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ABSTRACT

Interannual changes in various quantities involved in the atmospheric balances of
angular momentum and zonal kinetic energy for the northern hemisphere have been
analyzed for the five year period beginning May 1, 1958. The data used consists of
daily upper-air measurements of the horizontal wind field taken from a hemispheric
network of over 700 stations. Results are presented for the most part in the form of
meridional cross-sections through the atmosphere and profiles of vertical averages of
the quantities studied. The fields of quantities dependent on the mean meridional flow
show large year-to-year fluctuations, though the well-known fact that such fields are
difficult to measure accurately must be borne in mind. By comparison, the mean zonal
flow field and the horizontal transient eddy momentum flux are relatively stable.
However, variations that they do display may be of considerable interest for certain

purposes.

1. Introduction

It has been generally agreed that in order to
investigate long-term climatic changes or to
evaluate dynamic influences on the global dis-
tribution of trace constituents, one must have
some detailed knowledge of the natural vari-
ability of certain dynamical properties of the
atmosphere. The purpose of this paper 18 to
provide some basic observational results as a
first step toward achieving an understanding of
this natural variability of the general circula-
tion. The approach is to analyze five years of
observed upper level wind data over the N.H.
and to investigate the interannual changes in
various of the quantities involved in considera-
tions of the atmospheric angular momentum
and mean zonal kinetic energy budgets.

This paper contains detailed results of analy-
ses and computations for the five year period
from May 1, 1958, through April 30, 1963. The
momentum and zonal kinetic energy budgets
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during this five year period have been the sub-
ject of much previous investigation, and numer-
ous papers reporting on such results have ap-
peared in the literature and will be cited fre-
quently here. This paper will present for the
first time results concerning the year-to-year
changes in various of the processes involved in
these balances. It is anticipated that these re-
sults will be found useful to investigators en-
gaged in studying numerical models of the at-
mospheric general circulation or the dynamics
of climate.

2. Data base and analysis techniques

The data utilized for this study have been
obtained largely from a collection of hemispheric
upper-air observations compiled by the M.I.T.
General Circulations Project under the super-
vision of V. P. Starr. This data library and its
use in general circulation studies similar to the
present one have been described in some detail
by Starr, Peixoto & Gaut (1970), and only a
few of the pertinent details will be repeated
here. In the present study, we make use of the
once-daily measurements of the horizontal wind
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field taken at up to 763 stations located for the
most part over the N.H. The data have been
accumulated and averaged here on a yearly
basis at each station, with a year being defined
as running from May 1 of one calendar year
through April 30 of the following calendar year.
For results comparable to those which will be
presented here, but for the entire 60-month
period taken as & whole, the reader is again re-
ferred to the paper by Starr, Peixoto & Gaut.

The yearly mean station data discussed above
were used to construct horizontal analyses of
various basic quantities involving the fields of
motion at each of 11 pressure levels in the ver-
tical (1000, 950, 900, 850, 700, 500, 400, 300,
200, 100 and 50 mb). Criteria were fixed at
each level such that a station was required to
have a minimum percentage of the total pos-
sible number of observations during a given
year in order to be included in the horizontal
analysis of that level. The percentage varied
from 309 at the lower levels to 209 at the
upper ones. The horizontal analyses proceeded
objectively through the use of computer algo-
rithms, whose details have already been pre-
sented in previous papers (see Starr, Peixoto &
Gaut) and so will not be discussed here. These
algorithms require the use of an initial guess
field of the horizontal wind components at each
level, and to some extent the final results depend
upon these initialization procedures. In this
study, the initial guess for the 1000 mb analy-
ses was obtained from a long-term collection
of hemispheric data assembled in atlas form by
the U.S. Navy (NAVAIR 50-1C-51, 1966), sup-
plemented by 1000 mb data from selected
tropical pilot balloon stations. For levels above
1000 mb, the initial guess field was the final
analyzed field at the level immediately below.
In order to aid in the horizontal analyses in
the tropics, some stations south of the equator
were included in our collection.

From the final horizontal analyses at each
level of the various fields, grid point values are
obtained and zonal averages computed. In the
next section, we present and discuss the results
of these computations on a yearly basis for
those quantities involving the mean differential
rotation of the atmosphere, the mean meridi-
onal circulation, and the eddy fluxes of angu-
lar momentum. In a later section, results re-
garding the balance of the kinetic energy of the
differential rotation are presented and analyzed.
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3. Yearly changes in the basic wind field
statistics

Before presenting results for this portion of
our study, it is convenient to first introduce the
notation employed. The following conventional
symbols have been used:

(R, A, ¢) represent the spherical polar system
of geometrical coordinates rotating
with the earth at the rate Q. R is
taken along a radius of the earth, A is
longitude, and ¢ is latitude.

(u, v, w) represent, respectively, the linear east-
ward, northward and upward particle
velocities, counted positive toward the
east, north and upward.

¢ is the density of air.

a is the radius of the earth.

g is the acceleration due to gravity.

p is pressure. {p, will denote surface
pressure.)

M = (u+Qacos ¢)a cos ¢ is the absolute
angular momentum of a parcel per
unit mass about the polar axis.

() = (1/(t, — ty)) f%()dt, wheretis time, is the
temporal average. In the present study
t, —t; =one year.

(Y =()—{() is the deviation from a time
average.

[()N=1/2n ﬁ" )dA is the zonal average.
()*=()—[()] is the deviation from a zonal
average.

Moreover, the period May 1, 1958, through April
30, 1959 will be referred to as Year 1, and so
on for the following four consecutive years.

3.1. The mean differential rotation of the
atmosphere

Our results will be presented for the most
part in the form of meridional cross-sections
and profiles. For example, the first column of
Fig. 1 shows the cross-sectional distribution of
the mean zonal velocity [%] for each of the five
years of this study. The second column depicts
the field of the atmospheric relative angular
velocity [@]/a cos ¢. Inspection of this figure
reveals the existence of a well defined and stable
upper tropospheric jet located in mid-latitudes
at around 200 mb. The interannual variations
in the location and maximum strength of the
jet core are fairly small. The ratio of the rela-
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Fig. 1. Vertical meridional cross sections through the atmosphere showing the distribution of the mean
zonal velocity [#] and the mean relative angular velocity [%]/a cos ¢ for each of the five years of this study.
Units are m sec—! and sec~!, respectively, and the vertical coordinate is pressure in millibars. Year 1 de-
signates the period from May 1, 1958 through April 30, 1959, and so on for the other years.

tive angular velocity to that of the earth rota-
tion 1s about 7% at the jet core. A second
maximum in the relative angular velocity field
often appears in the polar regions at levels
slightly below the more intensive primary jet.

Fig. 2 presents the meridional distributions
of the vertically averaged fields of [@] and [@]/
cos ¢. As this figure clearly shows, the atmos-
phere as a whole over the N.H. is rotating faster
than the earth, with integrated values of [@]

Tellus XXVIIT (1976),
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Fig. 2. Upper panel depicts the yearly profiles of the vertically averaged mean zonal motion [#] in units
of msec~!. Lower panel depicts similar profiles of [#]/cos ¢, proportional to the mean relative angular ve-
locity, in units of m sec—!. 12-month periods to which the curves correspond are indicated in the inset.

positive everywhere north of about 16° N. In- Before concluding this section on results per-
terannual differences do not appear to be very taining to the mean differential rotation, we
great except at latitudes north of 70° N, where  will consider in some detail interannual changes
the paucity of data makes accurate analysis in the angular momentum content of the at-
difficult. mosphere. The time-averaged absolute angular
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Fig. 3. Upper panel depicts yearly profiles of the vertically averaged field of [#] cos® ¢, proportional to the
mean relative angular momentum, in units of m sec—!. Lower panel depicts yearly profiles of the relative
angular momentum content of the atmosphere as a function of the latitude of the southern boundary of
N.H. polar cap volumes, in units of 1032 g em? sec=1. 12-month periods to which the curves correspond are

indicated in the inset.

momentum content of the atmosphere in a
polar cap volume extending from the north pole
to a latitude ¢, is given by:

Jﬂdm:fﬁaz cosz¢dm+faa cos ¢ dm (1)

where dm =a? cos ¢dA(dp/g) d¢ is an element of
mass in the pressure coordinate system, and the
integration with respect to latitude extends from
¢=n/2t0 ¢ =4,

Since for the time periods treated in our
study, the mass contained in a given polar cap

volume does not vary appreciably, it is the
changes in the second term on the r.h.s. of (1),
the relative angular momentum, which will
govern yearly fluctuations in the total angular
momentum content in the volume. This term
may be rewritten as

2na” [ [ .
— [@] cos™ ¢ dédp (2)
g o v /2

The meridional distribution of the vertically
averaged values of [i] cos? ¢ is depicted in the
upper panel of Fig. 3. The lower panel in the
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Table 1. The relative angular momentum content of the atmosphere over the northern hemisphere on a

yearly basis

Units are 1032 g cm? sec—!

Yesar
1 2 3 4 5 All
(1958-59) (1859-60) (1960-61) (1961-62) (1962-63) (1958-63)
Relative angular
momentum 4.94 4.42 4.59 4.82 5.19 4.75

figure gives values of (2) as a function of ¢,,
i.e., for various sizes of the polar cap volume.
The profiles for (2) show a gradual monotonic
increase as ¢, moves from the pole to about
17° N. Thereafter the curves decline all the way
to the equator. The yearly values of (2) for the
entire N.H. volume (¢, =0° N) are reproduced
in Table 1. It is seen that they encompass a
range of some 15% between the low and high
values measured during the period. An inter-
esting feature of the values in Table 1 is their
tendency toward cyclic variation, with relative
maxima appearing every other year beginning
with Year 1. Variations in the (global} atmos-
pheric angular momentum should of course be
balanced by corresponding changes in the angu-
lar momentum associated with the oceans and/
or solid earth, assuming the combined angular
momentum of all three remains essentially un-
changed in the absence of important external
torques (see Mintz, 1951; Munk & MacDonald,
1960; Lambeck & Cazenave, 1973). Recent work
by Lambeck & Cazenave (1974) gives some
evidence that indeed variations in the zonal
wind are related to long and short-term varia-
tions in the earth’s rotation rate.

3.2. The mean meridional circulation

Meridional cross sections of the annual mean
meridional velocity [¢] for Years 1 through 5
are presented in Fig. 4. In general, a cellular
structure in the [¢] field can be discerned most
years. Northerlies appear near the surface and
southerlies in the upper levels in the equatorial
region. The directions of flow are reversed in
midlatitudes. In the region between 65° N and
the pole, surface northerlies occur in all years,
though much diminished in Year 4. The upper
level flow in this region varies considerably
from year to year, but as noted by Starr,

Tellus XX VIII (1976), 2

Peixoto & Gaut (1970) the values of [#] in the
polar region probably suffer greatly from lack
of data. Indeed, at all latitudes [#] is a very
difficult quantity to measure, as might be in-
ferred from the fact that its values are given in
units of em sec—! in the figure. Thus [#] in
general represents a small difference between
large values of opposite sign and so is not
readily amenable to accurate analysis from
present data sources. The large yearly varia-
tions in both the magnitude and location of the
maxima in the [9] field are undoubtedly related
to some extent to these computational problems.

Further evidence of the difficulties inherent
in our computations of the [¢] field may be
seen from Fig. 5, in which yearly values of the
vertical average of [¢] are presented as a fune-
tion of latitude. Over a time period of one year,
the mean meridional mass flux across a com-
plete latitude wall might well be expected to
be quite small, unlike the values given in Fig.
5. The figure also depicts large interannual
variations. The unusual behavior of the curve
for Year 2 in polar regions is probably not real.

Meridional cross sections through the at-
mosphere of the streamlines for the mean
meridional mass transport have been given in
the second column of Fig. 4. In order that the
mean meridional circulations depicted there
should contribute no net mass fluxes across
latitude walls, the observed fields of [4] have
been normalized. The technique of normaliza-
tion used here has been to subtract from the
observed [#] values at each level the linear ver-
tical average obtainable from Fig. 5, so that the
vertically integrated value of the adjusted [#]
field will equal zero at each latitude. Once this
is accomplished, a mass flow streamfunction
y for the (nondivergent) mean meridional cir-
culation can be defined by
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Fig. 4. Vertical meridional cross sections through the atmosphere showing the distribution of the observed
(unnormalized) mean meridional velocity [5] and the streamlines for the mean meridional mass flow for
each of the five years. Units are cm sec~? and 2 x 10! g sec~1, respectively. Year 1 designates the period from
May 1, 1958 through April 30, 1959, and so on for the other years.

oy The v field can then be obtained through the

2mgR cos ¢[0] = 4R (3) integration of (3) at each latitude from a knowl-
edge of the normalized [#] field.

The results of this streamfunction analysis

_ oy
2n9R = 4
melt cos ¢lw] = + ) reveal that a well-developed 3-cell structure ap-

Rog
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Fig. 5. Yearly profiles of the vertically averaged observed (unnormalized) mean meridional motion in units
of cm sec—!, 12-month periods to which the curves correspond are indicated in the inset.

pears consistently every year. Mean rising mo-
tion occurs in the vicinity of the equator and
in mid-latitudes, and sinking motion in the
subtropiecs and polar regions. Interannual
changes do appear however in the size and the
intensity of the cellular circulations. Variations
in the patterns over the five year period in-
clude the following: (1) both the intensity and
size of the Hadley cell are greatest in Year 3
and smallest in Year 5; (2) the Ferrel cell has
its largest intensity in Year 3 but its size for
that year is the smallest of the five years ana-
lyzed; (3) the direct cell appearing in the polar
region remains relatively weak all years, but
is at its most intense level in Year 3.

One further point worth mentioning with re-
gard to the streamfunction analyses presented
in Fig. 5 is that the intensity of the Hadley cell
is consistently less than that of the Ferrel cir-
culation each year. Based on our intuitive con-
ceptions, this would seem to be in error. How-
ever, it should be remembered that the results
presented here are for yearly mean conditions,
during which there are large seasonal fluctua-
tions in both the intensity and location of the
Hadley cell (see Starr, Peixoto & Gaut, 1970).

Tellus XXVIII (1976), 2
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Given these large seasonal changes, the yearly
means presented here may actually not be
entirely unreasonable.

3.3. The horizontal eddy fluwes of momentum

The mean meridional transport of relative
angular momentum across a complete latitude
wall at latitude ¢ may be expressed as

1 ts (Do (27 dp
(ua cos ¢)va cos¢ dl — Gt
t=tiJu Jo Jo Y

B 2na’
g

Do
f [uv] cos® ¢ dp (5)
¢

where we have made use of the hydrostatic ap-
proximation to write the integral in pressure
coordinates and have also neglected the (small)
relative depth of the atmosphere. Making use
of the definitions presented earlier, we may de-
compose the total flux expressed in (5) in the
following manner:

2na’ [ — . 2na’ - 2
p f[uv] cos' ¢ dp = T { f{u] [0] cos ¢ dp

+ f['z;'—v’] cos’ddp + f[ﬂ‘i)*] cos’¢ dp} (6)
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Fig. 6. Vertical meridional cross sections through the atmosphere showing the distribution of [u"v] cos? ¢,
proportional to the northward angular momentum transport by horizontal transient eddies, and [#*5*]
‘cos? ¢, proportional to the transport by horizontal standing eddies, for each of the five years. Units are m?
sec2. Year 1 designates the period from May 1, 1958 through April 30, 1959, and so on for the other years.

The three terms on the r.h.s. of (6) represent
the relative angular momentum flux across a
latitude wall associated with, respectively, the
mean meridional motions, the horizontal tran-

sient eddy motions and the horizontal standing
eddy motions.

Fields relating to the mean transport of rela-
tive angular momentum accomplished by the

Tellus XX VIII (1976), 2
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Fig. 7. Upper panel depicts yearly profiles of the vertically averaged field of [u’v’] cos? ¢, proportional to
the northward angular momentum transport by transient eddies in units of m? sec2. Lower panel depicts
similar profiles of [#*5*] cos? ¢, proportional to the northward angular momentum transport by standing
eddies, in units of m? sec—2. 12-month periods to which the curves correspond are indicated in the inset.

horizontal transient eddies for the five in- patterns are dominated by a primary maxi-
dividual years are shown in the first column mum of poleward flux centered at about 28° N
of Fig. 6. These fields represent the integrand and 200 mb. This maximum is relatively
of the second term on the r.h.s. of (6). The stable in position, confined generally to the
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latitudinal belt between 27° N and 29° N. The
change in intensity from year to year does not
exceed 209% during the period covered in the
present analysis. A secondary maximum of op-
posite sign, corresponding to an equatorward
eddy flux of momentum, occurs between 57° N
and 63° N. The intensity of this maximum has
its smallest absolute value in Year 4 and its
largest in Year 3.

Results pertaining to the horizontal stand-
ing eddy fluxes of momentum are contained in
the second column of Fig. 6. The fluxes depicted
are in general much smaller and show a more
complex pattern than those associated with the
transient eddies. Generally speaking, the flux
is southward in the tropics for all years. At
about 30° N, the flux is northward in the upper
troposphere for all years except Year 4. The
interannual variations in the standing eddy
flux are quite large near 40° N. The transport
also varies yearly at high latitudes, but the
absolute magnitude in this region. is usually
small.

Fig. 7 presents the meridional profiles of the
vertically averaged transports of angular mo-
mentum by the transient and standing eddies.
From the viewpoint of the vertical mean, the
transport by the transient eddies is northward
from the equator to 50° N or to 57° N, depend-
ing on the year. The location of the maximum
shifts between 25° N and 29° N. The largest
positive maximum value occurs in Year 3 and
the smallest in Year 2. The largest southward
transport is also to be found in Year 3, with the
second largest in Year 2. The other three years
have almost negligible net southward transports.

The vertically averaged transport by stand-
ing eddies is southward in the regions south of
20° N and north of 58° N for all years. The di-
rection of the flux between 20°N and 58°N
can be either poleward or equatorward, de-
pending on the year and location. However,
owing in part to the definition of the standing
eddies implied by the time periods considered
here, the magnitude of the angular momentum
flux by the standing eddies is much less, nearly
an order of magnitude, than that associated
with the transient eddies.

4. Zonal kinetic energy considerations

A fundamental aspect of any stellar or plan-
etary atmosphere is its mean differential rota-

N. E. GAUT ET AL.

tion. Recent theoretical work (Starr, 1974a, b)
concerning the dynamical implications im-
parted by knowledge of a fluid body’s dif-
ferential rotation has been most illuminating.
In this paper, we present observational results
regarding the balance of the kinetic energy of
the mean differential rotation of our atmos-
phere, making use of the statistics presented
in the previous section. The form of the zonal
kinetic energy balance equation adopted here
is similar to that considered by Starr, Peixoto
& Sims {(1970), who present results of evaluat-
ing the equation for the entire 60 month and
seasonal periods. Here we give results of the
budget on a yearly basis, thus enabling a better
understanding of the natural variability in-
volved in the basic dynamic processes which
are essential in maintaining the atmospheric
differential rotation.

4.1. Mathematical formulation

The traditional form of the zonal kinetic
energy equation in the space and time domain
for a polar cap volume may be written in pres-
sure coordinates through the use of the hydro-
static approximation as

i J@ dm = f[u]’(?—[ﬂ) dm
dt 2 ot

2n 2 2 :
+ Jf;a cos’ ¢(2Q sin ¢) [5]

[a) )
X o cos 3 009 {1}

+ ffzn ® cos® ¢[a] (5] d
= 5] ——
g oo A
[@]
) {a cos ¢} adgdp
+ ff%! a® cos® pla*o*] a—ze_ﬁ
[@]
) {a cos ¢} adgdp
2 3ot gt -
+ J-f p a cos c/;[uv]aaqS

X [a] 44
{a cos ¢} adgdp {3}
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+ _U 27 2 cos'ts(2Q cos ¢) (5]
——2(1 w
Py t

[@] ,
¥ 2 oos g 1% {¢}
[

+ — a" cos $la]{e] —
Internal g op
vertical [#%]
integrals x {a cos ¢} adgdp {5}

+ff2n 2 osz¢
— a ¢
g

x {[a*a*]+ [we'] +gl#:1}
2 [ [a)
g
Jw 2n 2 _
+ — a” cos” ¢,[a][7]
p 9
[%]

a cos ¢,

{68}

x (—dp)

{8}

0

Vertical | + 2z a’ cos® ¢, [a*0*]

boundary v 9
integrals [@]
at =4, x;;()s¢l(—dp) {9}
* 2n 2 2 ——
+ — a” cos” ¢,[uv]
Po g
(@]
*® — d 9//
a cos ¢, (-dp) { }
* 2 2 2 -
- — a cos” ¢[a][o]
n/2
. (2] adg {11}
Horizontal a cos ¢
boundary "
integrals | _ f ' 2_7_‘az cos® ¢
at p=p, niz 9
x{[@*a*] + [w'o'] + gl#:1}
« g {12's}

acos ¢

O]

For guidance in the derivation of this equation
the reader is referred to Starr & Gaut (1969).
A few points worth mentioning regarding (7)
and its evaluation include the following:
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(1) The equation has been derived under the
assumption of a smooth earth. A mountain
torque term could be added (see Starr, Peixoto
& Sims, 1970).

(2) In the pressure coordinate system, the
vertical velocity w is replaced by w =dp/dt.
Direct measurements of w or w do not as yet
exist, and so resort is made to continuity of
mass and absolute angular momentum require-
ments to deduce the necessary fields in (7)
which involve the vertical motions. Values of
[®] may be obtained from the mass stream
function defined earlier in (3) and (4). An ab-
solute angular momentum streamfunction, y,
may also be defined in the mean meridional
plane in & manner analogous to that for the
mass flow. Thus we may write in pressure co-
ordinates

2’;—‘1 cos® ¢ {Qa cos $[0] +[@] [6] + [a*5*] + [wv'1}

o

op (8)

?7;—“ cos® ¢ {Qa cos ¢[@]+ (@] [@]

F(E M W+ glED} - 2 (9)

add

where 1, represents the frictional stress acting
across & horizontal surface. As is apparent from
(8)-(9), a knowledge of the horizontal mo-
mentum fluxes and the mean wind fields per-
mits the computation of the vertical eddy fluxes
of momentum as a residual. However, this tech-
nique does not permit a separation of the ver-
tical eddies as to scale, so that effects from the
large-scale through the molecular must remain
combined, as in terms {6’s} and {12’s} in (7).
For details in this matter, the reader is again
referred to Starr, Peixoto & Sims, and also to
Peixoto et al. (1973).

(3) The first term on the r.h.s. of (7) repre-
sents an eddy term not explicitly stated in
previous presentations of the zonal kinetic
energy balance equation in the space—time do-
main, but which has been implicitly included
in them. Unfortunately this term is very diffi-
cult to evaluate, requiring the use of daily hori-
zontal analyses, and no results for it will be
presented. It is likely, however, that this term
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Table 2. Values of integrals in the zonal kinetic
energy equation (7) for the northern hemisphere
volume on a yearly basis

Units are 102 erg sec™!

Year
1 2 3 4 5
(1958— (1959— (1960- (1961- (1962-

59) 60) 61)  62)  63)

{1} -7.16 -10.4 -539 -—-10.5 —-9.58
{2} —-0.09 — 0.26 —0.20 - 0.07 -0.22
{3} 0.19 - 0.02 —0.04 - 1.49 —0.76
{3"} 6.94 6.05 7.42 5.77 6.08
{4’} 0.00 0.00 0.01 0.01 0.01
{5} —-0.14 - 0.05 0.01 - 0.25 —-0.06
{6’s} 1.38 5.37 —0.30 7.36 5.60
{8} 0.00  0.00 004 00l 001
{9} -0.02  0.03 0.04 002 0.05
{97} ~0.13 ~ 0.12 -0.17 — 0.17 —0.15
Residuals 0.97 0.60 1.42 0.69 0.98

is of small importance for the time periods dealt
with here.

(4) An appealing aspect of (7) and our man-
ner of approach is the fact that the only data
required concerns the basic motion field itself
—those statistics presented in the previous sec-
tion. In this regard, the balance equation pre-
sented here for the kinetic energy of the mean
differential rotation differs from that for the
kinetic energy of the total horizontal wind. The
latter must include a more general considera-
tion of terms involving conversions from avail-
able potential energy, such terms being diffi-
cult to measure (see Kung & Smith, 1974, for
a discussion of this sort of kinetic energy bal-
ance).

4.2. Preliminary results for the yearly budgets

The various terms in (7) have been evaluated
for each of the five individual years, using the
data described earlier. Normalized values of [¢]
have been used in the computations. Table 2
presents the yearly results for the polar cap
volume which extends from 1013 mb to 13 mb
in the vertical, and from north pole to equator
in the horizontal. For a discussion of the results
for seasonal periods and for the entire five year
mean, the reader is referred to the papers al-
ready cited and also to Rosen (1972). In Table
2, the row labelled Residuals gives the results
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of summing up the values of all the terms listed
in the table for each year. These residuals are
nearly balanced in our data by effects duo to
stresses in the lower boundary layer. It should
be noted, too, that such features as mountain
torque terms were not computed separately on
a yearly basis here. The following points con-
cerning the values in Table 2 are worth con-
sidering:

(1) Most of the zonal kinetic energy genera-
tion accomplished by the mean meridional cir-
culations is associated with term {1’}. This
term is negative for all years, thus implying that
other processes must be responsible for main-
taining the differential rotation. The annual
variation in this term is quite large (up to a
factor of 2), depending mainly on the variations
in the [#] field discussed earlier. Unfortunately,
it is difficult to judge the extent to which these
variations in {1’} are real, since there have
been few studies similar to the present one re-
ported in the literature. Thus the results of
quantities presented here which depend on [#]
should be regarded as being preliminary in
nature, subject to future attempts at verifica-
tion. If the variations associated with {1’} are
indeed largely real, however, this would have
important implications for studies of climatic
change.

(2) The energy generation associated with the
horizontal eddy flux of angular momentum
against the horizontal gradient of relative an-
gular velocity is given by terms {3’} and {3”},
representing the actions of standing and tran-
sient eddies respectively. Apparently the tran-
sient eddy effects are by far the more important
of the two, and its large positive values indi-
cate the term plays a major role in maintain-
ing the kinetic energy balance of the differential
rotation. Yearly variations in {3”} exist and
may be of some interest, but the variations
appear to be relatively small.

(3) The generation associated with the ver-
tical eddy fluxes of momentum, by all scales,
against the vertical gradient of relative angular
velocity is given by {6’s}. Except for Year 3, all
the values are positive, indicating that the
combined effect of all the vertical eddies seems
for the most part to be acting in concert with
the horizontal transient eddies in maintaining
the differential rotation. In Year 3, the negative
energy generation associated with the mean
meridional motions is smaller in magnitude
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Fig. 8. Yearly profiles of the generation of zonal kinetic energy as a function of the latitude of the southern
boundary of N.H. polar cap volumes, associated with the three major processes. Upper panel presents re-
sults for the mean meridional circulation, middle panel for the horizontal transient plus standing eddies,
and lower panel for the vertical eddies of all scales combined. Units are 10% erg sec=1. 12-month periods to

which the curves correspond are indicated in the inset.

than the positive generation associated with
the horizontal transient eddies. From an energy
balance point of view therefore, no need is re-
quired for the combined vertical eddies to gen-
erate energy. It should be remembered that
the vertical eddy momentum fluxes are derived
from continuity considerations and so depend
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heavily upon the [#] analyses. Thus, not sur-
prisingly, there are also large interannual
changes in {6’s}.

(4) From the values of {8}, {9’} and {9}
given in the table, it is seen that the inter-
hemispheric exchanges of zonal kinetic energy
are small for the yearly time periods.
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(5) The values of {1’} presented here for the
yearly mean conditions are all more negative
than the value for this term given in the ref-
erences cited earlier for the 60-month period.
Conversely, the values for {6’s} given here are
all more positive than in the 60-month mean
condition reported by Peixoto et al. (1973), for
example. By way of possible explanation, it
should be noted that different cut-off criterion
from those used earlier were applied in the
present study, so the data utilized are not
exactly comparable. Perhaps more importantly
though, it should be remarked that both {1’}
and {6’s} are non-linear in nature, and hence
the results for the 60-month period need not
follow those for the individual years, par-
ticularly considering the sensitivity of these
terms to the [#] field.

Polar cap volumes other than that compris-
ing the whole hemisphere can, of course, also
be considered. Fig. 8 presents results of evaluat-
ing the terms in (7) for polar cap volumes of
various sizes, the southern boundary being al-
lowed now to vary with latitude. The upper
panel gives results for the generation in each
volume associated with the mean meridional
circulations (i.e., the sum {1’} + {2} + {4’} + {5}).
The middle panel gives the combined effect of
the horizontal eddies ({3} +{3”}), while the
lower panel presents results for the combined
vertical eddies ({6’s}).

Interannual variations in the generation as-
sociated with the mean meridional flow are
large, and the anomalous nature of Year 3 is
clearly evident in Fig. 8. The results for this
year appear to be largely dependent on the
presence of the unusually strong mean circula-
tion found north of about 50° N as depicted in
the streamfunction analyses presented in a
previous section. Interannual changes in {6’s}
are also large, as revealed by the figure, while
the fluctuations in the horizontal eddies are
relatively more modest.

5. Final remarks

Five years of northern hemisphere upper-air
wind data have been used to investigate inter-
annual changes in fields related to the angular
momentum and zonal kinetic energy budgets
of the atmosphere. The following main points
may be noted with regard to this study:

(1) Interannual changes in the mean zonal
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wind field [@#] are generally small, with the
change of speed at the center of the jet being
less than 59,. However, in terms of the varia-
tion in the relative angular momentum content
of the atmosphere over the entire N.H., a 159,
range among the yearly values was found dur-
ing the period. Such fluctuations may be of
considerable interest for certain types of stud-
ies.

(2) Large year-to-year changes in the [#]
fields have been found, though the extent to
which such changes are the result of analysis
difficulties remains uncertain. In any case, a
persistent and well-developed 3-cell structure
in the mean meridional mass streamflow seems
to exist.

(3) The horizontal transient eddy flux of
momentum is relatively stable, involving chang-
es in the maximum of less than 209, during the
period. Fluxes associated with the horizontal
standing eddies undergo much larger relative
variations, but are in general much smaller in
absolute magnitude than those associated with
the transient eddies.

(4) With regard to the zonal kinetic energy
budget, the action of the mean meridional flow
has been shown to be in the direction of di-
minishing the intensity of the differential rota-
tion, in each of the five years. This action, plus
that of frictional dissipation, is balanced by
countergradient horizontal and vertical eddy
fluxes of momentum each year. Large yearly
variations in the effects of the mean meridional
flow and of the vertical eddies were discerned,
though it must be borne in mind that such ef-
fects are difficult to measure accurately. In
contrast, the effects of the total horizontal eddy
fluxes did not undergo so much yearly fluctua-
tion.

The results presented here represent a first
attempt at discerning interannual changes in
several of the basic fields that play a funda-
mental role in the dynamical behavior of the
atmosphere. An additional five years of data is
presently being studied, and the results of their
analysis will undoubtedly provide us with new
insight into some of the material presented
here.
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MEMTOJANYHLIE UBMEHEHNA MOMEHTA UMIIVJbCA U 30HAJJIbHON
KUHETUYECKOI S9HEPT'NN B ATMOCOEPE

Jnsi nATHIeTHero mMepUOAA, HAYMHAIIIETOCA C
1 maa 1958 r., npoaHAIM3NPOBAHBI MEHIOUY-
Hble H3MeHeHUA PA3JUYHBIX XapaKTepPUCTUK
fananca yriioBoro MOMEHTa W 30HaJbHON KuHe-
THYECKO}I 3HepruM B armocdepe CeBepHOro
noxywapusa. Ucnonb3oBaHHEe AaHHHE COCTOAT
U3 eKeJHEBHBIX M3MepeHMH B Tpomocgepe ro-
PHU30HTANLHOI'O BeTpa Ha moxycdepHo# cetn us
700 cranuuft. Boapmasa 4Yacth pesylbTaTOB
npejacraBieHa B ¢opMe MepHAMOHA JI BHEIX pas-
pe3oB, 1O KOTOPHIM HU3Yy4aloTcA NpoduiIy Bep-
THKAJbHO OCpeIHeHHBIX XapakrepucTnk. [loaa
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XAPAKTePUCTHK, B3aBUCAUIMX OT CpefHero Me-
PUIUOHANBHOTO TevyeHHNd, 00HAPY:HUBAWT GOJb-
IIMe MEKIoAMYHBIE N3MEHEHMHA, XOTA CIeNyeT
HMeTE B BHAY XOpOIIO WU3BECTHHU QaKT, 4To
TaKHe MOJA TPYAHO M3MepUTh TouHO. B To e
BpeMf CpefHee 30HAlIbHOE Te4eHue M TOopH30H-
TAJbHHHE NMepeHoc UMNyAbCca HECTAlMOHAPHBIMM
BUXPAMU CPaBHUTENbHO YycrolfumsBh. OpHako
NMpOABJIAEMbIE HMM HU3MEHEHMA MOTYT Tpef-
CTABIIATh 3HAYUTENBbHBI HHTEpEC AJA HEKOTO-
PHIX neJeif.



