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ABSTRACT

The effect of horizontal transports of momentum and heat by transient eddies (TE) on the time-mean
flow is studied by examining the relevant terms in a local budget of quasi-geostrophic potential vorticity.
Two long-term observational data sets are used, and results for the Northern Hemisphere winter are pre-
sented.

The results indicate that eddy heat fluxes in the free atmosphere exert a dissipative influence on both the
zonally averaged flow and the stationary waves. On the other hand, eddy momentum transports tend to
force cyclonic circulations over the semi-permanent Icelandic and Aleutian surface lows, and anticyclonic
circulations over the oceanic high pressure cells in the subtropics. The forcing of the time-mean flow arising
from horizontal TE heat transports is generally stronger than the forcing associated with eddy momentum
transports. The net effect of eddy transports of heat and momentum is to dissipate the potential enstrophy
of the stationary waves. The characteristic time scale associated with this dissipative effect is of the order
of 4-5 days. .

The relative contribution to the eddy forcing by low-frequency fluctuations (with periods between 10 days
and a season) and by synoptic-scale fluctuations (with periods between 2.5 and 6 days) are examined. The
forcing associated with low-frequency eddies generally dominates. The forcing associated with synoptic-
scale eddies is concentrated in the cyclone tracks near the east coasts of Asia and North America, where
a certain degree of counterbalancing between the heat flux forcing and the momentum flux forcing takes

place.

1. Introduction

Observational data such as those compiled by
Newell et al. (1974) indicate that about half of the
kinetic energy in the atmosphere resides in the large-
scale transient eddies' (TE), the other half being
associated with the time-mean flow. The transports
of heat and momentum by these transient motions
have a dual effect on the stationary flow. The con-
vergence of transient eddy flux of zonal momentum
into the middie latitudes tends to accelerate the mean
zonal flow, whereas the heat transports by these same
eddies from warm to cold regions tend to smooth out
the local temperature gradient, and thereby weaken
the vertical shear of the time-mean flow. It is hence
evident that the eddy transports of both momentum
and heat must be taken into account in evaluating
the net effect of the transient motions on the time-
mean flow.

For zonally averaged flows, Edmon et al. (1980)

! As usual, “transient eddies” refer to motions which deviate
from the seasonally averaged circulation, so that they include not
only the time-varying zonal waves but also the transient component
of the zonally averaged circulation.
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suggested that the net effect of TE may be studied
using Eliassen-Palm (EP) cross sections. The diver-
gence of the EP fluxes is the net zonal force exerted
on the time-mean flow by the transient eddies. Ed-
mon et al. pointed out that this force is approxi-
mately equal to the meridional transient eddy flux
of quasi-geostrophic potential vorticity, and that it
generally acts to decelerate the zonal mean flow in
the free atmosphere. This result is consistent with
the earlier finding reported by Wiin-Nielsen and Sela
(1971), who showed that the observed eddy flux of
quasi-geostrophic potential vorticity is equatorward
in the troposphere above the boundary layer.

For atmospheric flows with variations in both the
meridional and zonal directions, Saltzman (1962)
studied the local effect of TE on the stationary waves
by evaluating the contributions of the eddy transports
of both heat and momentum to the time-mean budget
of quasi-geostrophic potential vorticity. However, in
most of the ensuing investigations, the local effect
of eddy heat fluxes has been treated independently
from that of eddy momentum fluxes (e.g., Holopai-
nen, 1978; Lau, 1979; Holopainen and Oort, 1981a,b).
These latter studies indicate that TE heat transports
are directed down the local time-mean temperature
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gradient in the lower troposphere, and that momen-
tum is redistributed by transient motions to coun-
teract various local sources and sinks.

The present study aims at identifying the com-
posite effects of the observed TE horizontal trans-
ports of heat and momentum on the zonally averaged
as well as the local time-mean circulations. By doing
so we hope to gain a proper perspective of the find-
ings reported by the studies mentioned in the pre-
ceding paragraph. Only results for Northern Hemi-
sphere winter are presented here. The data sets used
for this investigation are described in Section 2. The
eddy effects are considered within the framework of
a quasi-geostrophic potential vorticity budget, which
is formulated in Section 3. Results on the contri-
bution of TE to this budget are presented in Section
4. The relative importance of eddy transports asso-
ciated with low-frequency and synoptic-frequency
fluctuations is discussed in Section 5.

2. Data sets

The following observational data sets are used in
this study: :

e GFDL DATA. These consist of monthly global
objective analyses of circulation statistics accumu-
lated at individual rawinsonde stations. The statistics
for the S-winter period from 1968-69 to 1972-73
used here are part of a larger 15-year set compiled
by A. H. Oort at the Geophysical Fluid Dynamics
Laboratory and have been used earlier (e.g., by Hol-
opainen and Oort, 1981a,b). The winter season cor-
responds to the months of December, January and
February.

¢ NMC DATA. These consist of circulation sta-
tistics based on twice-daily synoptic analyses pro-
duced by the U.S. National Meteorological Center.
The domain of analysis extends from 20°N latitude
to the North Pole. The statistics for a 8-winter period
(1966-67 to 1968-69, 1970-71 to 1974-75) are used
here. The winter season corresponds to the 120-day
period beginning with 15 November. Further details
of this data set have been documented by Lau e al.
(1981). In the present study, the transient eddy sta-
tistics are first computed for each individual winter,
and long-term averages of these seasonal statistics
are then taken. Hence the transient eddies in a given
winter refer to all fluctuations from the averaged
circulation of that particular winter.

The GFDL and NMC data sets have been compared
by Lau and Oort (1981, 1982).

3. Formulation of the potential vorticity budget
a. General considerations

Since the conservation of potential vorticity fol-
lows from the vorticity and thermodynamic energy
equations, it is natural to study the composite effects
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of TE transports of momentum and heat by exam-
ining the relevant terms in a potential vorticity
budget.

Different forms of potential vorticity have been
used in the literature. Many synoptic case studies
(e.g., Staley, 1960) make use of one version of the
original formulation by Ertel (1942), i.e.,

Py = ($ + f)(—00/3p).

Here {; is the relative vorticity defined on isentropic
surfaces, f the Coriolis parameter, # potential tem-
perature and p pressure. It is evident from the
definition of P, that the isentropic coordinate system
would form the most natuiral framework for diag-
nosing the budget of this quantity. In several inves-
tigations on the planetary-scale general circulation
(Hartmann, 1977; Savijérvi, 1978; Lau and Wallace,
1979), the relative vorticity defined on constant pres-
sure surfaces ({,) is used instead of {, so that the
analysis of the quantity

may be performed in isobaric coordinates. In regions
where P, and P, exhibit strong vertical gradients, it
is anticipated that transient and stationary vertical
motions would play a significant role in the balances
of these quantities. Moreover, budget studies of P,
and P, are complicated by the fact that the integrals
of these quantities over an entire atmospheric column
are infinite.

Several studies of potential vorticity (Wiin-Niel-
sen and Sela, 1971; Youngblut and Sasamori, 1980)
have analyzed the quantity

fo* 91)

9
R R (12)

which, under quasi-geostrophic assumptions, is con-
served following the nondivergent horizontal wind V,
in isobaric coordinates (e.g., Holton, 1974), i.e.,

9 .

Here ¢ is the streamfunction;, ¢ = —(a/6)30/dp is
a function of pressure only, « is the specific volume,
and f, the Coriolis parameter at a reference latitude.
Since the conservation law expressed in (1b) involves
only horizontal motion on constant pressure surfaces,
diagnosis of Q on the basis of conventional analyzed
upper-air data is straightforward.

b. The quasi-geostrophic potential vorticity equa-
tion

In order to develop a framework for analyzing the
observational data sets available at hand, we derive
one form of the quasi-geostrophic potential vorticity
equation in which the transient eddy transports of
heat and momentum appear explicitly. The proce-
dure followed here is analogous to that for the de-
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rivation of (1b). By starting with the primitive equa- -39

tions and retaining all terms in the intermediate
steps, we also wish to gain a better appeciation of
the assumptions involved in the quasi-geostrophic
potential vorticity equation.

The time-averaged vorticity and thermodynamic
energy equations may be written as
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Here the overbar denotes the time average, and the
prime denotes deviation from time average; V is the

o _ horizontal velocity vector; { = k-V XV, = ¢+ f
a —V-Vi+k-V XAy the relative and absolute vorticity, respectively; w is
. pressure velocity; F is friction associated with subgrid-
' w _ h .
+f=+k-VXF+R,, scale processes; ¢, the specific heat at constant pres-
f ap e €2) sure; R the gas constant; p, = 1000 mb; H the dia-
' batic heating per unit mass;
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is the horizontal acceleration of the time mean flow '
associated with the convergence of the horizontal where
. . . 0”
trgnsports of momentum by transient eddies; and g= 3‘ F- f ( ) (6b)
- 0w a¢ av —
=S dp —® ap ~k-V& X ap T ap (k V X V&), is one form of potential vorticity similar to that de-

As usual, a denotes the radius of the Earth, A lon-

gitude, ¢ latitude, and i, j, k- the unit vectors in the

zonal, meridional and vertical direction, respectively.
Eq. (3) may be rewritten as

~

<I:=S [30+V Vo+V.-Ve

. Rfcp _ -
+ A1 (9—") A- Sw] . (5)
ap p\p/
Here S = —38/3p, the superscript tilde denotes hemi-
spheric or global average and the double prime a
deviation from this average. Substitution of (5) into
(2) yields
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fined in Eq. (1a).

For quam-geostrophlc motion and for umform £,
those terms in (6a) involving R;, V/dp-Ve, V-Vf
and the time. variation of the average static stability

- 'may be neglected. The principal sources and sinks

in the budget of § are then seen to be associated with

e Horizontal TE transports of heat (term A1) and
momentum (term A2). We shall be concerned
exclusively with these effects in the present
study.

o Curl of frictional forces related to subgrid-scale
processes (term B).

e Vertical gradient of the diabatic heating field
(term C).

e Vertical heat transports by transient eddies
(term D). Some evidence (e.g., Schubert and
Herman, 1981) suggests that this effect may be
1mportant especially in barochmcally active re-
gions.

e Horizontal variation of § (term E). The results
presented by Tomatsu (1979) indicate that the
static stability parameter for different geograph-
ical locations vary by a factor of 2-3 in the win-
tertime troposphere. Results based on the as-
sumption of constant static stability may hence
be subject to considerable uncertainties.

¢. Transient eddy forcing
We first define the terms Al and A2 in (6a) as

DMEAT = § % (V §V") : (7a)
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DYORT =k.V X Ay = —V-V{', (7b)

with the second equality in (7b) being valid for hor-
izontally non-divergent flows. The most immediate
contribution of TE fluxes to the potential vorticity
budget may be qualitatively described as follows:
vertical variations of the convergence of TE heat

transports (7a) influence the local static stability and

thereby lead to changes in the third term in (6b),
whereas eddy momentum transports in (7b) affect
the vorticity of the time mean flow [i.e., the first term
in (6b)]. Additionally, the TE fluxes also exert less
direct influences on the mean flow through their as-
sociation with induced circulations.

By assuming that f is constant, the eddy effects
represented in (7a) and (7b) may be related to the
convergence of TE potential vorticity transport, i.e.,

D = DHEAT | DVORT _ —V-V_’q' . (8)

In order to aid the interpretation of results (see
also Holopainen, 1982), it is useful to visualize that
the transient eddies act on the time mean flow
through the non-divergent “forces” FjEAT, FyORT
which are defined as

DHEAT — K.V X F‘lP{EAT = V2 HEAT
DYORT = k. V X FYORT = y2yVORT

(9a)
(9b)

Here YMEAT and ¢YORT are streamfunctions related
to the nondivergent forces by

F‘l;EAT _ k X VWHEAT
FXORT =k X V‘#VORT } *

The definitions in (9) are motivated by the follow-
ing considerations. Inspection of the expressions for
DYORT and Ay in (7b) and (4), respectively, reveals
that FyORT as defined in (9b) is equal to Ay, where
the subscript ¥ denotes the nondivergent component.
Hence Fy°*T may be interpreted as the acceleration
of the nondivergent component of the time-mean
flow resulting from the convergence of horizontal
momentum transports by transient eddies. The phys-
ical interpretation of Fj “AT as defined in (9a) is not
as straightforward as that of Fy°*T. However, by
devising a relationship between FjAT and DHEAT
[Eq. (9a)] which is analogous to that between
F;/°RT and DYORT [Eq. (9b)], we anticipate that the
patterns of Fy®AT and Fy°RT obtained therefrom
should serve as instructive diagnostic aids for ex-
amining the individual roles of heat transports and
momentum transports by the transient eddies in forc-
ing the nondivergent component of the time-mean
flow. It is worth noting that the irrotational parts of
the forces, even if possibly of the same order of mag-
nitude as the nondivergent parts, are of no real im-
portance because they only enter into the mean di-
vergence equation, where their contributions are rel-
atively much smaller than the contributions associated
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with the pressure gradient force and the Coriolis
force.

4. Forcing by transient eddies of all time scales

The results presented in this section are based on
circulation statistics for unfiltered time series, so that
the transient eddies to be described here represent
fluctuations with time scales ranging from a day to
a season. Except for part of Fig. 5, all results in this
section pertain to the GFDL data set for Northern
Hemisphere winter.

a. Zonally-averaged forcing

Fig. 1 shows the latitude-height distribution of the
zonally averaged values of DMEAT DYORT and D. The
pattern for DMEAT may be understood in light of the
temperature tendencies associated with eddy heat
transports. The poleward eddy heat flux across the
mid-latitudes acts to cool the subtropics and warm
the higher latitudes. Such temperature tendencies
are strongest in the lower troposphere, where the
most intense heat transfer occurs (Oort and Ras-
musson, 1971; Lau et al., 1981). This configuration
of warming and cooling tends to stabilize the middle
troposphere equatorward of about 50°N and 50°S,
and destabilize the atmosphere poleward of these
latitudes. In the Northern Hemisphere, stabilization
is associated with positive tendency of ¢, and vice
versa [see Eq. (6b)]. The reverse situation applies
to the Southern Hemisphere, where f is negative.

Similarly, the features for DYORT may be related
to the zonal wind tendencies associated with eddy
momentum transports. The predominantly poleward
momentum fluxes in the subtropics and equatorward
fluxes in the higher latitudes (Oort and Rasmusson,
1971; Lau et al., 1981) tend to accelerate the zonal
wind between 35° and 55° in both hemispheres, and
to decelerate the zonal wind both poleward and
equatorward of these latitude belts. In the Northern
Hemisphere, these zonal wind changes would be ac-
companied by positive vorticity tendency between 40
and 60°N, and negative vorticity tendency in the
subtropics. The sign of these tendencies is reversed
in the Southern Hemisphere.

Comparison between DHEAT and DYORT reveals that
the magnitude of D"EAT is generally larger than that
of DYORT, particularly in the higher latitudes. At a
given latitude, the sign of DYORT is fairly uniform
with height, whereas the sign of DYEAT exhibits much
more variations in the vertical direction. There exists
a certain degree of cancellation between DHEAT and
DY®RT in the middle latitudes, where the forcing of
the zonal wind associated with the convergence of
eddy momentum transports is partially offset by di-
minished meridional thermal gradient and vertical
wind shear resulting from the eddy heat fluxes. The
magnitudes of DHEAT and ‘DYORT gver the tropics are
generally small. This finding needs to be interpreted
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FIG. 1. Latitude-height distribution of the zonally averaged values of (a) DMEAT, (b) DYORT and (¢) D (=DHEAT + DVYORT)
for December-February, as determined from GFDL data. Units: 107" 572,

in the context of the quasi-geostrophic formulation
of the budget for ¢ [Eq. (6)]. However, we note here
that no geostrophic approximation has been made
in the computation of the terms D"EAT and DVORT
themselves, since actual observed wind data have
been used in compiling the pertinent eddy statistics
at all latitudes.

The zonally averaged distributions of the zonal
components of Fy®AT, FYORT and Fy*AT + FyORT are
shown in Fig. 2. The zonal force associated with the
horizontal TE heat fluxes (F}'EAT) is negative almost

everywhere in the free troposphere. This force is
strongest in the middle troposphere between 50 and
60°N, where it attains a magnitude of almost 10
X 1073 m s™2. The pattern of the zonal force asso-
ciated with TE momentum fluxes (Fy°R") is consis-
tent with the preceding discussion pertaining to
DYORT, The magnitude of Fy°R" is generally smaller
than that of FI'EAT, as can be expected from the dom-
inance of DHEAT gver DVORT (Fig. 1).

After taking into account the different definitions
used, the distribution of the total zonal force (Fig.
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FIG. 2. Latitude-height distribution of the zonally averaged values of the zonal component of (a) Fi*AT, (b) Fy°* and
(c) Fy®AT + Fy°RT for December-February, as determined from GFDL data. Units: 107> m s72

2c) is seen to be in good agreement with that com-
puted by Edmon et al. (1980, Fig. 1) on the basis
of Eliassen-Palm flux divergence.

b. Geographical distribution of transient eddy forc-
ing

In this subsection, the local variation of transient

eddy forcing is examined by mapping the quantities

DHEAT and DVORT as well as the corresponding
streamfunctions YMEAT and ¢V°RT. The streamfunc-
tions are computed by expanding DWEAT, DVORT

. JHEAT and YVORT in terms of spherical harmonics

Y”, and then solving for the coefficients of YHEAT,
YVORT using the definitions in (9). Here n is the total
wavenumber and m the zonal wavenumber. The re-
sults presented in Figs. 3 and 4 are obtained by re-
taining coefficients for m < 10 and n < 20.
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FIG. 3. Hemispheric wintertime distribution of (a) DHEAT, (b) DYORT and (c) D (=D"EAT + DYORT)_units: 107" s
and (d) G—units: 10~° s~'—for December-February in the layer 300-700 mb, as determined from the GFDL data.
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data. The direction of the forces FYEAT, FYORT and FHEAT 4+ FYORT js indicated by arrow heads in (a)-(c).
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The patterns of D"FAT and DVORT averaged over
the atmospheric layer between 700 and 300 mb are
shown in Figs. 3a and 3b, respectively. It is seen that
the two patterns are positively correlated over several
regions, so that the sum (shown in Fig. 3c) attains
large amplitude over these same locations. Notable
examples are the positive values over Iceland and
off the western shores of North America, and the
negative values over northern Canada.

Comparison of the patterns for D (Fig. 3¢) and
g (Fig. 3d) reveals that the departures from zonal
average of those two quantities tend to be negatively
correlated. Since D is related to the convergence of
TE transport of potential vorticity [Eq. (8)] this re-
sult implies that the transient motions act to suppress
the deviation from zonal symmetry of § by redis-
tributing potential vorticity. This dissipative effect
will be further examined in Section 4c in the context
of the potential enstrophy budget.

‘The distributions of the streamfunctions ¢"*AT and

“VORT are shown in Figs. 4a and 4b, respectively. The
direction of the forces Fy®AT and FYORT associated
with these streamfunctions is indicated by arrow-
heads. Fy/*AT has an easterly component almost ev-
erywhere. Its wavelike pattern (Fig. 4a) is dominated
by anticyclonic curvature over-eastern Asia and east-
ern North America, and cyclonic curvature over the
northeastern portion of the two ocean basins.
FJ/®AT attains its maximum amplitude of about 12
X 107> m s72 over Alaska.

The most prominent features in the pattern for
FJ/ORT (Fig. 4b) are the closed cyclonic cells over
Iceland and the Gulf of Alaska, and the anticyclonic
cells over the subtropical oceans. Between the pairs
of cyclonic and anticyclonic cells is a zonal belt where
FyORT is -directed eastward, with a magnitude of
about 3X 107 ms% Since the magnitude of
Fy®ATis generally larger than that of Fy°R, the pat-
tern for YHEAT + YVORT (shown in Fig. 4c¢) is domi-
nated by the features in YHEAT,

Comparison of the patterns for yYHEAT 4 VORT
(Fig. 4c) and the observed wintertime streamfunc-
tion of the time mean flow (Fig. 4d) indicates that
F/EAT + FYORT tends to oppose the time-averaged
circulation almost everywhere. Hence TE transports
of heat and momentum not only act to decelerate the
zonally averaged flow (as was demonstrated in Fig.
2¢), but also exert a damping effect on the stationary
waves. The latter finding is in conformity with the
discussion pertaining to Figs. 3¢ and 3d.

¢. Effect of transient eddies on the potential en-
strophy of stationary waves

One measure of the intensity of the stationary
waves is the potential enstrophy

B = %[g*’],
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where the bracket denotes zonal average and the
asterisk a deviation from zonal average. As can be
shown through manipulation of Egs. (6) and (8), the
TE transports enter the potential enstrophy budget
of the stationary waves through the covariance quan-
tity [D*g*].

In Fig. 5 is shown the latitude-height distributions
of B and [Dg*] for Northern Hemisphere winter,
as computed using the GFDL and NMC data sets.
The pattern for B (upper panels of Fig. 5) is char-
acterized by a primary maximum in the upper tro-
posphere. The numerical values of potential enstro-
phy are seen to be an order of magnitude larger than
those of enstrophy {'2[ {**]} reported by Holopainen
and Oort (1981b). It is hence evident that by far the
most significant contribution to B comes from the
term —f3(6"S ") /dp [see (6b)].

The quantity [D*g*] is negative almost every-
where (Fig. 5, bottom panel). This is largely a re-
flection of the negative spatial correlation between
DMEAT and g (Figs. 3a and 3d). Since we have con-
cluded in the preceding paragraph that the largest
contribution to ¢ comes from the term —f3(8”S ")
/0p, the role of the transient eddies in the balance
of B is seen to be essentially determined by the local
influences of the eddy heat transports on the time-
averaged static stability. In the present context, the
effects of DYORT on the enstrophy {:[{*?]}, as ex-
amined by Holopainen and Oort (1981b), appear to
play a less important role. A measure of the time
scale associated with the dissipative effects of the
transient eddies on B is the quantity B/[D*G*].
Upon substitution of values representative of the ex-
tratropics, this time scale is estimated to be approx-
imately 4-5 days. This result agrees with that re-
ported by Lau (1979) considering only eddy heat
fluxes, and by Youngblut and Sasamori (1980) con-
sidering eddy potenial vorticity fluxes.

Although the two observational data sets yield
qualitatively similar results, noticeable differences
exist between the GFDL and NMC patterns for
[D*g*] (bottom panels of Fig. 5). Such discrepancies
are probably related to the deviations between the
two data compilations over the data-sparse regions,
as have been documented by Lau and Oort (1981,
1982).

5. Forcing by synoptic-scale and low-frequénqy fluc-
tuations

In Fig. 6 is shown the distribution of the stream-
functions YHEAT and ¢VORT, as computed using time-
filtered NMC data® averaged over the atmospheric
layer between 700 and 300 mb. The low-pass and

2The computer subroutine PWSSSP described in NCAR
(1978) is used to solve (9) for y"EAT and yYORT with the boundary
conditions that yHEAT = 0 and ¢VORT = 0 at 20°N.
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FiG. 5. Latitude-height distribution of B = ¥%[§**], upper panels (units: 107'° s72) and (9B/d¢); = [D*q*],
lower panels (units: 107'* s7%), for winter, as determined from GFDL data (left) and NMC data (right).

band-pass filters used here retain fluctuations with
periods of 10 days to a season and 2.5-6 days, re-
spectively [refer to Blackmon (1976) for further de-
tails].

Inspection of Figs. 4 and 6 reveals that the heat
and vorticity transports by low-frequency distur-
bances account for a large fraction of the total eddy
forcing. For example, the cyclonic cells noted in
YYORT over the Gulf of Alaska and Iceland (Fig. 4b,
based on unfiltered data) are seen to be almost en-
tirely associated with vorticity transports by long-
period disturbances (Fig. 6, upper right panel). For
both low-pass and band-pass fluctuations, the eddy
effect due to heat transports is stronger than that
due to vorticity transports. The forcing associated
with vorticity and heat transports by low-frequency
fluctuations tend to cooperate with each other over
the northeastern portion of the Pacific and Atlantic,
where both yM*AT and ¢YORT based on low-pass fil-
tered data (Fig. 6, upper panels) exhibit a distinct
cyclonic curvature. On the other hand, the acceler-
ations accompanying the heat and vorticity trans-
ports by band-pass fluctuations tend to oppose each
other between 35 and 50°N at most longitudes (Fig.

6, lower panels). The strongest cancellation between
FYEAT and FJORT based on band-pass filtered data
occurs off the eastern seaboards of Asia and North
America. These region are coincident with the win-
tertime cyclone tracks, where the band-pass eddy
statistics are characterized by strong poleward heat
transports as well as strong convergence of momen-
tum transports (Blackmon ez al., 1977).

6. Discussion

- The present observational study of the effect of
large-scale transient eddies on the time-mean flow
in the atmosphere complements earlier studies on this
subject in the sense that more extensive data sets are
used, that the composite effects of eddy fluxes of heat
and momentum are emphasized throughout, and that
the long-period and synoptic-scale fluctuations are
treated separately.

The results show that the large-scale transient ed-
dies have a strong dissipative effect on the time-mean
flow. This result, obtained here in the framework of
potential vorticity, is compatible with the results on
the observed energy cycle presented by Lau and Oort
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F1G. 6. Distribution of yHEAT (left) and YVORT (right) for winter, as determined from lowpass (upper panels) and bandpass (lower panel)
filtered NMC data averaged over the atmospheric layer from 700 to 300 mb. Contour interval for solid contours in all patterns is 10 m* 572

(1982, Fig. 13), who showed that the transient eddies in the context of potential vorticity by Youngblut
extract energy not only from the time-mean zonally- and Sasamori (1980) and Sasamori and Youngblut
averaged flow, but also from the time-mean eddies (1981) using data from the northern extratropics for
(stationary waves). The dissipative effect of transient January 1963. Our results, based upon much larger
eddies on the stationary waves was first demonstrated  data sets, confirm their finding. Our study further
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suggests that this dissipative effect arises to a large
extent from the long-period large-scale transients.
This finding is consistent with the analysis presented
by Sasamori and Youngblut (1981), which indicates
that baroclinic instability of planetary-scale eddies
is enhanced in the presence of forced perturbations,
and that these unstable eddies contribute signifi-
cantly to the damping of the stationary waves.

While interpreting the results for DVORT and DHEAT
(and the associated “forces” Fy°kT and FjEAT), it is
important to bear in mind that we have been con-
cerned with the strictly ‘““interior” effects of TE
fluxes. The transient eddies may also exert boundary
influences on the time-mean flow. These boundary
effects are realized through incorporation of TE
fluxes in the top and bottom boundary conditions
when an equation analogous to (6a) is solved for the
three-dimensional structure of the eddy-induced ten-
dency of the mean flow. Hence it is only after both
boundary and interior effects are taken into account
that we can fully investigate the net response of the
atmosphere to TE forcing. However, in diagnostic
budget studies of quantities such as potential en-
strophy (see Section 4c) only the interior forcing
terms (i.e., DEAT and DYORT) need to be considered.

With regards to the implications of TE fluxes at
the boundaries, we wish to draw attention to an im-
portant distinction between DVORT and DHEAT The
average of DVORT over an entire atmospheric column
is not subject to any special mathematical constraint.
On the other hand, we note that

J‘m DHEATgp = f(V ’vlol) ,
o

S p=pPo

where the assumption that $™'V- V¢ = 0 at the top
boundary has been made, and p, is the surface pres-
sure. Making use of the arguments outlined by Breth-
erton (1966), the lower rigid boundary may concep-
tually be visualized as an infinitesimally thin sheet
centered at the p = p, surface and situated between
p = po and p = p{, where py < py < pi. Any flow
with eddy heat fluxes at the lower boundary may
then be formally treated as equivalent to a flow with
no flux at p = p{, but with a concentration of DHEAT
within the thin sheet, such that

ft:& pHERT g f(V’.y_’e') .
S P=p0

Py

vIt follows that
f * prestap = o,
0

rg
A f Fy®ATdp = 0.
0

Hence the averages of DYEAT and FIEAT over the
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entire atmospheric column should vanish. Since the
patterns for Fi*AT averaged over the atmospheric
layers from 700 to 300 mb (Fig. 4a) and from 850
to 100 mb (not shown, similar to Fig. 4a) are dom-
inated by a westward component, the above con-
straint requires a compensating, mainly eastward-
directed FyAT below 850 mb. A force with such a
vertical profile acts to reduce the vertical shear (or
baroclinic) component of the mean flow, but has no
effect on the vertically averaged (or barotropic) com-
ponent of the mean flow.

The combined effects due to TE fluxes both in the
interior and at the boundaries may also be investi-
gated using the omega equation, which provides for
a diagnostic relationship between the eddy forcing
and its associated ageostrophic circulation. An an-
alytic solution for the zonally averaged meridional
circulation accompanying heat transports by simple
baroclinic waves has been obtained by Phillips
(1954). In the middle latitudes, this eddy-induced
circulation takes the form‘of a thermally indirect
cell. The ageostrophic motion associated with this
cell brings about a deceleration of the upper tropo-
spheric flow and an acceleration of the lower tro-
pospheric flow, so that the vertical shear of the mean
flow is reduced, whereas the barotropic component
remains unaltered. These analytic results are in qual-
itative agreement with the discussion in the preced-
ing paragraph pertaining to the vertical distribution
of FyEAT,
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