and 100 hPa, where non-centered dif-
ferences were employed. For each of wind analysis at 1000 hPa, energy variables at this level are obtained by 
linear extrapolation. Finally, the dissipation term is evaluated as a residual in Equation (1) [41]. [42] warns of 
the risk in attaching physical significance to the sign or magnitude of residual terms, but concedes that applica-
tion of the residual technique may be meaningful in data-rich areas.  

4. Synoptic Discussion 
A common case of tropical cyclogenesis over the Indian Ocean is considered in the present study. Its period 
continued from 14 to 25 October 2008. Figure 3(a) illustrates the track of the tropical cyclone during the period 
14 to 25 October 2008 while Figure 3(b) shows pressure and temperature values at the center of the tropical 
cyclone during this period. Based on the surface charts, changes in central pressure and charts of 1000 and 700  
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Figure 1. 700 hPa height contours in 10 m intervals (solid) and temperature (dotted) in 5˚C in-
crements for 1200 UTC 14-21 October 2008. (a) 14 OCT. 2008, 700 hPA; (b) 15 OCT. 2008, 
700 hPA; (c) 16 OCT. 2008, 700 hPA; (d) 17 OCT. 2008, 700 hPA; (e) 18 OCT. 2008, 700 hPA; 
(f) 19 OCT. 2008, 700 hPA; (g) 20 OCT. 2008, 700 hPA; (h) 21 OCT. 2008, 700 hPA.                    

 

 
Figure 2. As in Figure 1 but for 1200 UTC 22-25 October 2008. (a) 22 OCT. 2008, 700 hPA; (b) 
23 OCT. 2008, 700 hPA; (c) 24 OCT. 2008, 700 hPA; (d) 25 OCT. 2008, 700 hPA.                    

(a) (b)

(c) (d)

(e) (f)

(g) (h)

(a) (b)

(c) (d)
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(a) 

 
(b) 

Figure 3. (a) The track of the tropical cyclone during the period 14 to 
25 October 2008; (b) Pressure and temperature values at the center of 
the tropical cyclone during the period 14 to 25 October 2008.          

 
hPa the life cycle of this cyclone can be divided as following: Pre-storm period: 14-16 October, Growth period: 
17-21 October , Decay period: 22-25 October. 1000 and 700 hPa charts at 1200 GMT on each day are shown in 
Figure 1 and Figure 4 and Figure 5, respectively. 1000 and 700 hPa charts contain contours of height with 10 
meter increment and isotherms with 2oc increment. 

The cyclone of special interest first appeared as an extension of the equatorial trough south of India at 14 and 
15 October, a cut-off low formed at 16 October and a well-defined cyclonic depression become clear over south 
west of India (Figure 4). The 700 hPa trough (Figure 1) associated with the cyclone is well southwest of India 
by 16 October, a cut of low at 700 hPa was centered over Indian Ocean at (6˚N, 65˚E), Figure 1. At 17 October 
the trough extended westward and the surface storm undergoes strong intensification. A closed 700 hPa contour 
developed and moved west at 18 October. The maximum development occurs at 19 October where the pressure 
at center of the surface low decreased to 999 hPa, a drop in the contours of 1000 and 700 hPa levels taken place 
in conjunction with the deepening surface cyclone. 

By 20 October the cyclone moved slowly northwest ward and its center pressure at the surface increased one 
hPa. During the next 24 hours the cyclone also moved northwest ward to reach the coast of the southeast of Ye-
men. By 21 October the slow moving ridge of Siberian high began to move northward. While the Siberian high 
moved (shifted) northward the horizontal extension of the cyclone increases and moved slowly westward. The 
most pronounced feature at 21 October is the existence of a strong thermal gradient north of our cyclone and 
associated with the south coast of Arabian Peninsula at 1000 hPa. By 22 October the cyclone moved westward 
to become over Gulf of Aden, Yemen and north of Somalia associated with a developing thermal trough form-
ing highly baroclinic zone. By 23 October while the Siberian high pressure propagate southward the horizontal 
extension of the cyclone decreases and moved slowly eastward (Figure 5(b)). While the pressure at the center of 
the surface low increased to 1005 hPa. Continuous rainfall over Yemen and southwest of Saudi Arabia occurs at  
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Figure 4. 1000 hPa height contours in 10 m intervals (solid) and temperature (dotted) in 5˚C in-
crements for 1200 UTC 14-21 October 2008. (a) 14 OCT. 2008, 1000 hPA; (b) 15 OCT. 2008, 
1000 hPA; (c) 16 OCT. 2008, 1000 hPA; (d) 17 OCT. 2008, 1000 hPA; (e) 18 OCT. 2008, 1000 
hPA; (f) 19 OCT. 2008, 1000 hPA; (g) 20 OCT. 2008, 1000 hPA; (h) 21 OCT. 2008, 1000 hPA.     

 

 
Figure 5. As in Figure 4 but for 1200 UTC 22-25 October 2008. (a) 22 OCT. 2008, 1000 hPA; 
(b) 23 OCT. 2008, 1000 hPA; (c) 24 OCT. 2008, 1000 hPA; (d) 25 OCT. 2008, 1000 hPA.               

(a) (b)

(d)(c)

(e) (f)

(h)(g)

(a) (b)

(c) (d)
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22, 23 October. At 24 October the extension of the surface low propagate northward over the west of Saudi 
Arabia and Red sea. This northward oscillation of this trough coincide with the entrance of upper air trough 
from the Mediterranean, this situation causes strong instability over Red sea and most regions of west Saudi 
Arabia. Finally, the cyclone was drifted slowly northeast ward (cover east of Sudan) and weaking. 

5. Analysis of Total Kinetic Energy Budget 
5.1. Kinetic Energy Time Development  
The energy budget in terms of the Eulerian kinetic energy Equation (1) is evaluated in a domain which encloses 
our cyclone during its life cycle. The area-mean energy variables, integrated from 1000 100 hPa at 1200 GMT 
are shown in Table 1. Note that the vertical flux divergence was integrated to zero because of the solid boun-
dary condition on ω, therefore, is not presented in Table 1.  

5.1.1. Pre-Storm Period  
Table 1 shows that the generation of kinetic energy term, V φ− ⋅∇ , is negative which indicate on average that 
the cross contour flow is down gradient in the vicinity of the cyclone. The gradual strengthing of the cyclone 
(Figure 1) explain the monotonic increase in kinetic energy and also the local variation of kinetic energy. Hori-
zontal flux convergence contributes significantly to the energy budget of our cyclone. Dissipation of kinetic 
energy from subgrid to grid scales is an important source during this period. 

5.1.2. Growth Stage  
The kinetic energy increases during the growth period and reaches its maximum value at 19 October. The local 
variation of kinetic energy, ∂K/∂t, is positive throughout the first two days of this period and become negative 
during the later portion when the cyclone tends to decay. Generation of kinetic energy is a prominent sink. The 
magnitude of this term is evidence of widespread and persistent imbalance in the mass and wind fields. The 
negative values of the generation term on average indicate that the cross contour flow is down gradient in the vi-
cinity of the cyclone. The major source of kinetic energy for the cyclone is the dissipation term during the first 

 
Table 1. Integrated Kinetic energy budget. Unites are w⋅m-2except for energy content which are 105 J∙m−2.                   

Time K  k t∂ ∂  V φ− ⋅∇  kV−∇ ⋅  ( )D k  ( )V D kφ− ⋅∇ +  

Pre-storm period 

14 - 10 7.53 0.41 −1.97 1.88 1.90 −0.07 

15 - 10 8.25 1.75 −1.31 1.11 1.73 0.41 

16 - 10 10.56 2.58 −1.21 −1.98 2.19 0.97 

Growth period 

17 - 10 12.70 1.77 −2.36 −3.10 3.20 0.84 

18 - 10 13.61 0.30 −3.59 −1.58 3.83 0.25 

19 - 10 13.22 −1.13 −3.54 0.34 3.17 −0.37 

20 - 10 11.66 −1.06 −1.78 2.77 1.19 −0.59 

21 - 10 11.39 −1.80 2.95 2.99 −3.79 −0.84 

Decay period 

22 - 10 8.55 −1.71 3.48 1.54 −4.14 −0.67 

23 - 10 8.44 1.02 3.84 4.97 −4.03 −0.19 

24 - 10 10.30 2.85 5.83 4.58 −5.43 0.40 

25 - 10 13.36 1.77 4.56 1.93 −4.22 0.34 

Mean 10.80 0.56 0.41 1.29 −0.37 0.04 
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two days and the horizontal flux convergence during the last two days in this stage. As it is expected, the dissi-
pation D (K) is greatest when the storm is most intensive. An overview of the kinetic energy budget is obtained 
by comparing the external source or sink ( )Vk−∇ ⋅  and the internal source or sink ( )V D kφ− ⋅∇ +  [34]. Ta-
ble 1 shows clearly that external source dominates during the last three days in the growth stage.  

5.1.3. Decay Stage  
The deterioration of the storm system is demonstrated by a steady decrease in kinetic energy during the first two 
days in this stage. This occurs according to the fact that horizontal transport continues to represent a major 
energy source, so this provides a permanent source of energy to the region. Generation of kinetic energy 
represent another source of energy in this period only, and the dissipation combines to yield an internal sink that 
exceeds the external source of kinetic energy. 

5.2. Vertical Distribution of Time Mean-Kinetic Energy  
The time-mean kinetic energy budget for our cyclone, at individual pressure levels, is shown in Table 2. The 
major contribution to the kinetic energy comes from a persistent upper tropospheric jet stream activity through-
out the period of our cyclone. The most of this energy occurred above 250 hPa in association with the strong jet 
stream. The local derivative term indicates that average kinetic energy increased slightly with time at the levels 
above 850 hPa except at the upper level (100 hPa). The term, k Pω−∂ ∂ , indicates the vertical transport of ki-
netic energy, positive values indicating downward transport. Downward transport of kinetic energy is found in 
the layer (500 - 150 hPa). In the lower layer (1000 - 700 hPa) the vertical flux is negative which indicate that the 
transport of kinetic energy aloft by the upward motion dominate throughout the period. This vertical transport 
acts as a source of kinetic energy to the middle and upper troposphere. 

Positive dissipation term, is suggesting a transfer of energy from subgrid to grid scales of motion as a source 
of energy at all levels except at 300, 250, 150 and 100 hPa. Positive values of this term have been reported by 
numerous other investigators [17] [43] [44]. A considerable amount of energy is transported out the area by ho-
rizontal flux convergence ( )0kV−∇ ⋅ <  below 300 hPa. Above 400 hPa the horizontal flux convergence serves 
as a major source at all levels throughout the period and reaches its maximum values near the jet level and pro-
duce a mean value for ( )kV−∇ ⋅  in the order 1.29 w∙m−2. 

The generation of kinetic energy, V φ− ⋅∇ , is negative at the most levels, which indicate that this term is a 
prominent sink in our case. The vertical profile of V φ− ⋅∇  demonstrate that the maximum adiabatic destruc-
tion of kinetic energy is in the 700 - 400 hPa layer. The life cycle vertical average of V φ− ⋅∇  is 0.41 w∙m−2. 
Comparing both external source or sink kV−∇ ⋅  and the internal source or sink ( )V D kφ− ⋅∇ +  we found 
that the external source dominates at all levels above 400 hPa. 

 
Table 2. Time mean kinetic energy budget as a function of pressure. Unites are W∙m−2 except for energy content which are 
105 J∙m−2.                                                                                               

Level K  k t∂ ∂  kV−∇ ⋅  k Pω−∂ ∂  V φ− ⋅∇  ( )D k  ( )V D kφ− ⋅∇ +  

100 

150 

200 

250 

300 

400 

500 

700 

850 

1000 

3.28 

25.03 

19.61 

12.96 

9.43 

7.52 

8.64 

9.81 

7.67 

4.04 

−0.21 

1.13 

1.99 

1.61 

1.31 

0.51 

−0.09 

0.01 

−0.43 

−0.21 

−0.90 

9.44 

9.49 

3.05 

0.21 

−1.75 

−1.22 

−2.65 

−2.18 

−0.64 

−4.77 

2.36 

4.73 

−2.44 

2.54 

5.67 

2.55 

−1.37 

−3.84 

−5.44 

5.76 

−0.75 

−1.37 

0.56 

1.28 

−0.68 

−0.23 

−0.33 

0.11 

−0.27 

−5.26 

−0.09 

0.54 

−0.14 

−1.16 

0.45 

0.07 

0.74 

0.37 

0.82 

0.50 

−0.84 

−0.83 

0.42 

0.12 

−0.24 

−0.16 

0.41 

0.47 

0.54 

Mean 10.80 0.56 1.29 0.00 0.41 −0.37 0.04 
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5.3. Time-Height Variations of Budget Quantities  
Energetic processes in relation to the cyclogenesis region need further examination and are analyzed by means 
of time-height cross sections as represented in Figure 6. The major feature of the cyclogenesis region is the field 
of kinetic energy due to the persistence of the upper jet stream between 250 - 150 hPa, and also due to maximum 
development during the growth period of our tropical cyclone between the layer 850 - 400 hPa.  

Systematic changes, related to the life cycle of our case occur in the flux convergence term. There are positive 
values of horizontal flux convergence in upper half of the atmosphere. The maximum of this values (the maxi-
mum import of kinetic energy out of the region) near 150 hPa at 20 and 21 October. So, the horizontal flux con-
vergence acts as a major source of energy at the upper levels during the growth and decay periods of our cyclone. 
This term acts as a sink of energy at all levels below 400 hPa throughout the life cycle of the cyclone except at 
24 and 25 October. A transport of kinetic energy from the lower layer to the layer 700 - 400 hPa by vertical flux 
convergence occurs during pre-storm and growth periods. The pattern of this term is very variable where the 
most striking feature is the transport of energy downward from the layer between 700 - 300 hPa to the lower 
layer during the growth stage and from 700 - 200 hPa during the decay stage. 

The life cycle of our case study is also well described through generation term −V⋅∇φ. In the pre-storm and 
growth stages a major energy sink is the intense conversion of kinetic to potential energy by the generation term  

 

 
Figure 6. Pressure-time cross sections of kinetic energy and kinetic energy budget terms. Kinetic 
energy in 105 J∙m−2 (100 hPa)−1. Kinetic energy changes in W∙m−2 (100 hPa)−1. (a) K; (b) K t∂ ∂ ; 
(c) kV−∇ ⋅ ; (d) k Pω−∂ ∂ ; (e) V φ− ⋅∇ ; (f) D (k).                                      

(a) (b)

(c) (d)

(e) (f)
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which reaches its maximum negative value at 19 October and becomes positive during the decay period. The 
maximum generation of kinetic energy appears above 400 hPa.  

Transfer of kinetic energy from subgrid to larger scales of motion generally is the pronounced feature in our 
cyclone. Enhanced transfer from subgrid to grid scales of motion is prominent in the middle and upper tropos-
phere and in the lower stratosphere during the growth stage. This term becomes negative and so dissipative 
losses are now quite prominent during the decay period.  

5.4. Contribution of Divergent and Non-Divergent Wind Components to the  
Kinetic Energy Budget  

5.4.1. Kinetic Energy 
In their global study, [27] showed that the kinetic energy of the divergent wind KD is very small compared to 
that of the nondivergent wind KR. However, [45] noted that KD may be significant in severe storms. Table 3 
shows the contribution of the divergent and non-divergent wind to the kinetic energy and the ratios KR/K, KD/K 
and VR⋅VD/K for 24 h intervals during the evolution of the cyclone. Values of K, KR and KD all vary in the same 
direction while KR has the major contribution to K. The dot product of the nondivergent and divergent winds 
VR⋅VD integrates to zero on the glob, but not necessarily in a limited domain. In our case of study term VR⋅VD is 
smaller than KD. Values of VR⋅VD are generally smaller than those of KD especially in the lower troposphere. The 
error in approximating K by KR ranges from 4.5% to 6.6% and the average error during the period of cyclone is 
only about 5.5%. Tim-mean averages of the components of kinetic energies K, KR, KD and VR⋅VD and their ratios 
are expressed in Table 3. 

5.4.2. Horizontal Flux Convergence of Kinetic Energy  
The horizontal flux convergence of kinetic energy is regarded as an external energy source and represents the 
net flow into or out of an open system. The total flux convergence of kinetic energy, −∇∙Vk, may be splited into 
two parts, one due to the nondivergent wind −∇∙VRk and the other to the divergent wind −∇∙VDk. These quanti- 

 
Table 3. Kinetic energies K, KR, KD and VR∙VD and the ratios KR/K, KD/K and VR∙VD/K. Units: 105 J∙m−2.                   

Time K  RK  DK  R DV V⋅  RK K  DK K  R DV V K⋅  

Pre-storm period 

14 - 10 7.53 7.11 0.39 0.03 93.96 5.31 0.73 

15 - 10 8.25 8.03 0.35 −0.13 96.44 4.89 −1.33 

16 - 10 10.56 10.22 0.45 −0.10 96.04 5.35 −1.39 

Growth period  

17 - 10 12.70 12.39 0.36 −0.06 94.02 5.72 0.26 

18 - 10 13.61 13.25 0.28 0.08 95.39 4.54 0.07 

19 - 10 13.22 13.00 0.52 −0.29 96.47 5.65 −2.12 

20 - 10 11.66 11.00 0.56 0.11 94.87 5.01 0.12 

21 - 10 11.39 10.75 0.60 0.04 94.95 4.74 0.31 

Decay period  

22 - 10 8.55 8.28 0.31 −0.04 94.80 6.28 −1.08 

23 - 10 8.44 8.21 0.23 0.00 94.82 5.70 −0.52 

24 - 10 10.30 9.98 0.28 0.04 92.73 6.06 1.21 

25 - 10 13.36 13.19 0.27 −0.09 95.10 6.58 −1.68 

Mean 10.80 10.45 0.38 −0.04 94.97 5.48 −0.45 
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ties at different times in the life cycle of the cyclone are shown in Figure 8(a).  
During the pre-storm period −∇∙VRk is negative and increases steady as −∇∙Vk during the growth period and 

becomes positive during the decay period. The horizontal flux convergence by the divergent wind is positive 
during the pre-storm and growth period while it negative during the decay period. While the behavior of the 
values of −∇∙VRk closely resemble to those of −∇∙Vk, neglecting the divergent part of the wind in our case of 
study would clearly lead to a considerable error in the calculation of −∇∙Vk. The mean error in approximation of 
−∇∙Vk by −∇∙VRk during the life cycle of our cyclone is about 36 %. 

Figure 7(a) shows the horizontal flux convergence terms with pressure. The values of −∇⋅VRk is negative and 
greater than the negative values of −∇⋅VDk below 400 hPa, so the rotational and divergent winds exports energy 
below 400 hPa throughout the period of our cyclone. Above 300 hPa the values of −∇⋅VRk and −∇⋅VDk becomes 
positive and −∇⋅VRk is much greater than −∇⋅VDk. Figure 7(a) shows that the maximum import of energy occurs 
within the 250 - 150 hPa layer.   

5.4.3. Generation of Kinetic Energy  
The generation of kinetic energy by total wind (−V⋅∇φ), rotational wind (−VR⋅∇φ) and the divergent wind 
(−VD⋅∇φ) at different times of our case study are shown in Figure 8(b). The barotropic contribution −VR⋅∇φ is 
almost negative except at the decay period. This may explain that nondivergent wind blows toward higher pres-
sure most of the time except at the decay stage where the cross-contour flow to divergent wind is predominantly 
toward lower pressure. The maximum negative values of −VR⋅∇φ occurs during the growth stage. The baroclinic 
contribution −VD⋅∇φ acts as a sink of energy during the pre-storm and growth period while it acts as a source of 
energy during the decay period, the magnitude of this term is very small compared to −VR⋅∇φ. The values of 
−VR⋅∇φ are closely resemble to those of −V⋅∇φ, so, the average error in approximating −VR⋅∇φ by −V⋅∇φ during 
the life cycle of the cyclone is very small. 

Generation of kinetic energy is shown with the vertical pressure in Figure 7(b). Generation due to barotropic 
processes predominates at all levels below 300 hPa and on the other hand generation due to baroclinic processes 
is negative below 400 hPa and positive above 300 hPa. It can be conclude that generation of kinetic energy by 
barotropic component is the major source at all levels below 300 hPa. On the other hand the baroclinic compo-
nent of generation is an energy sink below 400 hPa. 

6. Concluding Remarks 
This paper has described the kinetic energy budget and the relative contributions of divergent and rotational 
wind components to the kinetic energy balance during the period of a tropical cyclone. Generation of kinetic 
energy term acts as an energy sink throughout the pre-storm and growth periods, which indicate on average that 
the cross contour flow is down gradient in the vicinity of cyclone during these two periods. This term acts as 
energy sink during the decay period. Dissipation of kinetic energy from subgrid to grid scales is an important  

 

 
(a)                                                       (b) 

Figure 7. (a) Vertically integrated Horizontal flux convergence of kinetic energy by the total wind (solid line), the rotational 
wind (dotted line) and the divergent wind (dashed line); (b) Vertically integrated Generation of kinetic energy by the total 
wind (solid line), the rotational wind (dotted line) and the divergent wind (dashed line).                                



H. Abdel-Basset et al. 
 

 
405 

 
(a)                                          (b) 

Figure 8. Time-averaged (a) Horizontal flux convergence; (b) Generation of kinetic energy by the total wind (solid line), the 
rotational wind (dotted line) and the divergent wind (dashed line).                                                   

 
source during the pre-storm and growth periods; it acts as the major sink of energy during the decay period. The 
horizontal flux convergence behaves as major source of energy during cyclone life cycle. The major contribu-
tion to kinetic energy comes from a persistent upper tropospheric jet stream activity throughout the period of the 
cyclone development. Unlike midlatitude cyclone a considerable quantity of kinetic energy appears at the layer 
between 850 - 500 hPa especially during the growth period. While the behavior of the values of −∇⋅VRk closely 
resemble to those of −∇⋅Vk, neglecting the divergent part of the wind in our case of study would clearly lead to a 
considerable errors in the calculation of −∇⋅Vk. The mean error in approximation of −∇⋅Vk by −∇⋅VRk during the 
life cycle of our cyclone is about 36%. Generation of kinetic energy by barotropic component is a source at all 
levels below 300 hPa, while the baroclinic component of generation is an energy sink below 400 hPa. 

References 
[1] WMO (2006) Observations and Forecasts of Rainfall Distribution. Six WMO International Workshop on Tropical 

Cyclones (IWTC-VI), San Jose, Costa Rica, 21-30 November 2006. 
[2] Colman, B.R. (1990) Thunderstorms above Frontal Surfaces in Environments without Positive CAPE. Part I: A Cli-

matology. Monthly Weather Review, 118, 1103-1121.  
http://dx.doi.org/10.1175/1520-0493(1990)118<1103:tafsie>2.0.co;2 

[3] Rochette, S.M. and Moore, J.T. (1996) Initiation of an Elevated Mesoscale Convective System Associated with Heavy 
Rainfall. Weather Forecasting, 11, 443-457. http://dx.doi.org/10.1175/1520-0434(1996)011<0443:IOAEMC>2.0.CO;2 

[4] Moore, J.T., Czarnetzki, A.C. and Market, P.S. (1998) Heavy Precipitation Associated with Elevated Thunderstorms 
Formed in a Convectively Unstable Layer Aloft. Meteorological Applications, 5, 373-384.  
http://dx.doi.org/10.1017/S1350482798000863 

[5] Adrian, G., Behrendt, A., Blyth, A., Browell, E.V., Corsmeier, U., Craig, G., Crewell, S., Davis, K.J., Graßl, H., Hagen, 
M., Hardesty, R.M., Heintzenberg, J., Hense, A., Kottmeier, C., Lelieveld, J., Parsons, D., Richard, E., Rotach, M., 
Russchenberg, H., Schumann, U., Simmer, C., Steinacker, R., Volkert, H., Weckwerth, T. and Wilson, J.W. (2005) 
Convective and Orographically-Induced Precipitation Study. WWRP RDP Proposal 4.  

[6] Wul Fmeyer, V., Behrendt, A., Bauer, H.S., Kottmeier, C., Corsmeier, U., Blyth, A., Craig, G., Chumann, U., Hagen, 
M., CreWell, S., di Girolamo, P., Flamant, C., Miller, M., Montani, A., Mobbs, S., Richard, E., Rotach, M.W., Arpa-
gaus, M., Russchenberg, H., Schlüssel, P., König, M., Gärtner, V., Steinacker, R., Dorninger, M., Turner, D.D., 
Weckwerth, T., Hense, A. and Simmer, C. (2008) The Convective and Orographically Induced Precipitation Study—A 
Research and Development Project of the World Weather Research Program for Improving Quantitative Precipitation 
Forecasting in Low-Mountain Regions. Bulletin of the American Meteorological Society, 1, 1477-1485. 

[7] Hagen, M., Baelen, J.V. and Richard, E. (2011) Influence of the Wind Profile on the Initiation of Convection in Moun-

http://dx.doi.org/10.1175/1520-0493(1990)118%3C1103:tafsie%3E2.0.co;2
http://dx.doi.org/10.1175/1520-0434(1996)011%3C0443:IOAEMC%3E2.0.CO;2
http://dx.doi.org/10.1017/S1350482798000863


H. Abdel-Basset et al. 
 

 
406 

tainous Terrain. Quarterly Journal of the Royal Meteorological Society. http://dx.doi.org/10.1002/qj.784 
[8] Fuelberg, H.E. and Scoggins, J.R. (1978) Kinetic Energy Budgets during the Life Cycle of Intense Convective Activity. 

Monthly Weather Review, 106, 637-653. http://dx.doi.org/10.1175/1520-0493(1978)106<0637:KEBDTL>2.0.CO;2 
[9] Robertson, F.R. and Smith, P.J. (1980) The Kinetic Energy Budgets of Two Severe Strom Producing Extratropical 

Cyclones. Monthly Weather Review, 108, 127-143.  
http://dx.doi.org/10.1175/1520-0493(1980)108<0127:TKEBOT>2.0.CO;2 

[10] Abdel Basset, H. (2001) Energy Conversion of a Desert Depression. Meteorology and Atmospheric Physics, 76, 203- 
222. http://dx.doi.org/10.1007/s007030170030 

[11] Vincent, D.G. and Schlatter, T.W. (1979) Evidence of Deep Convection as a Source of Synoptic-Scale Kinetic Energy. 
Tellus, 31, 493-504. http://dx.doi.org/10.1111/j.2153-3490.1979.tb00931.x 

[12] Kung, E.C. (1969) Further Study on the Kinetic Energy Balance. Monthly Weather Review, 97, 573-581. 
http://dx.doi.org/10.1175/1520-0493(1969)097<0573:FSOTKE>2.3.CO;2 

[13] Smith, P.J. (1973) The Kinetic Energy Budget over North America during a Period of Major Cyclone Development. 
Tellus, 25, 411-423. http://dx.doi.org/10.1111/j.2153-3490.1973.tb00626.x 

[14] Smith, P.J. and Adhikary, S.P. (1974) The Dissipation of Kinetic Energy in Large-Scale Atmospheric Circulations. Re-
views of Geophysics, 12, 281-284. http://dx.doi.org/10.1029/RG012i002p00281 

[15] McInnis, D.H. and Kung, E.C. (1972) A Study of Sub-Synoptic-Scale Energy Transformations. Monthly Weather Re-
view, 100, 126-132. http://dx.doi.org/10.1175/1520-0493(1972)100<0126:ASOSSE>2.3.CO;2 

[16] Kung, E.C. and Tsui, T.L. (1975) Sub-Synoptic-Scale Kinetic Energy Balance in the Strom Area. Journal of the At-
mospheric Sciences, 32, 729-740. http://dx.doi.org/10.1175/1520-0469(1975)032<0729:SSKEBI>2.0.CO;2 

[17] Tsui, T.L. and Kung, E.C. (1977) Subsynoptic-Scale Energy Transformations in Various Severe Storm Situations. 
Journal of the Atmospheric Sciences, 34, 98-110. 
http://dx.doi.org/10.1175/1520-0469(1977)034<0098:SSETIV>2.0.CO;2 

[18] Fuelberg, H.E. and Jedlovec, G.J. (1982) A Subsynoptic-Scale Kinetic Energy Analysis of the Red River Valley Tor-
nado Outbreak (AVE-SESAME I). Monthly Weather Review, 110, 2005-2024. 
http://dx.doi.org/10.1175/1520-0493(1982)110<2005:ASSKEA>2.0.CO;2 

[19] Fuelberg, H.E. and Printy, M.F. (1984) A Kinetic Energy Analysis of the Meso-β Scale Severe Storm Environment. 
Journal of the Atmospheric Sciences, 22, 3212-3226. 
http://dx.doi.org/10.1175/1520-0469(1984)041<3212:AKEAOT>2.0.CO;2 

[20] Johns, R.H. and Doswell III, C.A. (1992) Severe Local Storms Forecasting. Weather and Forecasting, 7, 588-612. 
http://dx.doi.org/10.1175/1520-0434(1992)007<0588:SLSF>2.0.CO;2 

[21] Abdel Wahab, M. and Abdel Basset, H. (2000) Energy Exchanges for Mediterranean Weather Systems. Meteorology 
and Atmospheric Physics, 73, 1-23. http://dx.doi.org/10.1007/s007030050060 

[22] Gutowski Jr., W.J. and Jiang, W. (1998) Surface-Flux Regulation of the Coupling between Cumulus Convection and 
Baroclinic Waves. Journal of the Atmospheric Sciences, 55, 940-953. 
http://dx.doi.org/10.1175/1520-0469(1998)055<0940:SFROTC>2.0.CO;2 

[23] Bosart, L.F. and Lackmann, G.M. (1995) Postlandfall Tropical Cyclone Reintensification in a Weakly Baroclinic En-
vironment: A Case Study of Hurricane David (September 1979). Monthly Weather Review, 123, 3268-3291. 
http://dx.doi.org/10.1175/1520-0493(1995)123<3268:PTCRIA>2.0.CO;2 

[24] Atallah, E., Bosart, L.F. and Aiyyer, A.R. (2007) Precipitation Distribution Associated with Landfalling Tropical Cyc-
lones over the Eastern United States. Monthly Weather Review, 135, 2185-2206. 
http://dx.doi.org/10.1175/MWR3382.1 

[25] Reasor, P.D., Montgomery, M.T. and Bosart, L.F. (2005) Mesoscale Observations of the Genesis of Hurricane Dolly 
(1996). Journal of the Atmospheric Sciences, 62, 3151-3171. http://dx.doi.org/10.1175/JAS3540.1 

[26] Galarneau Jr., T. and Bosart, L.F. (2007) The Long-Lived MCV of 10-13 June 2003: A Possible Example of an Inci-
pient Tropical Disturbance over Land? Proceedings of the 12th Conference on Mesoscale Processes, Waterville Valley, 
6-9 August 2007.  

[27] Chen, T.C. and Wiin-Nielsen, A. (1976) On the Kinetic Energy of the Divergent and Nondivergent Flow in the At-
mosphere. Tullus, 28, 486-498. http://dx.doi.org/10.1111/j.2153-3490.1976.tb00697.x 

[28] Krishnamurti, T.N. (1971) Observational Study of the Tropical Upper Tropospheric Motion Field during the Northern 
Hemispheric Summer. Journal of Applied Meteorology, 10, 1066-1096. 
http://dx.doi.org/10.1175/1520-0450(1971)010<1066:OSOTTU>2.0.CO;2 

[29] Chen, T.C. (1980) On the Energy Exchange between the Divergent and Rotational Components of Atmospheric Flow 
over the Tropics and Subtropics at 200 hPa during Two Northern Summers. Monthly Weather Review, 108, 896-912. 

http://dx.doi.org/10.1002/qj.784
http://dx.doi.org/10.1175/1520-0493(1978)106%3C0637:KEBDTL%3E2.0.CO;2
http://dx.doi.org/10.1175/1520-0493(1980)108%3C0127:TKEBOT%3E2.0.CO;2
http://dx.doi.org/10.1007/s007030170030
http://dx.doi.org/10.1111/j.2153-3490.1979.tb00931.x
http://dx.doi.org/10.1175/1520-0493(1969)097%3c0573:FSOTKE%3e2.3.CO;2
http://dx.doi.org/10.1111/j.2153-3490.1973.tb00626.x
http://dx.doi.org/10.1029/RG012i002p00281
http://dx.doi.org/10.1175/1520-0493(1972)100%3c0126:ASOSSE%3e2.3.CO;2
http://dx.doi.org/10.1175/1520-0469(1975)032%3c0729:SSKEBI%3e2.0.CO;2
http://dx.doi.org/10.1175/1520-0469(1977)034%3c0098:SSETIV%3e2.0.CO;2
http://dx.doi.org/10.1175/1520-0493(1982)110%3c2005:ASSKEA%3e2.0.CO;2
http://dx.doi.org/10.1175/1520-0469(1984)041%3c3212:AKEAOT%3e2.0.CO;2
http://dx.doi.org/10.1175/1520-0434(1992)007%3c0588:SLSF%3e2.0.CO;2
http://dx.doi.org/10.1007/s007030050060
http://dx.doi.org/10.1175/1520-0469(1998)055%3c0940:SFROTC%3e2.0.CO;2
http://dx.doi.org/10.1175/1520-0493(1995)123%3c3268:PTCRIA%3e2.0.CO;2
http://dx.doi.org/10.1175/MWR3382.1
http://dx.doi.org/10.1175/JAS3540.1
http://dx.doi.org/10.1111/j.2153-3490.1976.tb00697.x
http://dx.doi.org/10.1175/1520-0450(1971)010%3c1066:OSOTTU%3e2.0.CO;2


H. Abdel-Basset et al. 
 

 
407 

http://dx.doi.org/10.1175/1520-0493(1980)108<0896:OTEEBT>2.0.CO;2 
[30] Hoskins, B.J. and Karoly, D.J. (1981) The Steady Linear Response of a Spherical Atmosphere to Thermal and Oro-

graphic Forcing. Journal of the Atmospheric Sciences, 38, 1179-1196. 
http://dx.doi.org/10.1175/1520-0469(1981)038<1179:TSLROA>2.0.CO;2 

[31] Sardeshmukh, P.D. and Hoskins, B.J. (1988) The Generation of Global Rotational Flow by Steady Idealized Tropical 
Divergence. Journal of the Atmospheric Sciences, 45, 1228-1251. 
http://dx.doi.org/10.1175/1520-0469(1988)045<1228:TGOGRF>2.0.CO;2 

[32] Garcia-Serrano, J., Losada, T., Rodriguez-Fonseca, B. and Polo, I. (2008) Tropical Atlantic Variability Modes 
(1979–2002). Part II: Time-Evolving Atmospheric Circulation Related to SST-Forced Tropical Convection. Journal of 
Climate, 24, 6476-4697. http://dx.doi.org/10.1175/2008JCLI2191.1 

[33] Abdel Wahab, M. and Abdel Basset, H. (2000) The Effect of Moisture on the Kinetic Energy of a Mediterranean Cyc-
lone. Theoretical and Applied Climatology, 65, 17-36. http://dx.doi.org/10.1007/s007040050002 

[34] Chen, T.C., Alpert, J.C. and Schlatter, T.W. (1978) The Effects of Divergent and Nondivergent Winds on the Kinetic 
Energy Budget of a Midlatitude Cyclone: A Case Study. Monthly Weather Review, 106, 458-468. 
http://dx.doi.org/10.1175/1520-0493(1978)106<0458:TEODAN>2.0.CO;2 

[35] Krishnamurti, T.N. and Ramanathan, Y. (1982) Sensitivity of the Monsoon Onset to Differential Heating. Journal of 
the Atmospheric Sciences, 39, 1290-1306. http://dx.doi.org/10.1175/1520-0469(1982)039<1290:SOTMOT>2.0.CO;2 

[36] Krishnamurti, T.N. (1968) A Study of a Developing Wave Cyclone. Monthly Weather Review, 96, 208-217. 
http://dx.doi.org/10.1175/1520-0493(1968)096<0208:ASOADW>2.0.CO;2 

[37] DiMego, G.J. and Bosart, L.F. (1982) The Transformation of Tropical Storm Agnes into an Extratropical Cyclone. Part 
II: Moisture, Vorticity and Kinetic Energy Budgets. Monthly Weather Review, 110, 412-433. 
http://dx.doi.org/10.1175/1520-0493(1982)110<0412:TTOTSA>2.0.CO;2 

[38] Pearce, R.P. (1974) The Design and Interpretation of Diagnostic Studies of Synoptic-Scale Atmospheric Systems. 
Quarterly Journal of the Royal Meteorological Society, 100, 265-285. http://dx.doi.org/10.1002/qj.49710042502 

[39] O’Brien, J.J. (1970) Alternative Solutions to the Classical Vertical Velocity Problem. Journal of Applied Meteorology, 
9, 197-203. http://dx.doi.org/10.1175/1520-0450(1970)009<0197:ASTTCV>2.0.CO;2 

[40] Krishnamurti, T.N. and Bounoua, L. (1996) An Introduction to Numerical Weather Prediction Techniques. Academic 
Press, New York, 73-76. 

[41] Kung, E.C. (1966) Kinetic Energy Generation and Dissipation in the Large Scale Atmospheric Circulation. Monthly 
Weather Review, 94, 67-82. http://dx.doi.org/10.1175/1520-0493(1966)094<0067:KEGADI>2.3.CO;2 

[42] Holopainen, E. (1973) An Attempt to Determine the Effects of Turbulent Friction in the Upper Troposphere from the 
Balance Requirements of the Large-Scale Flow: A Frustrating Experiment. Geophysica, 12, 151-176. 

[43] Ward, J.H. and Smith, P.J. (1976) A Kinetic Energy Budget over North America during a Period of Short Synoptic 
Wave Development. Monthly Weather Review, 104, 836-848. 
http://dx.doi.org/10.1175/1520-0493(1976)104<0836:AKEBON>2.0.CO;2 

[44] Chen, T.C. and Bosart, L.F. (1977) Quasi-Lagrangian Kinetic Energy Budgets of Composite Cyclone-Anticyclone 
Couplets. Journal of the Atmospheric Sciences, 34, 452-464. 
http://dx.doi.org/10.1175/1520-0469(1977)034<0452:QLKEBO>2.0.CO;2 

[45] Chen, T.C. (1975) On the Kinetic Energy of the Divergent and Nondivergent Flow in the Atmosphere. Technical Re-
port 02630-14-T, Department of Atmospheric and Oceanic Science, University of Michigan, Ann Arbor, 143 p. 

http://dx.doi.org/10.1175/1520-0493(1980)108%3c0896:OTEEBT%3e2.0.CO;2
http://dx.doi.org/10.1175/1520-0469(1981)038%3c1179:TSLROA%3e2.0.CO;2
http://dx.doi.org/10.1175/1520-0469(1988)045%3c1228:TGOGRF%3e2.0.CO;2
http://dx.doi.org/10.1175/2008JCLI2191.1
http://dx.doi.org/10.1007/s007040050002
http://dx.doi.org/10.1175/1520-0493(1978)106%3c0458:TEODAN%3e2.0.CO;2
http://dx.doi.org/10.1175/1520-0469(1982)039%3c1290:SOTMOT%3e2.0.CO;2
http://dx.doi.org/10.1175/1520-0493(1968)096%3c0208:ASOADW%3e2.0.CO;2
http://dx.doi.org/10.1175/1520-0493(1982)110%3c0412:TTOTSA%3e2.0.CO;2
http://dx.doi.org/10.1002/qj.49710042502
http://dx.doi.org/10.1175/1520-0450(1970)009%3c0197:ASTTCV%3e2.0.CO;2
http://dx.doi.org/10.1175/1520-0493(1966)094%3c0067:KEGADI%3e2.3.CO;2
http://dx.doi.org/10.1175/1520-0493(1976)104%3c0836:AKEBON%3e2.0.CO;2
http://dx.doi.org/10.1175/1520-0469(1977)034%3c0452:QLKEBO%3e2.0.CO;2

	Kinetic Energy Budget of a Tropical Cyclone
	Abstract
	Keywords
	1. Introduction
	2. Theoretical Consideration
	The Kinetic Energy Equation

	3. Data and Computation
	3.1. Input Data 
	3.2. Analytical Procedures 

	4. Synoptic Discussion
	5. Analysis of Total Kinetic Energy Budget
	5.1. Kinetic Energy Time Development 
	5.1.1. Pre-Storm Period 
	5.1.2. Growth Stage 
	5.1.3. Decay Stage 

	5.2. Vertical Distribution of Time Mean-Kinetic Energy 
	5.3. Time-Height Variations of Budget Quantities 
	5.4. Contribution of Divergent and Non-Divergent Wind Components to the Kinetic Energy Budget 
	5.4.1. Kinetic Energy
	5.4.2. Horizontal Flux Convergence of Kinetic Energy 
	5.4.3. Generation of Kinetic Energy 


	6. Concluding Remarks
	References

