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ABSTRACT

Global analyses from the European Centre for Medium-Range Weather Forecasts (ECMWF) are used to analyze
the sequence of events leading to the creation of a large-scale reversal of potentia vorticity (PV) gradients
across the subtropical tropopause on 10 June 1992 over the North Pacific. The “reversed” (i.e., southward
directed) PV gradients across the tropopause initially appeared at 1200 UTC on 10 June, the time herein designated
as the “‘onset” of this event, at 25°N near the date line.

Maps of PV are shown to highlight the evolution of a mobile Rosshy wave packet during its migration across
eastern Asia toward the subtropical Pacific during the several days prior to onset. With explicit regard to the
validity of linear theory and the Wentzel-Kramers—Brillouin-Jeffreys approximation, wave activity flux diag-
nostics are employed to assess the propagation characteristics of this disturbance during that time. Following
its departure from eastern Asia, much of the wave activity associated with the packet traveled southeastward
along a quasi-horizontal path to the subtropical Pecific, above 300 hPa. A Hovmdller diagram of PV at 350 K
is used to estimate the eastward phase speed (c,) of the PV anomalies in the wave packet during its upper-level
transit. The spatia distribution of U — c,, where U symbolizes the basic-state zonal wind, suggests that the
generation of reversed PV gradients over the subtropical Pacific in this case was a result of the wave packet’s
proximity to a critical line.

The evolution of this disturbance, and its associated production of reversed PV gradients across the tropopause,
is viewed in light of previous climatological studies of Rossby wave breaking (RWB) to offer insight into the
origin and maintenance of the “‘surf zone” that resides near the subtropical tropopause over the North Pacific
during summer. Composites of PV-anomaly patterns and wave activity fluxes, over a set of 33 RWB events that
occurred during the 10 boreal summers from 1986 to 1995, imply that this feature isintimately related to repeated
critical-layer interactions of the kind exhibited by the 10 June case. Moreover, the entrainment of Asian monsoon
outflow into the 10 June PV-gradient reversal (as shown by air-parcel trajectories during the week prior to onset),
when placed in the context of previous climatological statistics of the participation of Asian monsoon outflow
in similar events, suggests that this surf zone delineates a sector of the atmosphere wherein tropical tropospheric
air from the Asian monsoon and relatively high PV from the extratropical stratosphere are united during critical-
layer interactions over the subtropical Pacific. These results provide a dynamical framework for understanding
complex transport phenomena associated with the outflow of biomass burning and pollution from subtropical
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continental regions.

1. Introduction

A recent study by Postel and Hitchman (1999, here-
after referred to as PH99) showed that the production
of southward-directed (‘‘reversed’) potential vorticity
(PV) gradients across the subtropical tropopause occurs
nearly exclusively during summer, over the midoceans.
These PV configurations, schematically depicted in Fig.
1, are signatures of Rosshy wave breaking (RWB) along
the tropopause. In general, RWB may be regarded as
the rapid (of order 1 day) and irreversible deformation
of PV contours (Mclntyre and Palmer 1984). It appears
as asynoptic-scale, quasi-horizontal analog to the break-
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ing of ocean waves on a beach, whereby PV contours
on isentropic surfaces are stretched and folded over in
a manner that resembles the bending and twisting of
streamlines in a high Reynolds number flow near the
wake of a cylinder (e.g., McIntyre and Palmer 1984,
Duan and Wiggins 1997). Analytical, numerical, and
observational studies (e.g., Stewartson 1978; Warn and
Warn 1978; Juckes and Mclntyre 1987; Polvani and
Plumb 1992; Thorncroft et al. 1993) have shown that
the interaction between a Rossby wave and the flow
immediately surrounding its critical surfacet results in

L A critical surface (also referred to as a critical line or a critical
level) isthe locus of points on which the zonal phase speed of awave
matches the mean zonal flow speed. A critical layer is the region
surrounding a critical surface, wherein wave transience, dissipation,
and/or nonlinearity are important processes in the flow’s evolution
(e.g., Andrews et al. 1987).
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Fic. 1. Schematic of Rossby wave breaking along the tropopause
on an upper-level isentropic (6) surface over the North Pacific Ocean.
The thick line is the Northern Hemisphere tropopause, which is de-
fined in this study as the +1.5 PV unit surface (or equivaently as
the +1.5 PV unit contour on a 6 surface), where 1 PV unit = 10-¢
K m?2 s~ kg~t. The hatched region denotes a surf zone, where the
meridional gradient of PV across the tropopause is regionally re-
versed.

the destruction of the disturbance’s wavelike attributes
and the transformation of its associated PV contours
into a pattern such as that shown in Fig. 1.

The theory of nonlinear critical layers provides an
explanation for the flow evolution within a Rossby wave
critical layer (e.g., Stewartson 1978; Warn and Warn
1978; Haynes 1985; Killworth and Mclntyre 1985). In-
sight into the flow behavior during a Rossby wave pack-
et’'s approach to a critical layer, however, can be appre-
ciated within the linear dynamical framework. In a bar-
otropic flow with a nonuniform basic state [e.g., one
composed of a latitudinally varying zonal velocity,
u(y)], the quasi-plane-wave solution to the linearized
quasigeostrophic (QG) PV eguation yields a two-di-
mensional Rossby wave dispersion relationship in the
following form:

c, — U= —q,(k*+ 12), (D)

where c, isthewave's phase speed in the zonal direction,
k and | are the zona and meridional wavenumbers of
the disturbance, and g, is the meridional gradient of the
mean QG PV. The corresponding zonal and meridional
group velocity components are

C = U+ yk— 1)k +12)2 and (29)
Gy, = 2Ky (K + 12)2. (2b)
For agivend, and k, whentU - c,, |I| — o according
to (1), and consequently c,, ¢, — 0 in (2). Equations

(1) and (2) suggest that Rossby waves propagating to-
ward a critical surface ““pile up” and exhibit a change
in shape during the process whereby their phase lines
tilt progressively toward the zonal dimension as their
meridional length scale shrinks. The PV contour in Fig.
1, which portrays a breaking Rossby wave over the west
Pacific, has implicitly experienced aspects of this type
of behavior.

Ultimately, as nonlinear effects become important,
the velocity field associated with RWB drives a cascade
of motion to increasingly fine scales, whereby intensi-
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fication of constituent gradients and the enhancement
of transport and mixing processes occur simultaneously
(e.g., Haynes 1985; Juckes and Mclntyre 1987; Polvani
and Plumb 1992; Waugh and Plumb 1994; Norton
1994). When a Rossby wave breaks along the tropo-
pause, therefore, properties of the stratosphere and tro-
posphere are exchanged. Stratospheric air with high
ozone, relatively high volcanic aerosol, and reduced wa-
ter vapor content is entrained into the upper troposphere,
while moist, relatively polluted air is entrained into the
stratosphere. The RWB frequency distribution in the
Northern Hemisphere (NH) summer (Jun, Jul, and Aug),
shown in Fig. 2 (from PH99), thus exposes a geograph-
ical asymmetry in the exchange of mass between the
stratosphere and the troposphere. The shaded regionsin
Fig. 2 outline locales wherein RWB aong the tropo-
pause at 350 K, during summer, most frequently occurs.
These so-called surf zones delineate sectors of the sub-
tropical atmosphere that are of great meteorological sig-
nificance.

Following the innovative studies of the propagation
and/or breaking of Rossby waves (e.g., Karoly 1983;
Mclntyre and Palmer 1984; Thorncroft et al. 1993; and
others), it islogical to suggest that the RWB frequency
maxima shown in Fig. 2 owe their existence to the in-
teraction between equatorward-migrating midlatitude
Rossby waves and their critical layersin the weak sub-
tropical wind fields. However, it isaso possible that the
relatively frequent PV-gradient reversals in these re-
gions are instead related to the breaking of the monsoon
anticyclones (to the extent that they themselves are qua-
si-stationary Rosshy waves that straddle the mean zero-
wind line) and the irreversible deformation of the sub-
tropical tropopause associated with this process (Chen
1995). In either instance, a detailed and methodical ob-
servational assessment of how these surf zones are cre-
ated and/or maintained awaits further attention.

In this paper, we address this issue by focusing our
discussion on a case study of the sequence of events
leading to the creation of reversed PV gradients across
the subtropical tropopause over the North Pacific. The
reversal of PV gradients in this case exemplified the
type of processes tabulated in the PH99 RWB clima-
tology. In accord with the PH99 study, we designate the
NH tropopause as the +1.5 PV unit surface (or equiv-
alently as the +1.5 PV unit contour on an isentropic
surface, where 1 PV unit = 1078 K m2 s~* kg-%). In
the example we present, reversed PV gradients across
the tropopause (with a magnitude of at least 1 PV unit
per 10° |atitude) first appeared at 25°N and 180° on 1200
UTC 10 June 1992, the time herein defined as *‘ onset.”
Our elucidation of the large-scale flow evolution during
the several days prior to onset suggests that the reversal
of PV gradients on 10 June was triggered by the intru-
sion of a midlatitude Rossby wave packet into a critical
layer over the subtropical North Pacific. Air-parcel tra-
jectories are shown to highlight the confluence of Asian
monsoon outflow and stratospheric air prior to and dur-
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Fic. 2. Total number of reversed PV gradients across the tropopause at 350 K during the 10
boreal summers (Jun, Jul, and Aug) from 1986 through 1995. These values are contoured, by the
unlabeled thick lines, from 5 by 4. The 150-hPa wind vectors (m s-*) and geopotentia heights
(m) averaged over the same period are shown by the vectors and thin labeled contours, respectively.

ing the PV-gradient reversal, and in turn, reveal that this
process united air masses with markedly different ori-
gins over the North Pacific. Composites over a set of
such events during a 10-yr period are provided to aug-
ment our investigation of the processes involved in the
inception of reversed PV gradients acrossthetropopause
during the NH summer over the North Pacific. The ev-
idence they provide upholds the notion that this surf
zone is indeed related to the repeated invasion of mid-
latitude Rossby wave packets into the weak winds over
the subtropical Pacific.

In section 2 of this paper, the data and analysis tech-
niques are described. With explicit regard to the validity
of linear theory and the Wentzel-Kramers—Brillouin—
Jeffreys (WKBJ) approximation, we employ isentropic
PV maps and wave activity? diagnostics in section 3 in
our assessment of the preonset propagation character-
istics of the “‘precursor’” Rossby wave packet. In that
section, the history of the wave activity propagation
patterns associated with the packet, as well as the par-
ticipation of Asian monsoon outflow in the disturbance’s
reversal of PV gradients over mid—Pacific Ocean, are
also discussed. It should be noted that our analysis of
the 10 June case indicates that much of the wave activity
associated with the precursor wave packet, asit departed
midlatitudes and invaded the weak wind regime in the
subtropics, followed a quasi-horizontal path above 300
hPa. Thisis consistent with the observation (Fig. 3) that
the reversed PV gradients associated with this **RWB
event” most numerously appeared at 350 K, even
though they extended across a range of isentropes from
roughly 340 to 390 K. In an effort to best illustrate the
precursor wave packet’s approach to a critical line, we

2Wave activity may be thought of as a measure of disturbance-
associated air-parcel displacements, or ‘““waviness,” in the PV field.
It is proportional to the variance (with respect to the zonal mean) of
QG PV, q, in the betaplane QG limit, where it may be ap-
proximated as q'?/2q,, (e.g., Edmon et al. 1980).

center our discussion in section 3 on the flow evolution
at 350 K during the several days leading to onset. Sec-
tion 3 also includes composites of the preonset flow
structure to confirm that this case study exemplifies the
type of processes responsible for the generation of the
North Pacific surf zone shown in Fig. 2. In section 4,
a summary and discussion are provided.

2. Data and analysis techniques
a. Data

This study employs meteorological data produced by
the European Centre for Medium-Range Weather Fore-
casts (ECMWF). Generated from operational assimila-
tion procedures, the data consist of twice-daily unini-
tialized globally analyzed fields of geopotential height,
temperature, and horizontal wind on a 2.5° grid at all
standard levels in the troposphere and stratosphere.
Widespread agreement between global analyses pro-
duced by the National Centers for Environmental Pre-
diction and the ECMWF exists over the NH extratropics
(Trenberth and Olson 1988). Though this study focuses
on the large-scale flow evolution in a sector of the at-
mosphere that is relatively poorly sampled by in situ
observations (Daley 1991), our conclusions are based
on scales of motion large enough to not likely be ar-
tifacts of the ECMWF model.

b. Analysis tools
The quantity

u Cco
p by W), |,

p a cosg a Ccosg
was used to compute PV. Near the tropopause, P
closely approximates Ertel’s PV [cf. Andrews et al.
1987, Eq. (3.1.4)]. In (3), p is density, ¢ is latitude,
A islongitude, z is geopotential height, 0 is potential

3
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Fic. 3. The number of grid points (N) at which the magnitude of
thereversed PV gradient equaled or exceeded 1 PV unit per 10° |atitude
on 1200 UTC 10 Jun 1992, as a function of potential temperature (6).
The search domain on each 0 surface included only grid points from
140°E to 160°W and from 15° to 35°N, and included reversed PV
gradients across all PV contours within that domain. Owing to the
nearly continual existence of reversed PV gradients on relatively small
scales in this domain during summer, N was computed as the value at
onset minus the value of the 7-day mean centered at onset.

temperature, a is the earth’s radius, f isthe Coriolis
parameter, u is the zonal velocity component, v isthe
meridional velocity component, and the subscripts de-
note partial derivatives. The derivatives in (3) were
approximated by second-order-accurate centered dif-
ferences. A linear interpolation was used to transform
isobaric distributions of P onto isentropic surfaces.
Spatial derivatives of P were also computed using
second-order-accurate centered differences. Unless
otherwise stated, mean values of all variables are
herein defined as the 31-day time mean, centered on
8 June (2 days prior to onset), while anomalies are
regarded as departures from that time mean.

The E fluxes (Trenberth 1986) were used to diagnose
the Rossby wave propagation characteristics prior to
onset. Owing to its derivation from a time-mean flow,
rather than a zonal-mean flow, the E flux may be re-
garded as a three-dimensional Eliassen—Palm (EP) flux.
The orientation of E vectors reveas the relative mag-
nitudes of the eddy heat and momentum transports, as
well as information regarding the group velocity of the
Rossby waves associated with these transports. The E-
flux divergence denotes the extent to which the eddy
heat and momentum fluxes together accelerate the mean
horizontal flow.

There are two three-dimensional vectors associated
with the E flux. Since the magnitude of the time-mean
zonal flow nearly everywhere in the region of interest
greatly exceeded the magnitude of the time-mean me-
ridional flow, the vector associated with the eddy forcing
of the mean zonal flow, E,, is considered here. The
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global analyses' lack of precision in the vertical motion
field over the relatively data-sparse subtropical oceans
favors the use of the QG, spherical-coordinate version
of the E, vector for the present purposes. The term
omitted from the primitive equation version of the E,
flux involves the eddy vertical velocity.

The mathematical development of the E, flux yields
the following expressions:

du 1
— o« —V_-E, 4
at cos¢ ! “)
where
1 o - '’
Eu = 5(1}’2 — U’Z), _U,U', fUSZ COSd),
d 1 9 109
V =|—, — — cos¢, ——p,|, and
ax’ cose dy ¢ pg92"°
d ]
—=—4+Uu—+ v—. (5)
d at X ay

In these expressions, the overbars symbolize a time
mean. The eddies, denoted by the primes, are departures
from the time mean. Using standard notation, dx =
acosgdi, dy = adeg, z = In(p,/p), p is pressure, p, =
1000 hPa, p,(2) = p.e77 p.isthe density at the surface,
® is the geopotential, @, = RT, Risthe ideal gas con-
stant, T is temperature, Sis the static stability given by
S = R[T, + «T], k = R/c, and c, is the specific heat
at constant pressure of dry air. In addition, a, ¢, A, and
f arethe same asin (3). A linear interpolation was used
to estimate S and the vertical divergence of E,.

According to (4), wherever the E, flux is convergent
(divergent), the eddy forcing tends to decrease (in-
crease) the mean zonal wind. This holds for all transient
QG eddies, whether linear or nonlinear, wavelike or
turbulent (Edmon et al. 1980). To the extent that WKBJ
theory applies, and given that the mean zonal gradient
of absolute vorticity is small, E, also denotes a flux of
wave activity whereby the pattern of arrows represent-
ing E, is parallel to the intrinsic group velocity of the
eddies.

In this study, RWB onset is defined as ** day[0],” and
“day[t]” refers to t days relative to onset. The com-
positing technique we employed was based on the des-
ignation of day[0] asthe RWB onset time for each event
we included in our analysis. The RWB events from the
PH99 climatology we included in our compositing pro-
cedure were those that occurred during the 10 boreal
summers (Jun; Jul; and Aug) from 1986 to 1995, and
whose onset occurred between 170°E and 170°W. Dur-
ing these 10 summers, PV gradients more frequently
reversed in this longitude band than anywhere else in
the NH at 350 K (PH99).

For each variable, X, its composite, X, was evaluated
at each grid point according to the formula
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> x(i, 9
X(t) = =——,
0 ==
where i represents the event number, N is the number
of events that occurred within this longitude band (33
total), and t is the time in days relative to onset. In the
compositing of PV anomalies, we defined the eddy PV
for each case (at each day relative to onset) as the de-
parture from the 31-day-mean PV centered on day[—2]
of that case.

(6)

3. The North Pacific RWB event of 10 June 1992

a. On the evolution of the precursor Rossby wave
packet prior to onset

Isentropic PV maps at 350 K, valid for a selection of
days before and after the RWB onset of 1200 UTC 10
June 1992, are shown in Figs. 4a—d. The thick dashed
lines indicate approximate axes of two prominent ex-
trema in PV that were associated with the precursor
Rossby wave packet. The clockwise-evolving north-
eastward surge of low PV over the western Pacific
Ocean unmistakably identifies the wave breaking re-
gion. The large-scale PV-gradient reversal associated
with this sequence of events over the western Pacific
Ocean was not strong enough to trigger the RWB de-
tection algorithm at 350 K (see PH99 for details) until
1200 UTC on 10 June at 25°N, 180°.

The extent to which linear wave theory described the
flow behavior during the few days prior to onset, at least
on the spatial scales resolved by the ECMWF analyses,
is clarified by examining the nature of the PV advection
associated with the event. Nearly everywhere, |UPy|
[where P denotes the approximate form of Ertel’s PV
expressed by (3)] was the dominant linear term. The
basic-state PV contours in the region shown in Fig. 4
were nearly aligned along latitude circles (hence,
|[u'P,| was comparatively small). In Fig. 5, |UPy]| is
compared to the largest nonlinear term, |u'Py |, at 350
K on day [—2]. Across much of the western Pacific
Ocean between 25° and 50°N, and throughout most of
the Asian sector, |UP,| was at least two times larger
than |u’'Py]|. In large parts of these zones, |UP;| ex-
ceeded |U'P;| by more than fivefold.

Figure 5 suggests that the nonlinear advection of PV
played arelatively weak rolein thelarge-scaleevolution
of PV in these regions during the few days prior to
onset. At some juncture, undoubtedly, the flow’s non-
linearity was strong enough to severely contort PV con-
tours in subtropical latitudes. Indeed, upon scrutinizing
subsynoptic scales of motion in the PV evolution illus-
trated by Figs. 4b—d, it is apparent that rapid (timescales
less than 1 day) and irreversible contour deformation
occurred in close proximity to the onset location, after
day[—1]. Yet, as Fig. 5 attests, the downstream tilting
of phase lines poleward of 25°N and the concomitant
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meridional length scale contraction that are readily ap-
parent in Figs. 4a and 4b, were primarily linear effects.

The extent to which WKBJ theory suited the flow
near the PV-gradient reversal is brought to attention by
Fig. 6, wherein characteristic length scales of the mean
and eddy flow contributions at 350 K are uncovered. To
evaluate the zonal wavenumber dependence of the time-
mean flow that supported the RWB event, we spectrally
decomposed the spatial distribution of PV in the zonal
dimension using a discrete forward Fourier transform
(e.g., Stull 1988). Figure 6a shows that the basic-state
PV between 25° and 45°N was concentrated in zonal
wavenumbers 1 and 2. As shown in Fig. 6b, much of
the anomalous PV on day[—2] at those latitudes was
focused between zonal wavenumbers 5-9. Though eddy
PV from all longitudes contributed to this picture, its
magnitude at these wavenumbers certainly owed part of
its existence to the anomalous PV associated with the
precursor wave packet over the North Pacific, given that
roughly 50° of longitude separated the two principa PV
maxima in that sector on day[—2] at 35°N (Fig. 4a).
We also note that the zonal distance between the centers
of the PV anomalies associated with the wave packet
(not shown) changed relatively little during the few days
prior to onset, indicating alack of changein zonal wave-
number during that time.

Estimates of the meridional scales of the basic-state
and eddy components of the flow can be extracted from
Figs. 6¢ and 6d. In these illustrations, latitudinal profiles
of the mean zonal wind () and of the mean meridional
gradient of PV (P,) are compared with the latitudinal
profiles of the eddy zonal wind and of the eddy PV,
respectively. In Figs. 6¢ and 6d, U and P, have been
averaged between 100°E and 160°W. The eddy zonal
wind and eddy PV are each shown at two different
longitudes (145° and 175°E) at two different times
(day[—2] and day[Q]), respectively, in an attempt to
approximate changes in the preonset meridional scale
of the wave packet during its propagation® across the
western Pacific basin. Figure 6¢ suggests that a reason-
able meridional length scale for U at 350 K, based on
the distance between the midlatitude jet axis and either
of the speed minima on its flanks, is 20° latitude. The
width of the prominent maximum in P, shown by the
solid curve in Fig. 6d, suggests that this midlatitude
jet's support for Rossby wave propagation extended
across at least 20° of latitude.

The width of the midlatitude eddy circulation on
day[—2] at 145°E, as measured by either the distance
between the largest maximum and largest minimum of
the eddy zonal wind (see the dotted curve in Fig. 6c),
or by the width of the negative-PV anomaly in midlat-
itudes (see the dotted curve in Fig. 6d), approximately
equaled 20° latitude as well. The dashed curvesin Figs.

3 We assumed an eastward displacement of ~15° of longitude per
day for the disturbance. This value is consistent with its eastward
group speed near 30°N.
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and (d) day[+1] (1200 UTC 11 Jun 1992). Contours are labeled. The dark contour in each plot,
(+)1.5 PV units, is the tropopause. The dashed lines, provided for reference, denote approximate
axes of two prominent extrema in the PV field that were associated with the precursor wave

packet.

6¢ and 6d indicate that the meridional length scale of
the eddy circulation in midlatitudes, as measured in
these two ways, was closer to 10° latitude on day[O0].
These illustrations suggest that the meridional width of
the wave packet shrank considerably in the north—south
direction after day[—2] and prior to day[0]. The evo-
[ution of PV shown in Figs. 4a— supports thisanalysis.
The eastward tilting of the PV extrema over the west
Pacific represents a notable preonset decrease in the

meridional length scale associated with the PV anom-
alies within the precursor wave packet.

AsFigs. 6a—d attest, the length scal es associated with
the precursor wave packet were generally smaller than
those associated with the mean flow. Both T and P,
varied over a distance as long or longer than that
spanned by the individual eddies. Though WKBJ as-
sumptions are violated in the regions and times of in-
terest, the observations provided in Fig. 6 support the
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Fic. 5. The magnitude of the ratio of the linear to the nonlinear advection of the perturbation
PV by the zonal wind at 350 K on day[—2]. Contours are labeled. Values between 5 and 10 are
lightly shaded. Values greater than 10 are heavily shaded.

use of wave activity diagnostics to evaluate the prop-
agation characteristics of the precursor wave activity.
Indeed, WKBJ theory has been found to be at least
qualitatively useful in describing Rossby wave propa-
gation even when the properties of the mean flow change
on the scale of the disturbance (e.g., EImore and Heald
1969; Hoskins and Karoly 1981; Hoskins and Ambrizzi
1993; Sobel and Bretherton 1999).

In accord with Egs. (2a)—(2b), the changes in shape
of the precursor disturbance, as noted in the previous
discussion, are indicative of a preonset accumulation of
wave activity at upper levelsin the subtropical latitudes
over Pacific Ocean. In particular, the apparent increase
in magnitude of the meridional wavenumber, |I|, and
the steadiness of the zonal wavenumber, k, suggest that
the magnitudes of both the zonal and meridional group
velocities associated with the precursor wave packet
(following its motion) diminished with time during the
few days leading to onset.* The wave activity flux pat-
terns shown in Fig. 7 confirm this expectation.

Figure 7aillustrates a Mercator projection of the hor-
izontal components of the E, vector and the three-di-
mensional divergence of the E, flux at 350 K. For this
figure, the E -flux patterns, originally computed on iso-
baric surfaces, were linearly interpolated to the 350-K
level (which resided between 250 and 200 hPa in the
region of interest). In order to isolate the dynamical
characteristics associated with the precursor wave pack-
et from those associated with disturbances that tracked
across the same region before and after it did, we se-
lected arelatively short time mean about which to com-
pute the eddy statistics. The period over which the eddy
fluxes were averaged was defined as the 7 days centered
on day[—2] (i.e., from day[—5] to day[+1]).

The wave activity at 350 K over the western Pacific
Ocean during this time, for the most part, propagated
eastward and equatorward. According to Fig. 7a, Rossby
wave activity converged over the subtropical Pacific
Ocean during the 7-day period surrounding 8 June. The
conspicuous patches of convergent E, flux that were
sprinkled across the subtropical Pacific Ocean between

“In our definition of the basic state, q, is independent of time.

10° and 30°N delineate the aggregation of the south-
eastward propagating wave activity over theregion. The
shaded areas denote an E -flux convergence represen-
tative of an easterly torque on the mean zonal flow in
excess of 2 (m s*) day ~*.

Figure 7b illustrates a latitude-height cross section
of the meridional and vertical components of the E,
vectors, as well as the three-dimensional E,-flux diver-
gence pattern, averaged from 110°E to 160°W. In ac-
cordance with Fig. 7a, Fig. 7b indicates that much of
the subtropical upper troposphere, in this longitudinal
sector, experienced the convergence of Rossbhy wave
activity. In this longitudinally averaged view, nearly all
of the E,-flux convergence equatorward of 50°N that
was shown in Fig. 7a was contained between 20° and
30°N and within the 400—100-hPa layer. The relative
lack of eddy fluxesin the lower and middle troposphere
equatorward of 40°N indicates that the wave activity
associated with the precursor disturbance invaded the
subtropics from midlatitudes along a quasi-horizontal
path, primarily above 300 hPa. The heart of the wave
activity transfer from midlatitudes to the subtropics, as
indicated by the location of the divergence and con-
vergence extrema, occurred between 340 and 350 K.

Much of the wave activity that converged into the
subtropical west Pacific appears to have emanated from
longitudes near and just east of Asia's east coast. A
particularly rich wave activity source region existed near
38°N and 115°E. While this localized view in space and
time nicely sequesters the propagation patterns associ-
ated with the precursor disturbance as it approached the
subtropics, it reveals little about the wave activity evo-
lution farther upstream, prior to day[—5].

In Fig. 8a, E, fluxes and their three-dimensional di-
vergence at 350 K are superposed with the anomalous
PV at 350 K on 4 June. The period over which the eddy
fluxes were averaged for this E,-flux computation was
defined as the 7 days centered on day[—6], while the
anomalous PV was defined as the departure from the
31-day mean centered on day[—6]. Figure 8a indicates
that for at least part of the 7-day averaging period on
which these E, fluxes are based, eastward and south-
eastward wave-activity propagation patterns were col-
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located with a cluster of midlatitude PV anomalies over
western and central Asia. These extrema in the anom-
alous PV field were associated with the precursor dis-
turbance. Sequences of PV anomaly charts during this
time period (not shown) confirm what Fig. 8a suggests;
that the precursor wave packet propagated eastward and
southeastward along the poleward edge of the Asian
monsoon anticyclone (see the geopotential height field
in Fig. 2 for reference), from longitudes west of 90°E.

The E -vector field over central Asia aso indicates
that the wave activity flux at 350 K associated with the

precursor disturbance propagated quasi-nondivergently
across that region. The vertical structure of the E,, fluxes
in this sector, shown in Fig. 8b, illustrates the relatively
weak coupling between lower-tropospheric wave activ-
ity and the wave activity at 350 K, in the latitudina
swath occupied by the precursor PV anomalies. Much
of the upward E, flux from the lower troposphere, in
thislongitudinally averaged view, converged below 340
K and poleward of 50°N.

The transmission of E, fluxes from below 700 hPa to
the 350-K level, at latitudes equatorward of 50°N, occurred
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to the pressure scale (hPa) on the right, in a spatially averaged (110°E-160°W and 10°-50°N)

sense on day[—2]. The E -flux convergence less than —2(m s~*) day —* is shaded. Contours are
eled.

farther downstream during some portion of the 7 days
following day[—5]. Within the longitude band and period
represented in Fig. 7b, a stronger link between wave ac-
tivity in the lower troposphere and wave activity near the
subtropical tropopause (i.e., the precursor disturbance'ses-
tablishment of apoleward heat transport) was created. This
suggests that the prominent midlatitude E -flux divergence
maxima near the east coast of Asia and over the west
Pacific at 350 K, shown in Fig. 7a (and in a zonaly
averaged sense in Fig. 7b), owe at least part of their ex-
istence to baroclinic growth processes. The presence of
notably similar wave activity flux patterns during the latter
stages of the “L.C1" baroclinic wave lifecycle (Thorncroft
et a. 1993) supports this claim.

b. A critical line for the precursor wave packet

Figure 9 is a Hovmoller diagram of the latitudinal-
mean PV (from 25° to 50°N) at 350 K. It highlights a
conspicuous zonal wavenumber and zonal phase speed
(c,) in association with the cluster of PV anomalies that
defined the packet, in the 1.5-3.5-day period prior to
onset. After day[—1], however, the tracks carved by
these PV anomalies lost their orderly appearance. This

abrupt alteration of the PV pattern was a manifestation
of the extreme eastward tilting and stretching of the
“middle’” PV minimum (located near 145°E at day[ —2])
and the concurrent advection of stratospheric PV toward
its equatorward flank (see Figs. 4b,c).

For the subsequent analysis, we define c, as the av-
erage eastward progression at day[—2.5] of the PV
anomalies over the west Pacific, between approximately
110°E and the date line. The slopes of the thick black
lines in Fig. 9 suggest ¢, = 7 m s~*. Though the fol-
lowing discussion assumes ¢, = 7 m s%, use of an
alternative preonset zonal phase speed that differs from
¢, by 1 or 2 m s~* would not notably change our con-
clusions.

The existence of acritical surface over the subtropical
Pacific Ocean for the wave packet can be inferred from
the patterns of E -flux convergence noted in Fig. 7. The
observed convergence of wave activity (i.e., a decrease
in |c, | and |c, | following the packet's propagation),
in view of the apparent preonset increase in the merid-
ional wavenumber associated with the disturbance, sug-
gests that the wave activity approached a region where
U = c,. The similarity between the shapes of the PV
contours associated with the precursor wave packet’'s
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evolution, as shown in Figs. 4a—c, and PV-contour
shapes obtained via analytical and numerical solutions
of Rossby wave propagation into a critical layer (e.g.,
Stewartson 1978; Warn and Warn 1978; Juckes and
Mclntyre 1987) upholds this notion.

Figure 10 illustrates the distribution of U — ¢, at 350
K. The zonally elongated tongue of relatively large pos-
itive values of U — c,, which extends from central Asia
to the United States, represents a time-mean westerly
jet wherein U > c,. Critical lines flanked this westerly
jet in both midlatitudes and the subtropics. Over the
subtropical Pecific, where much of the wave activity
propagation associated with the precursor disturbance
terminated, the U = ¢, contour meandered across the
10°-22°N latitude belt. Mercator projections of U — ¢,
at 0 -levels above and below 350 K reveal this general
pattern over the Pacific Ocean. In particular, latitude—6
cross sections of U — ¢, aong longitudes throughout

the western and central Pacific sectors (not shown) in-
dicate that theT — ¢, = 0 contour exhibits a very weak
isentropic dependence in the 330—390-K layer. These
findings, with regard to the E -flux patterns, indicate
that the precursor wave packet approached acritical line
over the subtropical Pacific Ocean, after departing the
strong midlatitude winds over east Asia and the west
Pacific.

The latitude at which the RWB detection agorithm
was triggered (25°N), and the latitude (as shown in Fig.
7b) at which the longitudinally averaged E -flux con-
vergence maximized (27°N), reside north of theT — c,
= 0 contour over the subtropical west Pacific. This is
consistent with work by Randel and Held (1991). Ac-
cording to their observations, the EP flux convergence
associated with equatorward migrating upper-tropo-
spheric eddies typically lies 10°-20° of latitude pole-
ward of their critical lines.
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c¢. Climatological flow patterns associated with the
creation of the North Pacific surf zone

To suggest that the summertime surf zone over the
North Pacific at 350 K, shown in Fig. 2, is related to
the repeated invasion of midlatitude Rossby wave pack-
ets into the weak wind regime on the east side of the
Asian monsoon, we now present illustrations of the
composited PV-anomaly (PV') patterns prior to RWB
onset. Figures 11a and 11b show PV’ at 350 K on
day[—1.5] and day[ —0.5], composited over those boreal
summer RWB events that were detected between 170°E
and 170°W in the 10-yr PH99 climatology. Thirty-three
RWB events were tallied during that period, within that
longitude band, in the climatology. To construct these
figures, anomalies were defined as departures from the
10-yr NH summer mean.

One and a half days prior to onset, as shown in Fig.
11a, a cluster of relatively strong PV’ structures ap-
peared over Asia and the western Pacific Ocean. These
midlatitude features constitute a highly averaged picture
of the precursor wave packet shown in Fig. 4a. The

OF 80E 100E 120E 140E

POSTEL AND HITCHMAN

2565

southwest—northeast-tilted positive-PV’ structure along
the east coast of Asia, the circular regions of anoma-
lously low PV on its east and southeast flank, and the
nearly meridionally oriented positive PV’ feature near
175°W are the composite versions of the PV maxima
located between 120°E and the dateline in the 10 June
case.

A comparison between Figs. 11a and 11b indicates
that the packet of composited PV anomalies migrated
eastward and equatorward with time. By day[—0.5], as
shown in Fig. 11b, the maximum value of the positive-
PV’ structure had moved roughly 10° east of and 5°
south of its day[—1.5] position. The local minimum
associated with the negative-PV' structure to its east
exhibited roughly the same eastward displacement. The
absence of eddy PV in the composite, outside of the
east Asian/west Pacific sector (shown clearly by Fig.
11b), suggests that the excitation of reversed PV gra-
dients over the subtropical North Pacific is nearly ex-
clusively associated with these eastward and equator-
ward migrating features.

To diagnose the average propagation characteristics
associated with these disturbances, E, vectors were
composited over the same set of summertime RWB
events. The E, vectors were calculated once per event,
such that the 7-day eddy-averaging period was centered
at onset of each case. Figure 11c shows the composited
E, vectors and their three-dimensional divergence su-
perposed on the composited mean zona wind distri-
bution at 350 K. In this analysis, the mean zonal winds
for each case were computed as averages over the 31-
day period centered at day[—2]. In a manner very sim-
ilar to that shown in Fig. 7a, wave activity departed the
strong midlatitude wind regime over eastern Asia and
the western Pacific, and converged in therelatively weak
westerly flow over the subtropical Pacific Ocean. The
congruence between the highly averaged view of wave
activity propagation during the few days surrounding
onset, as shown in Fig. 11c, and the wave activity prop-
agation associated with the individual case, shown in
Fig. 7, further suggests that the climatological surf zone
at 350 K over the North Pacific is associated with re-
current Rossby wave critical-layer interactions.

60N

160E 140W 120W
T 3

Fic. 10. Values of U —
thick black lineistheU — ¢, = 0 m st contour. For this calculation, ¢, = 7 m s~* and the mean
zonal wind represents a 31-day mean centered on day[ —2]. Contours are labeled.

¢, (ms1) at 350 K. Contours of U — ¢, < 0 m st are dashed. The
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The confluence of airstreams in the surf zone that is
associated with many of these events is brought to at-
tention by the following trajectory analysis for the 10
June case. A set of five isentropic trgjectories at 350 K
was computed for the 7-day period ending at 1200 UTC
10 June 1992 to highlight airflow paths prior to the onset
of this case. The *‘central’” parcel of the set was ini-
tialized at the grid point and time where the RWB de-
tection algorithm was first activated. Four additional
parcels were initialized at the same time at locations 5°
latitude and 5° longitude away from the central grid
point. The locations at which parcels were initialized
areidentified by thelarge dotsin Fig. 12. The trajectory

paths were computed from a backward integration in
time (for 7 days at 1-h increments) using the horizontal
wind components at 350 K. A fourth-order Runge-Kutta
scheme, which employed a linear interpolation routine
to retrieve the velocity field at 350 K between analysis
times, was used for the integration.

The trajectory paths are illustrated in Fig. 12. The
350-K PV and winds corresponding to onset time are
superposed. The trajectory scheme indicates that three
of the five parcel paths, which terminated at the large
dots, originated over Southeast Asia. As suggested by
the Montgomery streamfunction and horizontal wind
fields at the last time in the integration (not shown),
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these three trajectories emanated from the Asian anti-
cyclone circulation (see PH99 for details).

This process, whereby outflow from the Asian mon-
soon participates in the PV-gradient reversal associated
with a breaking Rossby wave over the North Pacific,
occurs many times each summer (PH99). In the majority
(66%) of boreal summer RWB events over the North
Pacific that were tabulated in the PH99 climatology,
outflow from the Asian monsoon surged into the down-
stream surf zone. These results suggest that the north-
eastward expansion of upper-tropospheric air acrossthe
Asian coast, in association with a midlatitude wave
packet’'s approach to a critical line over the subtropical
North Pacific, delineates a route for the export of tro-
pospheric air out of the Asian monsoon region into the
lower stratosphere. By uniting air masses with markedly
different origins, these complex flow fields associated
with RWB likely modify the distribution of radiatively
and chemically active trace gases that are relevant to
climate change.

4. Summary and discussion

In this paper, we presented a case study of a large-
scale PV-gradient reversal across the subtropical tro-
popause that occurred on 10 June 1992 at 25°N near
the date line. Potential vorticity maps and wave activity
flux patterns were employed to highlight the flow evo-
lution leading to the onset of this RWB event (1200
UTC on 10 Jun). Roughly 1 week prior to onset, a
Rosshy wave packet migrated east-southeastward across
central Asia at upper levels, along the jet stream on the
poleward edge of the Asian monsoon anticyclone. Once
the disturbance neared the east Asian coast, an upward
flux of wave activity was noted, suggesting that baro-
clinic growth processes were likely contributors to the
subsequent transport of wave activity from midlatitudes
toward the subtropics across the western Pacific basin.
Following its departure from eastern Asia, much of the

wave activity associated with the packet travel ed south-
eastward along a quasi-horizontal path toward the sub-
tropical Pacific, above 300 hPa. The larger equatorward
component of the packet’s group velocity at these lon-
gitudes (more so than at longitudes over central Asia)
was likely a by-product of the disturbance’s residence
on the equatorward side of a core of strong westerly
winds. The existence of large, negative C,, over the
Pacific basin in part reflected the basic-state flow’s ef-
forts to tilt the meridional axes of the PV anomalies
associated with the disturbance toward the east (and
enforce | < 0).

The strips of divergent E, flux that stretched across
the midlatitude Pacific Ocean at 350 K were collocated
with mean zonal wind increases of 6 m s~* from 7 to
10 June (not shown). The poleward transport of westerly
momentum associated with the eastward tilting, and
equatorward propagating, precursor disturbance likely
contributed to these midlatitude mean flow accelera
tions. The convergence of E, flux farther south, in view
of the notable reduction in the meridional length scale
of the PV anomalies within the packet during the few
days leading to onset, suggested that the precursor dis-
turbance neared a critical line over the subtropical Pa-
cific at 350 K.

To investigate the possible existence of acritical line
for the precursor system, a Hovmoller diagram of PV
at 350 K was used to identify the prominent zonal phase
speed associated with the PV anomalies that defined the
packet in the 1.5-3.5-day period prior to onset. Our
analysis of the spatial distribution of the intrinsic zonal
phase speed associated with these PV anomalies strong-
ly supported the notion that the generation of reversed
PV gradients over the subtropical Pacific on 10 June
was aresult of the wave packet’s proximity to acritical
line.

During the precursor wave packet’s eastward and
southward trek near the tropopause, around the Asian
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prior to onset, respectively.

monsoon anticyclone’s poleward and eastward periph-
ery, outflow from the Asian monsoon was advected east-
ward toward the subtropical Pacific. The outflow’seven-
tual participation in the downstream reversal of PV gra-
dients indicates that the Rossby wave critical-layer in-
teraction in this case united air masses of markedly
different origins.

In addition to the case study, we presented composites
of eddy PV and of wave activity flux patterns over a
set of 33 boreal summer RWB events that occurred over
the North Pacific during the 10-yr period from 1986 to
1995. These composites suggest that the surf zone in
the summertime upper flow over the Pacificisintimately
related to the repeated invasion of midlatitude Rossby
wave packets toward their critical lines in the weak
subtropical winds on the east side of the Asian monsoon
anticyclone. In view of the entrainment of Asian mon-

soon outflow in the 10 June RWB event, we conclude
that this surf zone represents a sector of the atmosphere
wherein tropical tropospheric air and extratropical
stratospheric air are juxtaposed during local critical-lay-
er interactions. The climatological statistics of the re-
versal of PV gradients across the subtropical tropopause
by Postel (1999) defend this assertion. They indicate
that summertime RWB events over the North Peacific
are often associated with the entrainment of strands of
upper-tropospheric PV from the Asian monsoon cir-
culation. A schematic depiction of a sequence of events
associated with the creation of the North Pacific surf
zone during summer is shown in Fig. 13 to compactly
elucidate this process. Our analysis of the flow patterns
that typically precede and accompany large-scale PV-
gradient reversals across the subtropical tropopause over
the North Pacific, as schematically shown in Fig. 13,
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provides a straightforward conceptual model of strato-
sphere-troposphere exchange over this region during
summer.

Finally, we noted in section 3athat, prior to the onset
of the 10 June event, a coupling between the lower and
upper troposphere (i.e., the establishment of a poleward
heat transport) occurred in association with the precur-
sor disturbance at some point before it departed the
midlatitudes. We thereby suggested that the creation of
reversed PV gradientsin this case was a natural segment
of the baroclinic wave life cycle (e.g., Edmon et al.
1980). The rarity, then, of the reversal of PV gradients
across the tropopause on the 350-K surface during win-
ter (PH99) may seem puzzling, given that baroclinic
development is generally stronger and more frequent
during winter. However, equatorward propagating Ross-
by waves near 350 K during winter are less likely to
possess critical lines near the tropopause (which, at 350
K, primarily lies in the subtropics) than they are at,
perhaps, latitudes farther equatorward (e.g., Waugh and
Polvani 2000; Webster and Holton 1982). This is be-
cause the subtropical latitudes at which the tropopause
on the 350-K surface generally resides, during winter,
are largely occupied by the relatively strong winds as-
sociated with the subtropical jet stream (Postel 1999).
It is apparent from this study that, during summer, equa-
torward propagating Rossby waves at 350 K possess
critical lines near the tropopause since the subtropical
winds, albeit in certain longitude sectors (see PH99),
are relatively weak.
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