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ABSTRACT

The methodology developed by Keyser et al. for representing and diagnosing three-dimensional vertical circulations
in baroclinic disturbances using a two-dimensional vector streamfunction, referred to as the psi vector, is restricted to
J-plane channel-model geometry. The vertical circulation described by the psi vector consists of the irrotational (or
divergent) part of the ageostrophic wind and the vertical velocity. A key property of the psi vector is that its projections
onto arbitrarily oriented orthogonal vertical planes yield independent vertical circulations, allowing separation of a
three-dimensional vertical circulation into o two-dimensional components, and thus objective assessment of the
extent to which a three-dimensional vertical circulation is oriented in a preferred direction. Here the methodology for
determining the psi vector is modified to be suitable for real-data applications. The modifications consist of reformu-
lating the diagnostic equations to apply to conformal map projections and to limited-area domains; despite the desir-
ability of incorporating topography, this task is deferred to future research. The geostrophic wind is defined in terms
of constant Coriolis parameter, rendering it nondivergent and thus confining the horizontal divergence to the ageo-
strophic wind. The ageostrophic wind is partitioned into harmonic, rotational, and divergent components. This three-
way partition provides a consistency check of the divergent ageostrophic wind recovered from the horizontal divergence
field with its counterpart determined from the psi-vector calculation.

The modified psi-vector methodology is illustrated for two well-documented East Coast midlatitude cyclones.
The first case (the Presidents’ Day storm: 1200 UTC 19 February 1979) considers an interpretation that ascent
in the vicinity of a curved upper-level jet—front system may be viewed as a superposition of contributions from
cross-stream divergent ageostrophic flow associated with a jet streak and from alongstream divergent ageo-
strophic flow associated with a baroclinic wave. The second case (the Megalopolitan storm: 1200 UTC 11
February 1983) addresses the hypothesis of Uccellini and Kocin that vertical circulations transverse to meridio-
nally displaced upper-tropospheric jet streaks are coupled in a lateral sense. In both of these cases, the diagnoses
reveal that the cross-stream component of the divergent ageostrophic circulation isolates meaningful mesoscale
signatures coinciding with regions of precipitation and ascent in the vicinity of upper-level jet—front systems,
whereas the alongstream component is indicative of synoptic-scale vertical motion. Furthermore, it is found that
the cross-contour ageostrophic flow, necessary for Lagrangian rates of change of kinetic energy in jet entrance
and exit regions, is due primarily to the nondivergent (i.e., harmonic plus rotational) ageostrophic wind. This
result suggests that the practice of linking cross-contour ageostrophic winds and vertical motions in jet entrance
and exit regions in the qualitative assessment of energy transformations in these regions may be problematic in
the case of upper-level jet—front systems situated in three-dimensional flows.
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plane as the irrotational ' part of the ageostrophic wind
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nates), which are linked kinematically through mass
continuity. The vertical circulation may be represented
in terms of a two-dimensional vector streamfunction,
referred to by KSD as the psi vector. Deferring speci-
fication of the horizontal coordinate system until sec-
tion 2, we define the psi vector generically as

Oy

Vagir = - 8p )

w=V,. (1.1)
In addition to considering the irrotational part of the
ageostrophic flow as providing the horizontal branches
of three-dimensional vertical circulations, KSD in-
cluded the nondivergent part in their diagnosis. Ac-
cordingly, the combination of the total ageostrophic
wind and the vertical velocity will be referred to as the
ageostrophic circulation in order to be distinguished
from the vertical circulation defined above. Although
kinematically independent of the vertical velocity, the
nondivergent part of the ageostrophic wind was shown
in KSD to contribute significantly to the along-contour
ageostrophic wind in regions of curved flow and to the
cross-contour ageostrophic wind in the entrance and
exit regions of jet streaks. The latter result, consistent
with the findings of Krishnamurti (1968) and Black-
burn (1985),2 led to the suggestion that, to the extent
the cross-contour flow is dominated by the nondiver-
gent part of the ageostrophic wind, vertical motions
(and transverse vertical circulations ) in jet entrance and
exit regions are decoupled from Lagrangian rates of
change of kinetic energy. An implication of this sug-
gestion is that caution should be exercised in interpret-
ing and applying observationally derived conceptual
models that relate vertical motions in jet entrance and
exit regions to the cross-contour component of the total
ageostrophic wind. Finally, it should be emphasized
that the methodology developed and applied by KSD
is kinematic; that is, there is no consideration of the
dynamical relationship of the ageostrophic circulation
to the mass field. Various alternative formulations re-
lating the ageostrophic circulation to the geostrophic
flow based on the quasigeostrophic (QG) equations are
presented by Keyser et al. (1992a), Xu (1992), Xu
and Keyser (1993), and Keyser (1994).

The representation in (1.1) was adopted with the
eventual goal of isolating vertical circulations associ-
ated with fronts and jet streaks (to be referred to as jet—
front systems ) found within realistic three-dimensional
flows. Specifically, the cross-front (virtually synony-
mous with ‘‘cross-jet’’ or ‘‘cross-stream’’ ) component
of the vertical circulation may be extracted by project-
ing the psi vector onto the plane normal to the long axis

2 Blackburn (1985) is concerned with planetary-scale, time-aver-
aged jet streams rather than mesoscale jet streaks associated with
transient baroclinic disturbances, the latter of which are the focus of
the present paper.
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of a jet—front system. The relative contributions of the
cross- and alongfront components of the three-dimen-
sional vertical circulation may be evaluated by com-
paring the magnitudes of the vertical motion fields as-
sociated with these respective component circulations.
(The former dominates the latter in the two-dimen-
sional limit of increasingly anisotropic vertical motion
patterns in which the long axis is oriented in the along-
front direction.) Whether or not the cross-front vertical
circulation dominates its alongfront counterpart, the
cross-front circulation may be compared with signa-
tures derived from idealized dynamical models of fron-
togenesis. In such comparisons, it should be recognized
that in idealized diagnostic and prognostic dynamical
models of frontogenesis [ see, e.g., reviews by Hoskins
(1982) and Eliassen (1990)] the vertical circulation is
two-dimensional and confined to the cross-front verti-
cal plane. In such models, the vertical circulation con-
sists of the perturbation (as opposed to basic-state)
ageostrophic wind in the cross-front plane and the total
vertical motion field, which are linked through mass
continuity. The cross-front ageostrophic wind is purely
irrotational; this property is extended to three dimen-
sions in the definition of the vertical circulation given
by (1.1).

Although the use of a vector—streamfunction repre-
sentation is not restricted to the irrotational part of the
ageostrophic wind [e.g., applications by Hoskins and
Draghici (1977) and by Sanders and Bosart (1985) use
the total ageostrophic wind and the total horizontal
wind, respectively], the present approach exhibits the
following desirable attributes (KSD): (i) internal can-
cellation between the partitioned components of the
vertical motion is eliminated; (ii) the vertically inte-
grated mass fluxes of the component vertical circula-
tions in orthogonal vertical planes vanish (i.e., stream-
lines do not begin or end at boundaries). It may be
shown that both of these attributes are a consequence
of defining the psi vector in terms of the irrotational
part of the ageostrophic wind, coupled with the as-
sumption of vanishing total vertical motion at the bot-
tom and top boundaries, consisting of isobaric surfaces.
The former attribute ensures that unrealistically large
vertical motions of nearly equal magnitude and of op-
posite sign do not arise within the component circula-
tions in response to contraction in one direction coun-
terbalancing stretching in the orthogonal direction, as
would occur in the presence of a nondivergent wind
component. The latter attribute replicates the property
that vertical circulations in two-dimensional frontogen-
esis models are composed of closed cells.

Despite the formulation of the psi-vector methodol-
ogy to achieve the goal of isolating vertical circulations
associated with jet—front systems found within realistic
three-dimensional flows, its application in KSD is lim-
ited to simulations conducted with an adiabatic, f~plane,
primitive equation channel model. In the present paper,
we modify the methodology for determining the psi
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vector to be suitable for real-data applications. The
modifications comprise reformulating the diagnostic
equations presented in section 2b of KSD for applica-
tion to conformal map projections and to limited-area
domains; these modifications are the subject of section
2 of the present paper. Datasets and computational pro-
cedures are described in section 3, while illustrative
applications with real data are presented in section 4;
the datasets consist of three-dimensional gridded fields
for the Presidents’ Day storm of February 1979 and for
the Megalopolitan storm of February 1983. A summary
of the main findings of this study, along with possible
extensions, is presented in section 5.

2. Diagnosis of ageostrophic circulations on limited-
area domains

In this section, we adapt the kinematic methodology
of KSD for representing and diagnosing ageostrophic
circulations for application to limited-area domains.
Toward this end, we consider a Cartesian grid on a
conformal map projection; for details concerning con-
formal map projections, such as definition of grids, ex-
pressions for map-scale factors, and the form of the
primitive equations, the interested reader is referred to
Saucier (1955, sections 2.11-2.15), Haltiner and Wil-
liams (1980, section 1.8), Anthes et al. (1987, appen-
dix 4), and Danard (1989). Next, we define the geo-
strophic wind in terms of constant Coriolis parameter,
rendering it nondivergent. Following this step, we ap-
ply the three-component partition of a two-dimensional
vector field described by Lynch (1989, section 3) to
the ageostrophic wind. The divergent part of the ageo-
strophic wind included in this partition corresponds to
that derived from the psi vector (1.1), the latter of
which is determined from the vertical motion field. Fi-
nally, we conclude with expressions applicable to a
conformal map projection for the QG omega equation,
equivalent potential vorticity, and absolute vector vor-
ticity, each of which will be used in the interpretation
of the vertical circulation patterns in section 4.

a. Definition of geostrophic wind and mass continuity

One may define the geostrophic wind in pressure co-
ordinates on a conformal grid as

£V, = k X mV, 4, (2.1)

where f; is a constant value of the Coriolis parameter,
taken to be the value of f at the center of the domain;
m is the map-scale factor; V, = i0/9x, + jo/3y, is
the horizontal gradient operator on a pressure surface;
¢ (=gh) is geopotential; and x and y refer to distances
in the i and j directions with respect to the map pro-
jection. The geostrophic wind as defined in (2.1) is
nondivergent, so that the continuity equation in pres-
sure coordinates may be written
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It should be recognized that the constant- f definition of
the geostrophic wind (2.1) does not change the pres-
sure gradient force, which is invariant in the vector mo-
mentum equation. Nevertheless, this definition does
change the interpretation of the vector momentum
equation for frictionless flow; this equation now may
be written as

dav

o = ThkX Vi = (f = fo)(k X'V),

where V = ui + vj, such that mu = dx/dt and mv
= dy/dt, and

(2.2)

(2.3)

av v
o (V-V,)¥
om om ov
+ (u By - 8x>(kxv)+w6p' 2.4)

Inspection of (2.3) reveals that the vector momen-
tum equation based on (2.1) possesses not only the
conventional Coriolis term, but also a second term ac-
counting for the variation of f relative to its central
value. Because the acceleration represented by this ad-
ditional term is oriented normal to the wind velocity, it
only modifies the wind direction. Consequently, La-
grangian rates of change of kinetic energy are due only
to the cross-contour component of the ageostrophic
wind, as is the case where the geostrophic wind is de-
fined in terms of variable f. Further discussion and
comparison of the properties of constant- and variable-
f definitions of the geostrophic wind may be found in
Blackburn (1985).

b. Three-component partition of the ageostrophic
wind

The following discussion assumes that the ageo-
strophic wind is known a priori and that it is to be
partitioned for diagnostic purposes. This situation cor-
responds to the ‘‘partitioning problem’’ as defined by
Bijlsma et al. (1986). The partitioning problem should
be distinguished from the related ‘reconstruction prob-
lem,”” which concerns recovering the wind field from
the vertical component of the relative vorticity and the
horizontal divergence, which in the case of a limited-
area domain requires knowledge of the wind velocity
on the domain boundaries. Both problems, which are
especially relevant to diagnostic studies and to initial-
ization of numerical prediction models, have been
treated comprehensively in recent years by Bijlsma et
al. (1986), Lynch (1988, 1989), and Chen and Kuo
(1992a,b); the interested reader is directed to these ref-
erences for background material. In the remainder of
this subsection, we adapt the three-component partition
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described by Lynch (1989, section 3) to the ageo-
strophic wind field.

We decompose the ageostrophic wind based on the
constant- f definition of the geostrophic wind into har-
monic, rotational, and divergent parts:

(2.5)

The harmonic part of the ageostrophic wind may be
defined either in terms of a velocity potential &, or a
streamfunction ¥,,:

Vagh = mV,,‘I),, =k X mVP\I/,,,

Vag = Vagh + Vagr + Vagd-

(2.6)
satisfying
Vg@h =0 and V‘Z,‘I/h =0

and subject to suitable nonhomogeneous lateral bound-
ary conditions, to be discussed subsequently. The ro-
tational and divergent parts of the ageostrophic wind
are defined in terms of a streamfunction ¥, and velocity
potential ®,, respectively:

V. =k X mV,7,,
Vagd = mvp(bd’

(2.7)

(2.8)
(2.9)
such that

mV2Y, = C,,, (2.10)

and
mVid, = ag> (2.11)

subject to homogeneous Dirichlet conditions on ¥, and
&, on the lateral boundaries. In (2.10) and (2.11), {,,
and §,, are the vertical component of relative vorticity
and the horizontal divergence of the ageostrophic wind,
respectively:

e = mk-V, X (Xm—g) , (2.12)

and §,, are given by the left-hand side of (2.2).

The presence of the harmonic part of the ageo-
strophic wind, which is both nondivergent and irrota-
tional, in the decomposition (2.5) leads to the adoption
of the terms ‘‘rotational’’ and ‘‘divergent’’ to describe
the parts of the ageostrophic wind associated with the
ageostrophic vorticity and divergence fields, respec-
tively. The following relationships apply (Xu and Key-
ser 1993):

Vagir = Vagh + Vagd, (2133)
Vagad = Vagn + V. (2.13b)

Use of (2.13a) and (2.13b) in conjunction with (2.5)
yields

Vag = agnd + Vagd

= Vagir + Vagr = vagnd + vagir - Vagh- (214)
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Despite the labels “‘rotational’’ and ‘divergent,”’ these
respective parts of the ageostrophic wind still possess
kinematic properties other than vorticity and diver-
gence (e.g., deformation and translation). In the case
of a disturbance that is sufficiently localized on a lim-
ited-area domain and in the cases of global or doubly
periodic domains, the harmonic part of the ageo-
strophic wind vanishes, and there is no distinction be-
tween ‘‘irrotational’’ and ‘‘divergent’’ (2.13a) and be-
tween ‘‘nondivergent’’ and ‘‘rotational’’ (2.13b). In
such cases, the former, exclusive terminology may be
preferable because it offers a reminder that the irrota-
tional and nondivergent parts of the wind account for
all kinematic properties except vorticity and diver-
gence, respectively.

Lynch (1989) shows that the harmonic velocity po-
tential ®, and harmonic streamfunction ¥, form two
sets of isopleths orthogonal to each other everywhere
on a limited-area domain. This property is a straight-
forward consequence of (2.6) [i.e., Vo (kK X Vo)
= 0, where the first V,,, is defined in terms of ®, and
the second in terms of W,]. Specification of lateral
boundary conditions for ®, and ¥, is possible given
either the tangential (v,,,) or normal (v,,,) ageostrophic
velocity components (where, in this context, the posi-
tive s and n directions are counterclockwise and out-
ward with respect to the domain boundary); it is not
necessary to use both components simultaneously. If
Vags (Vaga) is used, then Dirichlet conditions result for
®, (¥,) and Neumann conditions for ¥, (®,). In the
present paper, we restrict consideration to v, adopting
Dirichlet conditions (on ®,) for all calculations to be
shown involving the harmonic ageostrophic wind, be-
cause different staggered grids are required for v,,, and -
Uaen (Lynch 1989, p. 1495). Calculations with Neu-
mann conditions (on ¥,) were performed as a consis-
tency check of their Dirichlet counterparts. The pref-
erence for presenting results based on the Dirichlet op-
tion is dictated by more rapid convergence using
successive overrelaxation in solving (2.7) numerically.

Expressions for @, and ¥, on the lateral boundaries
are given as follows:

®,(s5) = fs (vags - m -a—\II') %, (2.15)

0 on
and
6@;, _ Ua__E 0‘1/,
m o m o (2.16)

These expressions are derived from the equation relat-
ing v, to ¥ and ® on the lateral boundaries (i.€., Vag
= mo¥/On + moP/fs, with ¥ = ¥, + ¥, and &
=&, + &,A,). Noting that 3®,/0s = 0 on the lateral
boundaries, and assuming that ¥, = 0 (®, = 0) on the
lateral boundaries and thus vanishes everywhere within
the domain interior according to (2.7), we obtain
(2.15) [(2.16)]. Equations (2.15) and (2.16) corre-
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spond to alternatives 7 and 5, respectively, of Lynch
(1989), which are variations on a method credited
originally to Sangster (1960).

The decomposition of the ageostrophic wind (2.5),
such that the rotational and divergent parts are deter-
mined subject to homogeneous Dirichlet conditions on
streamfunction and velocity potential, has the proper-
ties that the domain-averaged kinetic energy of the ro-
tational and divergent parts of the ageostrophic wind is
minimized and that each part of the ageostrophic wind
in (2.5) is orthogonal in a domain-averaged sense to
the other two (e.g., Lynch 1989). The latter property
is attractive because it eliminates the possibility of
cross terms, which are free to assume nonphysical neg-
ative values, in the expression for domain-averaged ki-
netic energy. It should be recognized that the alterna-
tive of homogeneous Dirichlet boundary conditions on
streamfunction and velocity potential renders the de-
composition in (2.5) domain dependent in the follow-
ing sense: the rotational and divergent (and thus har-
monic) winds associated with vorticity and divergence
features localized in the domain interior are a function
of the proximity of the domain boundaries to these fea-
tures and of the geometry (shape) of the boundaries. -

Very recently, Bishop (1995) has proposed and
demonstrated the use of free-space Green’s functions
to attribute the rotational and divergent parts of a wind
field to localized vorticity and divergence features in a
domain-independent manner. In this approach, the har-
monic wind is the residual between the total wind and
the sum of the divergent and rotational parts of the
wind, consistent with (2.5), andthe harmonic wind
arises from divergence and vorticity features outside of
the domain (Chen and Kuo 1992a, section 3c; Bishop
1995). Nevertheless, it should be recognized that in
Bishop’s approach the kinetic energy of the rotational
and divergent components is no longer minimized and
that the partitioned wind components are no longer
pairwise orthogonal, because ®, and ¥, do not vanish
in general on the boundaries. Moreover, for domains
in which discrete vorticity and divergence features can-
not be identified readily, as is typically the case with
observed datasets, the relative contributions of the di-
vergent, rotational, and harmonic parts of the wind to
the total wind at any point in the domain will be a
function of the location and geometry of the lateral
boundaries. Thus, it appears that achieving a truly do-
main-independent decomposition of horizontal wind
fields into divergent and rotational parts requires con-
sideration of global geometry.

c. Computation of vertical motion and diagnosis of
the psi vector

In the context of the three-component partition of the
ageostrophic wind (2.5), we rewrite (1.1) as
op ¥

Vagd = — E’; , W= mZVp:(;> . (2.17)
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The psi vector may be calculated from the vertical mo-
tion according to the relationship

where
¥ =-mV,x (2.19a)
and
Ox
Vs = mV, % . (2.19b)

Substituting (2.18) and (2.19b) into (2.2), and recall-
ing from (2.14) that V,; = V.4 + V., confirms that °
the definition of the psi vector (2.17) satisfies mass
continuity. In subsequent diagnoses of ¢, we solve
(2.18) for x, assuming homogeneous Dirichlet condi-
tions on the lateral boundaries, and then diagnose s
from x (2.19a). Comparison of (2.9) and (2.19b) re-
veals that &, = Jx/dp, so assuming that y equals zero
on the lateral boundaries is consistent with specifying
homogeneous Dirichlet conditions on ®,. The compat-
ibility between the lateral boundary conditions on x
and @, provides a consistency check of V,,, calculated
from ¥ using (2.17) [or (2.19b)] with its counterpart
calculated from ®,(2.9). Such a consistency check, to
be discussed in section 3, makes use of (2.17).

The psi-vector components are then used to deter-
mine the projections of the divergent ageostrophic cir-
culation onto orthogonal vertical planes, to be referred
to as the cross- and alongfront (or cross- and along-jet)
planes. For this purpose, we adopt a right-handed Car-
tesian coordinate system (s, n), oriented such that s
and n denote the cross- and alongfront directions. The
resulting projections are

Y,
Vagas = — ap s
o (¢
=mr LY
W, =m s (m) (s, p) plane, (2.20a)
o
vagdn == ap »

a9 (¢,
R S
W, =m on ( ) (nr, p) plane. (2.20b)

Inspection of (2.20a) and (2.20b) shows that (vagys, w;)
and (Vyg4., w,) satisfy continuity individually in the (s,
p) and (n, p) planes.

Projecting s onto the cross- and alongfront planes is
achieved computationally by rotating the x and y com-
ponents of ¢ into the s and » directions:

(2.21a)
(2.21b)

¥, = Y, cosa + Y, sina,

¢, = —¢, sina + ¢, cosa,
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where « is the rotation angle from the positive x axis
(counterclockwise positive ). The quantities w, and w,
{(2.20a) and (2.20b)] are evaluated from the corre-
sponding expressions in the (x, y) coordinate system.
Partial derivatives with respect to s and n transform as
follows:

J ] 19}
s cosa<a> + sma<5y—) ,  (2.22a)

. a ad
o —mna(ax) + cosa(8y> . (2.22b)

Use of (2.21a) and (2.22a) in conjunction with (2.20a)
leads to the desired expression for w,; an analogous
procedure yields w,:

T N AN AN
”X"”{w”ax(m)*[m(m)*ay(m)]

X sina cosa + sin’a 9 (%Z)} , (2.23a)
dy \m
) o [, d ([ o [,
— 2 2, YY) [ Z (¥ I .
on =t () =[5 (2) 35 ()
X sina cosa + cos’a —6— <£y->} . (2.23b)
dy \m

The sum of (2.23a) and (2.23b) reduces to the second
member of (2.17), consistent with the invariance of the
horizontal divergence operator with respect to a rota-
tion of coordinate axes.

d. Additional diagnostics

The Q-vector form of the adiabatic, frictionless QG
omega equation (e.g., Hoskins et al. 1978; Hoskins and
Pedder 1980; Holton 1992, section 6.4.2) is solved in
order to provide a qualitative consistency check of the
kinematic vertical motion. An approximate form of this
equation incorporating map scale factors is given by

%w Q
om*Viw + [ a—p; = —2hm’V,- <;) , (2.24)
where

Q= —m2< %Zg -V,,0>i - mz( 68‘;’; -‘V,,O)j. (2.25)

In (2.24), h [=(pf)~'] is a pressure-dependent func-
tion that may be expressed equivalently as A = (R/
DPoX(po/p)'r, where p, is a reference pressure (1000
mb). [Note that & in (2.24) should be distinguished
from its usage later to denote geopotential height (¢/
g).] The static stability coefficient is given by o
= —hd®/dp, where ® is the average potential tem-
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perature on a given pressure level. Neglected in (2.24)
and (2.25) are terms representing the variation of the
Coriolis parameter on the conformal grid (*‘4’’ terms)
and small terms involving horizontal gradients of map-
scale factors.

In order to assess the stability of the flow to slantwise
parcel displacements, we calculate the equivalent po-
tential vorticity PV, . Selection of this diagnostic is mo-
tivated by the theory of conditional symmetric insta-
bility (e.g., Bennetts and Hoskins 1979; Emanuel
1983a,b; Knight and Hobbs 1988, section 3; Emanuel
1994, chapter 12), although it is recognized that this
theory is applicable strictly to two-dimensional flows
(no variations in the alongfront direction). The equiv-
alent potential vorticity in pressure coordinates is

00, v b, Oudb,
Pve~_g(€p+f)_£+gm<8p Sx )’

(2.26)

where C, is the vertical component of relative vorticity
of the total wind in pressure coordinates [refer to
(2.12) for the form of this quantity on a conformal map
projection] and fis a local value of the Coriolis param-
eter. The equivalent potential temperature 6, is calcu-
lated following Bolton (1980).

The expression for PV, (2.26) is equivalent to
g¢.-(mV,0, — k06./0p), where

M\, (0w,
L= (%)“ - (81,)3 Gk (227)

is the absolute vector vorticity. In order to provide a
two-dimensional visualization of the PV, field, we plot
the vector component of (2.27) in the (s, p) plane,
(Bv/Op)s + (§, + f)k, and superimpose it upon a
background of 6,. This display is motivated by consid-
ering the special case of two-dimensional flow (8/9n
= 0); in this case the sign and relative magnitude of
PV, may be assessed visually from the relative orien-
tation of vectors defined by (dv,/dp)s + (Ov,/0s
+ f)k and contours of constant §,. Of interest in the
subsequent diagnostic analyses will be to identify
regions of vanishing conditional symmetric stability
(PV, = 0). These regions are hypothesized to indicate
the recent or concomitant occurrence of slantwise moist
convection (e.g., Emanuel 1994, section 12.3), yield-
ing an environment particularly conducive to forced
slantwise ascent. In the two-dimensional limit, the van-
ishing of PV, corresponds to the coincidence of the
two-dimensional absolute vorticity vectors and con-
tours of constant 6, on the (s, p) plane.

3. Datasets and computational procedures

Diagnostic analyses of the three-dimensional ageo-
strophic circulations to be considered in this and the
following section are based on gridded datasets for the
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Presidents’ Day storm at 1200 UTC 19 February 1979
(to be referred to as the *‘PD case’”) and for the Meg-
alopolitan storm at 1200 UTC 11 February 1983 (to be
referred to as the ‘“M case’’). The gridded dataset for
the PD case is that prepared for a diagnostic study of
this storm by Bosart and Lin (1984 ). Their dataset was
developed through subjective modification of the Na-
tional Meteorological Center (NMC) analysis of geo-
potential height h, temperature T, relative humidity
RH, and total wind V on a 2.5° latitude—longitude grid.
The resulting analyses reside on a 1° latitude—longitude
grid on 10 equally spaced pressure levels between 1000
and 100 mb, with the exception of RH, which is set to
zero above 300 mb. The presence of topography is not
considered; data are defined at all pressure levels in the
domain. The horizontal domain extends from 20° to
55°N and from 110° to 60°W. We interpolate these
analyses bilinearly in the horizontal to an unstaggered
grid on a Lambert conformal projection centered at
37.5°N, 85.0°W and true at 30° and 60°N. The grid
contains 34 X 36 points in the x and y directions; the
horizontal spacing is 100 km.

The dataset for the M case is extracted from NMC
global objective analyses on a 2.5° latitude—longitude
grid archived at the National Center for Atmospheric
Research. These analyses consist of 2, T, and V on the
10 mandatory pressure levels between 1000 and 100
mb, and RH on the six mandatory pressure levels be-
tween 1000 and 300 mb. We extract data for the sector
bounded between 20° and 55°N and between 110° and
60°W and linearly interpolate with respect to the log-
arithm of pressure to obtain analyses at 900, 800, and
600 mb, yielding a dataset at 10 equally spaced pres-
sure levels between 1000 and 100 mb. We interpolate
these analyses bilinearly in the horizontal to an unstag-
gered grid on a Lambert conformal projection centered
at 37.5°N, 85.0°W and true at 30° and 60°N. The grid
contains 17 X 17 points in the x and y directions; the
horizontal spacing is 200 km. It is recognized that such
a coarse-resolution analysis can be expected to resolve
mesoscale structure only to a minimal extent. Although
we view this limitation to be acceptable for the purpose
of illustrating the psi-vector methodology, it precludes
detailed analysis and interpretation of ageostrophic cir-
culations in the vicinity of upper-level jet—front sys-
tems in the M case.

We proceed to review computational procedures ap-
plicable to both the PD and M cases, referring to the
methodology presented in section 2. First, V, is cal-
culated from % at all points on the unstaggered grid,
using centered finite differences in the interior and one-
sided differences on the lateral boundaries. The Cor-
iolis parameter f;, determined from the latitude of the
center of the domain (37.5°N), is 8.88 X 10> s~ ! in
both cases. The ageostrophic wind V,, is then evaluated
at all points on the unstaggered grid.

Next, V,, is partitioned according to (2.5) using the
version of the staggered grid described by Lynch
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(1989) applicable to the case where the tangential wind
component is specified on the lateral boundaries.’ The
center points and dimensions of the staggered grids
used in the PD and M cases coincide with those of the
unstaggered grids adopted for these respective cases.
Following bilinear interpolation of V,, to the staggered
grid, we calculate ¢, and 6,, from V,, on the staggered
grid using (2.12) and the left-hand side of (2.2). We
then invert (2.10) and (2.11) numerically* for ¥, and
®,, using homogeneous Dirichlet conditions on the lat-
eral boundaries. Determination of ¥, and ®, yields V,,,
and V,,, from (2.8) and (2.9). The following step of
the procedure for partitioning V, is to solve for ®, from
the first member of (2.7) with the lateral boundary con-
ditions given by (2.15). This yields V,,, through the
first member of (2.6), completing the partition in
(2.5). Finally, the various parts of the ageostrophic
wind are bilinearly interpolated to the unstaggered grid
for display purposes; a step necessitated by the posi-
tioning of u,, and v, at separate sets of points on the
staggered grid.

The accuracy of the partition of V,, is checked by
comparing V,, interpolated to the staggered grid with
the sum of its harmonic, rotational, and divergent parts,
as determined on the staggered grid; this sum is referred
to as the ‘‘recovered’” V,,. The rms vector differences
in column A of Table 1 indicate that the recovery of
V,, at all levels in the PD and M cases is essentially
within single-precision machine accuracy, as expected
for the staggered grid described by Lynch (1989).
Overall rms vector differences are slightly in excess of
a factor of 6 greater for the PD case than for the M
case, presumably because the ageostrophic winds are
larger in magnitude in a domain-averaged sense in the
former case. (The V,, patterns for the PD and M cases
may be compared at 300 mb by looking ahead to Figs.
5a and 12a.) This degree of accuracy is compromised,
however, by interpolating V,, back to the unstaggered
grid for display purposes, which introduces a charac-
teristic rms vector difference somewhat in excess of 0.5
m s~ (Table 1, column B). This comparison is illus-
trated for the PD case in Fig. 1. The input V,, on the
unstaggered grid (referred to as ‘‘analyzed’’) is shown
at 800 and 300 mb in Figs. 1a,c; the vector difference
between the recovered V,, interpolated back to the un-
staggered grid and the analyzed V,, is shown at the
same levels in Figs. 1b,d. (For additional reference, the
recovered V,, fields for the PD case at 800 and 300 mb

3 The use of the staggered grids described by Lynch (1989) allows
the exact recovery (within roundoff error) of a two-dimensional vec-
tor field on a limited-area domain. This degree of accuracy is not
possible with an unstaggered grid for reasons enumerated by Lynch
(1988).

* Inversion of (2.10) and (2.11), as well as (2.7), (2.18), and (2.24),
is accomplished using successive overrelaxation (e.g., Haltiner and
Williams 1980, section 5.10.1) in single precision on a VAX 3500
class computer.
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TABLE 1. Root-mean-square (rms) vector differences (m s™') for
various ageostrophic wind components for the Presidents’ Day (1200
UTC 19 February 1979) and the Megalopolitan (1200 UTC 11
February 1983) storms. The rms vector differences are listed for
individual pressure levels {p (mb)] and for the entire domain (the
latter denoted by ‘“3D’’). Column A: rms vector difference between
analyzed V,, interpolated to the staggered grid and V,, recovered on
the staggered grid using unadjusted horizontal divergence. Column
B: rms vector difference between recovered V,, interpolated to the
unstaggered grid and analyzed V,, on the unstaggered grid. Column
C: mms vector difference between V,,, diagnosed from &, on the
staggered grid using unadjusted horizontal divergence and then
interpolated to the unstaggered grid, and V,,, diagnosed from & on
the unstaggered grid using adjusted horizontal divergence.

Date p@mb)  A(XI107H  B(XI0D  C (X109
1200 UTC 1000 0.50395 1.11024 2.04999
19 Feb 1979 900 0.19286 0.55133 1.72660

800 0.19574 0.47990 1.50933

700 0.34699 0.33212 1.65463

600 0.51723 0.46650 1.50224

500 0.56921 0.49569 1.66306

400 0.52056 0.45906 1.68561

300 0.96754 0.59443 2.08133

200 1.0827 0.73653 2.34479

100 1.3036 0.88983 2.59985

3D 0.71555 0.65107 1.91448

1200 UTC 1000 0.095227 0.52439 1.51081
11 Feb 1983 900 0.020570 0.32650 0.38448
800 0.059075 0.29647 0.33956

700 0.042761 0.26909 0.40178

600 0.074263 0.28561 0.20972

500 0.10410 0.38882 0.27938

400 0.14735 0.56138 0.61537

300 0.10587 0.75368 1.11939

200 0.15047 0.85058 0.61348

100 0.22332 0.60546 0.66448

3D 0.11687 052420  0.72655

interpolated back to the unstaggered grid are shown
later in Figs. 4a and 5a.) Consistent with the rms sta-
tistics, characteristic magnitudes of the vector differ-
ences in ageostrophic wind are less than about 1 m s ™'
over most of the domain at both levels, with differences
tending to be larger in regions where V,, is strong and/
or varies rapidly [e.g., in the vicinity of the closed low
at 800 mb centered over southeastern Virginia (Figs.
1a,b)].

Following the partition of V,,, we determine the kin-
ematic vertical motion w on the unstaggered grid fol-
lowing the well-known approach of O’Brien (1970),
given the constant- f ageostrophic wind. Neglecting the
influence of terrain, we assume that w vanishes at the
lower boundary (p, = 1000 mb) and integrate the con-
tinuity equation (2.2) upward, applying a linear cor-
rection to the horizontal divergence to ensure that w
vanishes at the upper boundary (p, = 100 mb). Given
the three-dimensional distribution of w, (2.18) is in-
verted for x subject to homogeneous Dirichlet condi-
tions on the lateral boundaries, ¥ is diagnosed from
(2.19a), and V,,, is determined from the first member
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of (2.17). The kinematically derived w field also is
used to provide lateral boundary conditions when solv-
ing the QG omega equation (2.24), which is performed
on the unstaggered grid in conjunction with Dirichlet
conditions (homogeneous at 1000 and 100 mb and non-
homogeneous at the lateral boundaries).

As mentioned in section 2c, V,,, determined from
(2.17) may be compared with V., determined from
(2.9). It should be recognized that these two methods
of calculating V,,, will not yield equivalent results.
First, V,,, determined from (2.9) requires knowledge
of 8,,, which is derived from V,, interpolated to the
staggered grid from the unstaggered grid. The resulting
V.zq field then must be interpolated back to the unstag-
gered grid for comparison with the V,,, field deter-
mined from (2.17). A second source of the discrepancy
between the two V., fields is that the computation of
vertical motion using the O’Brien (1970) procedure
results in modification of the horizontal divergence on
the unstaggered grid in order to meet the requirement
of w = 0 at the upper boundary. Thus, the V,,, field
derived from (2.17) is consistent with a different hor-
izontal divergence field from that used in inverting
(2.11). Examples of V., determined from (2.9), along
with its vector difference with V,,, determined from
(2.17), are shown for the PD case in Figs. 2a,b (800
mb) and Figs. 2c,d (300 mb). Magnitudes of vector
differences are relatively large (in excess of 2 ms™!)
in the eastern portion of the domain at both levels, cor-
responding to the presence of a well-defined divergent
ageostrophic circulation in this area.

Characteristic rms vector differences between the
two V,,, fields for the PD and M cases are about 2 and
0.7 m s™', respectively (Table 1, column C). The rms
vector differences for both cases exceed their respec-
tive counterparts associated with the interpolation pro-
cedure (Table 1, column B), with the relative increase
significantly larger for the PD case than for the M case.
The larger differences in the PD case reflect, in part,
stronger divergent ageostrophic circulations relative to
the M case [e.g., compare the 300-mb V., and &, fields
in Figs. 2c (PD case) and 12e (M case)]; stronger
divergent ageostrophic circulations are consistent with
the finer-resolution grid in the PD case (100 km com-
pared with 200-km spacing) and the different analysis
procedures utilized in the two cases. The larger rms
vector difference between the V,,, fields in the PD case
also is consistent with a larger correction to the hori-
zontal divergence field, quite likely arising from the
subjective nature of the analysis procedure in this case.
[Note the monotonic increase with height of the rms
vector differences above 600 mb in the PD case in col-
umn C of Table 1, and the larger magnitude of the
vector difference along the eastern boundary of the do-
main between 30° and 40°N at 300 mb (Fig. 2d) com-
pared with 800 mb (Fig. 2b).]

We conclude this section with a review of consid-
erations arising in the construction of vertical cross sec-
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FIG. 1. Charts of analyzed V,; and 4 and of the vector difference between recovered and analyzed V,, at 1200 UTC 19 February 1979: (a) .
analyzed V,; and & (contour interval 30 m) at 800 mb; (b) recovered minus analyzed V,, and isotachs of vector difference (contour interval
1 ms™', zero contours suppressed) at 800 mb; (c) analyzed V. and h (contour interval 120 m) at 300 mb; (d) recovered minus analyzed V,,
and isotachs of vector difference (contour interval 1 m s™', zero contours suppressed) at 300 mb. The heavy, solid, straight lines on these
and subsequent constant-pressure charts at 1200 UTC 19 February 1979 indicate orientation of cross sections to be shown for the Presidents’
Day storm (Figs. 8—10). The grid distance between adjacent tick marks is 100 km.

tions. When w;, and w, (2.23a,b) are displayed in cross linearly interpolated to the coordinates of the cross sec-
section format, partial derivatives with respect to x and  tion, which are equally spaced along a straight line on
y are calculated on the unstaggered grid and then bi- the conformal map projection. The expressions in
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; (¢) Vg diagnosed from &, and

diagnosed from &, minus V,,, diagnosed
diagnosed from s, and isotachs of vector difference

invoked when projecting the following vector quanti-
ties onto the cross section (s, p) plane: i, V,,, [deter-

line and then applying the rotation formula (2.21a) is

diagnosed from ®, minus Vg,

? 57"y at 300 mb; (d) Vo,

FiG. 2. Charts of V,,, diagnosed from ®, and of the vector difference between V,,, diagnosed from &, and from ¢ at 1200 UTC 19 February
, zero contours suppressed) at 300 mb.

1979: (a) V4 diagnosed from @,, and @, (contour interval 4 X 10° m® s7') at 800 mb; (b) V,,,
from i, and isotachs of vector difference (contour interval 2 m s™', zero contours suppressed) at 300 mb

®, (contour interval 8 X 10° m

(contour interval 2 m s™*
cross section coordinates. The same procedure of in-

(2.23a) and (2.23b) are then evaluated at each of the
terpolating the x and y components to the cross section
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mined from (2.17)], V,,, V, and the horizontal com-
ponents of {, (2.27).

When displaying velocity vectors in cross section
format, it is necessary for the vertical component w to
be scaled relative to the horizontal component v; in or-
der to maintain tangency of a streamline or trajectory
at the location of the vector. The scale factor for a cross
section in which the ordinate is linear in pressure, de-
rived from considering the continuity equation in the
(s, p) plane, is given by —yS(p, — p,) ', where v is
the aspect ratio (height divided by width) of the cross
section plot, S is the distance on the grid corresponding
to the cross section width, and p, (1000 mb) and p,
(100 mb) are the pressures at the bottom and top of
the cross section, respectively.® For all cross sections
of velocity to be presented, the scale factor is —2.444
m pb ™' For displays of the projection of absolute vec-
tor vorticity (2.27) onto the (s, p) plane, the same scale
factor applies without the minus sign.

4. Diagnosis of ageostrophic circulations for the
Presidents’ Day and Megalopolitan storms

Consistent with the objective of modifying the di-
agnostic methodology of KSD into a form suitable for
real-data applications, we do not attempt extensive case
studies of the Presidents’ Day (PD) and Megalopolitan
(M) storms from an ageostrophic-circulation perspec-
tive. The reader is referred to Bosart (1981 ), Uccellini
et al. (1984, 1985), and Kocin and Uccellini (1990,
section 7.18) for comprehensive synoptic overviews of
the PD case and to Sanders and Bosart (1985), Uccel-
lini and Kocin (1987, hereafter referred to as UK), and
Kocin and Uccellini (1990, section 7.20) for the M
case. In the PD case, we focus on the ageostrophic cir-
culations in the vicinity of an upper-level jet streak lo-
cated near the base of a short-wave trough at 1200 UTC
19 February 1979. In the M case, we perform a similar
diagnosis for the area between jet maxima located, re-
spectively, within the base of a trough southwest of a
surface cyclone and within a confluence zone northeast
of this cyclone at 1200 UTC 11 February 1983. The
reader is referred to Figs. 1 and 16 of UK, Fig. 21 of
Kocin and Uccellini (1990), and to Fig. 1 of Hakim
and Uccellini (1992) for schematic illustrations of this
configuration of ‘‘laterally coupled’” jets.

a. Presidents’ Day storm: 1200 UTC 19 February
1979

Figures 3a—c present a bottom-up illustration of the
main flow features of the PD case at 1200 UTC 19

5 The scale factor considered here does not account for map scale
factors; were this level of elaboration to be adopted, it would be
necessary to display (v,/m, w/m) and to reinterpret S as earth-relative
distance.
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February 1979 (12/19). A well-defined cyclonic vor-
tex at 1000 mb, embedded within a strip of enhanced
coastal baroclinicity, is centered just off southeastern
Virginia. This cyclone is intensifying rapidly beneath
the inflection of a negatively tilted diffluent short-wave
trough at 500 mb and the left exit of a strong (~75
ms~') cyclonically curved jet streak at 300 mb.
Lower- and upper-level depictions of the partitioned
ageostrophic winds at 12/19 are presented in Figs. 4
(800 mb) and 5 (300 mb), respectively; the divergent
ageostrophic parts are not included since they already
have been presented in Figs. 2a (800 mb) and 2c (300
mb). In the following discussion, we will focus pri-
marily on the ageostrophic wind patterns in the vicinity
of the low-level cyclone and upper-level jet streak.
The total V,, field® at 800 mb is shown in Fig. 4a.
Anticyclonic ageostrophic flow is evident around the
cyclone center and in the neighborhood of the low-
amplitude trough along 80°W north of Lake Huron.
The anticyclonic character of V,, in these regions is
consistent with gradient wind balance in cylonically
curved flow, which requires the total wind to be sub-
geostrophic (e.g., Holton 1992, section 3.2.5).” The
total V,, field in the vicinity of the cyclone and northern
trough, as well as elsewhere in the diagnostic domain,
is reproduced qualitatively by its nondivergent part
V.ens (Fig. 4b). Further separation of V., into its har-
monic (Fig. 4c) and rotational (Fig. 4d) parts reveals
the dominance of the latter in explaining the anticy-
clonic ageostrophic flow around the cyclone center and
northern trough; both of these features correspond to
maxima of streamfunction ¥, in Fig. 4d. The contri-
bution of the harmonic part is significant only near the
boundaries; its influence in the vicinity of the cyclone,
as well as along the cross section to be discussed later
in this subsection, is relatively minor. The divergent
part of V,, and the corresponding velocity potential
field ®, (Fig. 2a) indicate regions of well-defined out-
flow corresponding approximately to the center of the
anticyclone at 1000 mb (Fig. 3a) and inflow centered
just to the northwest of the center of the cyclone at 1000
and at 800 mb (Fig. 4a). The location of the center of
inflow at 800 mb (Fig. 2a), coinciding with the max-
imum of ®,, matches closely with the area of heavy
snow evident in Fig. 4 of Bosart (1981) and of mod-

¢ The recovered V,, field is shown in Figs. 4a and 5a rather than
its analyzed counterpart, since the former technically corresponds to
the sum of the partitioned components on the staggered grid, all of
which are interpolated to the unstaggered grid for display in Figs. 4
and 5.

7 Qualitative arguments presented in this paper relating the along-
stream ageostrophic wind to flow curvature assume that the contri-
bution of the second term on the right-hand side of (2.3) to momen-
tum balance in the cross-stream direction can be neglected. This ap-
proximation should be well satisfied for features located close to the
latitude of the center point of both domains (37.5°N).
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erate to heavy precipitation shown in Fig. 1 of Uccellini
et al. (1984).

At 300 mb, the total V,, field (Fig. 5a) exhibits up-
stream-directed ageostrophic flow in the short-wave
trough, indicative of subgeostrophic flow. The up-
stream component of V., is best defined in the channel
bounded by the 8880- and 9000-m geopotential height
contours, coinciding with the strongest cyclonic cur-

Contour Interval = 60 m

Fig. 3. Constant-pressure analyses at 1200 UTC 19 Feb-
ruary 1979 of (a) analyzed V, h (contour interval 30 m, solid),
and @ (contour interval 5 K, dashed) at 1000 mb; (b) analyzed
V and h (contour interval 60 m) at S00 mb; (c) analyzed V
and isotachs (contour interval S m s~', values in excess of 65
m s~' shaded) at 300 mb. Analyzed winds are plotted using
conventional notation: pennants, full barbs, and half barbs in-
dicate speeds of 25, 5, and 2.5 m s™', respectively.

vature of the short-wave trough. This channel is situ-
ated just north of the jet streak, the core of which is
located over eastern North Carolina (Fig. 3c). Cross-
contour ageostrophic flow toward lower geopotential
height is evident over the Carolinas west of 80°W, co-
inciding with the jet entrance region, and toward higher
geopotential height off the North Carolina coast, co-
inciding with the jet exit region (Fig. 5a). As at 800
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mb, the total V,, pattern is reproduced qualitatively by
its nondivergent part over the entire domain at 300 mb
(Fig. 5b). The influence of the harmonic part (Fig. 5c)
is more extensive than at 800 mb (Fig. 4c), although

its contribution to the total V,, pattern in the immediate
vicinity of the short wave and jet streak is relatively
minor. The major features of the V,,, and ¥, patterns
in this region (Fig. 5d) are an anticyclonic gyre cen-
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tered over western Pennsylvania and cyclonic gyres
centered over northern Alabama and off the Virginia
coast. These three features combine to yield the up-
stream-directed ageostrophic flow in the base of the
short-wave trough and the cross-contour ageostrophic

flow in the jet entrance and exit regions. Nevertheless,
despite the qualitative recovery of the total V,, pattern
by V,eua at 300 mb, comparison of Figs. 5a, 5b, and 5d
indicates that the upstream-directed component of V,,
in the trough base and the cross-contour component of
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V., in the jet entrance region are underestimated by
V.gna and V,,,; the deficit in both of these areas is made
up by V., (Fig. 2¢).

The patterns of V,,, and ®, at 300 mb (Fig. 2¢) fea-
ture well-defined centers of divergent inflow and out-
flow; these respective centers are located above the
regions of outflow and inflow at 800 mb (Fig. 2a) and
correspond approximately to the centers of the anticy-

“clone and cyclone at 1000 mb (Fig. 3a). The centers

of divergent inflow and outflow at 300 mb also are
closely coincident with the northwesterly and south-
westerly flow infections in the 300-mb geopotential
height field (Fig. Sa). The vertical configuration of the
V.2 and @, patterns is indicative of two-layer divergent
circulation patterns associated with the short-wave
trough, consistent with kinematic descriptions of the
vertical circulation patterns accompanying idealized
baroclinic wave disturbances (e.g., compare the V,,,
patterns in Figs. 2a,c with their counterparts in Figs.
7b,d of KSD).

The kinematically derived w and yr patterns at 800
(Fig. 6a) and 500 mb (Fig. 6b) show that the vertical
branches of the above-described circulation patterns
consist of descent centered over Kentucky and ascent
centered over the Delmarva Peninsula. [For interpre-
tation of the relationship between 4, V., and w in a
two-layer vertical circulation, refer to (2.17) and Fig.
1 of KSD.] The centers of descent and ascent overlap
closely with the locations of the northwesterly and
southwesterly flow inflections of the short-wave trough

->
Y (mbmas'), w @bs™)
800 mb 1200 UTC 19 Feb 1979
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at 500 (Fig. 3b) and at 300 mb (Fig. 5a). These centers
also are situated on the cyclonic-shear side of the jet
streak at 300 mb (Fig. 3c), consistent with kinemati-
cally based descriptions of distributions of upper-tro-
pospheric divergence and midtropospheric vertical mo-
tion in cyclonically curved jet streaks (e.g., Beebe and
Bates 1955; Shapiro and Kennedy 1981; Keyser and
Shapiro 1986, section 4b; Uccellini 1990, section 6.3.1;
Moore and VanKnowe 1992).

A second prominent region of ascent is evident off
the North Carolina coast at 800 mb (Fig. 6a); com-
parison with the 500-mb w field (Fig. 6b) indicates this
feature to be confined to the lower troposphere. This
region of ascent coincides approximately to the posi-
tion of a convective line, extending approximately
along 74°W between 35° and 37°N according to the
operational radar summary valid at 1235 UTC 19 Feb-
ruary 1979 [refer to the discussion in section 7 of Bo-
sart (1981) and to Fig. 3.12b of Loughe (1992)]. Ev-
idence for a convective feature in this region is also
found in infrared satellite imagery at 1200 UTC 19 Feb-
ruary [see Fig. 2¢ of Uccellini et al. (1985)]. The ab-
sence of this ascent maximum in the adiabatic QG w
field at 800 mb (Fig. 7a) suggests the possible presence
of a latent-heat-driven divergent circulation in this re-
gion. It is possible that the influence of this divergent
circulation may be accounted for in the subjectively
analyzed wind field, from which the kinematic w field
is derived, but not in the mass field, from which the
QG w field is derived. On the basis of these consider-

N
Y (mbms'), w @b s~")
500 mb 1200 UTC 19 Feb 1979
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at 1200 UTC 19 February 1979: (a) 800 mb; (b) 500 mb.
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FiG. 7. Charts of Q and quasigeostrophic w (contour interval 2 ub s~', zero contours suppressed)
at 1200 UTC 19 February 1979: (a) 800 mb; (b) 500 mb.

ations, we hypothesize that the kinematic ascent max-
imum at 800 mb may be a manifestation of the con-
vective line on the scale of the analysis, but further
investigation of a dynamical relationship between these
two features is beyond the scope of the present paper.

The distributions of kinematically derived w and 4
are qualitatively consistent with the QG-derived distri-
butions of w and Q at 800 and 500 mb (Figs. 7a,b),
although the mesoscale detail evident in the kinematic
w patterns is conspicuously absent from their QG coun-
terparts. Also, the magnitudes of maximum descent and
ascent in the kinematic w patterns are less than those
of their QG counterparts at both levels, consistent with
expectations in regions of cyclonically curved flow [re-
fer to section 3 of Keyser et al. (1992a)]. Finally, the
spatial separation between the descent and ascent max-
ima in the kinematically derived w fields is greater than
that of their QG counterparts. The separation is smaller
in the QG w fields because the descent maxima are
located closer to the vortex center at 800 mb and the
short-wave trough axis at 500 mb. Consistent with this
observation, the Q patterns at 800 and 500 mb appear
to be closely tied to the vortex and short-wave trough
at these respective levels (compare Figs. 7a,b with
Figs. 4a and 3b). This discrepancy in location between
the kinematic and QG descent maxima may be a re-
flection of the inability of the QG w equation to expand
and contract the spatial scales of regions of descent and
ascent, assuming that the former and latter correspond
to regions of small and large absolute vorticity, respec-

tively (Hoskins 1975; Eliassen 1984). This limitation
is a consequence of the horizontal invariance of the
coefficients of the elliptic operator on the left-hand side
of (2.24), which implies a symmetric response to ide-
alized forcing consisting of a dipole composed of op-
positely signed point sources.

Further discussion of this case is now presented for
a cross section that intersects the kinematic ascent max-
ima at 800 and 500 mb (Figs. 6a,b) and the south-
westerly flow inflection at 500 mb (Fig. 3b). For later
reference, the cross section is located in the exit region
of the 300-mb jet, just downstream of the jet core (Fig.
3c). A question to be pursued concerns the relative
contributions of the divergent ageostrophic circulations
in the cross- and alongstream directions [ corresponding
to tangential (s) and normal (») to the cross section]
to the ascent maxima located within the southwesterly
flow inflection. The wind component normal to the
cross section v, (Fig. 8a) reveals the presence of the
300-mb jet directly above the convective line discussed
earlier. There is strong cyclonic shear associated with
the coastal cyclone and with the upper-level jet.

The distribution of PV, (Fig. 8b) and the projection
of £, onto the cross-sectional plane superimposed on 6,
(Fig. 8c) show that PV, is small and near zero between
800 and 400 mb above the area of moderate to heavy
snow. (Note the approximate coincidence of the pro-
Jjected absolute vorticity vectors and 6, in this region.)
The overlap of the region of small PV, with high rel-
ative humidity [here, RH > 70% (denoted by shading
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in Figs. 8b,c) is taken to be a crude indicator of possible
saturation] is suggestive of slantwise neutrality, con-
sistent with considerations expressed previously in sec-
tion 2d. Relatively high values of PV, are found below
800 mb in association with cyclonic shear and convec-
tive stability (— 86./9p > 0) above and northwestward
of the cyclone center, and negative values of PV, exist
below 800 mb southeastward of the convective line in
a region of convective instability (—96./dp < 0).
Three representations of transverse vertical circula-
tions are presented in Fig. 9. (These correspond to en-
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FiG. 8. Cross sections at 1200 UTC 19 February 1979
of (a) v, (contour interval 5 m s™!, negative values shaded);
(b) PV, [contour interval 0.5 PVU (1 PVU = 1 x 107¢
m? K kg™' s7)] and RH (values in excess of 70% shaded);
(c¢) projection of L, onto the cross-sectional plane, 8, (contour
interval 5 K), and RH (values in excess of 70% shaded). In
these and subsequent cross sections shown at 1200 UTC 19
February 1979 (Figs. 9 and 10), latitude—longitude endpoints
of the cross section, upper-level jet (J), regions of precipita-
tion, and surface cyclone center (CC) are indicated. The dis-
tance between tick marks on the cross section abscissa is 100
km measured with respect to the grid; the total distance of
1940 km, indicated in the title block, is measured with respect
to the earth. In (a), negative (positive) values denote flow out
of (into) the page. In (c), the magnitudes of the vertical and
horizontal scales of the reference vector are 27.16 X 107°s™"
and 5431 X 10 m s~ ub™', respectively.

tries 1, 2, and 5 in Table 1 of KSD.) Both the (v, w)
(Fig. 9a) and the (v, w) (Fig. 9b) representations re-
veal strong ascent above the region of moderate to heavy
snowfall and southeastward of the convective line. In
the former representation (Fig. 9a), there is the sugges-
tion of branching of the ascent plume, with slantwise
ascent over the region of moderate to heavy snow and
upright ascent to the southeast of the convective line.
This description is compatible with expectations regard-
ing airflow patterns associated with stratiform precipi-
tation in baroclinic systems and with convective precip-
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itation, where it is understood that the (v, w) represen-
tation corresponds to the projection of parcel trajectories
onto the cross-sectional plane for steady, two-dimen-
sional flow. In the latter representation (Fig. 9b), the
circulation pattern hints at the presence of adjacent direct
and indirect circulation cells on the cyclonic- and anti-
cyclonic-shear sides of the 300-mb jet. At the jet core,
Vg 18 directed toward the anticyclonic-shear side, con-
sistent with the intersection of the cross section with the
jet exit region. Close examination of this figure reveals
the presence of the split updraft cited above in connec-
tion with the (v,, w) representation (Fig. 9a).
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FiG. 9. Cross sections at 1200 UTC 19 February 1979 of
transverse vertical circulation represented in terms of (a) (v,,
w); (b) (Vags, w); (€) (Vagas» wy) and tf (contour interval 2 X 10?
mb m s™'). Background fields in (a) and (b) are 6, and § (con-
tour interval 5 K), respectively. The magnitudes of the refer-
ence vectors for vertical and horizontal velocity in (b) and (c)
are half of their respective counterparts in (a).

The existence of adjacent circulation cells and of a
split updraft is much more apparent in the y-derived
representation (V4. w;) (Fig. 9¢). This comparison is
pursued further in Fig. 10, which displays the total kin-
ematic w and its components associated with divergent
ageostrophic flow tangential (w,) and normal (w,) to
the plane of the cross section. The descent maximum
adjacent to the northwestern boundary of the cross sec-
tion and the split updraft (Fig. 10a) are associated with
the divergent circulation tangential to the cross-sec-
tional plane (Fig. 10b). Although the magnitude of
maximum ascent in the w, component (Fig. 10c) some-



(b)

VOLUME 123

B

1200 UTC 19 Feb 1979 Cint = 1 ub s~*

Distance = 1940 km

w

100

500
O
700
800
900

o
©

(a)

MONTHLY WEATHER REVIEW
1 ub s™!

1940 km

1200 UTC 19 Feb 1979 Cint

Distahce

= ——
phaae P
’ [
t ]
R it
Semmm==T e
BN ,
O ¢
Seel s
N
4 l/. )
RN v
= o
_ lllll -
- ||||| et

[
AN
DRRERE

1494
100

800

[~]
Q

[~ [~
[<] Q
o o~ ®

(qur) sanssoeld

quall line

A

Moderate to 8
heavy snow

N Light

82° W snow

(a) w; (b) wy; (€) w,. Contour interval is 1 ub s~

43°

F1G. 10. Cross sections at 1200 UTC 19 February 1979 of

three-dimensional (as indicated by the comparable
magnitudes of w, and w, ), the divergent circulation tan-
gential to the cross-sectional plane, represented by w;,
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possessing instead a synoptic-scale signature represen-
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reveals localized maxima of ascent correlating with the
regions of moderate to heavy snow and a convective
line.

Finally, it is of interest that the ascent maximum in
the w;, pattern above the region of moderate to heavy
snow is located to the northwest of the jet core (cor-
responding to the left exit region of the jet streak),
whereas its counterpart in the w, pattern is located
closer to the jet. These relative locations are consistent
with the interpretation cited in the discussion of Fig. 6
in regard to the ascent maximum located over the Del-
marva Peninsula. In this interpretation, ascent in the
southwesterly flow inflection downstream of a cyclon-
ically curved jet streak situated in the base of a short-
wave trough may be viewed as a superposition of con-
tributions from cross-stream divergent ageostrophic
flow attributed to the jet streak, quantified by w,, and
from alongstream divergent ageostrophic flow attrib-
uted to the baroclinic wave, quantified by w, [see Fig.
1 of Shapiro and Kennedy (1981) for a schematic of
these component circulations]. This interpretation will
be explored further in the summary section.

b. Megalopolitan storm: 1200 UTC 11 February
1983

The M case is of interest because of the hypothesized
contributions to ascent from distinct vertical circula-
tions associated with two laterally displaced jet streaks.
The conceptual model of UK portrays adjacent direct
and indirect ageostrophic circulations, based on the
{(Vags» w) definition, with the direct cell linked to con-
fluence in the entrance region of the downstream jet
and the indirect cell to diffluence in the exit region of
the upstream jet. The question arises of the extent to
which one may attribute the total vertical motion con-
stituting the vertical branches of these circulation cells
to divergent circulations in the cross-jet plane. The di-
rectional partition of the three-dimensional vertical cir-
culation offered by the psi-vector formulation now will
be applied to the M case to investigate this question.

At 1200 UTC 11 February 1983 (12/11), the 1000-
mb analysis shows an anticyclone—cyclone pair ori-
ented meridionally from Quebec to the Carolina coast,
with a zonally oriented region of baroclinicity embed-
ded within the confluence zone between the anticyclone
and cyclone (Fig. 11a). At this time, the cyclone is
intensifying below the left exit region of a jet maximum
(Fig. 11b) and downstream of a trough axis (Fig. 12a)
at 300 mb, both of which are located over the south-
eastern United States. The southern jet streak and exit
region are better defined at 200 mb (Fig. 11c), sug-
gesting a subtropical classification for this feature. Fur-
ther inspection of Fig. 11b reveals a well-defined jet
entrance region at 300 mb overlying the 1000-mb an-
ticyclone, providing the second of the two jet features
required by the UK conceptual model. At 12/11, pre-
cipitation is observed over the mid-Atlantic states, with
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the locus of heaviest activity over Virginia and West
Virginia [refer to Fig. 6 of UK and to the radar sum-
mary for 1135 UTC 11 February 1983 reproduced in
Fig. 4.1c of Loughe (1992)].

In the subsequent discussion of the horizontal distri-
bution of V,,, we restrict attention to 300 mb, since the
ageostrophic wind signatures in the conceptual model
should be best defined at upper levels. There is cross-
contour ageostrophic flow toward lower geopotential
heights in the jet entrance region over New York and
New England and toward higher geopotential heights
in the jet exit region off the coast of Georgia and Flor-
ida (Fig. 12a). Upstream-directed ageostrophic flow is
also apparent near the base of the trough over Kentucky
and Tennessee. The pattern of total V,, is replicated
qualitatively by its nondivergent part (Fig. 12b), al-
though the cross-contour ageostrophic flow is dimin-
ished in the jet entrance and exit regions, and the up-
stream-directed ageostrophic flow in the trough base is
weaker as well. The distribution of V,,,s may be related
to its constituent harmonic (Fig. 12¢) and rotational
(Fig. 12d) parts; comparison of these figures shows
that the V,,,, field is composed of a prominent cyclonic
gyre in V,,, centered over southeastern North Carolina,
the influence of which extends over the entire diagnos-
tic domain. The ageostrophic wind associated with this
gyre contributes significantly to the cross-contour
ageostrophic wind in the jet entrance and exit regions;
note that the harmonic part is of minor consequence in
these areas. Comparison of Figs. 12b and 12d shows
that the main contribution of V,, to V4 occurs in the
vicinity of the lateral boundaries, especially the western
and southern ones. The influence of Vg, is negligible
along the cross section to be considered subsequently.

The above-cited discrepancies between the V,, (Fig.
12a) and V., (Fig. 12b) distributions in the jet en-
trance and exit regions, as well as in the trough base,
are explained by V,,, (Fig. 12e), which features a
widespread region of well-organized outflow centered
over eastern Virginia and a corresponding region of
diffuse inflow centered over northwestern Mississippi.
In particular, the V,,, field associated with the outflow
reinforces the cross-contour ageostrophic flow in the
jet entrance and exit regions and the along-contour
ageostrophic flow in the trough base. Consistent with
the distribution of &, (Fig. 12e), the kinematic w and
s patterns at 800 (Fig. 13a) and 500 mb (Fig. 13b)
show a dipole of descent and ascent, the former cen-
tered over the southeastern United States and the latter
along the mid-Atlantic coast in the inflection between
the upstream trough and downstream confluence zone
at 300 mb (Fig. 12a). Comparison of Figs. 13a and
13b suggests that the ascent maximum slopes upward
toward colder air; the location and northwest—south-
east alignment of the ascent maximum at 500 mb
matches very well with the analyzed precipitation dis-
tribution shown in UK. The overall correspondence be-
tween the kinematic (Fig. 13) and the QG-diagnosed
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FiG. 11. Constant-pressure analyses at 1200 UTC 11 Feb-

w fields (Fig. 14) is close; nevertheless, the QG-ascent
maximum at 500 mb (Fig. 14b) appears more localized
along the direction of the major axis of the ascent el-
lipse relative to its kinematic counterpart (Fig. 13b),
more in agreement with the locus of heaviest precipi-
tation over Virginia and West Virginia. The closer cor-
respondence between the kinematic and QG w fields in
the present case compared with the PD case may be a

ruary 1983 of (a) analyzed V, A (contour interval 30 m, solid),
and @ (contour interval 5 K, dashed) at 1000 mb; (b) analyzed
V and isotachs (contour interval 5 m s™', values in excess of
50 m s~! shaded) at 300 mb; (c) analyzed V and isotachs
(contour interval 5 m s™', values in excess of 50 m s™' shaded)
at 200 mb. Analyzed winds are plotted using the same nota-
tion as in Fig. 3. The heavy, solid, straight lines on these and
subsequent constant-pressure charts at 1200 UTC 11 February
1983 indicate orientation of cross sections to be shown for the
Megalopolitan storm (Figs. 15~17). The grid distance be-
tween adjacent tick marks is 200 km.

consequence of smaller curvature in the present case
(compare the 300-mb geopotential height patterns in

Figs. 12a and 5a).

The cross section presented for the M case is oriented
so as to intersect the entrance region of the northern jet
and the exit region of the southern jet (Figs. 11b,c).
This orientation is approximately normal to the major
axis of the kinematic ascent region at 500 mb (Fig.
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13b). The v, pattern (Fig. 15a) resolves the northern
and southern jet cores at 300 and 200 mb, respectively,
as well as a low-level maximum associated with the
easterly flow north of the cyclone. Figure 15b features
a northward-sloping plume of high RH corresponding
to the location of precipitation at the surface, along with
an extensive region of small PV, throughout the tro-
posphere. The region of small tropospheric PV, is
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Vagn + Vo, b (m
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Contour Interval = 120 m

FIG. 12. Charts of recovered V,, at 300 mb and its nondi-
vergent (V. + V,,,), harmonic (V,g), rotational (V,,), and
divergent (V) components at 1200 UTC 11 February 1983:
(a) recovered V,, and h (contour interval 120 m); (b) Vg,
+ Vg, and h (contour interval 120 m); and (c) V,,; and &,
(contour interval 8 X 10° m?s™).

shown in Fig. 15c to be associated with relatively small
values of convective stability on the warm-air side of
the deep baroclinic zone delineated by the 6, field.
Three representations of transverse vertical circula-
tions are illustrated in Fig. 16. The first of these, (v,,
w) (Fig. 16a), reveals a region of deep slantwise ascent
directed up the baroclinic zone in the 8, field, consistent
with the orientation of the plume of high RH and the
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FiG. 13. Charts of ¢ and kinematic w (contour interval 1 ub s™', zero contours suppressed)

at 1200 UTC 11 February 1983: (a) 800 mb; (b) 500 mb.
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at 1200 UTC 11 February 1983: (a) 800 mb; (b) 500 mb.

distribution of precipitation (Figs. 15b,c). The second
representation, (v,,, w) (Fig. 16b), indicates distinct
direct and indirect vertical circulations corresponding
to the northern and southern jets and in accord with
expectations for jet entrance and exit regions, respec-
tively. Similar signatures for the (v.,,, w) representa-
tion are found in the cross sections for the M case pre-
sented by Emanue! (1985, Fig. 8) and UK (Fig. 8),
although allowance needs to be made for differences
in position between these respective cross sections and
those of the present study.

The two-cell vertical circulation signature is repro-
duced by the (v, w,) representation (Fig. 16c),
which displays a well-defined band of northward-slop-
ing ascent between the circulation cells. The qualitative
agreement between Figs. 16b and 16c in this case is
consistent with the noticeable contribution of V,,, to
the cross-contour ageostrophic wind cited in the fore-
going discussion of Fig. 12e. The northward-sloping
updraft evident in the ¢, field in Fig. 16¢ also is seen
in the total w field (Fig. 17a); comparison between w,
(Fig. 17b) and w, (Fig. 17¢) reveals that w, dominates
w, by a factor of almost 2 to 1 in the updraft, and, as
in the PD case, the spatial scale of the updraft in the w,
field is smaller than that of the w, field. The dominance
of w;, is consistent with the orientation of the cross sec-
tion and the geometry of the kinematic ascent maxi-
mum noted earlier in relation to Fig. 13b: scaling of the
Laplacian operator (2.18), which defines the partition
between w; and w,, reveals that |w,/w,| ~ (L./L;)*

(KSD, p. 2481), where L, and L, are characteristic
length scales of the x (and w) fields tangential and
normal to the selected orientation of the cross section.
Inspection of Figs. 13a,b shows that L, and L, corre-
spond closely to the minor and major axes of the ellip-
tically shaped ascent region, confirming the dominance
of w;, relative to w,. The dominance of the tangential
component of the divergent ageostrophic circulation in
the present case lends quantitative support to UK’s ex-
planation of slantwise ascent in the inflection region
between the axis of the upstream trough and the down-
stream confluence zone in terms of laterally coupled jet
streak circulations.

5. Summary

We have adapted the kinematic methodology pro-
posed by Keyser et al. (1989) for representing and di-
agnosing three-dimensional ageostrophic circulations
into a form suitable for real-data applications involving
limited-area domains. This adaptation incorporates the
three-component partition of a two-dimensional vector
field described by Lynch (1989) as applied to the ageo-
strophic wind. The geostrophic wind is defined in terms
of constant Coriolis parameter so that it is nondiver-
gent. This simplification allows the vertical velocity to
be associated with the divergent part of the ageo-
strophic wind. A key aspect of the present methodology
is the representation of the divergent part of the ageo-
strophic wind and the total vertical velocity in terms of
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a vector streamfunction (i.e., the psi vector), facilitat-

ing the directional partition of divergent ageostrophic

circulations into components that may be projected
onto arbitrarily oriented orthogonal vertical planes.
This directional-partitioning property is argued to be
especially useful for isolating divergent circulations in
vertical planes tangential and normal to anisotropic
flow features, such as (but not limited to) jet—front
systems. Specifically, the partitioning is defined such
that vertical circulations project increasingly onto the
vertical plane transverse to jet—front systems as their
associated vertical motion patterns become increas-
ingly elongated in the alongfront direction. Thus, the
psi-vector representation offers an objective means to
assess quantitatively the two-dimensionality of diver-
gent ageostrophic circulations and thus to test the va-
lidity and applicability of a variety of conceptual mod-
els of ageostrophic circulations in jet—front systems.
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FiG. 15. Cross sections at 1200 UTC 11 February 1983 of
(a) v, (contour interval 5 m s™!, negative values shaded); (b)
PV, (contour interval 0.5 PVU) and RH (values in excess of
70% shaded); (c) projection of {, onto the cross-sectional
plane, 8, (contour interval 5 K), and RH (values in excess of
70% shaded). In these and subsequent cross sections shown
at 1200 UTC 11 February 1983 (Figs. 16 and 17), latitude—
longitude endpoints of the cross section, upper-level jets (J),
and regions of precipitation are indicated. The distance be-
tween tick marks on the cross section abscissa is 200 km mea-
sured with respect to the grid; the total distance of 2449 km,
indicated in the title block, is measured with respect to the
earth. In (a), negative (positive) values denote flow out of
(into) the page. In (c), the magnitudes of the vertical and hor-
izontal scales of the reference vector are 27.16 X 107 s~ and
54.31 X 107> m s™! ub~!, respectively.

The present methodology is applied to two cases of
well-documented cyclone events that occurred along the
east coast of the United States at times in their respective
evolutions where well-known conceptual models of ageo-
strophic circulations in upper-level jet—front systems can
be examined: the Presidents’ Day storm (at 1200 UTC
19 February 1979) and the Megalopolitan storm (at 1200
UTC 11 February 1983). In the Presidents” Day storm,
the primary feature of interest is a cyclonically curved jet
streak situated near the base of a short-wave trough; our
analysis supports -the interpretation that ascent in the
southwesterly flow inflection, coinciding with the jet
streak exit region, may be viewed as a superposition of
vertical circulations associated with the jet—front system
and with the baroclinic wave in which the jet—front sys-
tem is embedded.

The foregoing interpretation views the total midtro-
pospheric vertical motion field w as consisting of a di-
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pole pattern composed of cells of descent and ascent
elongated in the cross-stream direction, providing the
‘‘baroclinic-wave’’ component of the vertical circula-
tion, upon which are superposed smaller-scale cells of
descent and ascent elongated in the alongstream direc-
tion, providing the ‘‘jet streak’> component of the ver-
tical circulation. This interpretation, which is consistent
with the kinematic w pattern for the Presidents’ Day
case (Fig. 6), is demonstrated for a vertical cross sec-
tion traversing the southwesterly flow inflection of the
short-wave-trough —jet system located over the mid-At-
lantic states. It is shown (Fig. 10) that the vertical mo-
tion component normal to the cross section consists of
broad-scale ascent characteristic of the baroclinic
wave, whereas the vertical motion component tangen-
tial to the cross section consists of a region of ascent
exhibiting mesoscale detail. This detail takes the form
of a dual updraft straddling the upper-level jet core,
where the northern feature is hypothesized to be a man-
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FIG. 16. As in Fig. 9 except for 1200 UTC
11 February 1983.

ifestation of the updraft in the left exit region of a jet
streak and the southern feature to be associated with a
convective line.

In the Megalopolitan storm, we examine the concep-
tual model proposed by Uccellini and Kocin (1987)
describing vertical circulations transverse to laterally
displaced jet streaks: a northern jet streak embedded
within a confluence zone downstream of a short-wave
trough and a southern jet streak situated within the base
of a short-wave trough. In this conceptualization, the
midtropospheric ascent maximum in the southwesterly
flow inflection of the short-wave trough is hypothesized
to be the result of adjacent direct and indirect vertical
circulations associated with the northern and southern
jets, respectively. For a cross section oriented approx-
imately normal to the jet entrance and exit regions, the
cross-jet component of ascent dominates its along-jet
counterpart by a factor of about 2 to 1, consistent with
the orientation of the major axis of the elliptical ascent
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region approximately in the along-jet direction. The
dominant contribution of ascent in the cross-jet vertical
plane lends support to the explanation proposed by
Uccellini and Kocin (1987) that slantwise ascent in the
southwesterly flow inflection between the axis of the
upstream trough and the downstream confluence zone
is the result of laterally coupled jet streak circulations.

In both of the foregoing cases, application of the
three-component partition of the ageostrophic wind
supports the finding of Keyser et al. (1989), based on
diagnosis of upper-level jet—front systems in an ide-
alized channel-model simulation of the evolution of a
baroclinic wave disturbance, that the ageostrophic wind
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FiG. 17. As in Fig. 10 except for 1200 UTC
11 February 1983.

is dominated by its nondivergent (i.e., harmonic plus
rotational ) part. This result provides additional support
to the concern raised in Keyser et al. (1989) that the
practice of linking cross-contour ageostrophic winds
and vertical motions in jet entrance and exit regions in
the qualitative assessment of energy transformations in
these regions may be problematic for upper-level jet—
front systems situated within three-dimensional flows.
The basis for this concern is that the kinematic require-
ments satisfied by the cross-contour ageostrophic wind
component in relation to Lagrangian rates of change of
wind speed may be accomplished primarily by the non-
divergent ageostrophic wind. This view does not imply
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that the divergent ageostrophic wind cannot contribute
to parcel accelerations in both wind speed and direc-
tion; examples are shown in both observational cases
of augmentation of cross- and alongflow nondivergent
ageostrophic winds by the divergent part of the ageo-
strophic wind. It is suggested that because vertical mo-
tions are kinematically independent of the nondiver-
gent ageostrophic wind they should be considered only
in relation to the divergent ageostrophic wind in diag-
noses of upper-level jet—front systems situated in three-
dimensional flows.

There are several limitations to the psi-vector meth-
odology as applied to the present study. The first is the
neglect of terrain, which, in principle, requires refor-
mulation of the technique to account for a height-de-
pendent lower boundary and specification of nonzero
vertical motion at this boundary. The potential com-
plexity of incorporating terrain effects suggests consid-
eration of sigma coordinates, which allow the lower
boundary to be maintained as a coordinate surface, as
well as preservation of the condition of vanishing ver-
tical motion. A likely disadvantage is that in regions of
sloping terrain the physical interpretation of the three-
way partition of the ageostrophic wind is no longer the
same as in pressure coordinates, nor is the geostrophic
wind nondivergent. A second limitation is the domain
dependence of the three-component partition of the
ageostrophic wind. As datasets and computing power
permit, the domain-dependence problem may be solved
by adopting global geometry, which eliminates the har-
monic component from consideration.

A third limitation of the psi-vector approach is its
kinematic basis; its design restricts it to directional par-
titioning based on the geometrical configuration of ver-
tical motion patterns. Thus, it is not possible to perform
dynamical attribution of ageostrophic circulations to
discrete flow features—such as jets, fronts, waves, and
vortices—through piecewise partitioning of the total
flow, as is possible, for example, using quasigeo-
strophic potential vorticity inversion, provided that fea-
tures of interest can be isolated through judicious com-
binations of interior potential vorticity and boundary
conditions (e.g., Holopainen and Kaurola 1991; Davis
1992; Hakim et al. 1994). Another possibility is term-
wise partitioning of the vertical motion (or vertical cir-
culation) among forcing terms that capture desired as-
pects of flow features, such as the separation of the Q
vector into components normal and tangential to isen-
tropes (Keyser et al. 1988, 1992b; Kurz 1992) to iso-
late quadripole and dipole vertical motion patterns re-
lated to jet streak and short-wave features, respectively
(Barnes and Colman 1993, 1994). Similarly, consid-
eration of the QG divergence equation [e.g., Eq. (3.6)
of Xu (1990); Eq. (2.4) of Xu (1992)] allows the
ageostrophic vorticity, and thus the rotational part of
the ageostrophic wind, to be separated into contribu-
tions proportional to the square of the resultant geo-
strophic deformation and minus the square of the geo-
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strophic relative vorticity. This result appears to be con-
sistent with the presence of the anticyclonic gyre in the
rotational ageostrophic flow within the upper-level
short-wave trough in the Presidents’ Day case (Fig.
5d), corresponding to a region of relatively large cy-
clonic geostrophic vorticity, and the cyclonic gyre in
the region between the two upper-level jet streaks in
the Megalopolitan storm case (Fig. 12d), where the
influence of geostrophic deformation may be expected
to be significant. Finally, the dynamical counterpart of
the psi-vector methodology appropriate to channel-
model geometry, as proposed and illustrated by Keyser
et al. (1992a), may be modified to apply to limited-
area domain geometry on conformal map projections
in order to address the question of dynamical attribu-
tion through termwise partitioning.
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