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EFFICIENCY OF EDDY TRANSPOIUTS AND
NONGEOSTROPHIC EFFECTS DURING THE, LIFE

CYCLB OF A BAROCLINIC INSTABILITY

V.B. Rao and R.F.C. Marques

Irrstitul,o Nacional de Pesquisas Espaciais - INpB
C.P. 515,12201-970, Sã.o José dos Campos, Sp, Ilrasil

Correlation coefficients between the rneridional wind and zonal wind
ancl ternper¿ture can be used to define the cfficiency ol edcly trans-
port o[ rnornerrturn a,nd heat. We rrsed such a dcfiriil,ir¡n ur,.l louncl
thal, rnedium-scale baroclinir: eddies hecome efficient in l,rarrs¡rort-
ing he_at a,'d moment,rn duri'g.r,lre mature sta,ge of the lifä cy-cle. 'l'he correlation r:oefficicnts bel,ween eddy rñornenturn trans-
pgrls and rnomentunr efficiency and cdcly heat transports and heat
effic.icncy a,r'e signifir:anlly higli showing thut, eflìcienàies are associ-
ated with higher rnomenturn ancl heai transport. we found that
nongcostrophic conr¡ronents are rrìore for the momenturn transporl,
l,llan [<rr thc ]rea,l, [ransporl,. We <;a,lculated the contribr¡tion of rioir-
geost,rophic corrìponents for tliflcrr,rrt forrns of t,he enerqies and also
[<rr the energy conversion. Il, is found that the hig]restiontri]rulion
of no.ngeosl,rophic (nnrporenl,s is for e<ldy availa,ble pol,entia,l errergy
which is arountl 40To ancl tlrc lowcst is fcrr conversion term betwrin
z1y19l a,nd perl,rrrbal;ion ¿rvailable ¡rotential energies which is arouncl
l0c/0.

A EFICIDNCIA DO TRANSPORTD TURBULENTO E OS EFEI'IOS
NÃo-GEoSTR,ÓFIcos DURAN'IE o CICLo DE VIDA DD UMA INS
TAIIILIDADE BARocr,ÍNrc¡ O.s coe.ficientes de coryelaçã,o entre o
aer¿to n¿eridional e temperultrra " "ilr" o uer¿to merid,iinal e zonal
podem ser usatlos [tara deJinir u e.liciô,r¿cia rlos transportes turbu-
lentos de calor e rnomentur,r, r,espectiuamente. Com o uso d,esta
definiçã'o, encontrou-se que o d,istúrbio baroclínico de média-escala
é.mais efi,ciente em transportn-r calor e momentum durante o esttígio
de maturidade de seu clclo de uida. os coeficientes d,e corrulaião
entre o transporte de mon¿enttLm tu,rbulento e eficiência do trans-
porte de momentum.e o Lrnnsporte de calor turbuiento e a efr,ciência
do t.ransporte de calor sã,o afLun¿ente signilicatiuos, mostrånd,o que
efi,ciênc_ias estã,o associadas corr¿ maioriransporte'd,e momentum e
calo.r. verificou-se também que os cornponentäs nã,o-geostrófi,cos sã,o
maiores para o transporte- d,e tr,orn,entim do que piro o tiansporte
de calor. calculou-se- tam,bém a contribuiçõ,o d,os componentes'nõ,o-
geostrlJicos .par& energia potertcial disponíuel zonal e turbulenta e
energia cinética zonal e turbulenta e iuas conaersões. Encontrou-
se que a maior contribu-içã,o dos c,omponentes não-geostróf,cos foip&ra a energia-potencial disponíael (em torno de 40%) e d rnenor
para g termo de conuersã.o entre enèrgia potencial'disþoníuel zonal
e turbulenta (em torno de l0%).
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INTR,ODUCTION

In a series ofpapers Randel and Stanford (1983,

1985a, 1985b and 1985c) studied the dynamics of

medium-scale waves (zonal wave numbers 4-7) in the

Southern Ilemisphere (S.H.) during summer. Their

analysis cleatly showed several charateristics of these

lnedium-scale baroclinic waves' such as the selection

ofzonal scale, eastward phase propagation, baroclinic

growth and barotropic decay. Randel and Stanford

(19S5c) examined what they called a clean example

of the life cycle of baroclinic instability' They com-

pared the observed charateristics of baroclinic insta-

bility wil;lr modelled properties of the nonlinear baro-

clinic waves reported by Simmons and lloskins (1978)

and found good agreement. Ralrdel and Stanforcl also

noted that the cÌraracteristics of baroclinic waves in

the S.H. cornpare well with the characteristics of their

counterparts in the N.H., thereby showing the basic

nature of baroclinic instability in the atmosphere.

One of the fundamental properties associated

witlr the growth and decay of baroclinic waves is lhe

transport of heat and momentum by these waves.

Then, the question that arises is: [Iow efficient are

these waves in transporting heat and momentum? In

the present paper we study the eflìciency of baroclinic

waves in transporting heat and momentum. Our re-

sults show that during the mature süage baroclinic

waves are particularly efficient in transporting heat

and momentum.

In their süudy of medium-scale waves, Randel

and Stanford (1985a, 1985c) used geostrophic approx-

imation in calculating horizontal wind components.

It would be interesting to calculate the contribution

of nongeostrophic effects in wind components for the

heat and momentum transports and also for ühe en-

ergetics. This is the second objective of the present

paper.

DATA AND ANALYSIS

Our basic data are the geopotential height and

wind fields provided by National Meteorological Cen-

ter (NMC). Temperaùure is determined from geopo-

tential height using hydrostatic approximation. As

mentioned in the introduction' we propose to calcu-

late the nongeostrophic components and these are ob-

tained as the differences between the observed wind

and geostrophic wind. Darlier Randel and Stanford

(l9S5c) have shown the reliability of NMC data in

calculating heat and momenttrm transports and en-

ergetics for the Southern llemisphere during the sunl-

rter.

Geopotential height and wind data are given

at intervals ol').5o longitude and 2.5o latitude and

for 7 standard pressure levels betwecr¡ l000hl'a and

l00hPa. Grid point data are srrbjected to harmonic

analysis arrcl heat and momentutn trattsports, efficien-

cies and energetics are calculated for solne individual

waves and also for certain wave bands.

DEFINITION OF DFFICIENCY

Oort and Rasntusson (1971) used the degree of

correlation between the rneridional velocity (v) and

lhe pararneter to be trarrsported (either zonal veloc-

ity, u or temperature, 'I' ) * a measure of eflìciency.

Such a definition of efficiency has been used earlier

by Rao and Bonatti (1981) to study the efficiency of

planetary waves in transporting heat and momentum

during a major stratospheric warming. The efficien-

cies are given by:

Et= _-É'_êt

Vt a'2 \/ u'2
(1)

utT'Ez= É=-E¡
Vl v,z\t/Ttz

where an over bar (-) denotes the zonal mean and a

prime represents the deviation from the zonal mean.

Ðq.(1) and (2) measure the efficiency of the eddies in

transporting momentum and heat, respecüively. Oort

and Rasmusson (1971) and Srivatsangam (1975) cal-

culated the efficiency of eddy transports for the N.H.

tú

(2)
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Here we extend these earlier studies by computing

the efficiencies of the eddy transports during the life

cycles of baroclinic eddies in the S.H.

ENErl,GETICS

The cornputational analysis of energetics in this

study is based on standard equations after Saltz-

rnan (1957) for an adiabatic and inviscid atmosphere.

'l'hese are given by:

RESULTS AND DISCUSSION

In this section we present and discuss the prin-
cipal results. Since sensible heat transport is highest

in the lower troposphere and since momentum trans-
port is highest in the upper troposphere, we discuss

E2 for the lower troposphere and E1 for the upper

troposphere.

We shall examine now the efficiencies during

the life of baroclinic wâves. For this we chose the

same period as that discussed by Randel and Stan-

ford (1985c). Fig. I shows the efÊciency D2 for wave

nunrber 6 at 850hPa level lor t]re period 9-17 Decem-

ber 1979, alorrg with the eddy sensible heat trans-

port õ'T' (negative values indicate transport towards

south pole) and thc variances ln and 7"2. Wave

nurnber 6 is selected since it dorninates the Southern

Ilemisphere sumnìer circulation (Randel and Stan-

lord 1985a). It can be seen that the efficiency in-

creases from I to the 11'å, remains high up to 13¿å

and then decreases. 'fhis shows tlre growing stage, the

rnature stage and the decay stage. Durirrg the rnature

stage the correlation coefHcient (c.c.) becomes almost

one. 'lhe rise and lall of efficiency are associated with

increase and decrease of the sensible heat transport.

The increase of efficiency durirrg the growing stage oc-

curs in conjunction with the increase of un and Tn.

Ilom (2) this implies that the rate of increase of heat

transport is more than the rate of increase of iõ and

f2. X noted by Rao and Bonatti (1981), this has

interesting implications for the tilt of the wave in the

vertical and vertical propagations of the wave. Such

a propagation of the wave in the vertical has been

confirmed by Randel and Stanford (1985c).

Fig. 2 shows the efficiency Ez,lñ,l.'2 at700hPa

level for wave number 6. Dssentially a similar be-

haviour is seen at 700hPa level, although the maxi-

mum value of the correlation is somewhat low (0.8).

Fig. 3 shows the momentum transport efficiency,

E, for wave number 6 at 300hPa level for the pe-

+ = -C(t( E, Ii ,) - C(t{ E, PE), (3)

o+ 
= c(r( r, - r(") - c(ri,, p,), (4)

+ = C(P,, P¡;) * C(li s, P¡¡), (5)

+ = -C(P",Pø)+C(K,,P"), (6)
6t

where K, , Pr, KD and PB represent respectively

zonal kinet,ic energy, zonal available potentiaì energy,

eddy kinetic energy and eddy available potential en-

ergy. 'l'tre expressions for the conversion terms on the

right hand side are well-known and are not given here.

All the energy quantities are obtained as integrals in

the latitude direction between 22.5o and 77.5oS and

in the vertical between 850hPa and 100hPa. Latitu-

dinal integral,ion is weighted by the cosine of latitude

to account for the sphericity of the earth. Vertical

integrations are weìghted by the density of each level,

are simply summation over pressure. In ùhe present

study we propose to compute K",PE, P, and K¿, C

(P,, Pp) and C (Kø, K,) for the period December

1978, Janua.ry and February 1979 and also for the

month of December 1979. In addition, we propose

to calculate the term C (K", PB) for the one month

period of December 1979. This term involves the cal-

culation of vertical p velocity , (*).The method of

calculation of o is given in Appendix A.
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Figrrre 2. Sarne a^s Fig.1, but for 700hPa.

O mesmo da Fig. 1, mas para o níuel de 700hPa.

riod 9-17 Decernber 1979. For the first three days

the nromenturn transport wa.s towards the north and

later it became southward. As shown by Randel and

Stanford (1985c) this southwa¡d transport of momen-

tum at lower latitudes was mainly responsible for the

barotropic decay of medium-scale baroclinic waves.

It can be seen in Fig. 3 that the efficiency of south-

ward momentum transport increases reaching a maxi-

mum (c.c. -0.66) on 13rå and 14'h and later deqreases.

Thus, there is a one day lag between the maximum

efficiency in heat transport and maximum efficiency

in momentum transport. As in the case of heat trans-

port increase of efficiency in Fig. 3 is associated with

increase of momentum transport. The two variances

F and ãE also increased from about 10tà reaching a

maximum and then decreased. Since the sum of tt
and, @ can be taken as a mea,sure of eddy kinetic

energy, Fig. 3 shows the life cycle of wave number 6.

In order to find out whether. similar cycles of ef-

.2

Figure L. Effìciency of eddy transport of heat for
wave number 6. Latitude 52.5oS. Level: 850hPa, Ab-
cissa shows dates in the month of December 1979.

Eficiência do lransporle de calor sensíuel do n'úmero
ile ond,a 6. Lalitude: 52.5o . Níael: 850hPø. Abcissa
moslra dados do mês de dezembro de 1979.
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ficiency exist during the other periods of summer, we
calculated Ð1 and E2 for the summer months of De_
cember 1978, January lg7g and February lg7g. Fig.4
shows E2 for wave band 4-7 at 700hpa level. Also
shown in the figure are the eddy heat flrrx and eddy
kinetic energy variations. It can be seen t,hat there
are periods of high and low eddy kinetic energy indi_
cating the life cycles ofbaroclinic disturbances. T.hese

cycles in eddy kinetic energy are associated with sirn_

ilar cycles in eddy heat transport and 82. .Ib 
finct

out the time lag between the eddy kinelic energy an<Ì

E1 and 81, we calculated c.c. between eddy kinetic
energy and D1 and E2 with different lags. 'l.he c.c.

between E2 and eddy kinelic energy shows a nraxi_

mum vaìue of -0.4 (significant as gg.b% level) with a
one day lag. That is, eddy kinetic energy reaches a

maximum one day after Ð2 reaches lrighesü negative
values. Fig. 5 shows Ð¡ for wave band 4-Z at J00t¡pa.

Eddy kinetic energy and momentum transport varia-
tions are also shown in this figure. Sirrrilar behaviour
is seen in this figure, showing cycles in E1 and edcly

kinetic energy. The c.c. between E1 and eddy ki-
netic energy is -0.37 (significant as gg.5ù/o level) with
a lag of two days. That is, El reaches highest nega-

tive value two days after eddy kinetic energy reaches

the maximum. These results show that the eddies

becorne efficient in transporting heaü one day earlier
to eddy kinetic enetgy maximum and they become

efficient in transporting momentum two days later to
eddy kinetic energy maximum.

The concurrent correlation between D1 and mo_

mentum transport is 0.89 and the concurrent cone_

lation between E2 and heat transport is 0.82. These

high values of c.c. show the close connection between

efficiencies and eddy momentum and heat transports.

ENERGETICS

Fig. 6 shows the variation of eddy kinetic en_

ergy and the conversion term C (K", p¿) for wave

number 6 during the month of December lg7g. The
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Eficiênciø do lransporle de momentum do nrímero ile
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Figure 4. (a) Heat flux (m s*lK). Efficiency and eddy kinetic energy (*' r-'), for wave band 4-7 for December
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(ø) Flwo de calor (m s-r X), Eficiência e energiø cinéticø lurbulentø (^, t-, ), parl, os números de ondø de
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high negative correlation is clearly seen, showing the

importance of C (K¿, PB) for eddy kinetic energy

variations. Negative values of C (K¿, P¿) are asso-

ciated with direct thermal circulation of warm rising

and cold air sinking in the zonal vertical planes. Fig. 7

shows the variation of c.c. between eddy kinetic en-

ergy and C (Ks, Ps) for different lags (in days). It

is seen that the c.c. reaches a maximum of about

0.7 one day prior to maxintum eddy kinetic energy'

remains high till one more day and then decreases'

Before starting to discuss the contribution of

nongeostrophic components ùo the energetics, we

shall briefly verify their role in the eddy transport

of heat and momentunr. Fig. 8 shows the difference

between the observed and geostrophic transport of

momentum term (7u'*:¡q;) for the period 9-

17 December 1979, which includes the life cycle case

studied by Randel and Stanford (1985c)' During the

amplification stage of the wave (9"¡-13'h), the non-

geostrophic component is srrrall and mostly negative

(7lr* ¿;Ç¡. f)uring the mature stage of the wave

on 13th and 14tå, the nongeostrophic component is

large and mostly positive that is 7q; is under es-

timated. On 14'h the nongeostrophic component in

atu' i"as much as fhe a\li*. Thus, as the wave ampli-

fies, the nongeostrophic effects become large reaching

a maximum on 141å.

Fig. 9 shows the difierence between observed and

geostrophic heat transport. In this case the diflerence

is small, but the general behaviour is similar to what

is seen for momentum transport. The nongeostrophic

component again increases as the wôve gtows reach-

ing a maximum on 13tÀ in middle latitudes. At this

stage the difference ,'Tn - 7TÇ is about 37To of

the geostrophic value.

The contribuüion of nongeostrophic effects for

various forms of the energies and for energy conveÌ-

sion is calculated. Table 1 gives the mean values

for 90 days (December 1978 through February 1979)

for the wave band 4-7. 'fable 2 gives values of en-

Efficiency of Eddy T[ansports and Nongeoslrophic Effects

ergies and energy conversion for wave numbers 1-10

for the same 90 days. Table 3 gives the energetics

for wave number 6. In all the three tables it is seen

that ühe highest contribution of the nongeostrophic

component is for P¿, which is around 40%, and the

lowest is for conversion term C (Pr, P¿). The lowest

value of C (p' P¿) is because the nongeostrophic

component in ühe transport of sensible heat is small

as noted earlier. C (P, Ps) is mainly determined by

sensible heat transport.

CONCLUSION

The elHciencies of meridional eddy transport of

heat and momentum were calculated through the life

cycles of baroclinic waves. The efficiencies of heat and

momentur¡ transport increase as the wave amplifìes

and they decrease as the eddies decay. The c.cs be-

tween eddy momentum transport and Ð1 and eddy

heat transport and E2 are significantly high show-

ing these higher efficiencies are associated with higher

mornentum and heat transport.

The conversion term C (Pr, K¿) was calculated

for wave number 6 for December 1979. This term

reached highest value one day before eddy kinetic en-

ergy reached a maximum and the c.c. between the

two is around 0.7. We found that the nongeostrophic

components were more for the momentum transport

than for the heat transport. The nongeostrophic

components increase as the wave grows and reach a

maximum value when the eddy kinetic energy is a

maximum. We calculated the contribution of non-

geostrophic components for different forms of the en-

ergies and also for the energy conversions. It is found

that the highest contribution of nongeostrophic com-

ponents is for P, which is around 40To, and the lowest

is for the conversion term C (Pr, P¿), which is around

l0To.
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AVERAGE P, C(P,, P ø Pø KB C(Kø, K" K z

Geost 316,l2 17,32 87,88 107,73 5,73 130,28
Obs 431,39 19,12 62,78 89,23 6,34 113,91
Dif. 1t5,27 1,80 -25,1 I - 18,50 0,61 -16,37

Perc.(7o 26,72 l0,gg -39,87 -27,23 9,62 -74,37

245
V.B. Rao and R.F.C. Marques

Table 1. 90 daye (December 1978, January 1979 and February 1979) means of various energy forms and energy
conversions. Wave band: 4-7: Units of P.,PB, K¡ and K" are 102 J kg-I, and C(Pr, PB) and C(K¿, Kr) are
102 J kg -1 day-I, Geost.: Geostrophic; Obs.: Observed; Dif.: Differenðe; Perc.: Pàrcentage.

M|diø de 90 diao (dezembro de 1978, janeiro e feoerciro de 197_9) ile aórias forrnøs e conaersões ile energia.
Número.de onda de I a 7. Unidøde de Pz, Pp, K2 e KB são 102 J kg-t e C(P7, PB) e C(KB, K2) são t02 ,l
Kg dia-r. Geosl.: Geostrófico; Obs,: Obseraødo; Dif.: Diferença e Perc.: Percenløgem,.

AVERAGE P, C(P,, P B PB KB C(Kø,K' K,
Geost 3 1 6,12 11,64 39,24 54,60 3,63 130,28
Obs. 431,39 12,04 27,50 46,86 4,34 113,91
Dif. 115,27 0,40 -11,74 '7,74 0,63 -16,37

Perc. %\ 26,72 4,70 -42,07 -17,38 58,25 -14,37

Table 2. Same as Table l, except fo¡ wave numbers I to 10.

O mesmo da Tabela 1, ntas para o ntímero de o¡tda de I ø 10.

Table 3. Same as Table l, except for wave nurnbers 6 and for 31 days (December 1979).

O mesmo dø Tabela 1, møs para o número de onda 6.

AVERAGE P, C P,,Pø Pp KB C(Kø, K') K,
Geost. 307,86 5,09 70,44 17,33 1,64 146,L2
Obs. 428,07 5,72 7,09 13,46 1,42 122,74
Dif. t20,20 0,63 -3,35 -3,87 -0,22 -23,39

Perc.(%l 28, l3 38,29 -45,32 -28,75 -15,49 -19,03
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APPENDIX A

I)etermination of ø:

Quasi-geostrophic vorticity equaliorr is given by:

6Cg , n'. ,6'
I = _Vo.V (C, + /) * I, /,r. (l)

'l'hat is

t#=*l#.vc vKs+n] e)

All the terms on the right hand side of Â2 (R,.

II .S) at, any level can be obtained trsirrg observcrl

heighl, data and using certt,ercd l,i¡ne diflererrcirrg for

the terrn S. Ro. the left, har¡<l si<ìe tertn ff centered

finite diflerences arc used. Âssurrring !,/ (l000hl'a)

a,s zero vert,ical velocilies ¿rt ot,lrer levels are tlet,cr-

lnine<1. 'lb ensrrre rna.ss coutintrity the R..ll .S. is aver-

agcd and l,he average is st¡bl,racl,e<l fronr caclr valtle.

'l'he presetrt rnel,hod is r-'ssetrtially sirr¡ilar lo the orte

rrsetl earlier by Wiin-Nielsen a,rtd [Jrown (1960).
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