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ABSTRACT

The longitude-time co-spectra of the meridional transport of sensible theat across 20°,
40°, 60°, and 80° N at 100, 200, 500, and 850 mb for the summer and winter seasons of
1964 have been computed and analyzed. It is found that there exists a preferred spectral
band in the wave-number frequency spectra at various latitudes, which indicates the
wave-number frequency domain of interaction between the meridional velocity and
temperature. In the middle latitudes, the spectral band is oriented in a domain extend-
ing from the region of low wave-numbers and frequencies to that of high wave-numbers
and negative frequencies. In the high latitudes, the heat transport is confined to a
domain of low wave-numbers and frequencies. In the lower latitudes, however, the
transport is confined to a very narrow band centered near the zero frequency.

The total meridional transport of sensible heat at all four levels is mostly directed
toward the North Pole, except at 20° N there is a weak equatorward transport of sen-
sible heat at the 100, 200, and 850 mb levels. In the troposphere, the maximum heat
transport is found to occur near 40° N, whereas in the stratosphere it occurs near 60° N.

It is also found that most of the poleward transport of sensible heat in both the
troposphere and stratosphere is accomplished by the stationary and eastward moving,
long and medium waves, and that the equatorward transport is mostly accomplished
by the westward moving, low frequency waves. Most of the convergence and divergence
of the meridional transport in the troposphere is the contribution of the transient

waves, whereas in the stratosphere it is mainly the result of the stationary waves.

1. Introduction

One of the important studies of the large-
scale atmospheric turbulence and transport pro-
cesses is the analysis of power and cross spectra
of the turbulent motion and transports in the
atmosphere. The former, which deals primarily
with the kinetic, potential, and internal ener-
gies, is basic to the understanding of the mechan-
ism of turbulence. The latter, which concerns
primarily the transport and conversion of ener-
gies, is fundamental in the maintenance of the
general circulation in the atmosphere.

Studies of the large-scale turbulence in the
free atmosphere have mostly been confined to
either space or time spectra of the motion. The
Eulerian space (longitude) spectra (Benton &
Kahn, 1958; Eliasen, 1958; Kao, 1954; Saltzman,
1958; Barrett, 1961; Van Mieghem, 1961), the
Eulerian time spectra (Van der Hoven, 1957;

1 Present Affiliation: National Center for Atmo-
spheric Research, Boulder, Colorado.

Chiu, 1960; Shapiro & Ward, 1960), and the
Lagrangian time spectra (Kao, 1962, 1965;
Kao & Bullock, 1964; Kao & Gain, 1968) of the
large-scale motion in the atmosphere have re-
cently been analyzed. These investigations have
provided a great deal of information regarding
the contributions of the large-scale atmospheric
motion due either to the longitude- or time-
eddies. In the atmosphere, however, motion at
a point, which is generally nonstationary, is
affected by eddies of various sizes and periods.
To gain an insight into the mechanism of the
large-scale atmospheric turbulence and trans-
ports, it is necessary to analyze the power and
cross spectra in the wave-number frequency
space.

The most general way of studying atmo-
spheric turbulence is, of course, to analyze the
motion in the wave-number frequency space.
In a recent paper (Kao, 1968) a method for
analysing the longitude time spectra in the
wavenumber-frequency space has been devel-
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oped. The primary advantage of this method
is that it permits analyses of transient waves
in terms of their length-scale and phase-speed,
and frequency and wavenumber spectra become
special cases of the wavenumber-frequency
spectrum. The relative importance of the for-
ward and backward moving waves may, there-
fore, be evaluated. The longitude-time spectra
of the meridional transport of sensible heat at
500 mb (Kao, Wendell & Noteboom, 1966), and
at 100, 200 and 850 mb (Kao, Sagendorf & Tsay,
1969) have been computed. The purpose of this
paper is to investigate the spectral characteris-
tics of the meridional transport of sensible heat
in the troposhere and stratosphere.

2. Analysis and data source

In order to make a spectral analysis of the
large-scale atmospheric motion and transports
in the frequency wave-number space, we make
use of the following Fourier transform

1 2 27
Q(k, +n) =—4;f f q(h, tye 1RO qadqr (1)
0 [}

where 1, t, k, and n are respectively the longi-
tude, time, wave-number and frequency; ¢(2, t)
is a real, single-valued function, which is piece-
wise differentiable in a normalized domain,
0< 1, t<2m; Q is the complex coefficient of the
Fourier transform. The positive and negative
signs in front of n are designated to waves mov-
ing toward the west and east respectively.

For convenience of computations in this study
we express

Q(k, +n)=Q,k, tn)+iQ,k, n) (2)

where

P4 2n
Q,(k, i")=4—1f f q(A, t) cos (kA +nt)didt
w2 Jo Jo
(3)

and

-1 2n 27
Qik, tn)=— f f q(4, t) sin (kA £ nt)dA dt
ant Jo Jo
(4)
are respectively the real and imaginary part of

the complex coefficient.
Consider the same conditions for another
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scalar function (4, t} with a Fourier coefficient
S(k, n). It can be shown (Kao, 1968) that

1 21 27
T#f fs(}.,t)q(}.,t)d}.dt
0 0
o0 00

=2 | [Bylk,+n)+Egyk, —n)]dn (5)
k=0 0

and that
E,(0, £n) = S0, +n)Q.(0, £n)
+84(0, £7) @0, 1n)

Ey(k, £n) =2[S,(k, £n)Q (k, tn)
+8(k, +n)Q,(k, £n)], k0 (B)

where E(k, +n) and E (k, —n) are the longi-
tude-time cross spectra of 8 and ¢ due to eddies
of wave-number k and frequency n, moving to-
ward the west and east respectively. Eq. (5)
indicates that the total contribution of the
product of s and ¢ is equal to the cross spectrum
of & and ¢ integrated over all frequencies and
over all wave-numbers. In (5) the summation of
the product of complex coefficient S and @ with
respect to the integer wave-numbers is the con-
sequence of the cyclic distribution of s(4, ¢) and
q(4, t) along latitude circles.

The cross spectrum of s and g due to the eddies
of wave-number k and all frequencies, moving,
respectively, toward the west and east is, there-
fore,

o0

Esq(k’ i)=f Esa("’: tn)dn (7

0

and the cross spectrum due to eddies of fre-
quency n and all wave-numbers, moving, re-
spectively, in the direction of decreasing and
increasing longitude is

E,q(in)=k2 E,y(k, +n) (8)
=0

Therefore, the longitude- and time-spectrum
are respectively

E”(k)=f [Esqlk, +n)+ Egylk, —n)dn
0

Esq(n)=k20[E,q<k, +n) + Eyy(k, —n)]  (9)
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Fig. 1. Wavenumber-frequency spectra of the meridional flux of sensible heat at 200 mb, Summer, 1964.

The horizontal velocities used in this analysis
are derived from the 1964 National Meteoro-
logical Center (NMC) stream function analyses
at the 850 and 200 mb levels, and from the
isobaric height field at the 100 mb level. The
temperatures used are also obtained from the
1964 NMC analyses at 100, 200, 500, and 850 mb.
The stream function, isobaric height and tem-
perature distributions are available at 12-hr
intervals except at the 100 mb level for the
summer where a 24-hr interval was used. These
functions are interpoated from the grid devised
by the Joint Numerical Weather Prediction
Unit (JNWP) onto the latitude circles 20°, 40°

60°, and 80° N at intervals of vive degrees of
latitude.

The basic computation is the numerical cal-
culation of the real and imaginary parts of
Fourier coefficients for various variables. This
involves the numerical evaluation of the inte-
grals of (3) and (4) for s =v and ¢ = T'. The data
intervals used in the integration are five degrees
of longitude and 12 hours except at 100 mb
where 24 hours was used for the summer season.
The time integrations are carried out over pe-
riods of 90 days for the winter and summer sea-
sons of 1964, which are normalized to 25. Com-
putations of Fourier coefficients are carried out

Tellus XXITI (1970), 2
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Fig. 2. Wavenumber-frequency spectra of the meridional flux of sensible heat at 200 mb, Winter, 1964.

for a wave-number range of 0 through 21, and
for frequency range of 0 through 90 cycles per
90 days. The cross spectrums are computed with
the application of Eq. (6) and with the use of
the computed Fourier coefficients.

3. The wave-number frequency co-spectra
of the meridional transport of sensible heat

The mean meridional flux of sensible heat
over the Northern Hemisphere has been com-
puted by White (1951, 1954) and Peixoto (1960).
To investigate the effect of waves of various
wave-lengths and frequencies on the meridional
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transport of sensible heat, the wave-number fre-
quency co-spectra of the meridional heat flux
will be analyzed. To do so, the longitudetime
co-spectra of the meridional transport of sen-
gible heat across 20°, 40°, 60° and 80° N, at 100,
200, 500 and 850 mb levels for the summer
and winter seasons, 1964, have been computed
with the use of Egs. (3), (4) and (6) (Kao,
Sagendorf & Tsay, 1969). Because of limited
space, only the co-spectra of the heat transport
at the 200 mb level for the summer and winter
seasons are shown in Figs. 1 and 2. In these
figures, the horizontal axis represents the fre-
quency in unit cycles per 90 days and the ver-
tical axis represents the spectral value of meridi-
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Fig. 3. Frequency spectra of the meridional flux of sensible heat at 100 mb, Summer, 1964. The solid
and dashed curves represent respectively the contribution due to waves moving toward the east and west.

onal heat transport. It should be noted that
the scales in Fig. 1 and Fig. 2 are not the same.

A striking feature in the co-spectra of the
meridional sensible heat transport is that there
exists a preferred spectral band at various lati-
tudes, which indicates the wave-number fre-
quency domain of interaction between the
meridional velocity and temperature. In the
middle latitudes, (40° and 60° N), the spectral
band is oriented in a domain extending from
a region of low wave-numbers and frequencies
to a region of high wave-numbers and negative
frequencies. In the high latitudes (80°), the heat
transport is confined to a domain of very low
wave-numbers (k =1 and 2) and frequencies. In
the lower (20° N) latitudes, however, the co-
spectra is confined in a very narrow band
centered near zero frequency. The change of
the orientation of the spectral band with lati-
tude may partially be explained by the increase
in the Coriolis effect with increasing latitude on
the wave motion in the atmosphere.

In both the troposphere (500 mb) and near
the tropopause (200 mb) most of the heat trans-
port occurs near 40° N, whereas in the strato-
sphere (100 mb) it shifts to near 60°N. In
general, the transport in the winter is greater
than that in the summer.

In the middle latitudes, most of the waves
contribute to the poleward transport of sensible
heat, except for a few slowly moving medium
waves contributing to the equatorward trans-
port of heat. In the low and high latitudes, the
gtationary and slowly waves contribute to most
of the equatorward transport of heat in the
atmosphere.

4, The spectrums of the meridional
transport of sensible heat in the
frequency and wavenumber domains

The distribution of the frequency spectrums
of the rate of the meridional transport of sen-
sible heat across 20°, 40°, 60°, and 80° N, at the
100, 200, 500, and 850 mb for the winter and
summer seasons of 1964 are computed with the
use of Eqs. (6) and (8). Because of limited space,
only the spectrums at 100 and 850 mb are
shown in Figs. 3 to 6. In these figures, the solid
curves are the frequency spectrums of the trans-
port contributed by waves moving from west
to east, and the dashed curves are those contri-
buted by waves moving from east to west. It is
seen from these figures that most of the meridi-
onal transport of sensible heat is accomplished

Tellus XXIT (1970), 2
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Fig. 4. Frequency spectra of the meridional flux of sensible heat at 100 mb, Winter, 1964. The solid and
dashed curves have the same representation as in Fig. 3.

- 850 M8, 20 N ’ - 850 M8. 4O N
SUMER 1964 SWER 1960
K i
= 2 F T! 2
° °
2 e
- b F DO}
z H
o o
“ a 1 ) a o el N )
10° 10! 10°? 10° w0t . 10?
N CTOLEs 190 DRYSI” N CYCLES {80 ORTS
s r 850 M8, 60 N s - 850 8. 80 N
SUMER 1964
g K
k3 e 2 r
4 3
2 °
2, o
- i
H H
c z
& I+
o
PN Sy il 1 o P n ]
1 -1
10° 10! 10? 10°

10! 10?

- X
N CYCLES (90 oRTSY' N CYOLES (90 ORYS)

Fig. 5. Frequency spectra of the meridional flux of sensible heat at 850 mb, Summer, 1964, The soild
and dashed curves have the same representation as in Fig. 3.

Tellus XXII (1970), 2



178

S.-K. KAO AND J. F. SAGENDORF

7 850 M8, 20 N
WINTER 1964
w $r
N
%
e s}
g, |
3
=4
- 3 r
=
gzt
 F
o - PN
o il 1 N PR |
10° 10! 10?
N CTCLES (90 oArs”
7 - 850 M8, 60 N
. WINTER  196%
e s
&
g

10

E¥T( N] 1G

-t
w0’

-1
N CYCLES 190 DAYSI

-1

-t

CAL M8 SEC

EVYTT N) 10

-t

CAL M8 SEC

0

EVT( N) 10

7 850 M8, NON

. WINTER 1964

s b

u

3

2

1

0

. N . 1 ]

10° 0! . 10?2

N CTCLES (90 DAYS)

9 - 650 MB. 8O N
WINTER 1964

6 F

s -

L o

s b

2

1

0 ——

a0 P '

10° 0! 10?

N CTCLES (90 DATS)

Fig. 6. Frequency spectra of the meridional flux of sensible heat at 850 mb, Winter, 1964. The solid and
dashed curves have the same representation as in Fig. 3.

a1
CAL NB'SEC

10

EVTIX 1 10

o o
evrin 1 10" caL we'sec!

100 M8, 20 N
SUMMER 1364

100 M. 60 N
SUMMER 1964

-5
ic

K WAVENUMBER

vt 10 L wglsec!

evte 1 107 ea ne'sec”

o 100 HB. 4O N
SUMMER 1964

EI N

a

" N ot

10° 1!
K WAVENUMBER

10 [. 100 M8, 80 N
SUMMER 1964

s |

n ot

K WAVENUMBER

Fig. 7. Wavenumber spectra of the meridional flux of sensible heat at 100 mb, Summer, 1964. The solid
curves represent the contribution due to the stationary and nonstationary motion, the dashed rvecus
represent that due to the stationary motion only.

Tellus XXII (1970), 2



MERIDIONAL TRANSPORT OF SENSIBLE HEAT 179

[ 100 #8.,20 N s 100 M8, 4O'N
w | WINTER 1964 us WINTER 1964
o owf oW
-=; » | g >
x 0
2 g
-l o 5
% al e
st ; 15
Z o s 10
s \ s
o

= 0
]
T

AN .

-10F
L "y
1 - -15
1° 10° 10t
K HAVENUMBER K WAVENUMBER
100 8. 60 N @ 100 H8. 8O N
WINTER 1964 s | WINTER 1964
=, %o Wb
w
2 g B |
3 [ ]
8 20
Py
° °
"2 2 2}
- - st
x =
z g T
5 r\
q - o e
s I
10f -10f
L 1 "
~15 At -15
10’ 0! 10° 0!
K WAVENUMBER X WAVENUMBER

Fig. 8. Wavenumber spectra of the meridional flux of sensible heat at 100 mb, Winter, 1964. The solid
and dashed curves have the same representation as’in Fig. 7.

10 - 850 M8, 20 N
e SUMMER 1964 _
Tu o
W oe b ¥
. . g
g [ g
e 2} e
2 2
T Y S\ 2
= ., =
s 2F £
& &
b
s
a
i 1
10° w!
K MAVENDSZN
10 650 4B, 60 N 0 850 48, 8O N
» b SER 196X o | SwER 1964
k- W
i ] N ]
¥ vk
g L]
o 2 s 2}
‘e 2
Ze 0
= =
4 2t
H - H
s b
-5 F -t
-8 F -»
.~ 1 " 1 iy
w0’ w0t 10 10!
X WVENDEER

Fig. 9. Wavenumber spectra of the meridional flux of sensible heat at 850 mb, Summer, 1964. The solid
and dashed curves have the same representation as in Fig. 7.

Tellus XXII (1970), 2



180

5 850 ¥, 20 N
WINTER 1964

-'U .
_“ “©
k3
g =r
99
2 sl
[
& s}

s |

1
10° 10!
X MAVENUMOEZA
55 850 M8, 60 N
HINTER 1964

‘u
_H us
K4
& 35
g
°
CR

x ¢
: >
T ,

P Y S
T

K HAVENUMBER

S.-K. KAO AND J. F. SAGENDORF

5 B850 M3, 4O N
HINTER 1964

evrik 1 10" ca we'seC
b ®

K WAVENUMBER

s 850 1B, 80 N
WINTER 1364

o
£
&

EVIIX 1 1D CAL M8

Fig. 10. Wavenumber spectra of the meridional flux of sensible heat at 850 mb, Winter, 1964. The
golid and dashed curves have the representation as in Fig. 7.

by the medium frequency eastward moving
waves and the low frequency waves moving
both east and west.

It may be noted that most of the transport is
directed toward the North Pole and is ac-
complished by the medium frequency waves.
The rate of transport across the middle latitudes
(40° and 60° N) in both the troposphere and
stratosphere is greater than that across the low
(20° N) and high (80° N) latitudes. In general,
the rate of transport in the winter is greater
than that in the summer, and the transport in
the lower levels is greater than that in the upper
levels. In the lower level near 850 mb most of
the transport is accomplished by the medium
frequency and stationary waves, whereas in the
upper levels near 100 mb most of the transport
is accomplished by the low frequency waves.

The distribution of the wavenumber spec-
trums of the rate of the meridional transport of
sensible heat at 100, 200, 500, and 850 mb for
the winter and summer seasons of 1964 are com-
puted with the use of Eqgs. (6) and (7), and
those at 100 and 850 mb are shown in Figs. 7 to
10. In these figures, as a visual aid the points of
line spectra are connected by solid and dashed
lines. The solid lines represent the contribution
to the transport due to both the stationary and
moving waves, whereas the dashed lines repre-

sent that due to the stationary waves only. The
space between the solid and dashed lines in
these figures represents, therefore, the transport
due to the contribution of the moving waves.

It is seen from the wavenumber spectrums
that the poleward transport of sensible heat is
greatest across the middle latitudes near 850 mb.
In the winter, most of the poleward transport
is accomplished by the medium and long sta-
tionary waves near 850 mb, whereas the equa-
torward transport is accomplished by the long
waves near 100 mb. In the summer, most of the
poleward transport is contributed by the me-
dium waves, and the equatorward transport is
contributed by the long waves near the 850 mb;
in the stratosphere near 100 mb, however, both
the medium and long waves contribute to the
poleward transport of sensible heat. In general,
the transport across the middle latitudes is
greater than that across the low and high lati-
tudes, and the transport in the winter is greater
than that in the summer.

The meridional convergence and divergence
of the heat transport across 20°, 40°, 60°, and
80° N have been computed and found to be
primarily the contribution of the long stationary
waves and the medium transient waves in the
atmosphere.

Tellus XXII (1970), 2
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Fig. 11a. The meridional flux of sensible heat due to both the stationary and nonstationary motion.

5. The mean rate of meridional transport of
sensible heat in the northern hemisphere

To obtain a general picture of the main-
tenance of the budget of the sensible heat in the
atmosphere, the rates of the total transport of
sensible heat across 20°, 40°, 60° and 80° N
latitudes in the 100, 200, 500, and 850 mb for
the winter and summer seasons of 1964 are
computed and shown in Fig. lla. It is seen
from this figure that the total meridional trans-
port of sensible heat at all four levels is mostly
directed toward the North Pole, except at 20° N
there is a weak equatorward transport of sen-
sible heat at the 100 and 200 mb levels. It may
be noted that the maxium poleward transport
of sensible heat at the 100 mb level occurs near
60° N, whereas that at the 200, 500 and 850 mb
levels occurs near 40° N. Therefore, there is a
divergence of sensible heat transport between 20°
and 60° N and a convergence between 60° and
80° N at the 100 mb level, whereas at the 200,
500, and 850 mb there is a divergence of the
sensible heat transport between 20° and 40° N
and a convergence of it between 40° and 80° N.
The larger latitudinal region of the meridional
convergence of sensible heat in the middle and
high latitudes in the troposphere than that in
the stratosphere indicates that in the middle and
high latitudes in the troposphere there is a need
for more import of sensible heat to compensate
for the verticl heat transport and heat loss due
to radiation than in the stratosphere. The rate
of the total meridional transport of sensible heat
across 20°, 40°, 60° and 80° N at the 100, 200,
500 and 850 mb levels in the summer season
show a similar distribution as in the winter,
except that the magnitude of the transport rate
for the summer is less than 509, of that for the
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winter, and the maximum poleward transport
of sensible heat at 850 mb shifts from 40° N in
winter to 60° N in the summer. This indiactes
the effect of the northward migration of the
sun with respect to the earth in the summer sea-
son on the heat flux in the troposphere. In the
stratosphere, however, the maximum poleward
transport of sensible heat shifts from 60° N in
the winter to 50° N in the summer. A similar
result was obtained by Peixoto (1960).

To examine the mechanism for the meridional
heat transport, it is convenient to express the
rate of the total meridional heat transport as
the sum of the transports due to the stationary
and nonstationary waves, that is

2 2Bk, n)= 2 Byp(k, 0)+ 2 2. Eyplk,n),
kon kio kio nio

since K, (0, 0) = K, 4(0, n) =0. The values of the
terms in the above equation at 100, 200, 500 and
850 mb for summer and winter seasons are
plotted in Figs. 11a, b, ¢ and are shown in the
Table of the Appendix.

The distributions of the rate of the meridional
transport of sensible heat across 20°, 40° 60° and
80° N latitudinal circles at the 100, 200, 500 and
850 mb due to the stationary waves in the
winter and summer seasons of 1964 are shown
in Fig. 11b. It is seen from this figure that the
stationary waves provide a poleward transport
of sensible heat at nearly all four levels and the
four latitudinal circles. The exceptions are at
80° N in the winter and at the 500 and 850 mb
level in the summer where there is a weak trans-
port toward the equator. Again, the rate of the
meridional transport in the winter is generally
greater than that in the summer. However, the
maximum poleward transport of sensible heat
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Fig. 11b. The meridional flux of sensible heat due to the stationary motion.

due to the stationary waves occurs near 60° N at
the 100, 500 and 850 mb, whereas at the 200 mb
level it occurs near 50° N. These indicate that
the stationary waves provide a meridional di-
vergence of sensible heat transport between 20°
and 60° N and a convergence between 60° and
80° N at the 100, 500, and 850 mb, whereas at
the 200 mb level the stationary waves contribute
to a divergence of sensible heat transport be-
tween 20° and 50° N, but a convergence between
50° and 80° N.

The distribution of the rate of the meridional
transport of sensible heat across 20°, 40°, 60°
and 80° N latitudinal ecircles at the 100, 200,
500, and 850 mb due to transient waves in the
winter and summer seasons of 1964 are shown
in Fig. 11c¢. It is seen from this figure that tran-
sient waves contribute most of the poleward
transport of sensible heat in the middle latitudes
of the troposphere, and produce a maximum
transport near 40° N at 200, 500 and 850 mb,
and near 60° N at the 100 mb level. In the sum-
mer, the maximum transport at the 850 mb
level shifts to 50° N, and in general the rate of
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the transport due to transient waves in summer
i8 less than that in winter.

It may be noted from Figs. 115 and 11¢ that
most of the convergence and divergence of the
meridional transport of sensible heat in the
troposphere is primarily the contribution of the
transient waves, whereas in the stratosphere it
is mainly the result of the stationary waves.

6. The latitudinal mean temperature
distribution

We have found that the meridional sensible
heat transport in both the troposphere and
stratosphere is directed toward the North Pole,
except in the low latitudes in the stratosphere
where there is a weak transport of sensible heat
toward the equator. To examine the relation
between the meridional heat transport and the
meridional gradient of temperature, the lati-
tudinal mean temperature at the 100, 200, 500,
and 850 mb levels for the winter and summer
seasons are respectively shown in Fig. 12. Tt
may be noted that in both winter and summer,
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Fig. 11c. The meridional flux of sensible heat due to the nonstationary motion.
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Fig. 12. The distribution of the latitudinal mean
temperature.

the meridional gradient of the temperature in
the troposphere is directed toward the North
Pole, indicating that the sensible heat transport
in the tropopshere is along the temperature
gradient. In the stratosphere, however, the
meridional gradient of temperature is directed
toward the equator except north of 60° N in the
winter where it is directed toward the North
Pole. Therefore, the sensible heat transport in
the stratosphere is mostly directed against the
temperature gradient. A similar result was ob-
tained by White (1954).

It is likely that there are two processes which
result in this transport against the gradient of
sensible heat in the stratosphere. The most
obvious is the horizontal transport due to tur-
bulent motion which may be along or against
the temperature gradient. The second process
that should be considered is the vertical trans-
port of heat. It is likely that there is a downward
transport from the stratosphere to the tropo-
sphere at high latitudes to compensate the heat
lost by radiation in the lower levels.

7. Conclusion and summary

It is found that there exists a preferred spec-
tral band in the wave-number frequency spectra
at various latitudes, which indicates the wave-
number frequency domain of interaction be-
tween the meridional velocity and temperature.
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In the middle latitudes, the spectral band is
oriented in & domain extending from the region
of low wave-numbers and frequencies to that of
high wave-numbers and negative frequencies.
In the high latitudes, the heat transport is
confined to a domain of low wave-numbers and
frequencies. In the lower latitudes, however, the
transport is confined to a very narrow band
centered near the zero frequency.

The total meridional transport of sensible
heat at all four levels is directed, for the most
part, toward the North Pole, except at 20° N
where there is a weak equatorward transport of
sensible heat at the 100 and 200 mb levels. In
the trnposphere, the maximum heat transport
is found to occur neat 40° N, whereas in the
stratosphere it occurs near 60° N. When the
meridional sensible heat transport is compared
to the latitudinal mean temperature gradient, it
is found that the heat transport in the tropo-
sphere is directed along the temperature gra-
dient. In the stratosphere, however, the heat
transport is mostly directed against the tem-
perature gradient.

It is also found that most of the poleward
transport of sensible heat in both the tropo-
sphere and stratosphere is accomplished by the
stationary and eastward moving, long and me-
dium waves, and that the equatorward trans.
port is mostly accomplished by the low fre-
quency waves. Most of the convergence and
divergence of the meridional heat transport in
the troposphere is the contribution of the tran-
gient waves, whereas in the stratosphere it is
mainly the result of the strationary waves.
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APPENDIX

Meridional transport of sensible heat across various latitudinal circles (1010 cal mb-1 sec—1)

Season Level (mb) Lat. (degree) Z Zn Eyp(k, n) Z Eyy (K, 0) Z ZE’W (ky m)
k
* k’;o K40 no
Winter 100 80 3.4 -6.8 10.2
60 83.2 58.6 24.6
40 35.7 14.9 20.8
20 —-11.4 —-3.6 —-7.8
200 80 6.8 -3.1 9.9
60 83.0 54.0 29.0
40 118.4 52.6 65.8
20 -20.1 -5.3 ~14.8
500 80 9.4 -2.9 12.3
60 72.7 43.6 29.1
40 105.3 27.9 77.4
20 5.3 5.5 -0.2
850 80 16.8 2.4 14.4
60 118.2 70.2 48.0
40 154.0 49.1 104.9
20 1.2 —-1.4 2.6
Summer 100 80 2.7 2.2 0.5
60 13.4 3.3 10.1
40 14.4 5.7 8.7
20 4.4 3.2 1.2
200 80 3.6 2.1 1.5
60 24.2 2.7 21.5
40 47.6 19.9 27.7
20 —-2.9 1.1 —4.0
500 80 9.1 0.4 8.7
60 23.2 -3.3 26.5
40 13.8 0.6 13.2
20 —-2.5 -1.9 -0.6
850 80 12.1 -0.2 12.3
60 26.8 -3.0 29.8
40 24.6 ~3.1 27.7
20 -9.1 —-9.2 0.1
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KPYIITHOMACIITABHBIH MEPUJUOHAJILHBINI IEPEHOC TEIIJIA B IIPOCTPAHCTBE
BOJIHOBLIX YUCEJIYACTOT

BrruncasoTea M aHAIHBUPYIOTCA NOJITOTHO-
BpeMEHHble CIEKTPH MEPUANOHANBHOrO Iepe-
Hoca Temya uepes 20°, 40°, 60° u 80° c. m. Ha
100-, 200-, 500- m 850-MmuuINGapOBHIX II0-
BEPXHOCTAX AJIA jera u suMel 1964 r. Haitmeno,
4YTO CYIMeCTByeT XapaKTepHAA CIEeKTpaJbHAA
noJIoCa HA PAa3iMYHHX IUMPOTAaX, YKasHBalO-
masg Ha 06JIacTh BOJHOBHIX YHCeJI M YACTOT, NIPH
KOTOPHIX HIPOMCXOMMT B3aUMOJeHCTBHE Memy
MepHANOHAJBHON CHKOPOCTBIO M TeMIepaTypoit.
B cpegnux mupoTax CHeKTpajJbHag mnoJjoca
OpPHEHTHPOBAHA OT 006JaCTH MaJHX BOJHOBHX
YKCe ¥ 4ACTOT K 0OJBIIMM BOJTHOBBIM YMCJIAM H
OTPHLATENBHKM YacTOTaM. B BEHICOKHUX IINPOTAX
NMepeHOC Temja oOrpaHmdeH o006JaCThI0 MAaJHX
BOJNHOBHIX 4ucesJ M 4acror. OgHAKO B HUBKHX
HINPOTAX TEPeHOC OTrpaHM4eH O4YeHb Y3KOH
noJjiocoit B6IM3N HyIeBOH YaCTOTHL

MMonuwuit MepuAMOHANBHHEI NEPEHOC TeIa Ha
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BCEX YeTHpeX YPOBHAX B OCHOBHOM HampaBieH
K CeBepHOMY mOJIOCY, 33 HCKIloueHHeM 20°
C. Ul., T/ie UMeeT MecTo ciaalhil mepeHOC Temaa K
9KBaTOpy Ha ypoBHax 100, 200 u 850 Mmuaanbap.
B rpomocepe MaKCHMAJBHHIA NEPEHOC Temjaa
uMeer Mecro BO6aumam 40° c.m., TOrga Kak B
crparocpepe — BOaM3n 60° ¢. mw.

Tak#xe HalileHo, 4TO GoJbIIAA 4acTh Iepe-
HOCA Tellla K NMOJIOCY Kak B Tpomocdepe, Tak M
B crparocfiepe OCYIIECTBIAETCA CTAIMOHApD-
HBHIMH ¥ ABMMYUIMMUCA HA BOCTOK MIMHHHIMHU M
CpefHUMH BOJHAMH, IEPEHOC K 3KBATOpPy OCy-
INECTBIAETCA B OCHOBHOM [BHMKYIIMMMCA Ha
BOCTOK BOJIHAMM HMBKON 4aCTOTHI.

Boabmas vyacTe KOHBepreHINH M JAUBEpreH-
UM MepUAMOHAJIBHOrO IlepeHoca B Tpomocdepe
006s13aHa BKJAAy HECTALMOHADHBIX BOJH, TOTJA
Kak B cTpaTocfepe OHA ABIAETCA, TIJIABHHM
06pasoM, peayabTaToM CTAMOHAPHHX BOJH.



