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ABSTRACT

The global distribution of the forcing of the time-mean flow due to large-scale, horizontal Reynolds
stresses (u'u’ .00’ ,u'v') is determined from upper wind statistics for the period 1968—73. The role of this
forcing in the maintenance of the vorticity and enstrophy of the time-mean flow is discussed.

The most striking effect of transient eddy stresses is the tendency to shift the subtropical maxima in
the time-mean flow and the associated vorticity patterns poleward. However, significant longitudinal
variations in forcing occur, also. Calculations of the dominant terms in vorticity budgets of the North Pacific
Low, the North Atlantic Low, and the Siberian High, which may be called the centers of action of winter-
time circulation at sea level in the Northern Hemisphere, are presented. In all three cases, transient
eddies are found to be important in maintaining the centers against the dissipative action of surface friction.

In terms of the enstrophy budget, the hemispheric and global-mean effects of transient eddies on the mean
flow are small, both in December- February and June-August. In the Northern Hemisphere, where the
results are most reliable, the eddies are weakly dissipative with a time scale on the order of several months,

When separating the time-mean flow into the contributions from the axisymmetric component and from the
stationary disturbances, it is found that the transient eddy stresses tend to maintain the axisymmetric
mean flow, but to weaken the stationary disturbances. There are significant latitudinal variations in the
enstrophy forcing of the stationary disturbances. Thus eddy forcing is an important factor in maintaining
the enstrophy of stationary disturbances in the extratropics, while it tends to destroy their enstrophy
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On the Role of Large-Scale Transient Eddies in the Maintenance of the Vorticity

in the tropics.

1. Entrodriction

The influence of large-scale synoptic eddies on the
time-mean flow is one of the most difficult effects to
include in climate models. This forcing has two
aspects, one related to heat transport, the other to
momentum transport. All climate models constructed
so far take in some way the eddy heat transport into
account, which is often tacitly assumed to be the
primary factor.

In a recent paper Holopainen (1978, hereafter
referred to as H) has given empirical evidence that
the momentum transport by transient eddies also is
important for the maintenance of the time-averaged
flow. In H most emphasis was put on annual-mean
conditions. More recently, Lau (1979) has calculated
the contributions of both the time-mean flow and
transient eddies to the local balances of heat and
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vorticity in the Northern Hemisphere north of 20°N
in winter. His results suggest that the effects of
transient disturbances are considerably smaller
than those of the mean flow. Lau found this to be
the case both for the heat and the vorticity budgets.

In order to further clarify the role of the transient
eddies in maintaining the time-mean flow, giobal
upper air statistics for the period May 1968- April
1973 are used here to study certain aspects of the
atmospheric vorticity budget for December-
February and June-August. The global analyses
used are part of a 15-year data set compiled at the
Geophysical Fluid Dynamics Laboratory, Prince-
ton.? The network of aerological stations, from
which the basic observations were obtained, is shown
in Fig. 1. The method of deriving horizontal analyses
for the various statistical quantities is similar to the
one described by Oort and Rasmusson (1971).

2 Oort, A. H., 1981: Global atmospheric circulation statistics,
1958-1973. NOAA Prof. Pap. (in preparation).
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DISTRIBUTION WIND REPORTING STATIONS FOR JAN 71 AT 300mb (N, oae =735)
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FiG. 1. Distribution of the rawinsonde stations at 300 mb from which the basic observations for
the GFDL data set were obtained for a typical month (January 1971). Also shown are the areas of the
North Pacific low (NPL), North Atlantic low (NAL) and Siberian high (SH).

2. Vorticity-forcing of the time-mean atmospheric
fiow by large-scale transient eddies

a. Equations

It was shown in H that the vorticity equation for
the time-mean flow can be written as

EYe B, da _
—C- = ~V-V7) + curl Ay +f—ﬂ + curl F
or op
- da ol v
+ {———a-)- - G)-—c-— — k'Vio X — + curl Ay, (1)
op op op

where, as usual, the bar denotes a time-average and
a prime a deviation from it. Further V (=ui + vj)
= the horizontal wind, w = dp/dt, { = k'V X V,
n=f+{ f= Coriolis parameter, and curl B
= k-V X B, where B is an arbitrary vector. F is the
frictional force due to small-scale turbulence,
whereas A = Ay + Ay is the horizontal force due to
the presence of large-scale transient eddies, where

AH = A)‘i + A¢j, (2)
1 0 —
Ay=———u'u'
a cos¢p oA
1 i) u'v'

- —————u'v cos¢p + ——tang, 3
a cos¢p 0¢ ¢ a ¢ )

1 0 ——
Ay = — ———1i'v
a cos¢ ad\
3 -
- ——}————- v'v’ cosdp — un tand, (4)
a cos¢ 8¢ a
0 —
Ay= -~ V. (5)
ap

The vorticity forcing of the time-mean flow by
the transient eddies is, according to (1), given by
curl A+ curl Ay. Having statistics of «'u’, u'v" and
v’v’ at our disposal, Egs. (3) and (4) enable us to
determine the patterns of Ay, and thus also of curl A .
However, curl A, cannot be calculated from the
present data. In his diagnostic calculations based
on routine objective analyses by the National
Meteorological Center (NMC), Lau (1979) used daily
vertical' velocities from the _operational forecast
model to derive patterns of #’w’ and v'w’ for the
Northern Hemisphere in winter. Lau’s results (per-
sonal communication) indicate that curl A, is typi-
cally one order of magnitude smaller than curl Ay.
Furthermore, if the vertically-averaged (barotropic)
fiow is considered, curl A, is identically zero. With
these facts in mind, we will assume that curl Ay
represents the total forcing of the time-mean flow
due to transient eddies.



272 JOURNAL OF THE ATMOSPHERIC SCIENCES VoLUME 38

¢ (10755l 300mb DEC—FEB
90°N L v 1 T T ¥ 7 T

60°

30°

4 ;’ \ // // (, 7
N e

300:56 ~ 1 ’z’
- T
7
%

90°S -
180° 120°W 60°W 0° 60°E - 120°E 180°
- a
FiG. 2a. Mean vorticity £ (1076 s72) at 300 mb for December— February.
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Fi1G. 2b. Transient eddy vorticity forcing curl Ay (107! s72) at 300 mb for December-February.
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Fi1G. 3b. Transient eddy vorticity forcing curl Ay (1071 s7%) at 300 mb for June- August.
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TABLE 1. Standard deviations (10** s7%) of curl A, and —V-V4
along various latitude circles at 300, 500 and 700 mb during
December- February.

Latitude

Height

(mb) 0° 10 20° 30° 40° 50° 60° 70° B8O°N
300

curtA, 06 1.5 3.0 39 47 67 51 62 58
V-V7 1.1 2.6 56 106 11.7 7.1 34 4.0 24
’
500 :

curlAy, 03 06 1.2 2.1 23 3.0 35 42 45
V-vy 0.8 1.3 27 49 45 42 3.0 23 1.7
700

curlAy, 0.5 05 1.0 1.8 19 19 29 27 35
V-V7n 14 1.7 1.5 25 3.0 3.0 25 14 1.2

b. Global and hemispheric features

The geographical distributions of Z and curl A,
are shown in Figs. 2 and 3 at the 300 mb level for
December-February and June-August, respec-
tively. At this level, most velocity-related quantities
reach their maximum amplitude. (The patterns of
curl Ay in Figs. 2b and 3b are smoothed fields ob-
tained by making a spherical harmonic analysis of
the original fields, and retaining only those com-
ponents P7 for which the zonal wavenumber
m < 10 and n < 20.) The ﬁgures show clearly that
the time-mean circulation is more axisymmetric in
the Southern than in the Northern Hemisphere. The
three ‘‘dipoles’’ in the Northern Hemisphere  field
in winter are associated with the well-known jet
stream maxima of the time-mean flow.

The forcing due to transient eddies, curl Ay, also
has a strong axisymmetric component with anti-
cyclonic forcing centered at a latitude of about 30°
in winter and 40° in summer, whereas cyclonic forc-
ing is found more poleward until a latitude of ~70°.
However, longitudinal variations do occur as was
already shown by Lau (1979; see his Fig. 8) for the
winter case. One measure of the amplitude of these
variations is the standard deviation along a latitude
circle. The standard deviations of curl A, and V-V#
are given in Table 1 for the Northern Hemisphere in
winter. It is found that south of 50°N the magnitude
of V- V4 is two to three times larger than that of curl
Ay, which roughly agrees with Lau’s (1979) findings.
However, north of 50°N the variations in transient
forcing dominate. As we will see in Section 2c, the
term V- V17 tends to have a different sign in the lower
" and upper troposphere, whereas the profile of curl
Ay does not change sign in the vertical. This makes
the transient forcing particularly important for the
vertically-averaged (barotropic) mean flow.

Figs. 4a and 4b show meridional profiles of the
zonally and vertically averaged { and curl A, (in the
figure brackets denote a zonal average, and carets a
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vertical average over the layer 50-1000 mb). The
distributions at any particular pressure level are
qualitatively similar to the integrated ones shown
in Fig. 4. However, the magnitudes of both  and
curl Ay are smaller in the lower troposphere, and
larger above 500 mb than the vertical average. It is
obvious from Fig. 4 that one important effect of the
transient eddies is the tendency to shift the sub-
tropical maximum of the mean westerly wind and the
associated vorticity distribution poleward. [In
terms of the momentum budget this means that the
strongest eddy convergence of zonal momentum
@[u'v')/dy < 0) takes place somewhat poleward of
the subtropical jetstream.] In middle-latitudes the
forcing of the zonally averaged time-mean flow is
seen to be roughly in phase with the vorticity itself
thus tending to reinforce the vorticity pattern.

c. Vorticity budget for the wintertime ‘‘centers of
action’’ in the Northern Hemisphere

It is of some interest to consider the vorticity
budget in certain climatologically significant areas.
The most striking features of the wintertime mean
circulation at sea level in the Northern Hemisphere
are the North Pacific Low, the North Atlantic Low
and the Siberian High. Their domain, shown sche-
matically in Fig. 1, is here defined roughly as the
area within the 1012, 1008 and 1030 mb isobars,
respectively. The North Pacific and Atlantic lows
are obviously sink regions, while the Siberian high
is a source region for atmospheric vorticity. The
question arises how these quasi-permanent features
are maintained.

Fig. 5 shows the vertical dlstrlbutlon of ~V-V#
and curl A, for these centers of action. Consider-
ing first the North Pacific low, we find that the term
—V-V4% changes sign in the vertical. Thus it ténds
to increase the local vorticity in the upper tropo-
sphere, and to decrease the vorticity in the lower
troposphere. At any particular level the term —V - \}
has a smaller magnitude than its components -V-V¢
and —Bb, since they tend to counteract each other
(not shown). The term curl Ay, is positive (i.e.,
cyclonic forcing) throughout the troposphere and its
magnitude is comparable with that of ~V-V7.

Integration of (1) over the mass of the entire air
column gives over a level surface (see H or Holo-
painen and Oort, 1981) the approximate relation
Py Dy
curl ¥, = —J V-Vﬁff- + J curl A,,gp—. , (6
0 4 i g
where 7, denotes the stress of the atmosphere on
the underlying surface and p; the mean surface
pressure.

The sum of the vertically integrated values of
—V-V3 and curl Ay therefore can be compared with
independent estimates of curl 7, computed from sur-
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FIG. 4a. Meridional profiles of Z (solid line) and curl A, (dashed line), averaged with respect to longitude
and pressure, for December- February. Units for { 107 s~*; for curl A, 10712 572,

90°N 60 30 0 30 60 90°S
L] v LA v v T R § L L) ¥ L] L |] L] L) v L)
b June - August
104 -~ R +110
{4
\ PR [curl AH]
5pF 45
0 o
-5} +5
-10} 4-10
'l 'l A i L 'l '] - L 1 A A L i 1 )] i
90°N 60 30 o) 30 60 90°S

F1G. 4b. As in Fig. 4a but for June- August.

1275



JOURNAL OF THE ATMOSPHERIC SCIENCES

276 VOLUME 38
North Pacific Low North Atiantic Low Siberian.High
Tmb Tmb _ Tmb
v ¥
o Z ya!
| ) N : N/\_\
i .
.-—‘V /! | \
\,
, \
./ Lsoo /// \\ 4500 \.
‘ | / N /
| / -\ /7
W ‘
1/ \
/ \
. { .
N 1 . 4 . 1 L
-2 o @ 2 4 " -2 0 2 4

FiG. 5. Vertical profiles of —V-V4 (solid line) and curl A, (dashed line) for the North Pacific low, the
* North Atlantic low and the Siberian high during December—February (units: 107! s72).

face data using a drag-law formulation. Such surface
computations of curl ¥, were kindly provided to us
by Sol Hellerman (personal communication). The
results for the various terms in case of the North
Pacific low are

= —-0.2 x 100" N m™3,

= 15X 100" Nm™3,

curl 7, (sfc data) = 0.9 X 1077 N m=3.

Considering the uncertainties, especially in the
estimate of M (see Holopainen and Oort, 1981), the
agreement between M + T and curl 7, (sfc data)
above is fairly good. Our main conclusion is that in
the North Pacific low transient disturbances are the
dominant mechanism for bringing in cyclonic vortic-
ity from outside the region to compensate for the
frictional sink at the surface.

The results for the North Atlantic low are qualita-
tively similar. The estimate of curl 7; (sfc data) for
this region based on Hellerman’s wind-stress data is
1.8 x 107 N m=%. Large-scale atmospheric turbu-
lence again brings in vorticity from the atmosphere
outside at arate of T = 1.1 X 1077 N m™3. The term
M as evaluated from our data turns out to be nega-
tive (—0.8 x 1077 N m~2), but the error limits for
this estimate are so large that even its sign is uncer-
tain. In any case, the role of transient atmospheric
disturbances in the maintenance of the vorticity
budget of the North Atlantic low is the same as that
for the North Pacific low.
~ The vertical profile of the vorticity budget for the
Siberian high, as shown in Fig. 5, is the reverse of

that for the lows. This continental, high-pressure
region is obviously a source of atmospheric vorticity
(curl 7, < 0). Unfortunately, no independent estimate
of its strength can be made from surface data, as
was the case over the oceans. An important point to
notice is that transient disturbances again provide a
mechanism for the horizontal vorticity transport,
in this case away from the source region.

Estimates of the horizontal divergence based
directly on observed winds are not reliable enough
to allow a detailed investigation of the vorticity
budget at different pressure levels. However, as a
first approximation one can assume (as in H) that
the vorticity balance in the free atmosphere is given .
by fV-V = —V-V5 + curl Ay, and, in the atmos-
pheric boundary layer, by fV-V =~ —g(8/dp) curl 7.
In light of these equations, the results shown in
Fig. 5 for — V-V and curl A, imply that there is
mean ascending motion in both lows and descending
motion in the Siberian high. Furthermore, both the
mean-flow term (—V-V7) and the transient eddy
term (curl A;,) are important for these mean vertical
velocities. Because the magnitude of the total advec-
tion, —V-V7 + curl Ay, is largest in the upper tropo-
sphere and the frictional source or sink is at the
surface, the mean vertical velocities must be impor-
tant in providing the necessary exchange of vorticity
between the upper troposphere and the surface
boundary layer. :

3. The effects of large-scale transient eddies on the
enstrophy balance of the time-mean flow.

To obtain a global or hemispheric measure of the
effects of large-scale turbulence on the time-mean
flow, vorticity itself is not a good quantity to study
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TABLE 2. Enstrophy §, rate of change of enstrophy due to the transient eddy forcing (85/8¢);, and corresponding time scales
(negative for dissipative effects) for the time-mean flow, the zonally averaged time-mean flow and the stationary disturbances
averaged over the Northern Hemisphere (NH), the Southern Hemisphere (SH) and the globe (GL). All numbers refer to vertical
averages between 50 and 1000 mb. For definition of the symbols, see Eqgs. (7)—(13). Units for Sy, Syz and Sy: 10712 572; for their

rate of change: 10717 s~3; and for the time scales: days.

December—February

June~ August

NH SH GL NH SH GL
Time-mean flow Su 38 13 26 15 25 20
BSM
(—) 0.08 1.40 0.74 0.26 0.06 0.17
at Jr
88y \!
Su (——) >60 12 41 >60 >60 >60
3t J)r
Zonally averaged Suz 24 11 17 8 22 15
time-mean flow as :
(_‘ﬁi) 0.32 1.65 0.99 0.53 0.14 0.34
3 )
-1
Suz ( alll ) >60 8 21 17 >60 51
ot Jr
Stationary disturbances Sue 14 2 8 8 3 5
(M) -0.25 -0.25 -0.25 ~0.30 -0.10 ~0.20
3t )
-1
SME(%) < -6 -10 38 -3 46 -3
T

because global averages of terms of the form curl
B (B arbitrary) vanish. Enstrophy (half vorticity
squared) is in this respect a more useful quantity.
It was recognized first by Fjertoft (1953) that the
enstrophy budget plays an important role in deter-
mining the statistical character of a rotating fluid.

In the following we will discuss the role of curl
Ay in the maintenance of the enstrophy of the time-
mean flow. Besides brackets to denote the zonal
average of s,

1 27 d
= )\’
[s 27 L *

we will use an asterisk for the deviation from the
zonal average, s* = s — [s]. We then have

Su=3S8uz + Suz, )]
where
Su = %I
= zonally-averaged enstrophy of the time-
mean flow, (8)
Suz = Vo[ {I?
= enstrophy of the zonally-averaged time-
mean flow, )]

Sue = Y[+
= enstrophy of the stationary disturbances. (10)

Multiplying (1) in turn by Z, [Z] and {*, and taking
the zonal average, one obtains for the rate of change
(due to transient eddy forcing) of Sy, Sy and Sy,
the following expressions:

(E{g) = [€ curl A4l D

or Jr

(asm ) = [Zlcurl Ay, (12)
ot Jr

(aSME ) = [{*(curl Ap)*]. (13)
ot Jr

After averaging in the meridional and vertical di-
rections, hemispheric and global averages of S,
SMZ’ SME’ (aSM/GI)T, (GSMZ/BI)T and (BSME/BI‘)T, and
the associated e-folding times are obtained. Their
numerical values are presented in Table 2. Although
enstrophy is not directly related to kinetic energy,
nevertheless, it is of interest to look at the corre-
sponding values for kinetic energy, also. In analogy
with the enstrophy, we define

Ky = Kyz + Kyg, (14)

where
Ky = 14[V?]

zonally-averaged kinetic energy of the
time-mean flow,

i

I

(15)
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TABLE 3. As in Table 2 but for kinetic energy. Units for Ky, K);; and Kyz: J kg™!; for their rates of change:
10 J kg™* s7!; and for the time scales: days.

December-February

June-August

NH SH GL NH SH GL
Time-mean flow Ky 91 4?2 67 26 82 54
(aK“‘) ' 13 32 2 12 28 20
ot Jr
-1
. Ky, (ﬂ) >60 15 36 27 34 3t
3 )
Zonally averaged Kyz 79 40 60 20 79 50
time-mean flow oK
(—MZ) 2 35 28 14 29 21
EYR ‘
-1 N
Kuz (@) 2 13 24 19 32 27
a Jr
Stationary disturbances Kye 12 2 7 6 3 4
(M) ~10 -3 -7 -2 -0 -1
ET
-1
KME(BK“E) ~14 -7 -13 ~32 < —60 ~44
a Jr

Kyz = Vo[ VP

= kinetic energy of the zonally averaged -
time-mean flow,

Kyy = 1/2[‘7*2]

= kinetic energy of the stationary
disturbances.

(16)

amn

Multiplying the equation of time-mean motion (not
shown here) by V, [V] and V*, and taking the zonal
average one obtains for the rate of change (due to the
transient eddy forcing Ay) of Ky, Ky and Ky, Te-

spectively,
(3’9—’) — [V-Anl, (18)
ot Jr . .
(aK‘”) = [V)-[Ad), (19)
T .
(2{(_1‘_'_’9_) = [V*-Ag*]. (20)
ot /p

Again, averaging in the meridional and vertical
directions gives the hemispheric and global averages
of KM, KMZ, KME’ and (BKM/GI)T, (aKMz/at)T and
(8K ys/0t)y, and the associated time scales, as
shown in Table 3.

Considering first the total time-mean flow one
finds from Tables 2 and 3 the expected seasonal dif-
ferences in S and K, for the two hemispheres. It
is of interest that the global avérage of S, is some-

what larger in December-February (26 units) than
in June— August (20 units). Taking into account the
hemispheric differences in the distribution of land
and ocean, this result, as well as a similar result
for the kinetic energy, suggest that the atmospheric
circulation would, if other effects remained equal,
be stronger on a land-covered than on an ocean-
covered earth. This conjecture can, of course, only
be proven with the aid of general circulation simula-
tion experiments.

When considering the rates of change of enstrophy
and kinetic energy due to transient eddies one has to
remember that, due to deficiencies in the station
distribution (see Fig. 1), the results in the Southern
Hemisphere must be less reliable than in the Northern
Hemisphere. For this reason, the Northern Hemi-
sphere values will be only discussed.

Table 2 shows that for the Northern Hemisphere
as a whole, both in winter and summer, the effects
of transient eddies on the enstrophy S, are practically
zero. Only a weak enstrophy input, (05,/0t); > 0,
with a very long time scale is obtained. Table 3
shows a similar but somewhat stronger positive forc-
ing in terms of kinetic energy. This kind of similarity
between enstrophy and kinetic energy forcing is not
obvious because, in principle, they could be of dif-
ferent sign. .

Considering next the zonally averaged time-mean
flow, Tables 2 and 3 show an input of both enstrophy
and kinetic energy from the transient eddies; in other
words, (0S7/9t)r > 0 and (0K y;/0t)r > 0. The
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F1G. 6. Meridional profiles of the enstrophy in the stationary disturbances, S, (solid line), and of the
transient eddy forcing, (85,,/01); (dashed line) averaged with respect to longitude and pressure for
December- February and June- August. Units for S,z 1072 s2 (scale on the left), for (0.8yz/0¢)r

107'7 s73 (scale on the right).

latter result for kinetic energy agrees with the re-
sults of earlier studies on the kinetic energy balance
(e.g., Oort and Peixo6to, 1974). The numerical values
of the forcing terms are found to be rather small,
resulting in time scales on the order of several weeks.

In case of the stationary disturbances the overall
effect of the transient eddies on both enstrophy and
kinetic energy is found to be a weak dissipative one,
with a time scale of several weeks. Lau (1979) has
shown that the heat fluxes associated with the tran-
sient disturbances impose a stronger dissipative
effect on the horizontal temperature gradients. Thus,
the total hemispheric effects of large-scale transient
eddies on the stationary disturbances is definitely
a dissipative one.

The values in Tables 2 and 3 refer to hemispheric
and global averages. At individual latitudes, the
budgets of S,z and K, can be very different from
these averages. This is shown for S, in Fig. 6 which
gives the meridional distribution of S,,; and (0 5/
dt)r for the Northern Hemisphere. As a result of
the dipole structure of the vorticity field (see Figs.
2a and 3a) the distribution of S, exhibits two prin-
cipal maxima. A more interesting feature is that the
transient eddy forcing is negative in the subtropics,
and positive more poleward. Thus, in terms of
enstrophy, the quasi-permanent circulation features
in middle latitudes are in part maintained by the
large-scale transient eddies. This is in qualitative

agreement with the vorticity budget of the centers
of action, discussed in Section 2c.

Values of Sy, and (85,/81)r averaged over the
zones 0-30°N and 30-90°N are given in Table 4 for
winter. The implied time scales (—8 and 17 days,
respectively) are short compared with the corre-
sponding hemispheric time scale (—67 days) in Table
2, but still somewhat longer than the dissipative
time scale (~1 week) usually assigned to small-scale
frictional processes. This suggests that the vorticity
transfer associated with large-scale transient eddies
plays a significant but not a dominant role in the
maintenance of the stationary disturbances. Ulti-
mately, they owe their existence to the forcing by
mountains and longitudinal variations in diabatic
heating.

TABLE 4. As in Table 2 but only for stationary disturbances in the
zones 0-30°N and 30-90°N in December-February.

0-30°N 30-90°N
Sus 1 17
(M) ~1.65 115
ot Jr
9Sup \!
S -8 17
e ( ot )T
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Fig. 6 shows that the meridional distribution of
(0Sy/0t); in June—August is qualitatively similar
to that in winter with positive forcing in middle
latitudes. The boundary between positive and nega-
tive forcmg shifts from about 30°N in winter to

40°N in summer.

4. Final discussion

Our calculations show that, in terms of vorticity
and enstrophy, the overall hemispheric forcing of
large-scale transient eddies on the total time-mean
flow is small. When the time-mean flow is decom-
posed into contributions from an axisymmetric com-
ponent and the stationary disturbances, the transient
eddy forcing is found to strengthen the axisymmetric
flow and to weaken the stationary disturbances.

However, hemispherically averaged budgets often
conceal important features. Thus the momentum
and vorticity fluxes associated with the transient
disturbances (1) show the tendency to shift the
maxima of the mean westerlies poleward, and (2)
provide the necessary vorticity fluxes to offset the
frictional sources and sinks of vorticity at the earth’s
surface. For example, the transient eddies tend to
maintain centers of action, such as, the North
Pacific low, North Atlantic low and the Siberian
high, which are the dominant stationary disturbances
in the middle latitudes of the Northern Hemisphere
in winter.

Because the vorticity fluxes associated with the
transient waves appear to be important for the main-
tenance of the climatological standing waves, it is
also relevant to ask how important moving weather
disturbances are for the maintenance of quasi-sta-
tionary phenomena like blocking. Green (1977) has
argued, that transient vorticity fluxes are indeed
important. An observational study of this problem
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was made by Savijarvi (1977). However, his results
were not convincing, partly because of the difficulty
of splitting the total local flow into mean and eddy
parts in a meaningful way. Questions about the main-
tenance of the blocking high need further study.
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