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ABSTRACT

This paper poses and tests the hypothesis that some of the synoptic-scale and mesoscale tropopause-based
disturbances that produce organized vertical motion and induce surface cyclones in the extratropical troposphere
are vortexlike coherent structures. Based on the theory of nonlinear waves and vortices, tests are constructed
and applied to observations of relative vorticity maxima for a 33-winter climatology at 500 hPa and three-
dimensional compositesfor asingle winter season. The method is designed to determine the following disturbance
properties: nonlinearity, quasigeostrophic potential vorticity—streamfunction relationship, speed, and trapping of
fluid particles. These properties are determined for four disturbance-amplitude categories, defined here in terms
of 500-hPa relative vorticity.

The results show that, on average, 500-hPa relative vorticity maxima are localized monopolar vortices with
length scales (radii) of approximately 500-800 km; there is a slight increase in length scale with disturbance
amplitude. Nonlinearity is O(1) or greater for al amplitude categories, approaching O(10) for the strongest
disturbances. Trapping of fluid particles, estimated by the presence of closed contours of potential vorticity on
isentropic surfaces near the tropopause, requires greater than O(1) nonlinearity; the threshold disturbance am-
plitude is approximately 8 X 10-° s7* in the vertical component of 500-hPa relative vorticity and —8 K in
anomaly tropopause potential temperature. The vortices move westward with respect to the background flow,
with a slight northward drift. The observational evidence does not support an interpretation of these features in

385

terms of modons or solitary waves.

1. Introduction

Extratropical cyclones and their life cycles have at-
tracted considerable attention because of their impor-
tance to both daily weather patterns and the general
circulation of the earth’s climate system. Theoretical
and idealized modeling studies have identified baro-
clinic instability of the vertically sheared quasigeo-
strophic (QG) flow of midlatitudes as the mechanism
that gives rise to cyclone disturbances; the preferred
scale of these unstable waves is approximately zonal
wavenumbers 6-9, or wavelengths of approximately
3400-5000 km at 45° lat. Analyses of observed time
series confirm the existence of these Rossby waves
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(RWs).* Other observational work, notably case studies,
hasidentified long-lived and large-amplitude tropopause-
based disturbances as being important to cyclogenesis
(e.g., Sanders 1986; Hakim et a. 1996; Bosart et al.
1996). Motivated by the case study evidence, this paper
explores the hypothesis that some of the tropopause-
based disturbances are vortexlike coherent structures
(CSs) that have properties quite different from the quasi-
linear RWs. The goal of this study is to develop tests
based on the theory of nonlinear waves and vortices and
to apply these tests to observations to determine the ve-
racity and generality of the vortex hypothesis.

The modern paradigm for extratropical cyclogenesis
can be summarized in terms of two components: bar-
oclinic instability and RW radiation. The idealized QG
analytical linear baroclinic instability theories of Char-
ney (1947) and Eady (1949) have been extended to the

t1n simplest form, the Rosshy wave is a solution of the linear
nondivergent barotropic vorticity equation on a 8 plane; the dynamics
of the wave are controlled by the strength of the potential vorticity
gradient (i.e., B). Following Hoskins et al. (1985) and Guinn and
Schubert (1993), the term Rossby wave is used here more generally
to refer to an oscillation due to gradients of Ertel (and QG) potential
vorticity. A description of this generalization is given by Hoskins et
al. (1985; section 6).
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primitive equations, spherical geometry, and more re-
alistic vertical wind profiles (Gall 1976a,b; Simmons
and Hoskins 1976, 1977). The unstable modes of these
generalized models agree broadly with the predictions
of linear QG theory; Simmons and Hoskins (1976)
found a growth rate maximum around zonal wave-
numbers 6-9. Observational evidence confirming the
existence of synoptic-scale RWs has been demonstrated
by bandpass-filtered (e.g., 2.5-6 days) time series (e.g.,
Blackmon 1976; Blackmon et al. 1977; Blackmon et al.
1984a,b; Wallace et al. 1988; Lim and Wallace 1991).
The results of these studies show waves that have wave-
lengths near 4000 km, westward tilt with height, and
eastward phase speeds of 12-15 m s,

It should be noted that the baroclinic instability com-
ponent of the modern paradigm is not embraced unan-
imously. An aternative growth mechanism is transient
(nonmodal) baroclinic amplification, which involves a
combination of one or more, perhaps neutral, modes
(e.g., Farrell 1984). Transient amplification enrichesthe
possibilities for disturbance growth and provides for
greater short-term growth than can be accounted for by
a single unstable normal mode. Nonmodal growth also
accountsfor the structural transiencetypical of observed
cyclogenesis events; such structural changesare not cap-
tured by a single unstable mode. Moreover, Farrell
(1985, 1989) argued that in the presence of surface
damping, such as an Ekman boundary layer, growth due
to the unstable normal modes may be substantially re-
duced or eliminated entirely, whereas nonmodal growth
involving the spectrum of neutral modesisstill available
for disturbance amplification.

Regarding the RW radiation component of the mod-
ern paradigm, Simmons and Hoskins (1979) studied the
behavior of an initially localized disturbance defined by
a 22.5° “window" of a zonal-wavenumber-8 unstable
mode. The resultant evolution shows a developing wave
packet with downstream and upstream RW radiation at
the tropopause and surface, respectively. Similar be-
havior occurs for the Eady model, with the leading
fringe of the disturbance moving at the speed of the
background wind. Simmons and Hoskins concluded that
downstream development can play an important role in
the generation of upper-level disturbances that can pro-
ceed to trigger other baroclinic developments. Idealized
modeling by Orlanski and Chang (1993) and Chang and
Orlanski (1993) emphasizes the importance of down-
stream devel opment to the generation of upper-level cy-
clogenesis precursor disturbances and the extension of
storm tracks downstream from the region of greatest
baroclinicity. Observational evidence confirming the
importance of downstream development to cyclogenesis
precursor disturbances involves individual case studies
(Orlanski and Katzfey 1991; Orlanski and Sheldon
1993; Orlanski and Sheldon 1995; Nielsen-Gammon
and Lefevre 1996) and time series analysis of 300-hPa
meridional wind (Lee and Held 1993; Chang 1993).

A summary of the upper-precursor life cycle in the
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modern paradigm is summarized by the three-stage
downstream baroclinic evolution schematic givenin Or-
lanski and Sheldon (1995, their Fig. 3). The first stage
involves the generation of an upper trough due to a
downstream flux of energy (RW radiation) from a pre-
existing upstream upper trough. During the second
stage, the new trough continues to grow due to down-
stream energy flux, but also strengthens due to baro-
clinic conversion associated with cyclogenesis (baro-
clinic instability). Finally, during the third stage the
trough begins to decay due to a downstream flux of
energy to yet another new trough. This pictureislinked
quite closely to linear theory, with nonlinear effects be-
coming important only when the disturbances reach
large amplitude near the start of the occlusion phase of
cyclogenesis (saturation).

A different perspective of cyclogenesis precursor dis-
turbances is given by case studies, which show that the
precursor can have large amplitude, localized structure,
and exist well prior to surface cyclogenesis. The large
amplitude and localized nature of cyclogenesis precur-
sor disturbances is manifest in the potential vorticity
(PV) distribution, which often appears as a horizontally
narrow, downward extension of stratospheric PV (e.g.,
Uccellini et al. 1985; Boyle and Bosart 1986; Ogura
and Juang 1990; Bleck 1990; Davis and Emanuel 1991,
Reed et al. 1992; Hakim et al. 1995). Regarding the
longevity of the precursor disturbance, Sanders (1988)
subjectively tracked upper disturbances based on their
signature in the 500-hPa height field and found that
disturbance lifetimes have a mode of 5 days, athough
some last more than 30 days. An objective approach to
the same problem by Lefevre and Nielsen-Gammon
(1995) also shows a trough lifetime distribution with a
tail toward larger values, but with a mean of 4 days.
Additional evidence for long disturbance lifetimes
comes from individual case studies. For the 25-26 Jan-
uary 1978 cyclogenesis over eastern North America,
Hakim et al. (1996) tracked the precursor disturbances
back at least 10 days, and for the 13 March 1993 cy-
clogenesis over eastern North America, Bosart et al.
(1996) found that they are capable of being tracked for
over 2 weeks.

An explicit demonstration of cyclogenesis associated
with a localized vortex is given by Takayabu (1991,
1992). Takayabu studied idealized primitive equation
initial-value problems for a vortex located on the tro-
popause and found robust surface cyclone devel opment.
Furthermore, Takayabu finds observational evidencefor
this type of development in 7 out of 39 rapidly devel-
oping western Pacific cyclones during 1986. Takayabu
noted that there is a need for studies that focus on the
upper vortex and that ‘*“ these vortices seem to beisolated
disturbances rather than a crest of wave packets.” Schar
and Wernli (1993) studied cyclogenesis associated with
localized tropopause potential temperature anomalies
with uniform interior PV and find that a rapid surface
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cyclogenesis ensues, with realistic surface frontal struc-
ture and airstreams reminiscent of observations.

Motivated by the importance of the upper-level pre-
cursor to surface cyclogenesis and observations show-
ing that these disturbances can have large amplitude,
localized structure, and long lifetimes, we address the
hypothesis that some of these features may be more
closely related to nonlinear coherent structures, such as
vortices, than to the quasi-linear RWs. The goals here
focus on determining the mean structure of disturbances
that possess a primary attribute of the upper-level pre-
cursor disturbance: a midtropospheric vorticity maxi-
mum. Furthermore, we seek to understand how distur-
bance structure depends on amplitude. A brief overview
of the characteristics of linear and nonlinear waves is
given in section 2 to introduce the properties that dis-
tinguish linear waves from coherent structures. The
method of dataanalysisis presented in section 3. Results
for a 33-winter sample of 500-hPa vorticity maxima
(hereafter, VM) over the Northern Hemisphere can be
found in section 4 and the results for three-dimensional
composites of 500-hPa vorticity maxima for a single
winter near North America can be found in section 5.
Conclusions are drawn in section 6.

2. Overview of linear waves and coherent
structures

For the sake of simplicity and clarity in presentation,
the following discussion regarding linear waves and
nonlinear CSs will appeal to two-dimensional (baro-
tropic) dynamics, and focus on comparing and contrast-
ing properties of the solutions to motivate observational
diagnosis. Consider the nondivergent barotropic vortic-
ity equation on a B plane,

&+ I ) + B =0, D

for an unbounded Cartesian geometry. The relative vor-
ticity is given by ¢ = V2y; the vector wind is related
to the streamfunction, s, by V. = (u,v) = (=, ¥,);
J@a b) = a,b, — ab,; and subscripts denote partial
differentiation. To determine the relative importance of
individual terms in (1), nondimensional variables (de-
noted by a hat) are introduced: (x,y) ~ L(X, ¥), (u, v)
~ U0, v), ¥ ~ ULy, B ~ BB, and t ~ (BL)"'t. Sub-
stitution in (1) yields a nondimensionalized form of the
nondivergent barotropic vorticity equation (dropping
the hat notation):

&+ By = _8;5\](‘7[11 0. )

Here, 6, = U/BL? is a parameter? that scales nonlinear
effects associated with advection (e.g., Rhines 1975;
Flierl 1977; Davey and Killworth 1984). In comparison,

2This parameter is also known as a measure of RW steepness
(Rhines 1975).
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dispersive effects due to the planetary vorticity gradient,
B, are O(1).2

Linear theory results from (2) for 6, < 1, so that the
righthand side of (2) can be neglected; the solutions are
RWs. A localized initial condition will spread with time,
reflecting the dispersive nature of RWs; the details of
this evolution depend on the initial condition. A detailed
examination of the linear barotropic initial-value prob-
lemisgiven by Pedlosky (1987, section 3.24), and Flierl
(1977) examines the linear stratified-QG initial-value
problem.

To counteract the dispersive nature of the linear dy-
namics and allow for long-lived CSs, some amount of
nonlinearity must be incorporated. The remainder of this
section focuses on three archetypical CS solutions, or-
dered with respect to increasing contributions from non-
linearity: solitary waves, modons, and monopolar vor-
tices.

Allowing a small amount of nonlinearity in (2) per-
mits weakly nonlinear solitary wave solutions. For com-
pleteness, a brief derivation of asolution isgiven inthe
appendix; the interested reader can find further details
and generalized solutions in the review article by Ma-
lanotte-Rizzoli (1982) and in Haines and M alanotte-Riz-
zoli (1991). Four properties of the solitary wave solution
(A.6) are the following.

» The propagation speed (c) depends on both the width
(W) and amplitude (A) of the wave.

» A given background-flow profile supports either east-
ward moving (low over high in streamfunction) or
westward moving (high over low in streamfunction)
solitary waves (Malanotte-Rizzoli 1982).

* These solutions are highly anisotropic. For 6, = 0.1,
the zonal length scale is roughly 3.2 times the merid-
ional length scale.

» The disturbance structure is given by a relationship
between the PV and the streamfunction.

This relationship is determined in part by the back-
ground flow through the solution of (A3).

These solitary waves are coherent and localized an-
isotropic vortex dipoles with weak and balancing non-
linearity and dispersion. Although they may provide a
model for upper disturbances that appear as elongated
jet streaks, they may not apply well for upper distur-
bances that are isotropic and predominantly monopolar.*

Relaxing the assumptions of weak nonlinearity and
dispersion [i.e., 6, ~ O(1)] results in the theory of mo-
dons. For completeness, a brief derivation of a modon
solution is given in the appendix; the interested reader
can find further details in Larichev and Reznik (1976),

3 Although B = 1 by its scaling definition, B is written explicitly
to facilitate comparison with the dimensional equation.

4 Isotropy in the length scales requires 6, = (L/L,)2 = 1, violating
the assumption of weak nonlinearity; see appendix A for further de-
tails.
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MODON

MODON WITH WEAK RIDER

c

MODON WITH STRONG RIDER

Fic. 1. Nondimensional relative vorticity for barotropic modons, with riders: (a2) modon without
rider [¢=x(0) = 0], (b) modon with weak rider [¢x(0) = —0.2], and (c) modon with strong rider
[=(0) = —1]. Modon wavenumbers are k = 4.23244 and p = 3.16227, corresponding to a speed
¢ = 1. The nondimensional rider amplitude is given by (0). Dotted lines in al panels show the
Cartesian grid every 0.5 nondimensional units. Scaling by L = 1000 km, U = 10 m s7¢, and B
= 15X 10" m*stgives §, = 0.7 and a vorticity scaling of 1.0 X 10° s. Values are
contoured every two units, and the zero contour is suppressed.

Flierl et al. (1980), and Kamenkovich et al. (1986). Ex-
amples of a modon with a rider (a monopolar vortex
superposed on the modon) of varying amplitude are
shown in Fig. 1. Although these three solutions appear
quite different, they al share the same propagation
speed; that is, the riders are dynamically passive. Four
properties of the modon solutions (A9)—(A10) are the
following.

e Barotropic modons move only eastward; however,
shallow-water and stratified-QG modons can move
westward at speeds greater than the gravest RW; that
is, modon phase speeds are complementary to RW
phase speeds.

e The structure is that of a cyclone-over-anticyclone
vortex dipole.

 Like solitary waves, amodon’s speed depends on both
its amplitude and scale.

» The PV—streamfunction relationship is piecewise lin-
ear in the near and far fields. In addition, contours of
(¢ + f) are closed within the modon so that fluid
particles are trapped by and travel with the modon.

Finally, when nonlinearity is very strong, the left-
hand side of (2) can be neglected in favor of the right-
hand side. The resulting equation supports an infinite
number of solutions of the form ¢ = F(y). For mono-
polar vortices, there are a number of functionals, F, that

are thought to describe realistic geophysical flows, in-
cluding Gaussian vortices with length scale o and am-
plitude A (e.g., Hopfinger and van Heljst 1993): s =
Ae ©=? As discussed by Flierl (1987), monopolar so-
lutions are never exactly steady in the presence of S,
although by the assumption 6, > 1 this unsteadiness
issmall compared to advection. Many aspects of general
vortex dynamics are covered by Saffman (1992) and
Hopfinger and van Heijst (1993), while the specific the-
ory of QG vorticesis reviewed by McWilliams (1991).

The nonlinear disturbances discussed here share three
properties: significant nonlinearity (8,), adefining func-
tional relationship between the streamfunction and the
PV, and a connection between disturbance speed, length
scale, and amplitude. This overview of linear and non-
linear wave theory motivates determination of the fol-
lowing properties for observed disturbances: the non-
linearity parameter (5,), the PV—streamfunction rela-
tionship, and the disturbance speed (rel ative to the back-
ground flow) as a function of scale and amplitude.

A brief review of generalizations to the barotropic
solutions follows. Stratified-QG solitary wave solutions
are given by Malanotte-Rizzoli (1982; see her Table 1),
and have been proposed as models for periods of jet
stream intensification and weakening (e.g., Haines and
Malanotte-Rizzoli 1991; Haines et al. 1993). The bar-
otropic modon solutions have been extended to incor-
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TABLE 1. Scale estimates and nondimensional parameters for cli-
matological anomaly fields. Disturbance parameters are maximum
geostrophic wind speed, U, (m s™%), and length scale, L (km). Non-
dimensional parameters are nonlinearilty, 6, = U /BL? and & = {'/
£; magnitude of the background-flow total deformation, D; and Ross-
by number, U /fL. Here, f = 10*stand B = 1.5 X 100* mts%,
and all values apply at 500 hPa.

Category Uy L g o D Ro
Weak 6.4 525 15 1.9 0.3 0.12
Moderate 8.4 675 12 4.6 0.3 0.12
Strong 14 850 1.3 6.8 04 0.16
Extreme 23 850 2.1 9.6 0.4 0.27

porate realistic effects such as baroclinicity (e.g., Flierl
et al. 1980; Berestov 1979, 1981; Kizner 1984), baro-
tropic shear (Swenson 1982; Verkley 1987; Haupt et al.
1993), and spherical geometry (Tribbia 1984; Verkley
1984; Neven 1994). Overall, the results of these studies
indicate that the modon is a robust solution in the sense
that it exists in both barotropic and baroclinic flows, it
is stable to small perturbations, and it appears to persist
in the presence of weak horizontal shear. These en-
couraging results have suggested the application of mo-
don solutions to observed phenomena. For example, the
high-over-low modon has been proposed as amodel for
blocking (e.g., McWilliams 1980; Butchart et a. 1989;
Ek and Swaters 1994). We note that the basic solution
characteristics outlined earlier, such as the PV—stream-
function relationship (piecewise linear for the modons),
the dependence of phase speed on scale and amplitude,
and phase-speed constraints, also apply to the gener-
alized solutions.

A generalization of the barotropic nonlinearity pa-
rameter, ,, is given by nondimensionalizing the QGPV
equation for disturbance and background-flow variables.
Under these conditions, it can be shown that nonlinearity
scalesas 6 = U /U, = qu/T, [Shepherd 1987; Eq. (2.7)],
where primes (overbars) indicate disturbance (back-
ground flow) quantities.> The approximation to the
QGPV ratio (or, equivalently, vorticity ratio) gives an
underestimate of é§ for the usual situation in which the
disturbance length scale is smaller than the background-
flow length scale. Subsequent estimates of & are given
by the ratio of disturbance to background-flow vorticity,
given the clean distinction between disturbance and
background flow in this field.

3. Method

Previous studies have addressed the climatological
properties of frequency, genesis, and lysis of upper-level
disturbances, which are typically defined as local max-
imain avorticity-related quantity at 500 hPa (e.g., Sand-

51n this nondimensionalization, §,* scales the linear dispersion
term associated with B, as is the case in (2) for t ~ L/U.
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ers 1988; Lefevre and Niel sen-Gammon 1995; Dean and
Bosart 1996). The theory for CSs outlined above mo-
tivates a climatology ordered by disturbance amplitude.
As in previous investigations of upper-level perturba-
tions, they are defined here as local maxima in the ver-
tical component of relative vorticity at 500 hPa. A mo-
tivation for defining disturbances in terms of relative
vorticity at 500 hPa arises from the fact that this choice
of field and pressure level acts somewhat as afilter. The
disturbances of interest represent downward protrusions
of the tropopause. Viewed from a PV perspective, the
stretching of stratospheric values of PV implied by the
tropopause deflection produces anomal ous cyclonic vor-
ticity in both the near and far fields. At 500 hPa, which
isnormally below the tropopause, the feature of interest
stands in sharper contrast to the surrounding vorticity
field as compared to 250 hPa, for example, where rel-
atively larger values of shear vorticity associated with
the jet stream compete with the disturbance vorticity
field. Note that highly anisotropic features, such as up-
per-level fronts, have not been explicitly removed by
the method described below and can potentially partic-
ipate in the results. Last, we note that other definitions
for upper-level disturbances, such as maxima in cur-
vature vorticity, may give results different than those
shown here.

The primary goals of this paper regarding the struc-
ture of upper-level disturbances and their surrounding
environment, and assessing the CS hypothesis are ad-
dressed by 1) a 33-winter climatology, and 2) a 1-winter
composite. The 33-winter climatology focuses primarily
to determine the mean synoptic-scale and planetary-
scale flow patterns that accompany VM at 500 hPa. The
detailed three-dimensional structure accompanying VM
is taken up in the 1-winter composite study.

a. Thirty-three winter climatology at 500 hPa

Datafor this climatology consist of the National Cen-
ters for Environmental Prediction (NCEP) twice-daily
gridded 500-hPa geopotential height (hereafter referred
to as height) field for winters (December—February,
hereafter DJF) during 1957-89, and the vorticity is ap-
proximated by its geostrophic value. These data are ob-
tained from the CD-ROM archive described by Mass et
al. (1987) and consist of an octagonal grid on a polar
stereographic map projection with a horizontal grid
spacing of 381 km at 60°N. To avoid a bias toward any
particular latitude, a local Coriolis parameter is used to
compute the geostrophic relative vorticity. Allowing f
to vary introduces an additional term to the familiar
B-plane expression for the geostrophic vorticity: ug/a
cotd, where @ islatitude and a is the planetary radius.
For midlatitudes (e.g., 45°N) and |u,| < 60 m s™%, this
term contributes less than 1 X 10-5 s * to the geo-
strophic relative vorticity. Given the smallness of this
term under these conditions, it is neglected. With this
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approximation, the geostrophic relative vorticity on the
polar stereographic map projection is given by

&= T Dat b, @

where ¢ is the geopotential, and X and Y are the grid
coordinates. The map-scale factor, m = (1 + sin60°)/
(1 + sin®), is afunction of latitude only. Equation (3)
is evaluated by standard second-order finite differences.

Local maxima in the , field are determined by in-
terpolating the ¢, field onto a 2.5° lat X 2.5° long grid
and then checking for local maxima over the region
encompassing 20°—80°N; the lat—-long grid facilitates a
search for VM at specific latitudes. A grid point (i, j)
is declared a local maximum if surrounding points
(i £ k/lcos®, j = k) al have ¢, less than point (i, j). Pa-
rameter K is the number of grid points to search over
in the meridional direction and is scaled by (cos®)~*in
the zonal direction so that roughly equal physical dis-
tances are scanned in both zonal and meridional direc-
tions at all latitudes. Comparison of the results of this
method with tests using fixed k = 3in the zonal direction
show little difference equatorward of 40°N and a me-
ridional increase to roughly double the number of events
at 70°N. Tests with integer values of k ranging over 1-5
indicate that the mean structure of the disturbances is
insensitive to this parameter, although k = 1 fields have
a large number of gridpoint maxima. Results of cal-
culations for the disturbance length scale, described in
more detail below in section 4b, show a range of 675—
725 km for the moderate category at 40°N; the 50-km
range is roughly 1/7 of the grid resolution. Hereafter, k
= 3is used.

Four subjectively determined categories are defined
to stratify the £, maxima by amplitude and will be re-
ferred to as weak, moderate, strong, and extreme. These
labels correspond to 0 < {;, =4 X 10551, 4 X 10°°
§1<{,=8X10°s1,8X10°st <, =12X
10°st,and12 X 10°s* <, =30 X 10°s°
respectively. For all winters during the period 1957-89,
there areatotal of 18 293 weak events, 60 292 moderate
events, 36829 strong events, and 16524 extreme
events, giving atotal of 131 938 events. Height anomaly
fields are determined by subtracting the 33-yr DJF mean
height from the full height field for each event. The
choice of four categories, although arbitrary, resolves
the transition from quasi-linear disturbances to coherent
structures. Although additional amplitude categories
would perhaps better resolve the transition to coherent
structures, the results would not differ qualitatively from
those given herein. Moreover, other potential categori-
zation schemes, such as categories with equal numbers

6 The upper bound of 30 X 10-° st is chosen arbitrarily, although
it does act to filter spurious VM associated with erroneous 500-hPa
height fields. The upper bound removes 62 such events, or 0.05% of
al events, over the 33-yr period.
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of events, would give an irregular discretization with
respect to amplitude.

Since the geostrophic vorticity is used in the clima-
tology as a surrogate for the vorticity of the analyzed
(total) wind, it is worthwhile to examine the accuracy
of this approximation. A simpletest is performed during
the period January—February 1989, when the NCEP and
European Centre for Medium-Range Weather Forecasts
(ECMWF) (described in section 3b) datasets overlap.
During this time period, 92% of the NCEP geostrophic-
VM in the combined moderate, strong, and extreme cat-
egories have corresponding total -wind vorticity maxima
in the ECMWF dataset |ocated within 500 km. Note that
since the geostrophic vorticity may overestimate the an-
alyzed-wind vorticity, the VM categories for the cli-
matology may not necessarily coincide with the VM
categories for the ERICA-period composites; however,
general properties involving relative amplitude, rather
than specific categories, are likely to remain compara-
ble.

The method given here is designed to address issues
concerning the structure of VM as a function of am-
plitude, and to ascertain what flow features accompany
these disturbances. Since individual disturbancesare not
tracked, the **events”’ are not necessarily independent.
As such, individual disturbances may be sampled more
than once, and in more than one category. This draws
into question the appropriate number of degrees of free-
dom for computing statistical significance of the anom-
aly fields. Assuming an average lifetime of 5 days
(Sanders 1988; L efevre and Nielsen-Gammon 1995) im-
plies an order of magnitude reduction in the number of
degrees of freedom based on the number of events. With
this assumption, the tests for statistical significance of
the anomaly fields are essentially unchanged (not
shown).

An alternative approach to the one taken here would
be to track VM and develop composites at points along
disturbance tragjectories. Although this method could
avoid multiple samples of individual disturbances, it is
complicated by the fact that VM could fall into more
than one amplitude category during their lifetime. De-
spite its shortcomings, the method outlined here pro-
vides a straightforward means to determine how VM
structure varies with amplitude.

b. ERICA-period composites

The results of the analysis described in the previous
section provide climatological documentation of syn-
optic and planetary-scale structure associated with VM
at a single level. Resolution of the three-dimensional
structure associated with VM requires use of a finer-
scale dataset. Here we utilize data from the ERICA pe-
riod, 1 December 1988-28 February 1989. These data
are taken from the data assimilation system at ECMWF
(Hollingsworth et al. 1986). The data consist of hori-
zontal wind components, isobaric-coordinate vertical
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31 YEAR MEAN 500 hPa HEIGHT AND GEO. WIND

Fic. 2. Thirty-three-year mean DJF 500-hPa geopotential height (thin lines, every 60 m) and
geostrophic wind speed (thick lines, every 5 m s1).

motion, temperature, and geopotential height. The data
are available every 6 h at mandatory levels between 50
and 1000 hPa on a 1.125° lat X 1.125° long grid that
is interpolated to a 1° X 1° grid.

The method of determining VM is the same as that
described above, except for the use of the vertical com-
ponent of relative vorticity of the total (analyzed) wind
and the data area for compositing is a subset of the full
data areaz 30°-60°N and 60°-130°W. Composites are
derived by averaging al events after interpolating to a
common grid, with the VM centered at 45°N. The VM
events for each category are used to construct three-
dimensional composites of wind (u, v, and w), temper-
ature, and Ertel potential vorticity (EPV). Anomaly
fieldsare constructed fromlocal values of 3-month mean
fields and averaged as described previously.

Particular importance is attributed to distributions of
EPV near the tropopause since gradientsin this quantity
arelargest at thislocation, and disturbances aretypically
based near the tropopause. Thus, the CS test for closed
EPV contours is considered most significant at tropo-
pause level. The tropopause is defined here as the 1.5
X 10 m2 K kg s* (hereafter 1.5 PVU) surface.

c. Conditions for closed contours

Given the importance of closed material contours as
a signature of particle trapping by CSs, it is instructive
to consider what disturbance amplitude is required to
produce closed contours in a given field, such as tro-
popause potential temperature. For simplicity, consider

a function, f, that is composed of a background field
that depends on y only, f, and a disturbance field, f'.
For f to have alocal extremum implies f, = 0,” or

fo = -7, (4)

Consider now the simple case where f, = C, where
C is a constant, and where f’ = Ae ¥, Condition
(4) implies that A = CL2y-1ev*@", In this case, the
amplitude factor A is minimized for y = L, which gives

A = CLe®2, (5)

Parameter C is estimated from the area-mean merid-
ional gradient of the mean tropopause potential tem-
perature field over the domain for the ERICA compos-
ites (Fig. 6); this gives C = —1.39 X 105> K m™,
Anticipating the length scale to range over 300—600 km
implies an anomaly amplitude range of —7 K to —14
K to produce a local minimum in the full tropopause
potential temperature field, on average, for disturbances
having a Gaussian structure.

4. Thirty-three winter climatology at 500 hPa

The DJF mean 500-hPa height and geostrophic wind
speed for the period 1957—89 are shown in Fig. 2. Major
troughs are located over eastern North America and the

7 Of course, to actually see closed contours on a chart with atypical
contour interval, the amplitude of f’ must be even larger than the
amplitude required to produce a local extremum in f.
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Fic. 3. Percentage of data times with occurrences of 500-hPa geostrophic relative VM during winter (DJF), 1957-87, for the (a) weak
category (0 < {, = 4 X 10°°s), (b) moderate category (4 X 10°s* < {; = 8 X 1075 s?), (C) strong category (8 X 105s* < {, =
12 X 10°°s?*), and (d) extreme category (12 X 10°s* < {, = 30 X 10°° s*). The percentage applies to a 10° lat X 10° long area
centered at a point on the map. The contour interval is 2% from 0% to 20% and 10% thereafter; supplemental 1% and 3% contours are
given by dashed linesin (a). Latitude and longitude are given by dotted lines every 20°.

western Pacific Ocean, with a weaker trough extending
from western Russia to northern Africa. Ridges are lo-
cated over western North America, Europe, and western
China. Prominent geostrophic wind speed maxima are
located in the base of the North American trough (the
Atlantic jet) and the western Pacific Ocean trough (the
Pacific jet), in the vicinity of the primary extratropical
storm tracks (e.g., Blackmon 1976). A third wind speed
maximum extends from northern Africa to southeast
Asia, where it connects with the Pacific jet. A notable
feature of the entrance region to both the Pacific and
Atlantic jetsis an upstream extension of the geostrophic
wind speed maximum in both the poleward and equa-
torward directions. This feature suggests climatological
flow splitting around the Plateau of Tibet and the Rocky
Mountains during winter, with confluence of the split
airstreams in the vicinity of the downstream jets.

a. Frequency distributions

To facilitate comparison with previous work (e.g.,
Sanders 1988; Lefevre and Nielsen-Gammon 1995;
Dean and Bosart 1996), results for the geographical dis-
tribution of events are expressed as the ratio of the total
number of events occurring within a 10° lat X 10° long
box centered at each grid point to the total number of
data times (hereafter referred to as frequency). Results
based on this method compare closely with those based
on equal-area averaging, with significant differences
(greater than roughly 20%) confined to latitudes pole-
ward of 60°N (not shown).

Weak events tend to occur outside of midlatitudes
and are particularly infrequent near jets (Fig. 3a). The
largest frequencies, greater than 10%, occur over central
and southeast Asia. Values near the Plateau of Tibet
may be spurious due to the close proximity of the ground
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MODERATE: 500 hPa GEQG. VORT. and WIND
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STRONG: 500 hPa GEO. VORT. and WIND

EXTREME: 500 hPa GEQ. VORT. and WIND

d

Fic. 4. Mean 500-hPa geostrophic relative vorticity [thick lines: every 1 X 107® s~ in (a) and
(b); every 2 X 105 st in (c) and (d)] and geostrophic wind speed (thin solid lines, every 4 m
s71) for 500-hPa vorticity maxima in the (a) weak, (b) moderate, (c) strong, and (d) extreme
categories at 40° N. The zero contour is suppressed and latitude and longitude are given by dotted

lines every 20°.

to 500 hPa. Potentially significant values of 10%—15%
extend from southeast China to the East China Sea, in
a region where there is an upstream extension of the
Pacific jet (Fig. 2). Other local maxima, such as those
over Mongolia and northwestern North America, cor-
respond to regions that have been shown to have arel-
atively large (small) number of VM genesis (lysis)
events (Sanders 1988; Lefevre and Nielsen-Gammon
1995; Dean and Bosart 1996).

Moderate events occur most frequently near the cli-
matological position of the jet from northern Africa
across the Middle East to south of the Himalaya region
(Fig. 3b). Thisband of large values merges with another
that originates over Mongolia, and the combined band
extends across the North Pacific Ocean in the vicinity
of the Pacific jet (Figs. 3b and 2). Over North America,
moderate-event frequency exhibits a relative minimum
over the Rocky Mountains and relative maxima near
Lake Winnipeg and the Gulf of California.

Strong and extreme events exhibit relative maxima
near Korea and Japan, Newfoundland, the Gulf of Cal-
ifornia, the Mediterranean Sea, and near the southern
end of the Ural mountains (Figs. 3c,d). The maxima
over the Mediterranean Sea and Gulf of California are
noted for having arelatively high frequency of ** closed
cyclone centers’ (Bell and Bosart 1989; Parker et al.
1989). Relative minimaare found to the lee of the Rocky
Mountains north of 40°N, near the Caspian Sea, over
western China, and over southern Greenland.

Focusing on North America, Fig. 3 shows that arel-
ative maximum shifts southeastward away from the
Rocky Mountains for increasing amplitude. This tran-
sition occurs in a region where the climatological flow
proceeds from a ridge over western North America to
atrough over eastern North America (Fig. 2). Since the
climatological geostrophic relative vorticity increases
by only approximately 2 X 10-°s-* from ridgeto trough
(not shown), the amplitude increase following the cli-
matological geostrophic streamlines, implied by the re-
sults in Fig. 2, must be due to other factors in addition
to superposition of the disturbance with the background
climatological flow.

b. Spatial structure

The mean spatia structure associated with VM in
each category at 40°N is examined here. Owing to the
large sample sizes, all anomalies are significant at the
99% level in a Student’s t-test of significance; therefore
significance distributions are not shown on the figures
that follow. Results for other latitude bands are similar
to those for 40°N that are shown subsequently (Hakim
1997).

The disturbance structure for the weak category (0 <
{, =4 X 10°° s?) is that of a weak vorticity center
within a ridge of anomalously high heights (Figs. 4a
and 5a). The VM appears in the entrance region of a
jet, which probably reflects the Pacific jet since a sig-
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Fic. 5. Mean 500-hPa geopotential height (thin solid lines, every 60 m) and geopotential height
anomaly [thick lines: every 20 min (a) and (b); every 30 m in (c) and (d)] for 500-hPa vorticity
maxima in the (a) weak, (b) moderate, (c) strong, and (d) extreme categories at 40° N. The zero
contour is suppressed and latitude and longitude are given by dotted lines every 20°.

nificant percentage of the events in this category come
from over Asia (Figs. 3a and 4a). A local wind speed
maximum south of the VM, ajet streak (e.g., Uccellini
and Johnson 1979), appears where the disturbance wind
speed of approximately 6 m st is in phase with the
background flow. Given that the scale of the VM is on
the order of the grid spacing, and that most of these
events originate in an area where the terrain is near 500
hPa, we do not attribute a high degree of significance
to the results for this category.

For the moderate category (4 X 10°s* < (, = 8
X 10-5 s71), the dominant signature is that of a vortex
with a radius (defined below) of approximately 675 km
(Figs. 4b and 5b). An approximately 8 m s~ disturbance
geostrophic wind speed anomaly superposes on anearly
zonally uniform 20 m s~* westerly background current
to yield a localized jet streak to the south of the VM
(Fig. 4b). The mean height field shows a weak trough
near the VM, and the anomaly height field indicates that
moderate VM are localized, without any signature of
upstream or downstream anomalies (Fig. 5b).

For the strong category (8 X 10°s* < [, =12 X
105 s71), the dominant signature is that of avortex with
aradius of approximately 850 km (Figs. 4c and 5c). A
broad 40 m s jet streak is associated with an anomaly
geostrophic wind speed of approximately 14 ms-*. The
mean height field reflects an open-wave trough with an
anomaly minimum of —153 m. The only anomaly sig-

nature aside from the vortices is a slight positive anom-
aly to the northwest of the VM (Fig. 5c).

For the extreme category (12 X 10°s* < , = 30
X 1075 s71), the structure near the VM isis that of a
vortex with aradius of approximately 850 km (Figs. 3d
and 4d). The —224-m height anomaly associated with
extreme events is sufficient to produce closed height
contours (Fig. 5d). A 23 m s geostrophic wind speed
anomaly superposed on the 20 m s~ background west-
erly flow yields a prominent jet streak (Fig. 4d).

Theanomaly fieldsfor each category are used to make
coarse estimates of disturbance properties, which are
defined as follows. The disturbance vorticity scale, £,
is given by the composite gridpoint value at the center
of the VM, and the background-flow vorticity scale, ¢,
is given by the maximum value of background-flow
vorticity on the entire grid. Maximum disturbance geo-
strophic wind speed is used as a disturbance wind speed
scale, U,. The disturbance length scale is defined by a
radius, which is determined by the distance from the
VM to a critical value in the four cardinal directions;
these are then averaged to yield the mean vortex radius.®

8 |f one of the four cardinal direction radii is greater than 1.5 times
the average of the other three, it is removed from the mean. This
condition prevents contamination of the radius by large excursions
in a particular direction of geostrophic relative vorticity contours
defining the edge of the vortex.
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A critical value of 1 X 10-° s~ is used rather than zero
for the reason that the former value is subjectively de-
termined to provide a more reliable measure of the vor-
tex radius. Alternatively, defining the length scale asthe
distance from the VM center to the location where the
central amplitude decreases by e~* produces results that
range from the same value for the weak category to 100
km less than the previous definition for the extreme
category. The background-flow wind speed and mag-
nitude of the background-flow deformation listed in Te-
ble 1 represent average values for all grid points con-
tained within one disturbance length scale of the VM.

The VM length and wind scales increase with dis-
turbance amplitude (Table 1). Both &, and & indicate
that nonlinearity is significant for these disturbances,
particularly for the strong and extreme categories, while
the Rosshy numbers suggest that these disturbances still
fall inthe QG regime. The order of magnitude difference
between the disturbance vorticity and the magnitude of
the mean background-flow deformation suggests that,
on average, the vortices are not likely to be destroyed
by strain in the background-flow wind field (e.g.,
McWilliams 1984).°

The main results of the 33-winter climatology are the
following.

» Strong and extreme VM events occur in the storm
track regions. Moderate VM occur primarily upstream
of the storm tracks, and weak VM events occur over
the subtropics, over southeast Asia, near the Plateau
of Tibet, and near the Rocky Mountains (Fig. 3).

» The structure of the VM is primarily that of a vortex
with little to no large-scale signal. To determine
whether there may have been cancellation of large-
scale signals due to averaging events over all longi-
tudes, two additional composites based on limited
zonal windows were examined for the moderate
events: 90°—180°E, and 180°-90°W. The results of
these tests are very similar to the control, with the
exception that height anomalies for the 90°—180°E
events are weaker than the 180°—90°W events (not
shown).

e A jet streak is found to the south of the VM and is
most noticeable when, on average, the VM is located
just north of the main belt of the westerlies such that
the vortex wind speed superposes with the maximum
westerly background flow (Fig. 4).

» Estimates of the importance of nonlinearity, indicate
a range from roughly O(1) for weak events to O(10)
for the extreme events.

» Aside from a scale increase with amplitude, there is

9 However, a caveat to this interpretation is that the background-
flow strain averaged over individual events may not be well approx-
imated by the strain in the averaged background flow. The former is
difficult to estimate since it requires separating disturbance and back-
ground flow for each event.
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little qualitative structural difference between the
moderate, strong, and extreme categories. This sug-
gests that the subjectively chosen categories are suf-
ficient to resolve the smooth changes in disturbance
structure as a function of amplitude.

Although these results benefit from large sample siz-
es, they suffer from being limited to a single variable
and level, and coarse grid spacing (there are approxi-
mately four grid points spanning the average distur-
bances). In the following section, these results are ex-
tended to three dimensions and to all standard variables
(e.0., u, v, w, temperature, and geopotential height), as
well as derived variables such as vorticity, PV, and tro-
popause potential temperature and pressure. The draw-
back of this extension is a reduction in the size of the
geographical area to North America and surroundings,
and a reduction in the length of the temporal window
to a single winter season, December 1988—February
19809.

5. ERICA-period composites

The 3-month mean 500-hPa geopotential height field
for the ERICA period is broadly similar to the clima-
tological mean with atrough (ridge) over eastern (west-
ern) North America (cf. Figs. 6 and 2). However, during
the ERICA period there was a pronounced meridionally
oriented height-anomaly couplet over eastern North
America, and a positive height anomaly over the Gulf
of Alaska (Fig. 6a). Three-month mean tropopause po-
tential temperature and pressure fields largely resemble
the 500-hPa geopotential height field, with the lowest
tropopause potential temperature and highest tropopatise
pressure located in the trough over northeastern North
America (Figs. 6¢,d). However, since jets are typically
based at the tropopause rather than at 500 hPa, a sharper
and slightly different description of the Atlantic jet is
apparent in the tropopause potential temperature and
pressure maps (cf. Figs. 6b,c with Fig. 2a). The primary
differences are the concentrated gradients of potential
temperature and pressure from the Gulf of California
across Mexico and the southeastern United States that
suggest a subtropical jet leading into the Atlantic jet.

a. Frequency distributions

There are atotal of 7457 weak events, 5905 moderate
events, 2988 strong events, and 2297 extreme events; a
total of 18 647 events for all categories. Two important
distinctions between the composites and the climato-
logical study make them only superficially comparable.
First, the total-wind relative vorticity is used here, as
compared to the geostrophic relative vorticity in the
climatology. Second, the resolution here is 1° X 1° as
compared to 2.5° X 2.5° in the climatology. These two
differences suggest that there is not necessarily any re-
lationship between the categories for these two studies.
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Fic. 6. Time-mean fields for the ERICA period (Dec 1988-Feb 1989): (a) mean 500-hPa geopotential height (thick solid lines, every 60
m) and departure from the 33-yr mean (thin lines, every 30 m); (b) mean 500-hPa vector total wind (arrows, with 10 m s—* reference arrow
in the lower left-hand corner) and magnitude of the 500-hPatotal wind (solid lines, every 5 m s~); (c) mean tropopause potential temperature
(solid lines every 5 K); and (d) mean tropopause pressure (solid lines every 25 hPa). Latitude and longitude are given by dotted lines every

20°.

However, general properties involving relative ampli-
tude, rather than specific categories, are likely to remain
comparable.

Disturbances in the moderate, strong, and extreme
categories occur most frequently, about 50%—70% of
the time within a 10° X 10° box centered on a point,
in the regions associated with the extratropical storm
tracks (Fig. 7).° A fairly continuous path of large values
begins in the Gulf of Alaska, follows the western edge
of North Americato alocal maximum near the northern
Gulf of California, proceeds northeastward to another
local maximum just to the east of the Rocky Mountains,
continues eastward toward the Canadian Maritimes, and
finally northeastward to southeast of the southern tip of

10 Weak events are excluded here because they occur mainly over
the subtropics, and their inclusion obscures comparison with the cli-
matological results.

Greenland. A secondary path of large values begins near
the western edge of the Northwest Territories and ex-
tends southeastward to join the main path of large values
over the Great Lakes region. Another notable large-
frequency location is southern Hudson Bay and James
Bay. Notable frequency minima are located mainly on
the anticyclonic side of the westerlies near the ridge
over the eastern Pacific and from the Gulf of Mexico
across the subtropical Atlantic Ocean. Overall, these
results are quite similar to the smooth patterns shown
in Fig. 3.

Although these results do not represent VM track
density, the aforementioned large-value paths are sug-
gestive of preferred routes for VM as they approach and
cross North America. The primary path suggests that
the most likely location for a VM to cross the Rocky
Mountains is over the southwestern United States (i.e.,
southern Arizona, New Mexico, and Texas) near a col
in the Rocky Mountain chain and the location of the
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Fic. 7. Percentage of 500-hPa VM in the range 4-30 X 10-° s~1, occurring during the ERICA
period. The percentage (thin lines, every 5%) applies to a 10° lat X 10° long box centered at a
point on the map. The primary and secondary pathways discussed in the text are given by the

bold lines.

entrance region to the Atlantic jet. Another possible
climatologically favorable location for VM to cross the
Rocky Mountains is located near southern British Co-
lumbia, where there is a weak connection between the
main and secondary paths. It is unclear from these re-
sults whether the secondary path reflectsamplifying dis-
turbances that have moved equatorward from polar re-
gions, disturbances that have survived a mountain cross-
ing from the Gulf of Alaska, or a location where VM
originates (Sanders 1988; Lefevre and Nielsen-Gammon
1995; Dean and Bosart 1996).

b. Spatial structure

For the composite domain, a subset of the full data
area is used since data surrounding the VM is needed
to allow for a significant compositing region. The total
number of events in each composite category are 1635
weak events, 1620 moderate events, 1039 strong events,
and 932 extreme events. Anomaly fields are computed
from the December 1988—February 1989 mean fields.

The 500-hPa height and relative vorticity for the com-
posite weak VM are very similar to those for the cli-
matological weak VM (cf. Fig. 8a with 4a): these VM
are embedded within a larger-scale ridge of higher
heights and anticyclonic vorticity. On the tropopause,
the signature of the disturbance is a slight undulation
of the isentropes, amounting to a —2 K local anomaly
when compared to the larger areafor which the potential
temperature anomalies are 2—4 K (Fig. 9a).

Asisthe case for the climatological results, moderate
disturbances are distinctly different from weak distur-
bances, exhibiting the structure of alocalized VM with
a jet streak to the south of the VM (Fig. 8b). On the
tropopause, the VM is located near a minor undulation
in the 310 K contour and a region of —4 to —8 K
anomaly (Fig. 9b). This disturbance does not have suf-
ficient amplitude to produce closed contours and there-
fore does not pass a basic CS test. However, it is in-
teresting to note the existence of closed contours of EPV
on tropospheric isentropic surfaces (not shown).

Strong disturbances exhibit alocalized VM with a 24
m s jet streak south of the VM (Fig. 8c). Tropopause
potential temperature anomalies of —8 to —12 K near
the disturbance are associated with a closed 304 K con-
tour in the mean field (Fig. 9¢c). Extreme disturbances
exhibit alocalized VM with a32 m s* jet streak south
of the VM (Fig. 8d). The tropopause potential temper-
ature field exhibits closed contours, with 8 K (293-301
K) “isolated” from the lower values north of the dis-
turbance and an anomaly minimum value of —22K (Fig.
9d).

With regard to geostrophic approximationsto thetotal
wind for these disturbances, we note that plots of the
geostrophic wind are very similar to those shown in Fig.
8; maximum geostrophic wind speeds in the jet streaks
exceed the total wind speed by 0.4, 1.0, 2.4, and 6.3 m
s 1, for the weak, moderate, strong, and extreme cate-
gories, respectively (not shown). Further comparisons
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STRONG: 500 hPa VORT. and WIND EXTREME: 500 hPa VORT. and WIND
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Fic. 8. Mean 500-hPa total-wind relative vorticity [thick lines: every 1 X 1075 st in (a) and
(b); every 2 X 10~° st in (c) and (d)] and total-wind speed (thin solid lines, every 4 m s-1) for
500-hPa VM in the (a) weak, (b) moderate, (c) strong, and (d) extreme categories. The zero contour
is suppressed and latitude and longitude are given by dotted lines every 10°.
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Fic. 9. Mean tropopause potential temperature (solid lines, every 5 K) and anomaly (thin lines,
every 4 K) for the ERICA-period climatology. The zero contour is suppressed and latitude and
longitude are given by dotted lines every 10°.
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Fic. 10. Cross sections through the extreme category VM: (a) and (b) relative vorticity (thick
lines, every 2 X 1075 s71t), vertical motion (thin lines, every 0.25 X 10-* Pa s%); (c) and (d)
EPV (thick lines, contours of 0.75, 1.0, 1.25, 1.5, 2, 4, 6, and 8.5 PVU), and potential temperature
(thin lines, every 5 K): (a) and (c) zonal cross sections, (b) and (d) meridional cross sections.

of the geostrophic vorticity and QGPV show that they
also compare closely with the total-wind quantities (Ha-
kim 1997).

Zonal and meridional cross sections through the ex-
treme VM illustrate the three-dimensional structure
(Fig. 10). The VM has maximum amplitude at 400 hPa,
with a vertical orientation in the zonal direction and a
slight poleward tilt (Figs. 10a,b). There is a sloping
dipole in the vertical motion field with rising motion
downstream and sinking motion upstream of the VM in
the zonal direction (Fig. 10a). This sloping cell appears
as sinking motion in the meridional direction, with vor-
tex-tube stretching implied in the vicinity of the VM
(Fig. 10b). While the tropopause potential temperature
chart indicates closed contours of EPV (1.5 PVU) on
the 293-301 K isentropes, the cross sections suggest
closed contours of EPV over approximately the 280—
340 K isentropic layer; isentropic maps of EPV confirm
this inference (not shown).** Thus, although tropopause
potential temperature is useful for determining when a
disturbance is strong enough to close contours on that
surface, it does not necessarily indicate the isentropic
depth over which closed contours of EPV are present.

The zonal cross section through the composite ex-

11 Note that the EPV field shown in Fig. 10 represents a composite
average of individual EPV fields. The EPV distribution corresponding
to the composite average (u, v, 6) fields is very similar.

treme disturbance compares well with the idealized
cold-core upper-cyclone of Thorpe (1986; his Fig. 1).
The Thorpe disturbance has a tropopause potential tem-
perature anomaly of —24 K and a relative VM of ap-
proximately 14 X 10°5 s71, as compared with —22 K
and 16 X 10-° st for the extreme VM composite. The
main differences between these vortices are a larger
length scale and weaker horizontal decay with distance
for the Thorpe vortex as compared to the extreme VM
composite (i.e., these disturbances have different PV—
streamfunction relationships).

On average, the composite PV fields suggest that tro-
popause-level fluid particles are trapped by strong and
extreme VM. Another estimate of fluid trapping isgiven
by the fraction of disturbances in each category that
occur with (match) alocal minimum in tropopause po-
tential temperaturein therange 250-330 K. A VM event
is declared a match with alocal minimum in tropopause
potential temperature if the two points are separated by
less than 300 km (subjectively chosen distance). An
estimate of the relative significance of these results is
derived from a comparison with results from the same
test applied to a second set of events given by arandom
sample. The random sample is constructed for each cat-
egory by using the latitude and longitude of each event
and generating a random date during the ERICA period
to replace the actual date of the event. With this method,
the random sample has the same spatial frequency dis-
tribution as the actual sample for each category, given
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TABLE 2. Percentage of composite events in the 500-hPa amplitude
categories occurring with (matching) relative minima in tropopause
potential temperature and relative maxima in 1000-hPa total-wind
relative vorticity. The relative minima in tropopause potential tem-
perature and relative maximain 1000-hPatotal-wind relative vorticity
are restricted to occur within 300 km of the 500-hPa total-wind rel-
ative vorticity maximum. Percentages for a random sample having
the same frequency distributions as the 500-hPa relative vorticity
maxima for each category are given in parentheses.

Category Byyop MiNiMumM £ (1000) maximum
Weak 8.2% (7.5%) 1.2% (2.0%)
Moderate 19% (11%) 5.3% (4.5%)
Strong 38% (13%) 13% (5.8%)
Extreme 51% (13%) 24% (6.9%)

in Fig. 7, since only the date (not the lat-ong) of each
event is randomized.

Weak events occur with local minima in tropopause
potential temperature during the ERICA period 8.2% of
the time as compared to 7.5% for the random sample
(Table 2). For moderate events, the matching percentage
increases to 19% as compared to 11% for the random
sample. The random samples for both strong and ex-
treme events occur with local minima in tropopause
potential temperature 13% of the time as compared to
38% and 51%, respectively, for actual events in these
categories. The difference between the percentages for
actual events and random events increases with distur-
bance strength and indicates greater confidence in the
results for the strong and extreme categories. Composite
tropopause potential temperature for extreme eventsthat
occur with local minima in tropopause potential tem-
perature compare closely with the full extreme category
(cf. Figs. 11a, 9d). In contrast, extreme events that do
not occur with local minimain tropopause potential tem-
perature have an open wave structure with aweaker and
broader tropopause potential temperature anomaly field
(Fig. 11b).

Another component to the analysis of the composite
events is an estimation of the CS parameters; the anal-
ysis is employed at 500 and 300 hPa by the method
outlined in section 4b. Nonlinearity estimates for the
strong and extreme disturbances at 500 hPa (300 hPa)
range from 6 = 5.7 (3.6) to § = 9.8 (5.5), respectively,
with comparable values for §, (Table 3). These results
indicate that even O(1) nonlinearity is not sufficient to
ensure closed PV contours at tropopause level, as in-
dicated from the moderate tropopause potential tem-
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a TROPOPAUSE THETA: VM WITH CLOSED CONTOURS

b TROPOPAUSE THETA: VM WITHOUT CLOSED CONTOURS

Fic. 11. Mean tropopause potential temperature (solid line, every
5 K) and tropopause potential temperature anomaly (thin lines, every
4 K) for extreme category ERICA-period events that (&) occurred
within 300 km of local tropopause potential temperature minima, and
(b) did not occur within 300 km of local tropopause potential tem-
perature minima. The zero contour is suppressed and latitude and
longitude are given by dotted lines every 10°.

perature field (Fig. 9b). The length scale at 500 hPa
(300 hPa) increases with amplitude from 330 (400) km
for the moderate category to 550 (570) km for the ex-
treme category. As was the case for the 33-winter cli-
matology, the mean magnitude of the background-flow
geostrophic deformation is small for all categories.

A scatterplot of nondimensional QGPV against non-
dimensional QG streamfunction for the extreme cate-
gory disturbance at 500 hPa shows anearly steady struc-
ture (Fig. 12). The scatterplot for a steady structure
would have al points falling on one or more curves,
indicative of a functional relationship between PV and

TaBLE 3. Scale estimates and nondimensional parameters for ERICA anomaly fields. Disturbance parameters are maximum geostrophic
wind speed, U, (m s7%), and length scale, L (km). Nondimensional parameters are nonlinearity, 6, = Uy/BL2 and 6 = {'/{; magnitude of
the background-flow total deformation, D; and Rossby number, U,/fL. Here, f = 104 s*and 8 = 1.5 X 10~ m~* s~L. Values apply at 500

hPa, except for those in parentheses, which apply at 300 hPa.

Category Uy L s o D Ro

Moderate 7.1(12) 330 (400) 4.3 (4.8) 3.4 (2.0 0.6 (0.7) 0.22 (0.29)
Strong 9.0 (43) 480 (670) 2.6 (1.7) 5.7 (3.6) 0.5 (0.7) 0.19 (0.17)
Extreme 33 (43) 550 (570) 7.3 (8.8 9.8 (5.5 0.4 (0.6) 0.60 (0.75)
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Fic. 12. Scatterplot of nondimensional QGPV with respect to non-
dimensional geostrophic streamfunction for the extreme-category dis-
turbance at 500 hPa.

streamfunction. The nearly linear relationship in the
core of the disturbance (nondimensional QGPV greater
than approximately 0.2) is suggestive of a modon so-
lution. However, other vortex solutions, such asaGauss-
ian vortex, have anearly linear relationship in the vortex
core (e.g., Hopfinger and van Heijst 1993, their Fig. 2).
Therefore, this test does not provide sufficient evidence
to identify a particular preferred solution type for the
extreme category.

As discussed previously, a property distinguishing
CSs from RWs is a dependence of disturbance speed
on amplitude. Here, a 12-h mean VM speed is deter-
mined from 6 h-lagged composites. This speed is com-
pared with the wind speed at the center of the VM,
which is considered a background-flow speed since the
wind associated with the vortex is approximately zero
at this location. Background-flow relative speeds, ¢ —
U, for the moderate, strong, and extreme VM are —6.7,
—7.4,and —8.6 ms 1, respectively. Most of thisrelative
motion is in the zonal direction, with a northward rel-
ative motion of lessthan 1 m s-*in all cases. Therefore,
the VM move slightly north of west relative to the back-
ground flow, with larger-amplitude disturbances moving
westward the fastest. Since these speedsfall intherange
of linear RW phase speeds, the modon-with-rider so-
lution is precluded as a potential model for these dis-
turbances (modonstranslate eastward, or westward, fast-
er than the gravest RW).

As discussed in the introduction, upper-level distur-
bances are often important for exciting surfacecyclones.
The extreme VM composite cross sections indicate that
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surface cyclones do not accompany these 500-hPa VM
on average (Fig. 10a). The subsequent analysis aims to
determine the spatial distribution of surface cyclones
near North America, aswell asthe proportion of surface
cyclones that occur with 500-hPa VM as a function of
the categories defined here. Surface cyclones are defined
here aslocal maximain the 1000-hPatotal-wind relative
vorticity field in the range 8-30 X 10-° s~ (hereafter
referred to as cyclones) and are identified by the same
method used to find 500-hPa VM. The threshold value
of 8 X 10-5 s~ was determined subjectively by trial
and error; however, the results are not sensitive to this
exact value. This method yields a total of 2969 surface
cyclone events over the data area during the ERICA
period.

Cyclone frequency is similar to extreme VM fre-
guency over the eastern Pacific Ocean and western At-
lantic Ocean (cf. Figs. 13 and 7). Specifically, a band
of large values, greater than approximately 20%, follows
the coastline of western North America before termi-
nating along the California coastline (Fig. 13). While
the extreme VM category exhibits aband of large values
along the same path, in that case a relative maximum
isreached near the northern end of the Gulf of California
and the path continues across the continent (Fig. 7). In
contrast, cyclone frequency does not exhibit such a path
across the United States, with values over most land
areas less than 5% (Fig. 13). A second path of large
values begins along the East Coast of North America
and extends eastward over the western Atlantic Ocean
in the vicinity of the climatological storm track. From
a local maximum of 40% south of Newfoundland, the
path continues along two separate branches, one east-
northeastward and the other northward. The northward
path leads to the largest values, greater than 50%, along
the west and southeast coasts of Greenland.

Other local frequency maxima are found over the
Yukon Territories, Hudson Bay, Great L akes, and south-
western Gulf of Mexico. These results are in broad
agreement with those shown in Zishka and Smith (1980,
their Fig. 2a) for January cyclones, 1950—77, with the
following two exceptions. Their results show local max-
ima near Montana and southwestern Kansas, which are
not evident here, and the local maximum over Hudson
Bay in the present work is not as prominent in their
results. Given the different methods between this study
and Zishka and Smith (1980), such as defining cyclones
by 1000-hPa relative vorticity as opposed to mean sea
level pressure, and a single winter season (December—
February) as opposed to 28 Januaries, the noted differ-
ences may be considered to be relatively minor. Fur-
thermore, there is broad agreement in the results over
the storm track east of the North American coastline.

The matching method used earlier is employed here
to make an estimate of the fraction of 500-hPa VM that
occur with surface cyclones. Here, 500-hPa VM are
matched with 1000-hPa cyclones within 300 km of the
VM; random-sample results are also generated for com-
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FiG. 13. Percentage of ERICA-period 1000-hPa VM in the range 8-30 X 10-° s*. The per-
centage (shown every 5%) applies to a 10° lat X 10° long box centered at a point on the map.

parison. Weak VM are associated with cyclones only
1.2% of the time, which is actually less than 2.0% for
the random sample (Table 2). This may be due to the
fact that weak VM are embedded within larger-scale
anticyclones. Moderate VM are associated with cy-
clones 5.3% of the time, which does not differ signif-
icantly from the value of 4.5% for the random sample.
In contrast, strong and extreme VM are associated with
cyclones 13% and 24% of the time, respectively, as
compared with only 5.8% and 6.9% for random samples,
respectively. Extending the match distance to 600 km
indicates that weak, moderate, strong, and extreme (ran-
dom) events are associated with cyclones 4.2% (7.5%),
13% (13%), 25% (18%), and 41% (21%), respectively.
For a 600-km matching distance, strong and extreme
events account for 32% of cyclones as compared with
17% of cyclones for a 300-km matching distance. Since
only the strong and extreme VM exhibit CS properties,
we estimate that CS VM occur with approximately one-
third of all surface cyclones. This conclusion is tem-
pered by the earlier caveat regarding comparing the Eu-
lerian perspective adopted here with a pseudo-L agrang-
ian disturbance definition. Furthermore, we note that the
amplitude of the 500-hPa VM prior to surface cyclone
development may not be the same as the amplitude at
the time of the matching results.

Finally, we note a possible limitation of this work
concerns the fact that the composite fields could poten-
tially be interpreted as an average over a population of
waves, with the localized structure resulting from a can-
cellation of waves with different wavelengths. For sim-

plicity, consider the vorticity field for aone-dimensional
problem [{(X)]. Let the sample population comprise
waves, with a normal probability density function hav-
ing mean k, and variance o2. The expected value is

Z(X) = e o> cog(K,X). (6)

Here, x is taken to be nondimensional zona distance
along 45°N lat. For certain choices of k, and o, such
ask, = 6 and o = 5, (X) gives the appearance of a
local VM with a radius of about 500 km (not shown).
Thus, as with all compositing-based studies, a connec-
tion to individual cases needs to be made to ensure that
the results are not an artifact of the compositing pro-
cedure. In this regard, Hakim (1997) examined individ-
ual events during the ERICA period and found that the
main results contained herein correspond closely with
those for the individual cases.

6. Conclusions

A diagnostic method, based on the theory of nonlinear
waves and vortices, is developed and applied to obser-
vations to test the hypothesis that some tropopause-
based perturbations, such as cyclogenesis precursor dis-
turbances, are nonlinear coherent structures (CSs) as
opposed to quasi-linear Rossby waves. The diagnostic
method is designed to determine the following distur-
bance properties: nonlinearity, QGPV—streamfunction
relationship, speed, and trapping of fluid particles. These
tests are applied to observations of relative vorticity
maxima (VM) for a 33-winter climatology at 500 hPa
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and three-dimensional composites for a single winter
season. In addition to testing the CS hypothesis, another
goal of this work is to assess whether observed distur-
bances tend toward a preferred structure; candidate so-
Iutions considered here are solitary waves, modons, and
monopolar vortices.

Results for a 33-winter climatological study indicate
that VM occur most frequently over and upstream from
the main oceanic storm tracks. Frequency minima are
located near major topographical barriers, such as the
Rocky Mountains, Greenland, and the Plateau of Tibet.
The mean structure of the disturbances is a vortex with
a radius of approximately 500-800 km. A jet streak is
located south of the vortex, due to a superposition of
the vortex-induced wind with the westerly background
flow. Nonlinearity is O(1) or greater for all categories.

Results for a composite study agree with those of the
climatology: 500-hPatotal-wind relative VM exhibit the
structure of localized cyclonic vortices with length
scales of approximately 350—600 km. A zonal cross
section of anomaly vertical motion for the extreme
events exhibits a vertically tilted dipole, which suggests
that the vertical circulation may act to oppose the ten-
dency of the background-flow vertical shear to tip the
vortex from its vertical orientation. A demonstration of
this effect in idealized numerical simulations of vortices
in vertical shear is given by Jones (1995).

Nonlinearity for the composite study is O(1) or great-
er for all categories. However, closed contours of tro-
popause potential temperature require 6 = 5, which cor-
responds to tropopause potential temperature anomalies
of approximately —8 K and to relative VM at 500 hPa
greater than approximately 8 X 10-° s*. This result
precludes linear (e.g., Rossby waves) and weakly non-
linear waves (e.g., solitary waves) as potential models
for these disturbances. The range of isentropes that ex-
hibit closed contours of Ertel PV (EPV) is proportional
to the amplitude of the disturbance. The moderate com-
posite category exhibits closed EPV contours over a
narrow range of isentropes located in the upper tropo-
sphere, whereas the strong and extreme composites ex-
hibit closed EPV contours through a larger range of
isentropes, particularly in the lower stratosphere for the
extreme category. Thus, these vortices have a variable
vertical structure that suggests the greatest probability
for trapping fluid particles exists on tropospheric isen-
tropes.

The composite disturbances translate slightly north of
west at 6-9 m s~ relative to the background flow. Since
this speed falls in the range of linear Rossby wave
speeds, the modon-with-rider and solitary wave solu-
tions cannot serve as models for these disturbances. The
speed results are qualitatively consistent with the theory
for the motion of unsteady cyclonic vortices on a 8
plane, which predicts that they move northwestward.
There is also agreement with the prediction of Adem
(1956) that the westward component of vortex motion
increases with vortex radius, since the strong and ex-
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treme VM have larger radii and westward speeds when
compared with the moderate VM. Given the aforemen-
tioned evidence, we conclude that these disturbances
are, on average, unsteady nonlinear monopolar vortices.
This result highlights a need for further research into
the dynamics of vortices in the presence of background
flows comprising regions with locally enhanced gradi-
ents of wind speed and potential vorticity (i.e., jets).
Since explosive cyclogenesis events tend to occur in
association with large-amplitude 500-hPa VM (e.q.,
Sanders 1986), it is possible that CSs, such as the those
determined by the composite strong and extreme cate-
gories, may play a more important role in this subset
of cyclones as compared to al cyclones. In this regard,
Sanders (1986, 1987) found that the rate of devel opment
of explosively developing cyclones(*‘bombs™) was pro-
portional to 500-hPa absolute vorticity advection. Fur-
thermore, this vorticity advection is attributed to a 500-
hPa vorticity maximum, which is often present many
days prior to the surface development. In a compositing
study of bomb cyclones, Manobianco (1989) found a
prominent localized VM upstream from the developing
surface cyclone. The maximum total-wind relative vor-
ticity of 13 X 10-° s** and the VM structure are very
similar to the extreme category (cf. Manobianco 1989,
his Fig. 2, with Fig. 8d). Takayabu (1991) documented
a case of cyclogenesis involving an upper-level vortex
that has a radius of approximately 400-500 km and a
relative VM of 13 X 10-° s7%; again, these properties
compare closely to the extreme category. Takayabu also
examined rapidly developing cyclones [maximum sea-
level deepening rates greater than 7 hPa (12 h)-'] oc-
curring in the vicinity of the Japan Islands during 1986,
and found seven out of 39 cases involve a *‘coupling
development” between upper and lower vortices.
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APPENDIX
Overview of Solitary Wave and Modon Solutions
a. Solitary waves

For aframe of reference moving at speed c, thetrans-
formation X = x — ct allows (2) to be expressed as

Iy +cy+ ¢, VY + By + 4,) = 0. (Al)

The streamfunction has been separated by ¢ = ¥ (y) +
' (X,y). Scaling of (Al) proceeds with the following
nondimensional parameters: (X,y) ~ (LX, Ly), ¢ ~
ULy, ¢ ~ ALy, ¢ ~ A& Expanding the Jacobian in
(A1) and dropping the hat and prime notation, (A1)
becomes

8/362\]((111 i) + BBJ((,II, lrl’yy) + (1 + ayyy)
— €e*(c + Jy)‘/fxxx - (c+ Ey)lvayY = 0. (A2)

The parameter e = L/L, represents the anisotropy of the
solution and will be small (<1) by assumption, and we
take A = BL2. For solitary waves to exist, nonlinearity
and dispersion must balance; this requires €2 = 5, (Ma-
lanotte-Rizzoli and Hendershot 1980). Approximate so-
Iutions of (A2) are obtained for small 6, by expanding
pandcintermsof 8, = o + Sy + -+ C=Cy
+ 8,C, + - - -. Separation of variables at |eading order
by ¢, = W(X)P(y), with (0) = d(1) = 0, yields an
eigenvalue problem for the meridional structure and ze-
roth-order disturbance speed:

@, — Ao(y)® = 0. (A3)
The function A,(y), given by
_ Uy — B _ Zy _ dZ
Ao(y)—U_CO— T—c  ai (A4)
where y* = ¢ + c,y, is a weighting (or potential)

function that determines the meridional structure of the
disturbance [i.e., the solution of (A3)]. As noted by
Malguzzi and Malanotte-Rizzoli (1984), solitary waves
require A,(y) to have a minimum in y. Butchart et al.
(1989) detail the importance of this potential well for
confining (trapping) the meridional disturbance struc-
ture and draw an analogy with the time-independent
Schrodinger equation for an electron trapped in an elec-
trostatic potential well. Butchart et al. also show that a
similar interpretation appliesin the zonal direction, with
the distinction that the disturbance is trapped by itself
rather than by the background flow.

The zonal structure function, W(X), is recovered at
next order through a solvability condition that is sat-
isfied by multiplying the O(5,) equation by @, inte-
grating in y and setting the result to zero; the result is
the steady Korteweg-deVries (KdV) equation:

a a
v, + 2PV, + 2, = 0. (A5)
c, c,
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The constants a, and a, depend on A, and ®. A solution
of (A5) is

X
P(X) = sgn(a,a,)A sech2<v—v>. (A6)
Here, sgn(x) denotes the sign of argument x, W-2 =
(V12)|a,/a,|A, where W is the width of the solitary
wave, and ¢, = —sgn(a,a,)a,A/3 is the correction to
the wave speed.

b. Modons

Channel boundary conditions in y are replaced with
Y - O0forr - o, wherer = \/X? + y2. A polar
coordinate form of the steady reference frame intro-
duced in (A1) is used here, with X = r cosf and y =
r sinf. The governing equation in these coordinates has
a solution of the form

Ve + By = F(y + cy), (A7)
where F(a) is an unspecified functional. The solution
domain is divided into a near field and a far field by a
circle with radiusr = a. The boundary condition sug-
gests that the far-field structure of F has the form F(«)
= afc~t = ap?, which alows for the proper decay of
the solution at large r. Substituting into (A7) the linear
relation for F(«) in the far field and assuming F(a) =
—k?a in the near field gives®?

V2 + k& = —(k? + p?) cr sing, r<a (A8a
V2 — p?p = 0, r>a.(A8b)
One solution is
| PPu(kr) pA\r| .

Ji(r, 0) = ca 7k231(ka) 1+ < a sing

r<a, (A9a)
Ki(pn)|

r, ) = —ca|———| sind r> a A9b
(0 [Kl(pa) (A%b)

Here, J, is the first-order Bessel function of the first
kind and K; is the first-order modified Bessel function
of the second kind.

Although monopolar solutions are not possiblein iso-
lation, they can be superposed with the dipole solution
(A9); for this reason, these monopolar fields are called
riders (Flierl et al. 1980). Rider fields, denoted by a
subscripted R, are given by

(1) = ¥=(0)Jp(kr), r<a (Al0q)
_ kJ, (ka)
1) = WO K 1> 2 (AL

2 The constants k and p are referred to as the modon interior and
exterior wavenumbers, respectively.
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Here, k and p are the wavenumbers corresponding to a
modon solution (A9) and ¢,(0) is an amplitude param-
eter. Although all structural characteristics of rider fields
are determined by the modon solution (i.e., k and p),
an important aspect of (A10) is that the amplitude pa-
rameter is free. This freedom permits monopoles of ar-
bitrary amplitude to be superposed on the modons such
that the signature of the total solution, ¢ + i, can
appear to be that of a nearly axisymmetric monopole.
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