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ABSTRACT

The West African perturbation that subsequently evolved into Hurricane Helene (2006) during NASA’s

African Monsoon Multidisciplinary Analysis (NAMMA), 15 August–14 September 2006, and AMMA’s third

special observing period (SOP-3), 15–29 September 2006, has been simulated with the nonhydrostatic Méso-

NH model using parameterized convection. The simulated disturbance evolved over West Africa and the

adjacent eastern tropical Atlantic through interactions between different processes at the convective scale,

mesoscale, and synoptic scale. The aim of this paper is to quantify the energetics of the simulated disturbance.

A set of energy equations is first developed in the hydrostatic case to solve the limitations of Lorenz’s analysis

when applied to a finite domain. It is shown that this approach is also valid in the compressible and in the

anelastic case in order to apply it to the Méso-NH results. Application to the simulated pre-Helene distur-

bance allows one to determine the most important terms in these equations. These simplifications are taken

into account to derive an energy cycle including barotropic and baroclinic conversions of eddy kinetic energy.

The development of the simulated system was found to result from barotropic–baroclinic growth over West

Africa and barotropic growth over the tropical eastern Atlantic. It is suggested that most of these energy

conversions were the result of an adjustment of the wind field in response to the pressure decrease, pre-

sumably caused by convective activity.

1. Introduction

This work has two objectives: 1) to propose an energy

budget adapted from Lorenz’s (1955, hereafter L55)

analysis in order to precisely quantify the growth of an

African easterly wave (AEW) in a limited domain and

2) to apply this energy budget to the AEW that spawned

Hurricane Helene (2006).

AEWs are wavelike disturbances observed in West

Africa during the summer months. They have wave-

lengths of 3000–5000 km and periods of 3–5 days. Their

amplitude is maximum at the level of the African east-

erly jet (AEJ) near 3000-m altitude (e.g., Erickson 1963;

Burpee 1972). Norquist et al. (1977), following the en-

ergetic analysis in L55, showed that the growth of AEWs

over West Africa is likely to be the consequence of a

both barotropic and baroclinic instability of the AEJ.

AEWs usually reach their maximal amplitude near the

Guinean coast and start to decrease as they reach the

tropical Atlantic Ocean, where baroclinic growth is re-

duced (e.g., Norquist et al. 1977; Thompson et al. 1979).

Several decades of observations have confirmed that

a large proportion of Atlantic hurricanes evolve from

AEWs (e.g., Avila and Clark 1989). However, few AEWs

have a cyclogenetic evolution and the physical processes

leading to such developments are not yet fully under-

stood, although several hypotheses have been made.

Landsea and Gray (1992) found a positive correlation

between the Atlantic cyclonic activity and West Sahel

rainfall variability during the summer months. This sug-

gests that developing cases are the consequence of an

interaction between AEWs and mesoscale convective

systems (MCSs) that occur over West Africa during the

monsoon period (we refer to the work of Laing et al. 2008

for an up-to-date description of West African MCSs

during the monsoon season). Using statistics of AEWs in

a 20-yr European Centre for Medium-Range Weather

Forecasts (ECMWF) reanalysis dataset, Thorncroft and

Hodges (2001) proposed that the cyclogenetic evolution

of AEWs depends on their low-level amplitude when

they leave the West African coast. Berry and Thorncroft
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(2005) studied the AEW associated with the pre-Alberto

(2000) disturbance over West Africa. They found that the

cyclonic vorticity structure of this AEW merged with

cyclonic vortices of convective origin over the Guinea

Highlands, thus resulting in its intensification. They fi-

nally hypothesized that this interaction process be-

tween the AEW and MCSs led to the cyclogenesis of

Alberto (2000), one day after the disturbance left the

West African coast.

The interaction between AEWs and convection has

also been investigated quantitatively with the L55 en-

ergetic analysis in several idealized case studies (e.g.,

Thorncroft 1995) and realistic simulations (e.g., Hsieh

and Cook 2007). These authors found that the latent

heat released by convection increases the baroclinic

growth of AEWs, but they did not separate the de-

veloping cases from the nondeveloping ones. Using

composite statistics on a 60-yr National Centers for

Environmental Prediction (NCEP) reanalysis dataset,

Aviles (2004) applied the L55 energetic analysis to dif-

ferentiate developing AEWs from nondeveloping ones.

Surprisingly, she found that ‘‘the sources of eddy kinetic

energy of developing AEWs are not as clearly barotropic

and baroclinic as for nondeveloping ones’’ (136–137).

Indeed, the cyclogenetic evolution of AEWs does not

depend as much on their energetic growth over West

Africa as on their more or less favorable internal struc-

ture when they leave the West African coast (‘‘anticy-

clonic flow in the upper levels and surrounding the

positive vorticity center, deep rising motion, weak and

small cold core, a moist environment;’’ Aviles 2004,

p. 140) and, to lesser extent, on a favorable environment

in the Atlantic basin (e.g., Gray 1968).

Based on 15-yr ECMWF reanalyses, Kiladis et al.

(2006) evaluated the adiabatic forcing of vertical motion

with the divergence of Q vectors (Hoskins et al. 1978).

They found ‘‘strong correspondence between the dy-

namically forced vertical motion at 850 hPa and deep

convection for the day 22 through day 11 stages of the

AEW evolution along 108N’’ (2226–2227). In other

words, vertical motions associated with AEWs in this

region are mostly forced adiabatically, resulting in a

simple relationship between convection and dynamics

(convection occurs preferentially near the wave’s trough;

see, e.g., Payne and McGarry 1977). However, the di-

vergence of Q vectors ‘‘does a poor job in accounting

for the more complicated vertical motion field for the

158N, 17.58W base point. This is in line with the likely

important role of diabatic processes in the energetics

of African easterly waves over some regions’’ (Kiladis

et al. 2006, p. 2227). Kiladis et al. (2006) concluded that

the relationship between AEWs and convection could

be precisely analyzed with vorticity and energy budgets.

Here, we study the energetics of the West African

disturbance that spawned Hurricane Helene about

1000 km east of Cape Verde Islands on 16 September

2006, during NASA’s African Monsoon Multidisci-

plinary Analysis (NAMMA) and AMMA’s third spe-

cial observing period (SOP-3). Our goal is to quantify

the respective contributions of large-scale and internal

processes involved in this developing case study. This

case study has been numerically simulated with the

French nonhydrostatic, anelastic model Méso-NH (Lafore

et al. 1998), whose main characteristics are given in

section 2. The results of this simulation are analyzed in

section 3 and compared to Meteosat-9 images in the

water vapor channel at 7.3 mm. In section 4, we show the

limits of L55’s analysis when applied to the energetics of

a disturbance in a finite domain, and we propose an al-

ternate formulation for hydrostatic, compressible, and

anelastic frameworks in a limited domain. In section 5, a

scale analysis applied to the simulated pre-Helene dis-

turbance allows us to separate the most important terms

in the proposed energy equations, and an energy budget

including potential, zonal, and eddy kinetic energy is

derived. This energy budget obtained for the pre-Helene

simulated disturbance is discussed in section 6. Addi-

tional ideas for improving this energy budget are dis-

cussed in section 7. Section 8 gives conclusions and some

perspectives on this work.

2. Simulation with Méso-NH

The pre-Helene disturbance was associated with a

well-defined AEW and a growing MCS on 9 September

2006 northwest of Burkina Faso (Fig. 1). Successive

convective developments associated with the AEW oc-

curred during the two following days. On 12 September,

the offshore convective redevelopment south of Cape

Verde Islands spawned a tropical depression, which

became Hurricane Helene four days later. Following the

hypothesis of Berry and Thorncroft (2005) for the case

study of Alberto (2000), the cyclogenesis of Helene

(2006) could have resulted from the interaction between

an AEW and MCSs.

To further investigate the processes involved in this

cyclogenesis, a 4-day Méso-NH simulation, starting at

0000 UTC 9 September 2006, was conducted. During

these four days, the pre-Helene disturbance propagated

over about 3000 km in longitude. Because of computer

limitations, it was not possible to run a simulation on this

domain and for this duration at a resolved convection

scale. Hence, we used a single model configuration with

a horizontal resolution of 24 km and parameterized

shallow and deep convection with the Kain–Fritsch–

Bechtold scheme (Kain and Fritsch 1993; Bechtold et al.
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2001). The simulated domain is 4800 km 3 4800 km

horizontally (Fig. 1). The vertical grid has 66 levels from

the surface to 28 km with a grid spacing of 60 m near the

surface up to 600 m at the tropopause level, and the

orography is taken into account with the Gal-Chen and

Sommerville (1975) vertical coordinate. This simulation

is coupled with ECMWF operational analyses every

6 h at the boundaries of the simulated domain. Micro-

physics is parameterized with a one-moment mixed

scheme and six classes of liquid and ice hydrometeors

(Pinty and Jabouille 1998). Turbulence is parameterized

with the 1D scheme with a 1.5-order closure proposed by

Bougeault and Lacarrère (1989). Subgrid condensation

is represented with the scheme proposed by Chaboureau

and Bechtold (2005), and radiative processes with the

radiation scheme used at ECMWF (Gregory et al. 2000).

The model outputs are saved every hour. The diag-

nosed data contain the dynamic and thermodynamic

variables as well as the model-derived brightness tem-

perature in the water vapor channel 6 (7.3 mm) of

Meteosat-9 (Saunders et al. 2005; Chaboureau et al.

2000, 2002). The three-dimensional variables are inter-

polated from the Méso-NH original grid to constant

altitude levels to compute the budgets of potential and

kinetic energy.

3. Qualitative analysis

The Hovmöller diagram computed with Meteosat-9

brightness temperature in the water vapor channel 6

(7.3 mm) (Fig. 2a) shows that the pre-Helene distur-

bance was associated with three convective events: on

10 September over West Africa, on 11 September near

the Guinean coast, and on 12 September off shore. The

Meteosat-9 images in Figs. 3a–g allow us to describe this

convective activity more precisely. An MCS grew north-

west of Burkina Faso on the afternoon of 9 September,

propagated westward during the following night and

morning, and then dissipated at 1200 UTC 10 September.

A squall line developed in front of this system during the

afternoon of 10 September, but it quickly dissipated over

the Guinean Highlands. An MCS formed behind the

previous squall line on 11 September morning, north of

the Guinean Highlands, and dissipated over the nearby

Atlantic during the afternoon. Finally, an oceanic MCS

developed on the morning of 12 September south of Cape

Verde Islands, which really started the cyclogenesis of

Helene (2006).

The Hovmöller diagram with model-derived bright-

ness temperature (Fig. 2b) shows comparable convec-

tive redevelopments, although not exactly at the same

times and locations and with slightly warmer brightness

temperatures. The model-derived brightness temper-

ature images in Figs. 3h–n display this simulated convec-

tive activity more precisely. The MCS starting northwest

of Burkina Faso on 9 September is simulated approxi-

mately at the right time and location. It spawned another

MCS on 10 September afternoon, but this one did not

have the shape of a squall line and it dissipated north of

the Guinean Highlands during the night of 10 September.

Another MCS redeveloped over Dakar (Senegal) on

the afternoon of 11 September and intensified gradually.

On the afternoon of 12 September, this simulated MCS

showed evidence of tropical cyclogenesis (organized

convection, cyclonically rotating cloud strips), but it was

located about 200 km northeast of the actual MCS at this

time. Hence, Méso-NH simulated a comparable but

slightly different evolution compared to the actual pre-

Helene disturbance. Despite these differences, we con-

sider that a quantitative analysis of the energetic growth

of this simulated developing system can provide valu-

able information on the processes occurring in the real

atmosphere.

The Hovmöller diagram of the ECMWF analyzed

relative vorticity at 700 hPa (Fig. 2c) shows the zonally

moving AEW trough, associated with the previously

described convective activity. We therefore suggest the

synoptic AEW could have interacted with convection.

The Hovmöller diagram of the model-derived relative

vorticity at 3000 m (Fig. 2d) shows smaller-scale struc-

tures with high values embedded in the cyclonic vorticity

zone of the AEW, which might be a consequence of such

interactions. Horizontal cross sections of the simulated

relative vorticity at 3000 m (Figs. 3o–u) reveal small-

scale cyclonic vortices, probably of convective origin,

FIG. 1. Terrain elevation in domain of the Méso-NH simulation.

The altitude is in meters above mean sea level. Labels indicate

locations of West Africa quoted in the text: B 5 Burkina Faso, C 5

Cape Verde Islands, G 5 Guinea Highlands, S 5 Senegal.
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that merged with the synoptic cyclonic vorticity struc-

ture of the AEW, thus intensifying and organizing it,

especially near the West African coast. This is consistent

with hypothesis of Berry and Thorncroft (2005) that

interactions between AEWs and MCSs over the Guin-

ean Highlands play an important role in tropical cyclo-

genesis off West Africa.

4. Energy budget

Burpee (1972) was the first to apply the L55 energetic

analysis to study the growth of AEWs over West Africa.

His work was based on 8-yr radiosonde data over the

African continent. By evaluating the correlations [y*T*]

and [y*u*] (see the list of symbols in the appendix), he

found 1) a sensible heat transport directed down the

temperature gradient at each level above the surface,

which corresponds to a production of eddy available

potential energy by zonal available potential energy,

and 2) a horizontal momentum transport with largest

magnitude at 700 hPa directed equatorward during the

summer season, although the meridional shear of zonal

momentum could not be evaluated and the sign of the

barotropic conversion between zonal and eddy kinetic

FIG. 2. (a) Hovmöller space–time diagram for Meteosat-9 brightness temperature (Tb) at 7.3 mm (shaded below

245 K) averaged between 78 and 178N from 9 to 13 Sep 2006. The horizontal axis indicates longitude in degrees and

the vertical axis gives time in days. (b) As in (a) but for model-retrieved brightness temperature. (c) As in (a) but for

ECMWF 700-hPa relative vertical vorticity (shaded above 12 3 105 s21). (d) As in (a) except for Méso-NH 3000-m

relative vertical vorticity. The gray color scale of brightness temperature (vorticity) is indicated on the top (bottom)

right of this figure. In these four diagrams, the vertical line indicates the mean position of the West African coast and

the tilted ellipse encloses pre-Helene disturbance.
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energy remained undetermined. Moreover, the correlation

[v*T*] could not be evaluated and the baroclinic pro-

duction of eddy kinetic energy was not quantified in this

analysis.

A more complete energy budget was realized by

Norquist et al. (1977). Their work was based on the data

from the third Global Atmospheric Research Program

(GARP) Atlantic Tropical Experiment (GATE III),

which was held over West Africa and the eastern

tropical Atlantic during the summer of 1974. Their

energy budget was done over a limited domain but they

neglected the boundary terms, assuming the processes

responsible for the growth and/or decay of AEWs oc-

cur within their limited domain. They found that the

growth of AEWs is both barotropic and baroclinic over

West Africa but mostly barotropic over the ocean. This

was confirmed by Thompson et al. (1979). Moreover,

Norquist et al. (1977) supposed that latent heat re-

leased by convective systems over West Africa plays an

important role in the baroclinic growth, without

quantifying it. In an idealized case study of global cir-

culation, Thorncroft (1995) also suggested that diabatic

convective processes participate significantly in the

baroclinic growth of AEWs. There was no boundary

term in his budget because it was done at global scale.

On the contrary, from an idealized case study in a

limited domain with moist processes, Paradis et al.

(1995) deduced that the baroclinic conversion is mainly

compensated by a boundary term representing the re-

distribution of eddy kinetic energy by the pressure

perturbation and that, consequently, it is not associated

with production of eddy kinetic energy. Recently,

Hsieh and Cook (2007) applied the L55 energetic

analysis to a realistic simulation of AEWs during the

summer season. They used a wavelet analysis to better

understand their evolution. They found that the energy

of AEWs over West Africa is mainly maintained by

baroclinic conversion and to a smaller extent by baro-

tropic conversion, and that baroclinic growth is sustained

mainly by convective heating. Finally, the boundary

terms in their budget have a minor contribution and the

sink of AEWs’ energy is principally due to the frictional

dissipation.

These analyses (except Paradis et al. 1995) that are

based on the L55 energetic framework confirmed more

or less the importance of convective processes in the

growth of AEWs. The main problem with the L55 anal-

ysis is that it was originally proposed to study the main-

tenance of the general circulation and as such cannot

strictly be applied to a limited domain. Thorncroft (1995),

for example, avoids this problem by studying the ener-

getics of a global circulation in an idealized case study.

However, this cannot be done for a real case study. Con-

sequently, there is a need to adapt the L55 analysis to a

limited domain.

a. Lorenz energetic analysis

Lorenz assumed hydrostatic balance so that pressure

can be used as a vertical coordinate, and he neglected

the water vapor dependence in the ideal gas constant

and in the specific heat of air at constant pressure. L55

showed that the total available potential energy A of the

general circulation is proportional to the variance of

potential temperature u [Eq. (8) in L55]:

hAi5 1

2
R

a
g�1p�k

00

ð
p�(1�k) �dhui

dp

� ��1

h~u2i dp, (1)

where h�i denotes integration over the surface of the

earth and ~� denotes the departure from this global mean

(symbols are explained in the appendix). Using the

thermodynamic equation and noting that the net ad-

vection term is equal to zero when averaged for the

general circulation, the following prognostic equation

for hAi is obtained [Eq. (16) in L55]:

›hAi
›t

5 g�1R
a

ð h~v ~Ti
p

dp 1 g�1

ð h~_q ~Ti
c

pa
hsi dp

5�hCi1 hGi, (2)

where hCi is the baroclinic conversion term and hGi is

the diabatic source term. The horizontal kinetic energy

hKi of the general circulation is defined as [Eq. (11) in

L55]

hKi5 1

2
g�1

ð
(hu2 1 y2i) dp. (3)

With similar arguments, L55 obtained the following

prognostic equation for hKi:

›hKi
›t

5�g�1

ð
u

›u
›x

1 y
›u
›y

� �� �
dp

1 g�1

ð
(huF

x
1 vF

y
i) dp

5 hCPi1 hD
friction

i, (4)

where hCPi is the pressure work and hDfrictioni is the

energy dissipation by friction.

Three remarks can be made: 1) the net advection of

geopotential F is equal to zero for the general circula-

tion, 2) the vertical gradient of F is related to temper-

ature through the hydrostatic equilibrium, and 3) the

vertical velocity (v) in pressure coordinates is equal to
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zero when averaged for the general circulation. This

leads to another prognostic equation for hKi [Eq. (20)

in L55]:

›hKi
›t

5�g�1R
a

ð h~v ~Ti
p

dp 1 g�1

ð
huF

x
1 yF

y
i dp

5 1hCi1 hD
friction

i. (5)

From (2) and (5), L55 demonstrated that the so-called

‘‘baroclinic conversion’’ hCi between hAi and hKi in the

general circulation is proportional to the correlation

h~v ~Ti. This means that at global scale the ascent of warm

air (or descent of cold air) is associated with a decrease

of hAi and, conversely, an increase of hKi.

b. Limits of the Lorenz energetic analysis

L55 derived his available potential energy from the

total potential energy hEi defined as

hEi5 g�1c
pa

ð
hTi dp; (6)

note that E is proportional to the enthalpy (H 5 racpaT).

In pressure coordinates, the thermodynamic equation is

c
pa

›T

›t
5�c

pa
u

›T

›x
1 y

›T

›y
1 v

›T

›p

� �
1

R
a
vT

p
1 _q.

(7)

Averaging this equation for the general circulation leads

to a prognostic equation for hEi:

›hEi
›t

5 g�1R
a

ð h~v ~Ti
p

dp 1 g�1

ð
h _qi dp

5�hCi1 hGi. (8)

Equation (8) shows that in the energy budget of the

general circulation, the conversion between hEi and hKi
is proportional to the correlation ~v ~T

� �
, so it is equiva-

lent to conversion between hAi and hKi. This equiva-

lence should also be valid at the local scale if A is

properly defined, which is not an easy task. We do not

follow Marquet (1993, 1995, 2003a) and Shepherd

(1993), who tried to define available potential energy as

a local quantity. Here, we use the total potential energy

E or the enthalpy H in relation with the kinetic energy,

and the conversion term between E and K is referred to

as the ‘‘horizontal baroclinic conversion.’’

By neglecting the pressure tendency in the expression

of the vertical velocity v in pressure coordinates,

v 5 u
›p

›x

� �
y,z

1 y
›p

›y

� �
x,z

1 w
›p

›z

� �
x,y

, (9)

neglecting the contribution of water vapor in the equa-

tion of state,

p 5 r
a
R

a
T, (10)

and approximating the moist air density by the dry air

density ra in the definition of F in hydrostatic balance,

›u
›x

� �
y,p

5
1

r
a

›p

›x

� �
y,z

,
›u
›y

� �
x,p

5
1

r
a

›p

›y

� �
x,z

,

›p

›z

� �
x,y

5�r
a
g, (11)

Eq. (7) can be rewritten as

c
pa

›T

›t
5�c

pa
u

›T

›x
1 y

›T

›y
1 v

›T

›p

� �
1 u

›u
›x

� �
y,p

1 y
›u
›y

� �
x,p

� gw 1 _q. (12)

Averaging this equation for the general circulation leads

to another prognostic equation for hEi:

›hEi
›t

5 g�1

ð
u

›u
›x

1 y
›u
›y

� �
dp 1 g�1

ð
h _qidp

5�hCPi1 hGi. (13)

Equations (4) and (13) show that the horizontal bar-

oclinic conversion hCPi between hEi and hKi is propor-

tional to the horizontal pressure work. It is interesting to

note that the horizontal pressure work can only result

from the ageostrophic component of the wind. When the

circulation is in geostrophic balance and the wind is

parallel to the isobars, there is no horizontal baroclinic

conversion between E and K.

Marquet (2003b) called the horizontal pressure work

the ‘‘ageostrophic conversion term’’ and compared it to

the baroclinic conversion term of L55 for several case

studies in a limited domain. He found that local changes

in kinetic energy were directly related to the ageostrophic

conversion term, whereas the baroclinic conversion term

of L55 was ‘‘out of phase’’ and compensated by an ad-

ditional term: the total (i.e., horizontal plus vertical)

work of pressure forces.

The major interest of using CP (i.e., the horizontal

pressure work) as the horizontal baroclinic conversion is

that it is correct not only at the global scale but also

locally, which is not the case for the L55 formulation.

When integrating (12) over a limited domain instead of

using a global integration, (13) becomes
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›E

›t
5�g�1c

pa

ð
u

›T

›x
1 y

›T

›y
1 v

›T

›p

� �
dp

1 g�1

ð
u

›u
›x

1 y
›u
›y

� �
dp�

ð
w dp 1 g�1

ð
_q dp

5 BE� CP� CVP 1 G, (14)

where the overbar denotes a horizontal integration

over the considered domain and the prime denotes

a departure from the horizontal average; BE is the

boundary term and CVP is the vertical pressure work.

Likewise, integrating (7) over a limited domain gives

›E

›t
5�g�1c

pa

ð
u

›T

›x
1 y

›T

›y
1 v

›T

›p

� �
dp

1 g�1R
a

ð
v9T9

p
dp 1 g�1R

a

ð
�vT

p
dp 1 g�1

ð
_q dp

5 BE� C � C9 1 G, (15)

where C9 is a complementary term to account for the

nonzero mean vertical velocity.

Similarly, an equation for the evolution of kinetic

energy averaged over a limited domain can be derived

from (4):

›K

›t
5�1

2
g�1

ð
u

›(u2 1 y2)

›x
1 y

›(u2 1 y2)

›y
1 v

›(u2 1 y2)

›p

" #
dp� g�1

ð
u

›u
›x

1 y
›u
›y

� �
dp 1 g�1

ð
(uF

x
1 yF

y
) dp

5 BK 1 CP 1 D
friction

. (16)

In (14), (15), and (16), BE and BK are the boundary

terms, which are equal to zero only when averaged

over the globe; also, CP in (14) and (16) shows that

the horizontal baroclinic conversion between E and K

is still proportional to the horizontal pressure work

when the energy budget is limited to a finite domain.

On the contrary, a comparison between (14) and (15)

reveals that in this case the sum of the baroclinic

conversion term C proposed by L55 plus another term

C9 in (15) is equal to the sum of two other terms in

(14): the horizontal pressure work CP and the vertical

pressure work CVP. However, without other assump-

tions, it is not possible to suppose that terms [C, C9]

and [CP, CVP] are respectively equal. Therefore,

when considering the energy budget over a limited

domain, the correlation v9T9 does not strictly corre-

spond to the horizontal baroclinic conversion rate

between E and K. This implies that the L55 analysis

cannot be directly applied to study the energy budget

of a meteorological disturbance (e.g., an AEW) in a

limited domain.

c. Energetic analysis including the vertical
pressure work

The vertical pressure work CVP in (14) is also a source

term in the equation of vertical kinetic energy, although

it is not possible to write a budget of vertical kinetic

energy in hydrostatic balance, as supposed in L55. Thus,

we developed a more general energy budget taking into

account the vertical kinetic energy, based on the non-

hydrostatic, compressible equations given by Bannon

(2002).

We use the equation of state of moist air in its original

formulation:

p 5 r
a
R

m
T. (17)

The conservation equation for the dry air mass used by

Bannon (2002) is

›r
a

›t
1 $ � (r

a
u) 5 0. (18)

However, the atmospheric gas is a mixture of dry air

and water vapor, and it seems more appropriate to

consider the density of moist air rm instead of the dry

ra, even though it is not a conservative quantity. This is

indeed very important for the energetic analysis, given

that we have seen in section 4b that the pressure work

(linked to pressure gradients) is a measure of the rate of

change of potential energy and that both dry air and

water vapor actually contribute to the total pressure.

From (18) we obtain the following prognostic equation

for rm:

›r
m

›t
5�$ � (r

m
u) 1 r

a

Dr
y

Dt
. (19)
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In (19), the tendency of rm is equal to the sum of its

flux divergence plus a term quantifying the variation of

mass of moist air due to changes in the water vapor

content.

Introducing (19) in the momentum equation of Bannon

(2002), we obtain

›r
m

u

›t|ffl{zffl}
(a1)

5�$ � (r
m

uu)|fflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflffl}
(a2)

� ›p

›x|{z}
(a3)

1 r
m

2V sinfy � r
m

2V cosfw|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
(a4)

1 r
m

F
x|fflffl{zfflffl}

(a5)

1 r
a

_u
hydro|fflfflfflffl{zfflfflfflffl}

(a6)

1 r
a
u

Dr
y

Dt|fflfflfflffl{zfflfflfflffl}
(a7)

, (20)

›r
m

y

›t|ffl{zffl}
(b1)

5 �$ � (r
m

yu)

|fflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflffl}
(b2)

� ›p

›y|{z}
(b3)

� r
m

2V sinfu

|fflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflffl}
(b4)

1 r
m

F
y|fflffl{zfflffl}

(b5)

1 r
a
_y
hydro|fflfflfflffl{zfflfflfflffl}

(b6)

1 r
a
y

Dr
y

Dt|fflfflfflffl{zfflfflfflffl}
(b7)

, (21)

›r
m

w

›t|fflffl{zfflffl}
(c1)

5 � $ � (r
m

wu)|fflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflffl}
(c2)

� ›p

›z|{z}
(c3)

1 r
m

2V cosfu|fflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflffl}
(c4)

1 r
m

F
z|fflffl{zfflffl}

(c5)

1 r
a

_w
hydro|fflfflfflfflffl{zfflfflfflfflffl}

(c6)

1 r
a
w

Dr
y

Dt|fflfflfflffl{zfflfflfflffl}
(c7)

� r
m

g|{z}
(c8)

. (22)

In (20), (21), and (22), the terms related to the earth’s

curvature have been neglected; (a1), (b1), (c1) and (a2),

(b2), and (c2) are the tendencies and flux divergences

of moist momentum, respectively; (a3), (b3), and (c3)

are the components of the pressure force; (a4), (b4),

and (c4) the components of the Coriolis force; (a5), (b5),

and (c5) the components of the frictional force; (a6),

(b6), and (c6) the approximated momentum forcing

of the moist air by the hydrometeors; (a7), (b7), and

(c7) the variation of moist momentum due to variations

of water vapor content; and (c8) is the gravitational

force.

Using (20), (21), and (22), we find two prognostic equa-

tions for the horizontal kinetic energy KC 5 ½rm(u2 1 y2)

and the vertical kinetic energy KVC 5 ½rmw2:

›KC

›t
5�$ � (KCu)� u

›p

›x
1 y

›p

›y

� �
� r

m
2V cosfwu 1 r

m
(uF

x
1 yF

y
) 1 r

a
(u _u

hydro
1 y _y

hydro
) 1 r

a

u2 1 y2

2

Dr
y

Dt

5 BKC 1 CPC � CCC 1 DC
friction 1 DC

hydro 1 DC
wv. (23)

›KVC

›t
5�$ � (KVCu)� w

›p

›z
1 r

m
2V cosfwu� r

m
gw 1 r

m
wF

z
1 r

a
_w

hydro
w 1 r

a

w2

2

Dr
y

Dt

5 BKVC 1 CVPC 1 CCC 1 DVC
gravity 1 DVC

friction 1 DVC
hydro 1 DVC

wv. (24)

In (23), the tendency of KC is equal to the sum of flux

divergence BKC and source terms: the horizontal

pressure work CPC; the partial work of the Coriolis

force CCC, which corresponds to a conversion be-

tween KC and KVC; the horizontal work of friction

DC
friction; the horizontal work of the momentum forcing

of moist air by the hydrometeors DC
hydro; and the var-

iation of KC due to variations of the water vapor

content DC
wv. In (24), the tendency of KVC is equal to

the sum of the flux divergence BKVC and the source

terms: the vertical pressure work CVPC, the partial

work of the Coriolis force CCC, the work of the

gravitational force DVC
gravity, the vertical frictional

work DVC
friction, the vertical work of the momentum

forcing of moist air by the hydrometeors DVC
hydro, and

the variation of KVC due to variations of water vapor

content DVC
wv.

With a similar rearrangement, and introducing the moist

enthalpy (HC
m 5 racpmT), the thermodynamic equation

of Bannon (2002) becomes

›HC
m

›t
5�$ � (HC

mu) 1
›p

›t
1 u

›p

›x
1 y

›p

›y
1 w

›p

›z

� �
1 r

a
_q
phase

1 r
a

_q
diab
� (r

l
r

a
_q
l
1 r

i
r

a
_q

i
) 1 r

a
c

py
T

Dr
y

Dt

5 BHC 1 GC
p � (CPC 1 CPVC) 1 GC

phase 1 GC
diab 1 GC

hydro 1 GC
wv. (25)
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In (25), the tendency of HC
m is equal to the sum of flux

divergence BHC and source terms: the pressure ten-

dency Gp
C; the total pressure work (CPC 1 CPVC); the

term associated with changes of water phase GC
phase; the

heating rate due to other diabatic processes (e.g., radi-

ative heating and turbulent dissipation) GC
diab; the op-

posite of the total heating rate of hydrometeors GC
hydro

(this term appears because we consider the variation of

moist enthalpy only, without including the contribution

of hydrometeors); and the variation of Hm
C due to vari-

ations of water vapor content GC
wv.

Equations (23), (24), and (25) show that Hm
C can

be converted into (produced by) horizontal and/or

vertical kinetic energy through the horizontal CPC

and vertical CVPC baroclinic conversions, the sum of

these terms being equal to the total pressure work.

This is a generalization of the result found in section 4b.

When integrated over a spatial (finite or global)

domain, (23), (24), and (25) constitute an energy

budget including moist enthalpy and horizontal and

vertical kinetic energies, schematically displayed in

Fig. 4.

d. Energetic analysis including the anelastic
approximation

The Méso-NH model uses a moist version of Durran’s

(1989) anelastic equations, so the energy analysis of

section 4c must be adapted before applying it to the

simulation results. In Méso-NH, the anelastic version of

moist momentum equations, which includes the dry air

density of the reference state raref, is

›(1 1 r
y
)r

aref
u

›t|fflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflffl}
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5�$ � [(1 1 r
y
)r
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uu]
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y
)r
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(1 1 r
y
1 r
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)r

a
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a
]
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y
)r

aref
F

x|fflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflffl}
(d5)
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u
Dr

y

Dt|fflfflfflfflfflffl{zfflfflfflfflfflffl}
(d6)

, (26)
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aref
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(e5)
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y
Dr

y
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, (27)
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)r
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y
)r
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y
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z|fflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflffl}
(f5)

1 r
aref
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Dr
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y
)r

aref
g|fflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflffl}

(f7)

. (28)

In (26), (27), and (28), terms (d1), (e1), and (f1) are

tendencies; (d2), (e2), and (f2) flux divergences; and

(d3), (e3), and (f3) the components of the pressure

force. These pressure force components include the

mixing ratio of hydrometeors (rhydro 5 rl 1 ri) because

they have been written with the moist air density,

which includes hydrometeors. At first order, devel-

opment of rhydro allows us to separate the contribution

of hydrometeors in the pressure terms. The terms

(d4), (e4), and (f4) are the components of the Coriolis

force; (d5), (e5), and (f5) the components of the fric-

tional force; (d6), (e6), and (f6) the variation of the

anelastic version of moist momentum due to varia-

tions of water vapor content; and (f7) is the gravita-

tional force.

From (26), (27), and (28), we obtain two prognostic

equations for the anelastic formulation of horizon-

tal kinetic energy KA 5 ½(1 1 rv)raref(u2 1 y2)

and vertical kinetic energy KVA 5 ½(1 1 ry)

rarefw
2:
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wv. (30)

Although they are written differently, the same terms

appear in (29) and (30) that appeared earlier in (23) and

(24), respectively.

The anelastic thermodynamic equation used in Méso-

NH is
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, (31)

where pref is the Exner function of the reference state

and chydro 5 rlcl 1 rici, where rl(ri) and cl(ci) are

the mixing ratio and specific heat of liquid water

(ice). In (31), term (a) is proportional to the diabatic

heating rate, and term (b) corresponds to the moist

correction in absence of any phase change. Using (25)

and (31), the equation for the moist enthalpy can be

written as
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where pref is the pressure of the reference state. Al-

though they are written differently, the same terms ap-

pear in (25) and (32). The additional term GA
residual in

(32) is due to the fact that the thermodynamic Eq. (31) is

written with the dry potential temperature and that the

pressure of the reference state pref is used in the moist

correction term. The fact that CPA and CVPA appear in

(29), (30), and (32) implies that the horizontal (vertical)

baroclinic conversion between Hm
A and KA (KVA) is

correctly described with this set of anelastic equations.

Hence, when integrated over the spatial (global or finite)

domain, (29), (30), and (32) constitute an energetic bud-

get encompassing anelastic versions of moist enthalpy

and horizontal and vertical kinetic energies. For sim-

plicity, the superscript A’s are omitted hereafter.

5. Application and scale analysis

The energy budget presented in section 4d is applied

to the results of the Méso-NH simulation of the pre-

Helene disturbance within domain D defined as 98–188N,

268W–58E horizontally (see Fig. 3) and 1000–18 000 m

above mean sea level. Then, the terms BK, BKV, and BH

of (30), (31), and (32) are boundary terms that represent

the contribution of energy exchanges between atmo-

spheric flows inside and outside domain D.
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a. Budget of moist enthalpy

The budget of Hm [Eq. (32); Figs. 5 and 6] is nearly

balanced by seven ‘‘first-order’’ terms referred to as

‘‘primary processes’’ (,60.1 W m23 in Fig. 6). The

evolution of Hm is characterized by a diurnal cycle with

positive tendencies during the day and negative ones

during the night, between the surface and 12 000 m. This

diurnal cycle is mostly forced by radiative heating Gdiab,

with some influence of the semidiurnal variation of GP,

in relation to the atmospheric tide (e.g., Dai and Wang

1999) and the coupling with the ECMWF analyses every

6 h. In domain D, the mean vertical velocity is always

positive owing to convective and radiative processes

with larger values during evening, as can be deduced

from Fig. 6c showing positive values of CPV, propor-

tional to (2w›p/›z), with p decreasing with height. The

boundary term BH is dominated by the vertical flux

divergence [2›(Hw)/›z], which is positive because w is

positive and H decreases with height. This means that in

this modeled case study, the production of moist en-

thalpy by diabatic processes, including radiation and

latent heat release, is mostly dissipated by a direct ver-

tical baroclinic conversion (CPV . 0).

The term Gwv, related to humidity changes, is mainly

negative, which is coherent with water vapor globally

condensing within the domain (Gphase . 0). The diurnal

positive values of Gwv at low levels correspond to sur-

face evaporation at the hottest time of the day. They are

associated with negative values of Gphase and enhanced

positive values of Gdiab (see Figs. 6d,e,g).

The budget of Hm also involves two ‘‘second-order’’

terms referred to as ‘‘secondary processes’’ (,61023

W m23 in Fig. 7). One of them is the generation of moist

enthalpy by hydrometeors Ghydro, which mostly results

from the upward transport of nonprecipitating liquid

and ice particles that carry sensible heat from lower

levels and transmit it to the colder air above. It can be

noted that the maximum of Ghydro during the night of

9–10 September is correlated with the maximum of Gphase,

associated with strong convective activity. The other

secondary process is the horizontal baroclinic conversion

FIG. 4. Schematic view of the energy budget proposed in section 4c.

The mathematical expression and significance of the energies

(Hm, K, KV), boundary terms (BH, BK, BKV), conversion terms

(CP, CPV, CC) and source/sink terms [Gp, Gphase, Gdiab, Ghydro, Gwv

for moist enthalpy; DVgravity, D(V)friction, D(V)hydro, D(V)wv for

horizontal/vertical kinetic energy] are given in the text.

FIG. 5. First-order terms in the budget of Hm for the simulated

pre-Helene disturbance, averaged over horizontal domain D and

between altitudes 1000 and 18 000 m. The horizontal axis gives the

time in days from 0000 UTC 9 Sep 2006. The vertical axis gives the

intensity in W m22. The coefficients displayed are the tendency of

Hm (dashed line); BH (solid line with circles); the opposite of CPV

(solid line with triangles); Gphase (solid line with stars); Gdiab

(dotted line); Gp (solid line with plus signs); Gwv (dashed–dotted

line); and the first-order residual term (solid line).

3002 J O U R N A L O F T H E A T M O S P H E R I C S C I E N C E S VOLUME 66

Unauthenticated | Downloaded 02/23/23 12:41 PM UTC



FIG. 6. Time–altitude plots of the first-order terms in the budget of Hm. The horizontal axis

gives the time in days from 0000 UTC 9 Sep 2006 to 0000 UTC 12 Sep 2006. The vertical axis gives

the altitude (m). These terms are in W m23 and the gray color scale is indicated in the upper right.
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term CP with two periods with positive values (2CP , 0

in Fig. 7c) on 9 and late 12 September, during which en-

ergy is transferred from the moist enthalpy to the kinetic

energy through a direct horizontal baroclinic conversion,

and a period of negative values (2CP . 0 in Fig. 7c)

during 10–12 September, during which energy is trans-

ferred from the kinetic energy to the moist enthalpy

through an inverse horizontal baroclinic conversion. An

analysis of the associated physical processes is given below.

The additional term Gresidual (not shown) in the bud-

get of Hm is negligible compared to the other ones

presented above. Its amplitude is about 50 times smaller

(,62 1025 W m23) than the secondary terms displayed

in Fig. 7. This result gives us confidence in the accuracy

of the anelastic approximation of Méso-NH in terms of

energy conservation.

b. Budget of horizontal kinetic energy

The budget of K [Eq. (29)] is approximately balanced

at first order by three primary processes (,61023 W m23

in Fig. 8). The horizontal kinetic energy increases on

9 September and partly on 10 September, decreases on

the 11th and 12th, and then increases again during the

evening of the 12th. This evolution is apparently con-

trolled by the horizontal baroclinic conversion CP, with

some influence from the negative friction term Dfriction

and from the positive advection term BK in the low to

mid levels.

The first-order residual of the kinetic energy budget is

almost balanced by the second-order conversion term

CC between horizontal and vertical kinetic energy due

to the work of the Coriolis force (,6025 W m23 in

Fig. 9). This term is proportional to 2uw and, owing

to the mean upward motions, it is negative (positive) in

the low (mid to upper) levels because of the presence

of southwesterly (easterly) winds. It can be noted that

the higher extension of negative values on 10 and

11 September could be related to the upward transport of

southwesterly momentum, in conjunction with enhanced

convective activity diagnosed by Gphase in Fig. 6. The

remaining terms—the dissipation of K by condensation/

deposition of water vapor Dwv and the momentum forc-

ing associated with hydrometeors Dhydro—are negligible.

FIG. 7. (a) As in Fig. 5, but for the second-order terms in the budget of Hm. The coefficients displayed are the

residual term of the first-order terms (dotted line); CP (dashed line); Ghydro (solid line with triangles); and the second-

order residual term of this budget (solid line). (b)–(d) As in Fig. 6, but for the second-order terms in the budget of Hm.
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FIG. 8. (a) As in Fig. 5, but for the first-order terms in the budget of K. The displayed coefficients are the tendency

of K (dashed line); BK (solid line with circles); CP (solid line with stars); Dfriction (dotted line); and the first-order

residual term of this budget (solid line). (b)–(d) As in Fig. 6, but for the first-order terms in the budget of K.
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c. Budget of vertical kinetic energy

The budget of KV [Eq. (30)] is characterized by a very

weak tendency with a near balance between two first-

order terms (,60.1 W m23 in Fig. 10), referred to as

primary processes—the vertical baroclinic conversion

term CVP and the work of the gravitational force Dgravity.

It is a well-known result that at first order, changes in

potential energy are balanced by the work associated with

the vertical displacement of the atmospheric column.

The residual of these first-order terms is mostly bal-

anced by two secondary processes (,61023 W m23 in

Fig. 11): the vertical frictional dissipation DVfriction and

the dissipation by vertical momentum forcing of moist

air associated with hydrometeors DVhydro. They have

comparable contributions, with the second showing a

maximum in relation with convective activity during the

night of 9–10 September.

The budget of KV also involves ‘‘third-order’’ terms

referred to as ‘‘tertiary processes’’ (,61025 W m23 in

Fig. 12): the conversion CC between K and KV due to

the work of the Coriolis force, the boundary term BKV,

and the tendency of KV. The vertically integrated con-

tribution of BKV is negligible as a result of opposing

values in the lower and upper troposphere, probably re-

lated to a net inflow of ascending air in the low levels and a

net outflow of subsiding air in the upper levels. The ten-

dency of KV is small, but not negligible locally. However,

it varies rapidly from positive to negative values, and vice

versa, so that KV remains close to zero. The vertical dis-

sipation DVwv associated with water vapor condensation

and/or deposition of water vapor (not shown) is about two

orders of magnitude smaller than the third-order terms in

the budget of KV, so it can be neglected.

d. Synthesis

Several processes at different orders of magnitude

have been described in the energy budgets (see Table 1

for a classification of these processes with respect to

their magnitude). In this study, we are concerned with

the horizontal kinetic energy of the simulated pre-

Helene disturbance, so we only need to consider the

primary processes in the budget of K. At this first order of

magnitude, the conversion term between K and KV can

FIG. 9. (a) As in Fig. 5, but for the second-order terms in the budget of K. The displayed coefficients are the residual

term of the first-order terms (dashed line); CC (solid line with stars); and the second-order residual term of this

budget (solid line with plus signs). (b)–(d) As in Fig. 6, but for the second-order terms in the budget of K.
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be neglected, so the budget of KV is disregarded (as well

as term CC in the budget of K). Moreover, the vertical

baroclinic conversion term CPV can be considered as a

‘‘dissipation’’ term in the budget of Hm, in relation with

the vertical reorganization of the atmosphere through the

work of the gravitational force DVgravity. However, CPV

cannot be approximated by 2DVgravity because CP and

the sum CPV 1 DVgravity have comparable magnitudes.

The introduction of water vapor in the boundary terms

BK and BH resulted in additional dissipation terms Dwv

and Gwv because of nonconservation of the water vapor

mass in the atmosphere. At the considered order of

magnitude, Dwv is negligible, so the water vapor contri-

bution will not be considered in the expressions of K, BK,

CP, and D. However, Gwv is a primary process in the

budget of enthalpy Hm and it cannot be neglected for the

abovementioned reason. The contributions of water va-

por in the other primary processes—tendency of Hm,

CPV, Gphase, Gdiab, and Gp—have to be kept as well.

e. Budget of eddy kinetic energy

The energetic cycle proposed in L55 was aimed

at studying the maintenance of the global circulation,

more particularly the transfers between kinetic energy

of the zonal mean flow, kinetic energy of the eddy

circulations, and available potential energy of the global

atmosphere. Consequently, L55 separated the zonal and

eddy components of A and K. The eddy components

characterize the perturbations with respect to the zonal

mean in the global atmosphere. In the L55 analysis, the

conversion between zonal kinetic energy KZ and eddy

kinetic energy KE is referred to as ‘‘barotropic growth’’

and the conversion between eddy available potential

energy AE and KE is referred to as ‘‘baroclinic growth.’’

Note that AE can be produced through a conversion of

zonal available potential energy (AZ) and/or through

diabatic processes. The L55 energetic cycle is an at-

tractive concept for studying wave disturbances but, as

FIG. 10. (a) As in Fig. 5, but for the first-order terms in the budget of KV. The displayed coefficients are DVgravity

(solid line with circles); CPV (solid line with triangles); and the first-order residual term of this budget (solid line).

(b),(c) As in Fig. 6, but for the first-order terms in the budget of KV.
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explained above, it cannot be directly applied to a lim-

ited domain.

Applying the theoretical results of section 4, A is re-

placed by Hm and is not separated in zonal and eddy

components, and the energy budget is done in a limited

domain. Separating the eddy and zonal components of Hm

in the analysis would be meaningful on condition that an

unambiguous relation exists between the eddy potential

energy and the eddy kinetic energy, which is not straight-

forward. The conversion between KE (KZ) and Hm is re-

ferred to as the ‘‘eddy (zonal) baroclinic conversion.’’

Neglecting the water vapor contribution in the hori-

zontal kinetic energy budget, we define the kinetic en-

ergies KZ and KE as

K
Z

5

ðZ2

Z1

r
aref

[u]2
1 [y]2

2
dz, (33)

K
E

5

ðZ2

Z1

r
aref

u*2 1 y*2

2
dz, (34)

where [�] denotes a zonal mean in domain D and * in-

dicates a deviation with respect to the zonal mean. As

discussed in section 5d, the water vapor contribution

cannot be neglected in the first-order terms of the bud-

get of moist enthalpy, so the expression Hm used for the

present energy budget is

H
m

5

ðZ2

Z1

r
aref

c
pm

T dz. (35)

Equations for the evolution of KZ and KE can be derived

from (29) where the second-order terms and the water

vapor contribution in the first-order terms are neglected,

using the property that raref depends only on the vertical

coordinate:

dK
Z

dt
5 BK

Z
1 CPZ� CK 1 DZ, (36)

dK
E

dt
5 BK

E
1 CPE 1 CK 1 DE. (37)

FIG. 11. (a) As in Fig. 5, but for the second-order terms in the budget of KV. The displayed coefficients are the

residual term of the first-order terms (solid line with triangles); DVfriction (dotted line); DVhydro (solid line with

circles); and the second-order residual term (solid line). (b)–(d) As in Fig. 6, but for the second-order terms in the

budget of KV.
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FIG. 12. (a) As in Fig. 5, but for the third-order terms in the budget of KV. The displayed coefficients are the

tendency of KV (dashed line); the residual term of the second-order terms (dotted line); CC (solid line with stars);

BKV (triangles); and the third-order residual term (solid line). (b)–(e) As in Fig. 6, but for the third-order terms in the

budget of KV.
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Neglecting Gresidual and adding terms Gphase, Gdiab,

Ghydro, Gp, and Gwv into G, (32) becomes

dH
m

dt
5 BH 1 G� CPV� CPZ� CPE, with (38)

BH 5

ðZ2

Z1

$ � (r
aref

c
pm

Tu) dz, (39)
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This energetic cycle is schematically displayed in Fig. 13;

BH, BKZ, and BKE are the boundary terms of the bud-

gets of Hm, KZ and KE, respectively, in the limited do-

main. All the other terms characterize sinks/sources or

conversions of energy within this domain. Herein, G is the

production/destruction of Hm by diabatic processes; CPV

is the vertical baroclinic conversion term between Hm and

the vertical kinetic energy KV, and is considered as a sink

in the moist enthalpy budget; CPZ and CPE quantify

the zonal and eddy horizontal baroclinic production/

destruction of KZ and KE, respectively; CPE (CPZ) is the

work of eddy (zonal) pressure force by the eddy (zonal)

circulation; and DZ and DE are the frictional dissipation

of KZ and KE. When the zonal (eddy) circulation is in

geostrophic balance, there is no zonal (eddy) baroclinic

conversion. Note that CK corresponds to the barotropic

conversion between KZ and KE; it is the sum of four terms

although it is dominated by the first one: term (1) in (46),

related to the eddy meridional transport of eddy zonal

momentum. Thus, CK is considered as the conversion

between the energy of the zonal mean flow and KE.

6. Results

a. Eddy vorticity

As seen in Fig. 3, the midlevel trough and ridge of

an AEW (characterized by large-scale cyclonic and

TABLE 1. Classification of the processes involved in the energy budget of section 4d (see Fig. 4) with respect to their magnitude. The

middle column indicates the processes’ names and the right column gives their order of magnitude in W m23.

Budget of Hm Primary processes: BH, CPV, Gphase, Gdiab, tendency, Gp, Gwv ;1021 W m23

Secondary processes: CP, Ghydro ;1023 W m23

Tertiary term: Gresidual ;1025 W m23

Budget of K Primary processes: tendency, BK, CP, Dfriction ;1023 W m23

Secondary processes: CC, Dwv ;1025 W m23

Tertiary term: Dhydro ;1027 W m23

Budget of KV Primary processes: CPV, DVgravity ;1021 W m23

Secondary processes: DVfriction, DVhydro ;1023 W m23

Tertiary processes: CC, BKV, tendency ;1025 W m23

Quaternary term: DVwv ;1028 W m23
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anticyclonic circulations, respectively) are found in

domain D, although the pre-Helene disturbance is as-

sociated with the midlevel trough only. Hence, it is

necessary to objectively determine the respective con-

tributions of the cyclonic and anticyclonic circulations to

the eddy perturbation with respect to the zonal mean in

domain D.

The eddy vorticity jE, is defined as the vertical vor-

ticity of the eddy horizontal wind,

j
E

5
›(y*)

›x
� ›(u*)

›y
, (49)

and is averaged over domain D, so its vertical profile

represents the sum of the cyclonic and anticyclonic eddy

circulations at each altitude (Fig. 14a). It allows us to

determine which of these two circulations predominates

in the domain and to evaluate the relevance of the eddy

kinetic energy budget to describe the pre-Helene cy-

clonic circulation. On 9 September, the eddy circulation

in domain D was mainly cyclonic below 5000-m altitude

and anticyclonic above, which is the signature of the

AEW trough associated with the pre-Helene distur-

bance (see Fig. 3o). On 10 September (Figs. 3p,q), the

ridge of this AEW entered domain D to the east and

an anticyclonic circulation centered on 288N, 188W at

0000 UTC developed in the northwestern part of the

considered domain. Hence, the mean value of eddy vor-

ticity became negative down to 1500 m. From 11 Sep-

tember, as the northern anticyclonic circulation moved

westward (it was centered on 238W, 308N at 0000 UTC

and on 278W, 298N at 1200 UTC) and the AEW ridge to

the east did not intensify, the trough became dominant

again. The eddy cyclonic circulation developed vertically

up to 10 000 m and its intensity increased gradually near

4000 m. On the afternoon of 12 September, the cyclonic

circulation intensified near the surface, which corresponds

to cyclogenesis of the simulated Helene.

b. Eddy geostrophic vorticity

The cyclogenetic evolution of an AEW was associated

with a pressure decrease, most probably related to the

hydrostatic effect of latent heat release associated with

deep convection. This can be expressed by the ‘‘geo-

strophic vorticity’’ jG, which is equal to opposite of the

horizontal divergence of the eddy pressure force nor-

malized by the Coriolis parameter:

j
G

5
1

f

›

›x

1

r
a

›p

›x

� �*" #
1

›

›y

1

r
a
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. (50)

FIG. 14. As in Fig. 6, but for the (a) eddy vorticity jE and (b) eddy geostrophic vorticity jG.

FIG. 13. Schematic view of the energy budget proposed in

section 4f. The significance of the energies Hm, KZ, and KE, source/

sink terms BH, BKZ, BKE, G, CPV, DZ, and DE, and conversion

terms CPZ, CPE, and CK of this budget are explained in the text.
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When this quantity is positive (negative), eddy pressure

forces are convergent (divergent) and the pressure

perturbation associated with the eddy circulation is

negative (positive). Furthermore, jE and jG are equal

when the atmospheric flow is geostrophic. The com-

parison between the mean profiles of jE and jG in Fig. 14

shows that the eddy circulation was approximately

geostrophic, which was not certain for such a large

perturbation at low latitudes (98–188N). On the after-

noon of 12 September, however, jE was slightly weaker

than jG between 1000 and 8000 m. This suggests that

during this cyclogenesis event pressure decreased first,

and then geostrophic adjustment of the wind field to the

mass field led to an increase of jE.

c. Eddy kinetic energy

The evolution of the vertical profile of KE (Fig. 15)

shows a maximum around 4000 m, which corresponds to

the energetic signature of the simulated AEW. On the

morning of 9 September, KE increased between 3000 and

5000 m and then remained approximately constant until

the end of the day. On the morning of 10 September a

strong increase of KE in the low levels was followed by a

decrease of similar intensity during the afternoon. How-

ever, as seen in Fig. 14, at that time the main contribution

to the eddy circulation came from the AEW ridge, which

played no role in cyclogenesis. From the afternoon of

11 September, KE increased constantly between 1000

and 5000 m, especially at low levels, in conjunction with

the increasing cyclonic vorticity (Fig. 14).

d. Energy budget

Evolution of the vertically integrated terms involved

in the budget of KE is shown in Fig. 16; their vertical

profiles are shown in Fig. 17. On 9 September, the first

stage of KE growth was mostly due to eddy baroclinic

conversion (CPE . 0), with a positive contribution of

barotropic conversion (CK) below 4000 m altitude and a

negative one from net advection BKE, except in the

lowest levels and between 5000 and 6000 m. This situation

is similar to that analyzed by Norquist et al. (1977), who

used the inadequate L55 formulation for limited domains

but also found that AEW growth over the West African

continent is both barotropic and baroclinic. This also

meets the idealized case study by Thorncroft (1995) and

the space–time spectral analysis by Hsieh and Cook

(2007), although these authors did not consider specifi-

cally the relationship between energetic conversions and

cyclogenetic evolution off shore. Aviles (2004) found

smaller baroclinic and barotropic conversions over West

Africa for developing cases of AEWs compared to non-

developing ones. However, the eddy baroclinic conver-

sion in the proposed energy budget does not quantify the

same processes as in L55, so it is difficult to compare the

present result with previous ones. A new interpretation of

this eddy baroclinic conversion term is proposed here.

In particular, it can be noticed that pressure and

geostrophic vorticity increased while convective activity

was relatively intense during the night of 9–10 Septem-

ber (cf. Gphase in Fig. 6d and jG in Fig. 14b). Hence, the

eddy circulation was mostly down the eddy pressure

gradient in the low to midtroposphere (CPE . 0). This

suggests that the wind field was adjusting to the pressure

field through horizontal displacement of air. The eddy

kinetic energy produced by this horizontal displacement

of air through positive eddy pressure work (CPE . 0)

FIG. 15. As in Fig. 6, but for the eddy kinetic energy KE. The energy

(per unit of volume) is in J m23.
FIG. 16. As in Fig. 5, but for the budget of KE. The displayed

coefficients are the tendency of KE (dashed line); BKE (solid line

with circles); CK (solid line with stars); CPE (solid line with plus

signs); DE (solid line with triangles); and the residual term (solid

line).
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was partly exported to the outer flow, as can be deduced

from the negative net advection BKE.

The positive barotropic conversion (CK) in the low to

midtroposphere from 10 to 12 September was a conse-

quence of the increasingly cyclonic curvature of the

easterly flow, in response to the pressure decrease as-

sociated with convective activity (Fig. 6d). The negative

eddy baroclinic conversion (CPE) indicates that the work

FIG. 17. As in Fig. 6, but for the coefficients in the budget of KE: (a) tendency of KE, (b) BKE, (c) CK, (d) CPE,

(e) DE.
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of the eddy pressure forces was then negative (i.e., the

eddy air circulation was mostly oriented up the eddy

pressure gradient). This resulted from the presence of

the abovementioned high pressure zone (centered on

298N, 278W at 1200 UTC 11 September), which induced

a strong northeasterly divergent flow in the western part

of domain D (Figs. 3r,s).

The fact that baroclinic conversion became positive

again on late 12 September could be the signature of

strong convective activity and associated pressure de-

crease in an environment where the AEJ was weak and

the northwestern anticyclonic circulation had moved far-

ther west (at 1200 UTC 12 September, it was centered on

288N, 328W). Actually, barotropic conversion decreased

on late 12 September because the flow was no longer

zonal, but a closed cyclonic and convergent circulation

formed instead (Fig. 3u). Thus, some of the kinetic energy

created by the positive baroclinic conversion on late

12 September was restored to the outer flow by weak net

advection. At that time the system became tropical de-

pression Helene and was able to take enough energy from

the sea to be energetically self-sustained (Emanuel 1986).

The observed pressure decrease in this developing

system was probably of a convective origin. The next

step to investigate this hypothesis would be to more

precisely analyze the relation among convection, pres-

sure changes, energy conversions, and the adjustments

between mass and wind fields.

7. Perspective for the energetic analysis

To further investigate this problem, we come back to

the energetic analysis based on the compressible equa-

tions of Bannon (2002). The moist enthalpy in (25) is

HC
m 5 r

a
c

pm
T 5

c
pm

R
m

p. (51)

Such a relationship cannot be written for the moist

enthalpy Hm
A in the anelastic case (Hm

A 5 rarefcpmT). In

Fig. 18, we show horizontal cross sections at 3000 m of

the normalized quantities Ra/CpaHm
A (Figs. 18a–d) and

Ra/CpaHm
C (Figs. 18e–h) so they can be compared with

the total pressure (Figs. 18i–l). Pressure decreased in

association with the intensification of pre-Helene dis-

turbance, with minimum values of 711 hPa at 0000 UTC

11 September, 709 hPa at 0000 UTC 12 September, and

702 hPa at 0000 UTC 13 September. This is coherent

with the increase of jG observed during this period

(Fig. 14b).

The evolution of Hm
C (Figs. 18e–h) is comparable with

the evolution of pressure because the moisture correc-

tion is small, and the budget of Hm
C can be used to ana-

lyze the pressure decrease in the developing AEW.

However, the evolution of Hm
A (Figs. 18a–d), which is the

adequate thermodynamic variable in Méso-NH, is re-

lated to the temperature only, since the density raref is

constant at each level. This implies that the processes

responsible for the variations of pressure cannot be

thoroughly analyzed with the moist enthalpy equation in

the anelastic approximation.

Assuming that the processes involved in the budget

of Hm
C should have magnitudes comparable to those in

the budget of Hm
A, we suggest that in a numerical simu-

lation using compressible equations, the same primary

processes would be directly related to the variations of

pressure. The residual term of these primary processes

would still be linked to the eddy baroclinic conversion.

FIG. 18. (a)–(d) Ra/CpaHm
A (hPa) at 3000 m; (e)–(h) Ra/CpaHm

C (hPa) at 3000 m; and (i)–(l) total pressure p (hPa) at 3000 m, from (top)

0000 UTC 10 Sep 2006 until (bottom) 0000 UTC 13 Sep 2006. The gray color scale is in the upper left.
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Consequently, the budget of Hm
C would allow us to quan-

tify the interactions between the vertical circulation forced

by convection, pressure decrease, energetic conversions,

and adjustment between mass and wind fields.

8. Conclusions and perspectives

The pre-Helene disturbance was associated with an

AEW and several MCSs over West Africa during the

period before cyclogenesis over the tropical eastern

Atlantic near the Cape Verde Islands. A 4-day numer-

ical simulation with Méso-NH using convective param-

eterization does not exactly reproduce the observed

series of these MCSs, but the simulated disturbance

shows a relatively similar evolution. The development of

this simulated AEW is analyzed with an energy budget

adapted from the L55 analysis. Because the energetic

analysis of L55 cannot be applied directly in a limited

domain, we developed a concept of energy transforma-

tions in the atmosphere that can be used locally.

First, considering that there is no robust and versatile

definition of available potential energy A for a limited

domain, we use the total potential energy E or the en-

thalpy H to quantify the thermal atmospheric reservoir.

We verified that the conversions between E (or H) and K,

and between A and K, are equivalent at global scale—

the original framework of L55.

Second, we found that in the same hydrostatic frame-

work as L55, the so-called horizontal baroclinic con-

version between enthalpy and horizontal kinetic energy

can be expressed as the horizontal pressure work re-

sulting from the ageostrophic component of the wind.

This means that the horizontal pressure force is a mea-

sure of the amount of potential energy that can be

converted into horizontal kinetic energy. This result

was partly given by Marquet (2003b), although his

‘‘ageostrophic conversion term’’ did not appear explic-

itly in his budget of available potential energy. Ac-

cording to Marquet (2003b), there is a ‘‘potential-energy

component which plays the role of vertical distribution

of energy by transforming baroclinic into ageostrophic

conversions, via unknown processes to be discovered’’

(p. 2492). We found that this ageostrophic conversion is

actually the horizontal baroclinic conversion between

enthalpy and horizontal kinetic energy, so there is no

unknown source or sink in this energetic conversion.

This definition of horizontal baroclinic conversion is

different from that proposed by L55, but it is valid at

global and local scales.

Third, we showed that in the most general case (e.g.,

using compressible equations) the potential energy of

the atmosphere can be characterized by the moist en-

thalpy and that its conversion in total kinetic energy is

still proportional to the total pressure work. A positive

horizontal (vertical) pressure work corresponds to a

growth of horizontal (vertical) kinetic energy. These

energy conversions are referred to as horizontal and

vertical baroclinic conversions, respectively.

Fourth, the energetic analysis has been adapted to

the anelastic equations of Méso-NH. An application to

the simulated pre-Helene disturbance confirms that the

redefined baroclinic conversions are correctly described

with this set of equations. At first order, the tendency of

moist enthalpy results mostly from diabatic heating, net

advection, and vertical baroclinic conversion. These so-

called primary processes show a diurnal cycle similar to

that of radiative heating. Convective heating also follows a

diurnal cycle with a maximum during the evening. How-

ever, convection is also active during the day and the mean

vertical velocity in the domain is always positive, although

the maximum values occur during the evening. There-

fore, the vertical baroclinic conversion is always positive

with maximum values during the evening. Variations of

pressure due to atmospheric tides and variations of water

vapor content have a small but nonnegligible contribution

compared to the previous primary processes, so they are

considered as primary processes as well. The residual of

these primary processes is balanced by the much smaller

horizontal baroclinic conversion and total heating rate of

hydrometeors. Since the primary processes in the budget

of moist enthalpy are partly caused by the vertical cir-

culation of convective origin, convection is associated

with pressure decrease, and horizontal baroclinic con-

version is related to the adjustment of the wind field to

the pressure change, we suggest that there is a physical

link between these processes. Other processes theo-

retically identified in the budget of Hm are negligible.

The tendency of horizontal kinetic energy K results

mainly from three primary processes: horizontal baro-

clinic conversion, net advection, and frictional dissipa-

tion. The production/destruction of K is explained by

the horizontal baroclinic conversion, with a negative

frictional term and weak net advection. Other processes

are negligible. In particular, the conversion term be-

tween K and the vertical kinetic energy KV, related to

the work of the Coriolis force, is a secondary process, so

the budget of KV is disregarded and the vertical baro-

clinic conversion term between Hm and KV is consid-

ered as a sink term in the budget of Hm.

Fifth, this simplified energetic analysis is used to de-

rive an energy budget similar to L55. Here, K is sepa-

rated in the zonal mean KZ and the eddy contribution

KE. Likewise, the horizontal baroclinic conversion CP is

separated in zonal CPZ and eddy CPE components to

quantify the baroclinic growths of KZ and KE, respec-

tively; CPE (CPZ) is proportional to the work of eddy
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(zonal) pressure forces by the eddy (zonal) circulation.

When the zonal (eddy) circulation is in geostrophic

balance there is no zonal (eddy) baroclinic conversion.

The conversion between KZ and KE is classically re-

ferred to as the barotropic conversion. Unlike in the

analysis in L55, however, the enthalpy Hm is not sepa-

rated into zonal and eddy components, so the energy

budget proposed here involves only three energies: Hm,

KZ, and KE. This energy budget also includes boundary

terms, diabatic production of Hm, dissipation of Hm by

vertical baroclinic conversion, and frictional dissipations

of KZ and KE. It is therefore adapted to quantify the

respective contribution of large-scale and internal pro-

cesses to the evolution of eddy kinetic energy of a dis-

turbance such as an AEW in a limited domain.

Our main finding with the energy budget of KE is that

the intensification of the simulated pre-Helene distur-

bance during its continental stage resulted from both

barotropic and baroclinic processes at low and mid

levels. This positive baroclinic conversion was associ-

ated with a horizontal displacement of air down the eddy

pressure gradient in response to a pressure decrease in

the trough. The resulting positive eddy pressure work

was partly balanced by a negative net advection of eddy

kinetic energy. From the afternoon of 11 September

over the near-tropical Atlantic, the intensification of the

simulated pre-Helene disturbance was associated with a

positive barotropic conversion between 1000 and 5000 m

and a negative eddy baroclinic conversion between 2000

and 5000 m. The positive barotropic conversion resulted

from the decreasing intensity of the AEW entering the

considered domain through its eastern limit and the in-

tensifying large-scale motion in the trough region. The

negative baroclinic conversion was associated with a

horizontal displacement of air up the eddy pressure

gradient forced by an external process (i.e., the anti-

cyclonic circulation to the northwest). Finally, on late

12 September, the midlevel tropospheric flow was no

longer zonal so barotropic conversion weakened, posi-

tive baroclinic conversion started, and some eddy ki-

netic energy was restored to the outer flow. By then the

observed developing AEW was already a tropical de-

pression and was able to take enough energy from the

sea to be energetically self-sustained (Emanuel 1986).

Sixth, we showed that the eddy circulation of the

simulated pre-Helene disturbance was approximately

geostrophic. We propose that the energetic conversions

responsible for the observed development might have

resulted from an adjustment of the wind field to the

pressure decrease induced by convection. In the tropics,

because the Coriolis force is not strong enough to lead to

a rapid evolution to geostrophic equilibrium, the eddy

circulation is therefore convergent and tends to fill up

the depression. This is what probably occurred during the

continental stage of simulated pre-Helene disturbance.

Over the ocean, however, the pressure decrease induced

by convection was accompanied by a positive barotropic

conversion as the cyclonic curvature of the easterly flow

intensified in the low pressure system. The eddy circu-

lation was globally divergent with regard to the west-

ward propagation of an anticyclonic circulation, centered

northwest of the trough. In consequence, the wind field

adjusted geostrophically to the pressure perturbation in-

duced by convection, a relatively rare event in the tropics.

This geostrophic adjustment of the wind following a

pressure decrease of convective origin could be the main

process responsible for this simulated cyclogenetic evo-

lution off shore. However, in the anelastic case the budget

of moist enthalpy cannot be explicitly related to pressure

variations, so the link between energetic conversions and

this geostrophic adjustment is not explicit, and this hy-

pothesis cannot be further investigated.

At a smaller scale, Rogers and Fritsch (2001) among

others have shown that successive convective develop-

ments in a mesoscale vortex can reduce the local Rossby

radius, which facilitates geostrophic adjustment of the

wind field to the mass field. It would be interesting to

analyze the adjustment occurring in the pre-Helene

disturbance in terms of interactions between the vertical

circulation forced by convection, the pressure decrease,

and other processes described by the energetic conver-

sion terms. We suggest that a pressure budget deduced

from the moist enthalpy Eq. (25) would allow us to

quantify this. A numerical simulation resolving the com-

pressible equations of Bannon (2002) can be used for

that purpose. In the anelastic case, however, the link

between variations of pressure and convection could be

investigated with a diagnostic equation of pressure (an

example of such a pressure diagnostic in the anelastic

case is provided by Smith and Bannon 2008 for a two-

dimensional idealized case).

These results will be compared with energy budgets

for other developing and nondeveloping cases of AEWs

over West Africa and the near-tropical eastern Atlantic.

We will also simulate some stages of the pre-Helene

and other West African disturbances with Méso-NH at

higher resolution with explicit convection. The analysis

of the vorticity production by MCSs and their interac-

tion with the developing AEW, at the convective scale

and mesoscale, will certainly complement the results

obtained from energy budgets at synoptic scale.
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APPENDIX

Mathematical Operators

List of Symbols

Superscripts C and A refer to the compressible and anelastic cases. Subscripts y, Z, E refer to the vertical com-

ponent, zonal mean, and eddy component, respectively. Vectors are in bold.

M Any variable

hMi Horizontal integration of M over the surface of the

earth
~M 5 M � hMi Perturbation of M with respect to its horizontal

mean hMi over the surface of the earth

M 5 M(z) 5
1

(X2 �X1)(Y2 � Y1)

ðX2

X1

ðY2

Y1

M(x, y, z, t) dx dy Horizontal mean of M over domain D delimited by

the Cartesian coordinates X1, X2, Y1, Y2.

M9 5 M9(x, y, z) 5 M �M Perturbation of M in the domain D with respect

to the horizontal mean M

[M] 5 [M](y, z) 5
1

(X2 �X1)

ðX2

X1

M(x, y, z, t) dx Zonal mean of M over the domain (X1, X2)

M* 5 M*(x, y, z) 5 M 2 [M] Perturbation of M with respect to the zonal

mean [M]

DM

Dt
5

›M

›t
1 u

›M

›x
1 y

›M

›y
1 w

›M

›z
Material derivative following the dry air parcel

$ � (Mu) 5
›(Mu)

›x
1

›(My)

›y
1

›(Mw)

›z
Divergence of the quantity Mu using the

altitude coordinate

A Available potential energy defined by L55

BH Boundary term (net advection) in the budget of enthalpy

BK Boundary term (net advection) in the budget of horizontal kinetic energy

BKV Boundary term (net advection) in the budget of vertical kinetic energy

BKZ, BKE Boundary terms in the budgets of zonal and eddy kinetic energy

C Horizontal baroclinic conversion term in L55

C9 Supplementary term which appears when the L55 formulation is applied to a finite

domain

CC Conversion term between horizontal and vertical kinetic energies resulting from the

work of Coriolis force

cl, ci, chydro 5 rlcl 1 rici Specific heat of liquid water, ice water, and all hydrometeors

CK Barotropic production/destruction of eddy kinetic energy

CP Horizontal baroclinic conversion (work of the horizontal pressure force)
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cpa, cpy, cpm 5 cpa 1 rycpy Specific heat of dry air, water vapor, and moist air at constant pressure

CPZ, CPE Baroclinic production/destruction of zonal and eddy kinetic energy

cya, ccy, cym 5 cya 1 rycyy Specific heat of dry air, water vapor, and moist air at constant volume

CVP Vertical baroclinic conversion

Dfriction Frictional dissipation of horizontal kinetic energy

Dhydro Dissipation/generation of horizontal kinetic energy by the work of the momentum

forcing of moist air associated with the hydrometeors

DVfriction Frictional dissipation of vertical kinetic energy

DVgravity Dissipation/generation of vertical kinetic energy by the work of gravitational forces

DVhydro Dissipation/generation of vertical kinetic energy by the work of the momentum

forcing of moist air associated with the hydrometeors

DVWV Dissipation/generation of vertical kinetic energy by condensation/evaporation

or deposition/sublimation of water vapor

DWV Dissipation/generation of horizontal kinetic energy by condensation/evaporation

or deposition/sublimation of water vapor

DZ, DE Frictional dissipation of zonal and eddy kinetic energy

E Total potential energy defined in L55

f Coriolis parameter

(Fx Fy Fz) Cartesian components of the frictional force

g Acceleration of gravity

G Total diabatic production/destruction of enthalpy

Gdiab Generation/dissipation of moist enthalpy by diabatic processes

Ghydro Generation/dissipation of moist enthalpy by heating of hydrometeors

Gp Generation/dissipation of moist enthalpy by variations of pressure

Gphase Generation/dissipation of moist enthalpy by latent heat release

Gwv Dissipation/generation of moist enthalpy by condensation/evaporation or

deposition/sublimation of water vapor

Hm Moist enthalpy

K Kinetic energy

p00 Reference pressure 5 1000 hPa

p 5 pa 1 pv Total pressure

_q Total diabatic heating rate

_qphase, _qdiab Heating rates per unit mass of dry air due to: phase changes and other diabatic

processes such as radiation and turbulent dissipation
_ql, _qi Total heating rate of liquid and solid hydrometeors per unit mass of dry air

Ra, Ry Ideal gas constant for dry air and water vapor

Rm 5 Ra 1 ryRy Ideal gas ‘‘constant’’ for moist air (this is not a constant)

rl, ri, rhydro Mixing ratio of liquid water, ice water, all hydrometeors

ry Mixing ratio of water vapor

t Time

T Temperature

u 5 (u y w) Dry air velocity projected in the Cartesian space

( _u _y _w) Cartesian components of the momentum forcing of moist air associated with

hydrometeors defined by Bannon (2002)

(x y z) Coordinates of the Cartesian space

k Ratio of ideal gas constant and specific heat at constant pressure (R/CP) for dry air

u 5
T

p
Potential temperature

jE Vertical vorticity of the eddy circulation

jG Geostrophic vertical vorticity of the eddy circulation

p 5
p

p00

� �K

Exner function
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hTi
cpa

� p

Ra

dhTi
dp

 !
Static stability of dry air integrated over the surface of the earth

u Geopotential
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v Vertical velocity in pressure coordinates

V Earth’s rate of rotation
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