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ABSTRACT

Satisfactory results have been achieved in establishing balance between the latitudinal
distribution of heat sources and sinks in the atmosphere and the meridional energy
flux computed from observations. Mostly, however, studies of the atmospheric heat
balance have been limited to latitude belts of the whole atmosphere or at least the
whole troposphere, whereas few attempts have been made to establish heat balance
for layers of different height. In the present paper a tentative model of the vertical
heat flux in the extratropical region of the Northern Hemisphere is presented. It is
shown that the vertical heat flux, necessary for heat balance in the vertical, essentially
is a result of small-scale and large-scale turbulence. In the latter type of processes
the polarfront cyclones play a prominent role. It is also shown that the vertical heat
flux due to large-scale eddy processes is closely correlated to the generation of kinetic

energy.

L. Poleward flux of energy

The purpose of this study is not to establish
a mean annual heat budget of the Northern
Hemisphere, but to discuss the physical and
dynamic processes involved in the poleward
and vertical heat fluxes necessary for atmos-
pheric energy balance. Since these fluxes are
especially strong during the winter (December—
February) the discussion will be limited to this
season.

The latitudinal energy balance of the atmos-
phere is determined by the effect of radiation,
the flux of heat from the earth’s surface, the
heat of condensation in the atmosphere and the
divergence of the poleward atinospheric energy
flux. The sum of the radiative imbalance
(generally negative), the heat flux from the
surface of the earth and the heat of condensation
determines an atmospheric heating function
which generally is positive in low latitudes and
negative in high latitudes. In latitudes with a
positive heating function hence the divergence
of the poleward energy flux must be positive,
and in latitudes with a negative heating func-
tion it must be negative. If R, denotes the
effect of radiation, @, the turbulent heat flux
from the earth’s surface and LP the heat of
condensation (L =heat of vaporization, P =
observed rate of precipitation), all expressed

in calories per minute and cm? of the earth’s
surface, or by ly/min, the energy balance for
a belt of latitude with the area A is given by

WWn-‘ WWn+1 .
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0. (1)

Here W, and W, ., represent the poleward
energy flux through the latitudinal boundaries
at @, and @p,..

In the following the mean values of R,
after LoNpon (1957), will be used. LP is com-
puted from MOLLER’s data (1951) of the mean
precipitation for the same season, but somewhat
modified for the tropics according to MEINAR-
pUs (1934). The last term in Eq. (1) is taken
from a recent paper by HOLOPAINEN (1965).
The most difficult term to estimate satisfac-
torily from observations is Q.. The value of
this was therefore determined as a residual
from Eq. (1).

The meridional energy flux at a fixed latitude
@ is given by
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Here a is the earth’s radius, g the gravity
constant, ¢, the specific heat of air at constant
pressure, ¢ the geopotential, & the kinetic
energy per unit mass and v the meridional wind
component. The bars indicate mean values
along a whole parallel circle for the time
period considered and the primes local devia-
tions from the mean values for all synoptic
times during the same period. The first integral
in Eq. (2) then represents the poleward flux of
energy due to mean meridional circulations,
whereas the second integral represents the
poleward eddy flux of energy.

In evaluating the energy flux Holopainen
considered only the atmosphere below the 100-
mb surface. He disregarded the kinetic energy,
which generally is a small quantity in this
connection and substituted the meridional wind
component by the corresponding geostrophic
component in the integral for the eddy flux.
With these assumptions the expression in Eq.
(2) is reduced to
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100 mb

where the first integral represents the ‘“‘circu-
lation flux” and the second integral the “‘eddy
flux™.

Fig. 1 shows, according to Holopainen, the
latitudinal distribution of the total poleward
energy flux in winter composed by the ‘“‘cir-
culation flux” and the ‘‘eddy flux”. The
circulation flux was computed from the mean
mass circulation in the tropical ‘“‘Hadley cell”
after ParmiEN & Vuorera (1963) and the
reversed mean mass circulation in the extra-
tropical “Ferrel cell” after MinTz & LANG
(1955). As eddy flux Holopainen used MINTZ’
(1955) values for the winter season.

If Holopainen’s values for W, are used in
Eq. (1) the unknown quantity @, can be eva-
luated for selected zones of latitude. The achie-
ved @, values, however, are not quite reliable
because of possible errors in the other terms.
Concerning these errors and the possibility to
determine the poleward energy flux directly
from the atmospheric heating function the
reader is referred to Holopainen’s original paper
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Fra. 1. Poleward flux of energy in winter after
Holopainen (units: 10'® cal/min or 102 kj/sec).

and to another recent paper by MANABE, SMA-
GORINSKY & STRICKLER (1963).

Fig. 1 shows two peaks in the total poleward
energy flux, one very pronounced somewhat
north of 10° N and one weaker around 50° N.
The former is a result of the meridional circu-
lation in the tropics (Hadley cell), whereas the
latter is dominated by the eddy flux, somewhat
modified by the opposite energy flux due to
the reversed meridional circulation (Ferrel cell).
An extrapolation indicates that the poleward
energy flux vanishes around latitude 5°8,
which corresponds to the mean position of the
equatorial trough in winter. Around 32-33° N
the entire energy flux is of the eddy character.

2. Model of energy balance in low and high
latitudes

It is suitable to study the heat budget sepa-
rately in the region north of latitude 32°N
and south of it. The northern region may be
characterized as the region of the Ferrel cell
in winter; here the energy flux largely is domi-
nated by eddy processes. The southern region
between 32° N and 5°S represents the region
of the Hadley cell which here dominates the
poleward energy flux.

A tentative energy budget for these two re-
gions is presented in Fig. 2. In this the atmos-
phere between the North Pole and 5°8 is
divided into four blocks (I-IV), separated by
the quasi-horizontal 500-mb surface and a ver-
tical wall at 32°N. In each block the mean
radiation deficit R, (after London), the libera-
tion of latent heat LP and the divergence of the
vertical heat flux must be compensated by the
poleward eddy flux of heat through the vertical
wall at 32° N, since no poleward flux of energy
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F1c. 2. Tentative energy budget of the region 5° S—
90° N in winter and vertical energy fluxes through
the 500-mb surface (units: ly/min).

oceurs at 5° S and at the North Pole. In the
figure the vertical heat flux at the earth’s
surface is evaluated as a residual term from
Eq. (1); the vertical flux is assumed to approach
zero at 100 mb. The heat of condensation is
apportioned to the layers below and above
500 mb according to the vertical distribution
of specific humidity. All values in Fig. 2 are
given in ly/min. The values of the eddy heat
flux through 32°N on the two sides differ
because the total heat transport through this
latitude was converted to ly/min by considering
the horizontal areas of the regions.

The values of @, in Fig. 2 seem too large.
The average ratio @,/LP is 0.85 in the northern
part and 0.53 in the southern part. The above
ratio is approximately equal to the ratio be-
tween the flux of sensible and latent heat from
the ground and should, according to Bupyko
(1963), have an annual mean value of 0.45 in
the northern part and 0.20 in the southern
part.! Although Budyko’s annual values of the
above ratio possibly are too small for the
winter szason, when @, is large in oceanic re-
gions (PETTERSSEN et al., 1962), the most prob-
able explanation of the discrepancy is that the
rate of precipitation has been underestimated.
But also a relatively slight reduction of the
radiational cooling R, would considerably re-
duce the values of Q.

The vertical arrows in Fig. 2, with the figures
inserted, show the vertical heat fluxes at the
500-mb level. The separation between the eddy
fluxes and the fluxes due to the mean meri-

! This ratio, Q,/LE, where E is the rate of
evaporation, may somewhat differ from @ /LP, but
for the mean values in the whole region the difference
is not essential.
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dional mass circulation was achieved in the
following way.

The vertical heat flux across an horizontal
area A is expressed by

f cpowTdA = Acy[ow][T]) + Acy[{ow)’T"], (4)
A

where g is the density of air and w the vertical
wind component. Here the brackets denote an
areal mean value of the quantities for the time
period considered and the two primes the
deviations from the mean values. In the lati-
tudinal zones considered [gpw] disappears, be-
cause the latitude wall at 32° N separates the
closed Hadley and Ferrel circulations from each
others. By assuming hydrostatic balance and
replacing w by o =dp/dt the mean vertical heat
flux per unit area, [W,], may be expressed by

B cp[w//T//]

[(W.]= (5)

It should be observed that the above ex-
pression represents the vertical heat flux across
a horizontal level. If this is replaced by a
corresponding isobaric surface a term —[w”¢"]/g
representing the flux of potential energy has
to be added. The temperature fluctuations in
an isobaric level are generally somewhat smaller
than the corresponding variations in a hori-
zontal level. However, the vertical flux com-
puted for a horizontal surface from Eq. (5)
would not be too erroneous if the fluctuations
w” and 7" are computed in an isobaric surface
corresponding to the mean pressure at the level.

From the meridional distribution of the mass
circulation in the Hadley and Ferrel cells and
the corresponding distribution of the mean
temperature the vertical heat flux resulting
from these mean circulations can be evaluated.
The difference between the total flux computed
from Eq. (5) and the circulation flux then gives
the eddy flux. Both types of fluxes are marked
in Fig. 2. In the southern part the Hadley
circulation carries energy upwards across the
500-mb surface, whereas the Ferrel circulation
in the northern part carries energy downwards.
In both regions, however, the eddy flux is
directed upwards and is numerically much lar-
ger than the circulation flux.

It should be stressed that a reduction of @
and a corresponding increase of LP, to bring
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these quantities in closer agreement with Bu-
dyko’s values of @,/LE, would somewhat modify
the vertical eddy fluxes through the 500-mb
surface. However, the energy budget in Fig. 2
would not essentially be changed through this
correction.

The physical nature of the vertical eddy flux
of heat is largely different from the nature of
the meridional heat flux. In the former case a
large spectrum of eddies of very different scales
has to be considered, whereas the lateral or
meridional eddy flux almost entirely is caused
by large-scale eddies. Hence the vertical eddy
flux of heat cannot directly be computed from
regular synoptic data, as was the meridional
eddy flux. In the case of the vertical heat flux,
the regular small-scale turbulence and the
convection associated with vertical instability
plays an important role. This is especially true
in the tropical region with its strong Cu con-
vection (RIEHL & MaLkus, 1958). In the extra-
tropical region, where Cu convection in winter
is strongly reduced by the greater atmospheric
stability, the importance of large-scale eddies
(cyclonic disturbances and different types of
waves in the westerlies) become dominating.
The importance of this type of vertical heat flux
will be discussed next.

3. The mechanism of the vertical heat flux
in extratropical regions

MinTz (1955) has presented values of the
poleward eddy heat flux for standard isobaric
layers up to 100 mb. By using his data for the
eddy flux of heat through 32° N and the mean @,
value for the northern zone and by redistribut-
ing the other terms, R, and LP, in the equation
for energy balance the scheme in Fig. 3 was
achieved. Here the horizontal arrows, with the
corresponding figures, mark the lateral influx
of heat measured per unit area of the layers.
The vertical arrows represent the total vertical
flux of sensible heat across standard isobaric
surfaces, starting from 1000 mb up to 100 mb
where the heat flux is assumed to vanish. All
numerical values are again expressed in ly/min.

The vertical heat flux results from the com-
bined effects of physically quite different pro-
cesses, as stated before. In the vicinity of the
1000-mb surface the heat flux, Q,, is almost
entirely a result of very small-scale turbulence
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Fia. 3. Mean energy budget of standard isobaric
layers in the cap north of 32°N. Arrows show
horizontal and vertical flux of sensible heat (units:
ly /min).

through which heat is carried upwards., In
winter this mechanism dominates over the
relatively warm oceans, whereas over the colder
continents the turbulent heat flux in some
regions even is directed downwards. The tur-
bulent flux of latent heat measured by evapora-
tion from the ground furnishes the lower
atmosphere with water vapor that higher up
in the atmosphere condensates and contributes
to the heating of the atmosphere. This latter
heating occurs above the condensation level
and determines the distribution of LP in Fig. 3,
as does also the (generally positive) lateral
influx of water vapor from the south. Above
the condensation level the liberation of latent
heat strongly contributes to Cu convection
especially over warm ocean surfaces.

The turbulent heat flux due to small-gcale
turbulence is directed upwards in the lower
atmosphere in spite of the fact that this, on
the average, shows vertical stability. The im-
portance of this type of turbulent heat flux,
referred to as ‘‘convective turbulence’”, has
been stressed by ErTEL (1942) and by Priest-
LEY, SHEPPARD & SWINBANK (1947, 1952).

Eq. (5) shows that the vertical heat flux is
measured by the average value of the product
[w"T"). Here w”, T” comprise fluctuations of
very different scale including the largest ones
associated with synoptic disturbances, plane-
tary waves and even mean meridional circula-
tions. At the ground, where the «” values of
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Fia. 4. Separation between small-scale vertical heat
flux (dash-dotted curve) and synoptic-scale vertical
heat flux (solid curve). The dashed curve represents
the mean total flux derived from Fig. 3.

synoptic-scale motions approach zero, the
large-scale turbulent heat flux approximately
vanishes, but higher up in the atmosphere the
large-scale turbulence takes over a considerable
part of the vertical heat flux. In winter con-
vective clouds appear over large regions, espe-
cially over the oceans, but these convective
clouds mostly don’t reach very high altitudes
(PETTERSSEN et al., 1962), except for limited
regions of active cyclonic systems. In the upper
clear regions of the atmosphere the regular
dynamic turbulence obviously tends to trans-
port heat downwards owing to the prevailing
stability of the atmosphere. Only in regions of
strong and high reaching Cu convection this
tendency of downward small-scale turbulent
heat flux may be overcome by the influence of
strong Cu convection.

In the extratropical region it is not possible
to estimate exactly the contribution of the
different parts of the large turbulent spectrum
to the mean vertical heat flux. Only a crude
attempt to do so may here be made. For this
purpose we make the following assumptions:

(1) The vertical heat flux is divided into two
parts: the flux caused by small-scale turbulence,
including Cu convection, and the flux caused
by large processes which can be studied by aid
of synoptic charts.

(2) At the earth’s surface the small-scale
turbulence determines the vertical heat flux,
and the large-scale turbulent heat flux is zero.
With increasing height the latter component
of the heat flux increases in importance and
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reaches a maximum value somewhere in the
middle troposphere, where the fluctuations in
the synoptic-scale vertical velocity and tem-
perature are considerable.

(3) In the free atmosphere above the general
level of Cu activity the small-scale turbulence
tends to carry heat downward and the large-
scale turbulence upward. This tendency pre-
vails up to the vicinity of the tropopause,
where the synoptic-scale disturbances become
less effective due to decreasing fluctuations in
o and T. Above the tropopause the synoptic-
scale disturbances possibly even carry heat
downward.

Referring to the above assumptions, founded
on synoptic experience, Fig. 4 has been con-
structed. Here the dashed curve represents the
total vertical heat flux taken from Fig. 3, the
dash-dotted curve the heat flux caused by
different types of small-scale processes, and the
solid curve the remaining heat flux due to
large-scale (synoptic-scale) processes, including
mean meridional circulations. According to this
scheme the large-scale heat flux increases from
zero at the ground level to a maximum value
around 600 mb and approaches again zero
somewhere above 200 mb. Correspondingly,
the small-scale heat flux has its highest value
at the ground and becomes negative above
600 mb.

It should once more be stressed that the
model presented in Fig. 4 is only tentative and
could be subjected to reasonable criticism. For
lower latitudes and other seasons of the year
the components of the heat flux would deviate
considerably from the above scheme.

4. Vertical heat flux and generation of
kinetic energy

An interesting relationship between the
large-scale vertical heat flux in Fig. 4 and the
generation of kinetic energy can be derived in
the following way. If k denotes the kinetic
energy per unit mass the local change of kinetic
energy in the region A4 is determined by (WHITE
& SavLTZMAN, 1956)

A [P alk) 2na cos:p
gfo ot dp = f (k+¢)vdp
Da 2004
—‘Z—R [‘"T] f (v-Fldp, (6)
0
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where R is the gas constant, v denotes the
horizontal wind vector and F is the frictional
force per unit mass. By using the same approxi-
mations as in deriving Eq. (3) and considering
that § vanishes at the boundary between the
Hadley and Ferrel cells at latitude 32° N the
following formula for the maintenance of kine-
tic energy can be derived:

9 1000mb____ 1000mb [ e
a8 COS @ f oo dp - AF [w"T"] ] dp
g 100mb 100 mb
1000 mb
+~—f [v-Fldp=0. {7)
g J 100mb

In the above equation the first term repre-
sents the net (geostrophic) influx of kinetic
energy through 32° N and the second term the
conversion between available potential and
kinetic energy in the region between this lati-
tude and the North Pole. In deriving this
formula only the kinetic energy of large-scale
horizontal motion is considered. When all
small-scale motions are disregarded the contri-
bution of the vertical velocities to the total
kinetic energy is negligibly small and can
therefore be disregarded. In Eq. (7) the atmos-
phere above 100 mb was, as in the previous
discussion, disregarded which possibly is not
quite permissible, but hardly will appreciably
influence the discussion.

For constant pressure the vertical heat flux
(W,) in Eq. (5) is proportional to generation of
kinetic energy per unit area according to Eq.
(7). Since in the latter term only large-scale
motions are considered this term should there-
fore only be compared with the vertical heat
flux owing to large-scale processes, or with the
heat flux marked by the solid curve in Fig. 4.
By multiplying this part of [W,] with Rjc,p
the solid eurve can be transformed into the
corresponding curve in Fig. 5 which is an ex-
pression for the increase of kinetic energy per
unit area and pressure. In the figure [W,] has
been converted into kilojoules per m? and sec,
or kilowatts/m®. Graphically evaluated from
1600 to 200 mb (average tropopause level) it
gives a mean kinetic energy generation of about
5.5 watts/m? in the troposphere.

Estimates of the mean frictional dissipation
of kinetic energy in the atmosphere are not
very reliable, especially because very little is
known about the energy dissipation in the free

Tellus XVIII (1966), 4

843

200
mb [-
300

400
500 r

600 r
100 cb

.%fllpﬁlup-ss watt/

800 20cb

700

900

1000 & et

.08 6 05 10 15 20 25 20 «10'kwatt ct'm?

F1a. 5. Curve representing the mean generation of
kinetic energy per m?, cb and sec (— R/gp[T"w"])
computed from the solid curve in Fig. 4.

atmosphere above the friction layer. According
to BRUNT (1934) the rate of energy dissipation
in the Northern Hemisphere amounts to about
5 watts/m?. For a complete balance in the
region considered here the first term in Eq. (7)
should be taken in consideration. According to
Prsaaroty (1955) the mean flux of kinetic
energy across the southern boundary amounts
to about 20-10 kj/sec which, considering the
total area A, represents an increase of mean
kinetic energy of about 1.8 watts/m®. Hence
the total rate of dissipation north of 32°N in
winter should be roughly 7.5 watts/m?. This is
considerably more than the dissipation esti- -
mated by Brunt, but in our estimate only
winter conditions are considered when both
generation and dissipation strongly exceed
their annual means.

The mean rate of generation of kinetic energy
computed from Fig. 5 includes also the negative
generation resulting from the mean Ferrel cell.
This was by HOLOPAINEN (1965) estimated at

—11-10% kj/sec in December—February for the

cap north of 30° N or at — 0.9 watts/m®. Hence
the large-scale eddies (cyclones and longer
waves in the westerlies) would, on the average,
produce kinetic energy at a rate of about 6.5
watts/m?.

5. Synoptic evidence of the eddy heat flux
and energy coversion in polar-front cyclones
Several attempts have been made to compute

the rate of generation of kinetic energy in
polar-front cyclones. Because these cannot
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F16. 6. Zonal cross-section along latitude 40° N through a typical winter cyclone in the U.S., showing the
frontal layers and the vertical wind component (unit 10-* cb/sec) after Danard. The upper part gives the
distribution of the 500-mb temperature and the rate of observed precipitation (in mm/h) along the same

section.

strictly be treated as dynamically closed sys-
tems the results largely depend on the bounda-
ries selected. In three cases studied by PALMEN
(1958), PaLMEN & HoroPAINEN (1962) and
Dawarp (1964) the rate of kinetic energy gene-
ration was estimated at 52, 21 and 18 watts/m?,
respectively. The first of these synoptic cases
was a very extreme one, where the energy
" conversion largely exceeded the average value
in cyclones. The two other cases represented
more normal conditions. We may therefore
estimate the rate of kinetic energy generation
in an average polar-front cyclone at about 20
watts/m?. Since the area used for the above
computations was about 1/20 of the total area
of the cap north of 32° N, five such cyclones
would suffice to produce the amount of kinetie
energy computed from Fig. 5.

The close correlation between temperature
and vertical velocity resulting in upward heat
flux and simultaneous generation of kinetic
energy is illustrated by Fig. 6, constructed by
use of Danard’s data for January 21, 1959.
Here the frontal layers separating the cold air
from the warmer air masses on both sides along
a zonal cross-section at latitude 40° N and the
isotachs for the vertical wind component are
presented. The upper part of the figure shows
the 500-mb temperature in the same section
and the rate of measured rainfall. The close

relationship between rain intensity and vertical
velocity and between the latter and the tem-
perature is very clear. The region of strongest
ascending motion (w < 0) occurs on the east side
of the cold air where southerly winds prevail,
whereas the strongest subsidence again occurs
in the cold air with wind components from
north. Hence the resulting heat flux is directed
northward and upward. Fig. 6 may be con-
sidered typical of extratropical cyclones during
their most active phase of development. The
correlation between the temperature distribu-
tion and the general flow pattern was very
similar in the two other synoptic cases men-
tioned before. The same type of correlation
resulting in large-scale upward and poleward
flux of energy and in simultaneous conversion
between potential and kinetic energy charac-
terizes most polar-front disturbances before they
become occluded (PALMEN & NEwTON, 1951)
and indicates, that they represent a very
important mechanism for the budget of heat
and kinetic energy in the extratropical regions.

The “eddy kinetic energy” generated in this
way due to conversion of “eddy available po-
tential energy’’ is partly transformed into
“mean zonal kinetic energy’ as described e.g
by WnnN-NigrseN (1959). Hence the cyclonic
disturbances do not derive their surplus energy
from the pre-existing zonal circulation, but
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appear as active cells for the maintenance of
this against the frictional dissipation. This
fundamental role of the extratropical distur-
bances was already emphasized by the ‘“Bergen
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School” at a time when, due to lack of upper
air data, it was not possible to compute the
effect quantitatively.
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O MEXAHU3ME BEPTUHKAJIBHBIX ITIOTOKOB TEIIJJA 1 O TEHEPAIUUU
KUHETUYECKON QHEPTUN B ATMOC®EPE

BrIu  JOCTHTHYTH YROBIETBOPHUTEJBHLIE pe-
3yJILTATH TIPU YCTAHOBIEHUM OajlaHCA Memay
30HANBHLIM DpacmpefeleHneM HCTOYHUKOB U
CTOKOB TellIa M MEpPHUAMOHANBHEIM ITOTOKOM
9Hepruy, BHIYMCIeHHEIM U3 Habmoaenntt. OaHaxko
OOJBIIVMHCTBO uccaenoBanmit 6ajaHca Temsa B
atMocdepe 10 CHX IOP OrpaHMYMBAJIOCH pac-
CMOTpeHNeM JINIIb HeKOTOPHX 30HAJBHHIX I0-
fACOB Bcelt arMocdepHsl MIM, IO KpalHell Mepe,
TOJILKO BCelt Tponocephl, B TO BpeMA Kak OBIIIO
CAeNaHo Mall0 MOMNBTOK [JIA YCTAaHOBJIEHUA
TemiroBoro 6ajlaHca AJA CI0eB, HAXOQALIMXCH
Ha DasHHEX BHICOTAX. B HacToAmel craTbe
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npejcTaBileHa NpeJBapUTe]bHAA MOJelb JJIA
ONNCAHMA BEPTHKAJIBHOTO NOTOKA Temiaa 1A
CeBEepHOro MOJyllapusd, HCKIYafd TPOMUKH.
Tlokasano, 4To BepTHKANBHLI NOTOK Temia, He-
o6xoguMmelt nmA OajaHca Temyla IO BHICOTE,
CYUIECTBEHHO ABJIAETCH Pe3yJbTATOM MEIKO- H
KpyndomacmrabHo#t TypOyiaenTHoctn. B mo-
cleflHeM THME NponeccoB GOJMbIIYIO POJb HIPAOT
LUKIOHH noaapHoro ¢ponra. [loxasano Takxe,
4YTO BepPTHKAJBHHIH MOTOK Temia, o0yCIOBJIeH-
Hbllt KPYNMHO-MAcCIITAGHBIMU TYpPOYITeHTHRIME
NMpoueccamu, TeCHO KOppeaupyeT ¢ reHepanueit
KHHEeTUYECKONR aHepruu.



