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ABSTRACT

Tropospheric zonal mean eddy fluxes of heat and momentum, and the divergence of the Eliassen-Palm _ﬂux,
are decomposed into contributions from different zonal phase speeds. Data analyzed are ECMWF operational
global analyses covering 1980-87. Eastward moving medium-scale waves (zonal waves 4-7) dominate the
spectra of lower tropospheric heat fluxes in both hemispheres and all seasons. Upper tropospheric wave flux
spectra are similar to the low level spectra in midlatitudes, but shift to slower zonal phase speeds as low latitudes
are approached. The cause of this shift is the selective absorption of faster moving components in midlatitudes
as the waves propagate meridionally. Latitude-phase speed distributions of eddy fluxes are constructed and
compared to the zonal mean wind structure. These results demonstrate that upper tropospheric eddies break
and decelerate the zonal mean flow approximately 10°-20° in latitude away from their critical line (where
phase speed equals zonal wind speed). Comparisons are also made with results from the middle stratosphere.

1. Introduction

Waves grow baroclinically in midlatitudes and then
radiate both vertically and meridionally away from the
source region (Edmon et al. 1980; Randel and Stanford
1985). The meridional propagation, which is primarily
towards lower latitudes, results in barotropic decay of
the waves. Idealized numerical models suggest that ir-
reversible mixing occurs in two distinct regions: 1) in
midlatitudes during the growth and occlusion process
and 2) at upper levels when the waves break as they
propagate into regions of weak mean winds. While it
is certainly oversimplified, this picture is useful in sug-
gesting that the eddy flux closure problem might use-
fully be divided into two parts, corresponding to the
two regions of mixing (e.g., Hoskins 1983; Held and
Hoskins 1985; Shepherd 1989).

With regard to the wave radiation and barotropic
decay phase, one is tempted to rely on linear theory,
not only to determine the direction of the radiation
but also to predict where the mean flow deceleration
associated with the wave breaking and absorption will
take place. In particular, linear theory predicts that the
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distribution of the wave forcing of the mean flow, the
Eliassen-Palm (E-P) flux divergence, is strongly con-
strained by the space-time spectrum of the disturbance
emanating from the source region: that part of the dis-
turbance’s wave activity, or pseudomomentum, char-
acterized by phase speeds between ¢ and ¢ + 3¢ will be
deposited where the mean zonal flow 7 satisfies ¢ < #
< ¢ + d¢. See Held and Phillipps (1987) for a simple
barotropic example of wave radiation and decay ana-
lyzed in this way.

Finite-amplitude disturbances decelerate the flow in
more complex ways, as also illustrated in the barotropic
example of Held and Phillipps and in a number of
baroclinic wave propagation studies, many of which
have focused on the stratosphere and the sudden
warming phenomenon (Robinson 1988; O’Neill and
Pope 1988 are two recent examples). If the disturbance
has a relatively well-defined phase speed, linear theory
predicts that the E~P flux divergence will be localized
in narrow “critical” layers, but as the meridional par-
ticle displacements generated by the wave in the break-
ing region grow, the E-P flux divergence must be ex-
pected to spread over a wider region spanned by these
displacements. On this basis, one is led to expect that
a smeared out version of the linear prediction might
be relevant. But it is also found in idealized calculations
that finite-amplitude waves generally break before they
reach their critical latitude (see also in this regard the
two-layer life cycle study of Feldstein and Held 1989),
so that the pseudomomentum is deposited at latitudes
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where the zonal flow is still substantially larger than
the phase speed. Large dissipation would have a qual-
itatively similar effect on the distribution of the drag,
preventing the spatial separation between the source
region and the region of drag deposition from being as
large as predicted by inviscid linear theory. Intuitively,
“wave-wave interactions,” or the mixing induced by
the breaking of other waves in the spectrum, could
play such a dissipative role.

In this paper we test these expectations against ob-
servations by examining the phase speed spectra (more
generally, the wavenumber—phase speed spectra) of the
tropospheric eddy heat and momentum fluxes, and the
E-P flux divergence, as functions of latitude and height.
We compare these spectra in the different seasons and
hemispheres. Additionally, we present results for eddies
in the winter stratosphere of both hemispheres. Space-
time energy spectra are a common starting point for
many studies (Hayashi 1982). Space-time cospectra
of tropospheric heat and momentum fluxes have been
given surprisingly little attention. Mechoso and Hart-
man (1982) present heat and momentum flux covari-
ance spectra for high southern latitudes during May-
September 1979, with a focus on planetary wave char-
acteristics. Zangvil and Yanai (1980) and Yanai and
Lu (1983) compute space-time spectra of the mo-
mentum flux in the low-latitude upper troposphere,
with the purpose of studying the sources of equatorial
waves. Our primary focus in this study is on the lo-
cation of the wave absorption regions in the upper tro-
posphere as a function of phase speed.

2. Data and analyses
a. Data

The tropospheric data utilized here are daily global
analyses of winds and temperatures from the European
Centre for Medium Range Weather Forecasts
(ECMWF), covering the years 1980-87. Data are
available on seven standard pressure levels (1000, 850,
700, 500, 300, 200 and 100 mb), with the original
archive consisting of 2.5 X 2.5 degree latitude-longi-
tude grids. These grids have been converted to 7.5 by
(approximately) 4.5 degree longitude-latitude grids,
consistent with rhomboidal spectra truncation at
wavenumber 15, and archived at NCAR. These data
have subsequently been used to calculate zonal Fourier
coefficients up to wavenumber 12 on the (approximate
4.5 degree) Gaussian latitude grid, and these form the
basis of the analyses here. An extensive discussion of
the ECMWEF data and assessment of its quality can be
found in Trenberth and Olson (1988). Time series of
length 120 days are analyzed during Northern Hemi-
sphere (NH) winter (December-March, hereafter
DJFM), and Southern Hemisphere (SH) winter (June-
September, JJAS), and the spectra are averaged ap-
propriately over the available years of data.
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We also present results for winter transient eddies
in the middle stratosphere. The data used in these cal-
culations are based on linear balance winds and hy-
drostatic temperatures derived from stratospheric geo-
potential height data produced operationally at the
National Meteorological Center/Climate Analysis
Center. Details of the data and wind derivations can
be found in Randel (1987). Spectra presented are four
year averages (1985-88) calculated from 120-day time
series during NH and SH winter.

b. Spectral analyses

Space-time cross-spectral analyses are used here to
characterize the disturbances that contribute to the
zonal mean eddy fluxes. For any two longitude-time
series a(A, t) and b(X, t), the estimate of the space—
time cospectra power density is defined as

Kyla, b) = 2(Re(4,.B}0)), (1a)

where the angle brackets represent averaging over a
frequency bandwidth needed to obtain a spectral es-
timate from a finite time series (and over different re-
alizations of the time series), and

1 T o —~i(nA+wt)

ZWTJ; dtJ; a(\, e d\ (1b)
(and similarly for B, ). Here n is the number of waves
fitting around a latitude circle. Using the convention
that #n is positive, positive and negative w correspond
to westward and eastward propagation, respectively.
We follow the method described in Hayashi (1971, his
Eq. 4-11) for the computation of K,,,. Time spectra
are calculated by direct Fourier transform, and
smoothed at frequency wp using a normalized Gaussian
spectral window of the form

W(w — wg) = e—[(w—wo)/Awlz, (2)

with Aw = 3. This choice of spectral window was chosen
to give a good balance between spectral resolution and
stability. Figure l1a shows an example wavenumber—
frequency contour diagram for transient eddy poleward
heat flux (v'T") at 300 mb, 47°N during DJFM, show-
ing strong covariance for eastward propagating zonal
waves 4-7.

Wavenumber-phase speed (c) spectra are calculated
as follows. The spectral power density in phase speed
space is defined so that total power is conserved in the
transformation from frequency space, i.e.,

Anw =

K,. Ac = K+ Aw. (3a)
Since w = ¢(n/a cosg), we get
Kne = Kk,w-(—" ) . (3b)
a cosg

The K, is calculated by constructing a phase speed
grid (of resolution 1 m s™'), and interpolating the
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FIG. 1. Zonal wavenumber—frequency covariance spectra of v'7" at 300 mb, 47°N during DJFM. The spectral bandwidth (BW ) associated
with the Gaussian spectral window (2) is also shown. Spectral density contour interval is 0.01 K m s™' - Aw™", with Aw the unit frequency
interval of (27 /120 days). (b) Zonal wavenumber phase speed covariance spectra calculated from (a) via (3). Contour interval is 0.02 K
ms~'-Ac™!, with Ac the unit phase speed interval of 1.0 m s™'. Shaded regions denote wavenumber—phase speed combinations which are

unresolved at this latitude (as discussed in text).

spectral density at each phase speed from the two closest
frequency estimates of X, ,, then multiplying by (n/
a cos¢). The sum of the covariance is then essentially
the same whether summed in frequency or phase speed
space.

Figure 1b shows a wavenumber-phase speed dia-
gram constructed from the data in Fig. 1a. Note the
relative increase in spectral density for higher zonal
wavenumbers as compared to Fig. 1a, due to the n
factor in (3b). A point to note is that, due to the fre-
quency limits imposed by 120-day time series (wiow
= 27/ 120 days, whign = 27 /2 days), some wavenum-
ber-phase speed combinations are unresolved in these
data. For example, for zonal wave 1, the lowest phase
speed resolvable at 47°N isciow = 2.6 m s~!, while for
wave 10, cpign = 15.8 m s~'. Regions where the power
is unresolved are shaded in Fig. 1b and the following
wavenumber—phase speed diagrams. Because the low-
est phase speeds are unresolved, the tropospheric lat-
itude—phase speed diagrams (section 4) show spectra
only for (absolute values of) phase speeds greater than
orequal to2 ms™'.

One could also choose to consider the spectral den-
sity as a function of angular phase speed, w/n, rather
than ¢, motivated by the fact that « and » are both
conserved as a wavepacket propagates meridionally
through a time-independent, zonally symmetric flow.
Since we will be comparing the spectra to the zonal
wind distribution, we have chosen to work with
¢ = wa cos¢/n rather than w/n.

3. Wavenumber-phase speed spectra

Figure 2 shows a series of wavenumber-phase speed
spectra for transient eddy poleward heat flux at 700
mb, 47°N and S, for DJFM and JJAS. This is near the
location of maximum transient heat flux for each sea-
son. Also added in the right hand panels of Fig. 2 are

the summed contribution from all transients (dashed
lines) and stationary waves (solid lines), plotted as a
function of zonal wavenumber. Here stationary refers
to the time mean components, not waves with fluc-
tuating amplitudes and zero phase speed. These figures
demonstrate several familiar facts:

1) Transient wave heat flux is dominant in all sea-
sons except NH winter, where stationary planetary
wave (n = 1-3) fluxes are equally important.

2) Transient wave heat fluxes are maximum for
medium-scale waves (n# = 4-7, zonal wavelengths ~ 4-
7000 km) moving eastward with phase speeds of order
5-15ms™",

3) The phase speed spectra show an overall slope
of the contours, such that higher wavenumbers (shorter
zonal scales) move with successively faster eastward
phase speeds.

4) The NH spectra are somewhat broader in wave-
number decomposition, suggesting the importance of
spatially localized features. Conversely, the more con-
centrated SH spectra (especially during SH summer)
show the importance of medium scale waves of hemi-
spheric extent (such as the global wave 5 features dis-
cussed by Salby 1982; Hamilton 1983; Randel and
Stanford 1985).

The predominance of eastward moving medium
scale waves seen in Fig. 2 is also observed for other
cross spectra throughout the midlatitude troposphere.
Similar signatures are observed for eddy momentum
flux (shown below), transient eddy kinetic energy (not
shown here), and upper tropospheric geopotential
height fluctuations (Bottger and Fraedrich 1980; Frae-
drich and Kietzig 1983; Speth and Madden 1983).
Similar spectra are also found in general circulation
model results (e.g., Hayashi and Golder 1977).

As waves propagate towards low latitudes in the up-
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is 0.03 K m s™'- Ac™'. Right panels show total transient (dashed lines) and stationary (solid lines)
contribution to poleward heat flux versus wavenumber for each location and season, illustrating the
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per troposphere, the higher phase speed components
are selectively removed from the spectra. Figure 3
shows eddy momentum flux cospectra at 38° (near the
latitude of maximum flux) and at 20° for NH and SH
winters. The spectra at 38° show patterns similar to
the respective heat flux signatures in Fig. 2. The spectra
at 20° show similarly positioned spectral peaks for the
lowest phase speeds (near n = 6, ¢ ~ 5 m s~! for NH
and n =4, c ~ 7 m s™! for SH), while much of the
higher phase speed covariance at 38° is absent at 20°;
this suggests that the faster waves are preferentially ab-
sorbed before they reach the subtropics.

A concise measure of the eddy forcing of the zonal
mean flow, and, if the dynamics is approximately lin-
ear, of nonconservative wave effects, is provided by the
divergence of the E-P flux (Edmon et al 1980). Figure
4 shows wavenumber-phase speed spectra of the quasi-
geostrophic E-P flux divergence Dy multiplied by co-
sine of latitude in the midlatitude middle troposphere
(47°S, 500 mb) and in the subtropical upper tropo-
sphere (24°S, 200 mb) during SH winter. Dy is cal-
culated from:

1 i}

__ 1 9 =2
acosz¢8¢( u'v' cos*¢)

Dp

7T
"—), (4)

., 0
+ ps lb';(psf N?

DJFM TRANSIENT UV POWER: 300 MB, 38 N

ZONAL WAVENUMBER
- N W s U ND OO
T

—l i i 1 ol
-25 -20 -15 -10 -5 0 5 10 15 20 25
PHASE SPEED (M/S}

DJFM TRANSIENT UV POWER:

T T

300 MB. 20 N

ZONAL WAVENUMBER
-V Ws VO N® OO
T

Laaaal
5 10
(M/S)

_I aaadaaaal L " I.
-25 -20 -15 -10 -5 O
PHASE SPEED

al ral al

15 20 25

JOURNAL OF THE ATMOSPHERIC SCIENCES

VoL. 48, No. §

with p; the background density and N? the (latitude-

height dependent) static stability parameters, respec-

tively. We include the cos ¢ factor so as to have a mea-

sure of the torque exerted by the eddies on the mean

flow. Spectral components of Dy were calculated di-
rectly from spectra of ¥’v’ (as in Fig. 3) and v'T"’ (as
in Fig. 2). The positions chosen in Fig. 4 represent two

contrasting regions of baroclinic wave activity, both
where the eddies exert a drag on the mean flow. Spectra
at 47°, 500 mb (Fig. 4a) are directly above the storm
track region in the middle troposphere; Df here is a
result of the opposing effects of the momentum and
heat flux terms in (4). The latter is the dominant term,

and the D spectra are shaped similarly to the heat flux
spectra in Fig. 2. The subtropical upper tropospheric
Dy spectrum (Fig. 4b) primarily results from the con-
vergence of momentum flux, as can be seen by com-
parison with the SH winter u'v’ spectra in Fig. 3 (the
24° Dy spectra is approximately the difference between

the 38° and 20° spectra in Fig. 3).

4. Latitudinal structure of phase speed spectra

The idealized model studies discussed in the Intro-
duction suggest that the latitudinal dependence of the
eddy flux phase speed spectra should be related to the
horizontal structure of the zonal mean flow. A concise
way to look for such a dependence is to sum the con-
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FIG. 3. Zonal wavenumber—phase speed spectra for transient eddy momentum flux at 38° (top) and 20° (bottom), for NH winter (left)
and SH winter statistics (right). Contour interval is 0.10 m? s=2- Ac™! in the upper and 0.05 m? s72. Ac™! in the lower panels.
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FIG. 4. Zonal wavenumber phase speed spectra of transient wave
EP flux divergence D (4) multiplied by cosine of latitude at 300
mb, (a) 47°S and (b) 29°S for SH winter statistics. The sign of Dy
has been reversed to agree with Fig. 7, i.e., positive contours denote
negative Dr. Contour interval is 0.01 m s™! per day- Ac™'.

tributions from all zonal wavenumbers, and plot con-
tour diagrams of wave covariance versus latitude and
phase speed. Figure 5 shows such diagrams for 700 mb
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heat flux, for DJFM and JJAS. These diagrams define
the spectra of low-level baroclinic wave generation,
along with its seasonal and hemispheric dependence.
The patterns show broad maxima in middle to high
latitudes, spanning a range of eastward phase speeds
of order 0-20 m s™!. The latitudinal extent of v'T’
changes seasonally in both hemispheres, with winter
maxima approximately 10° equatorward of those in
summer. Northern Hemisphere fluxes exhibit eastward
maxima near 5-10 m s~!, along with high latitude
quasi-stationary covariance, especially in winter.
Southern Hemisphere patterns in Fig. 5 show maxima
near 10 and 6 m s~! in DJFM and JJAS, respectively.

Figure 6 shows latitude—phase speed diagrams for
300 mb transient eddy momentum flux, a signature of
meridional wave propagation. Southern Hemisphere
patterns in Fig. 6 show equatorward propagation
{poleward momentum flux) equatorward of 55°S, and
poleward propagation south of this latitude, signifying
a divergence of wave activity from midlatitudes.
Northern Hemisphere transient wave propagation is
almost entirely equatorward. This is an important dif-
ference between the two hemispheres, which appears
in both seasons. Comparisons of Figs. 5-6 shows
a nearly one-to-one correspondence between the
phase speed of maxima in u'v’ and of maxima
inv'T’.

Figure 6 also includes lines indicating the seasonal
mean 300 mb zonal mean zonal wind # in each dia-
gram and shading which denotes plus and minus one
daily standard deviation in #. Linear theory predicts
that waves will not propagate meridionally beyond their
critical line, where # = ¢; in Fig. 6 this would show up
as an absence of u'v’ at phase speeds faster than .
There is excellent agreement with this prediction in
both hemispheres and both seasons. The fastest phase
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FIG. 5. Contours of 700 mb transient eddy heat flux versus latitude and phase speed
for DJFM (left) and JJAS (right). Contour interval is 0.10 K m s™!- Ac™'.
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FiG. 6. Contours of 300 mb transient eddy momentum flux versus latitude and phase speed for DJFM (left) and
JJAS (right). Contour interval is 0.50 m? s2- Ac™!, with zero contours omitted. Heavy lines in each panel denote
seasonal average zonal mean zonal wind, and shading denotes plus and minus one daily standard deviation.

speeds are confined near the respective jet cores, and
waves with smaller phase speeds propagate more deeply
into the tropics. This is particularly clear in the SH
summer, where the covariance isolines in the subtropics
are nearly parallel to the zonal wind profile.

Similar plots for the divergence of the EP flux are
shown in Fig. 7 for the 500, 300 and 200 mb levels.
Again we have multiplied Dy by cos¢ so as to be pro-
portional to the torque exerted by the eddies on the
mean flow. The middle tropospheric (500 mb) patterns
show wave drag concentrated in middle and high lat-
itudes, with a majority directly above the wave gen-
eration regions identified in Fig. 5. These maxima result
primarily from the vertical convergence term in (4).
At 200 mb the wave drag is located almost exclusively
in the subtropics, this being the result of the equator-
ward wave propagation from midlatitudes. The 300
mb level shows patterns midway between those at 500
and 200 mb. The simplest picture of linear wave ra-
diation on a steady zonal flow predicts that the power
in the subtropical upper troposphere should be aligned
along the # = ¢ curve. Figure 7 shows maxima in D
approximately 10°-20° latitude away from the re-
spective critical lines for each season. This distance in
latitude is roughly consistent between the seasons,
whereas the velocity difference between the maximum
in D and i at that latitude is not constant (compare
the difference at 40°S in SH summer, ~10ms™!, with
that at 30° in SH winter, ~20 m s™!). This suggests
that meridional displacement from the critical latitude
is more relevant for the drag deposition than is (# —
¢). The distance from the critical latitude at which
breaking occurs should be related to the eddy energy
level, but we have not found a simple quantitative ar-
gument for the observed displacement.

A minimum in Dy at the latitude of the maximum
in the lower tropospheric eddy heat flux (Fig. 5) is
clear in Fig. 7 at 300 and 200 mb. Since Dris associated
with irreversible mixing (e.g., Edmon et al. 1980), the
implication is that the bulk of the upper tropospheric
mixing is located well north and south of the storm
track, with the flow immediately above the storm track
more nearly conservative. In the middle troposphere,
mixing is largest above and poleward of the storm
tracks. This picture is consistent with the numerical
life cycle studies of Simmons and Hoskins (1978).

Figure 8 shows latitude-phase speed distributions of
EP flux divergence for the middle stratosphere (10 mb).
An important point to note is that because low-fre-
quency planetary waves (zonal waves 1-2) dominate
much of the stratospheric spectra (not shown here),
there is a substantial amount of covariance at low phase
speeds that is unresolved in these analyses (cf. Fig. 1b
and discussion in section 2b). Figure 8 therefore shows
spectra only for (absolute values of) phase speeds
greater than or equal to 4 m s™'. This unresolved co-
variance is particularly large in the NH winter where
planetary waves are often quasi-stationary; there it ac-
counts for approximately 45% of the total (area aver-
aged) transient Dy variance. In the SH winter planetary
waves propagate more regularly eastward, and only
15% of the transient Df variance is unresolved in our
analyses.

The NH winter patterns in Fig. 8a show the quasi-
stationary Dy activity as slow eastward and westward
maxima centered near 35°N. This is approximately
20°-30° in latitude poleward of the near-zero wind
line in the tropics. Southern Hemisphere winter statis-
tics (Fig. 8b) show eastward propagating covariance in
the range 0-20 m s™', with notable alignment of the
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FiG. 7 Contours of transient wave EP flux divergence [ Dr, Eq. (4)], multiplied by cosine of latitude,
at 500 mb (lower), 300 mb (middle) and 200 mb (top). For clarity the sign of Dy has been reversed,
i.e., solid lines denote negative Dr. Contour interval is 0.04 m s~! per day- Ac™"'. Heavy lines in each
panel denote seasonal average zonal mean zonal wind, and shading denotes plus and minus one daily
standard deviation.
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FIG. 8. Latitude~phase speed spectra of Dy cos¢ for circulation statistics in the middle stratosphere (10 mb). Left
panel shows NH winter statistics (November-February), right panel SH winter data (June-September). Contour
interval is 0.015 m s~ per day - Ac ™!, with zero contours omitted. Note that due to sampling considerations, contours
are only drawn for (absolute values of) phase speeds greater than or equal to 4 m s~ (see text for discussion). Heavy
lines in each panel denote zonal mean zonal wind, and shading denotes plus and minus one daily standard deviation.

Dy contours in the subtropics, parallel to and approx-
imately 10° in latitude poleward of the critical line.
This closer approach to the critical line in the SH winter
may be due to significantly smaller amplitude waves
in the SH, and hence a closer approximation to linear
wave behavior.

5. Concluding remarks

While the dominant eddies in the troposphere are
certainly “turbulent” in some sense, they also retain
some wavelike characteristics. To test the importance
of these wavelike characteristics for the structure of the
eddy fluxes, we decompose these fluxes into contri-
butions from different zonal phase speeds. The mo-
mentum flux and E-P flux divergence cospectra dem-
onstrate that wavelike properties are indeed strong
enough to influence the interaction between the eddies
and the mean flow.

Upper tropospheric eddies of phase speed ¢ propa-
gate away from their source region, where # is much
larger than ¢, into regions of smaller (# — ¢) north and
south of the source. The observations here demonstrate
a clear tendency for eddies of smaller zonal phase speed
to propagate further into regions of smaller #. The ed-
dies typically do not reach their critical latitudes. Larg-
est pseudomomentum deposition is found 10°-20°
latitude from the wave’s critical latitude. Here they mix
the potential vorticity and decelerate the mean flow.
The mixing and the associated drag on the mean flow
are relatively small in the upper troposphere above the
source region itself. That the flow is more nearly con-
servative immediately above the storm track is coun-

terintuitive but consistent with numerical models of
baroclinic eddy life cycles. These results lend some
support to eddy flux closure schemes in which the
problem is split into two parts: a theory for the space-
time spectrum of the wave activity propagating into
the upper troposphere (i.e., of the lower tropospheric
heat flux) and a theory that accounts for the meridional
propagation of these eddies on the upper tropospheric
flow and the resulting wave breaking and mixing that
determine the pattern of the mean flow deceleration.

The approximation of setting the drag equal to zero
everywhere except along the & = ¢ line is not quanti-
tatively accurate; this study suggests that a more useful
approximation may be to spread the drag over a region
10°-20° from the critical latitude. This distance is pre-
sumably controlled by the amplitude of the eddies.
Even after making this gross simplification, one would
still need some way of determining how much of the
wave activity was deposited north and how much south
of the source.

Data for the SH show the strongest localized maxima
and minima in Dr in the upper troposphere. The pic-
ture is somewhat less clear in the Northern Hemisphere,
and this may be attributable to the NH storm tracks
and time-mean flow being distributed more asymmet-
rically in longitude than their SH counterparts. It is
possible that cleaner results, with a “conservative” up-
per troposphere directly above the storm track, sur-
rounded by regions of drag deposition to the north and
south, would be obtained by focusing on certain re-
gions. But it is also plausible that substantial irreversible
mixing occurs in the upper troposphere at the latitude
of the storm track when the track is strongly zonally
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asymmetric, particularly in the barotropic decay re-
gions that are favorable for blocking (Shutts 1983),
and that this mixing cannot be understood even qual-
itatively in terms of waves propagating on zonal flows.
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