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ABSTRACT

Although the relationship between the behavior of convective storms and their environmental vertical wind
shear has been examined using proximity soundings and idealized numerical modeling experiments, the manner
in which the vertical shear profiles, as visualized by hodographs, is regulated by the larger-scale baroclinic wave
structure has not been considered in detail. To examine this synoptic-scale dependence, a relatively simple,
analytic model for baroclinic systems in midlatitudes having exact solutions for a frictionless, quasigeostrophic
atmosphere is employed. The analytical model consists of a checkerboard of high and low pressure areas at
1000 mb, hydrostatically modulated above by a mean meridional temperature gradient and a checkerboard of
warm and cold centers at 1000 mb. Aloft, the model atmosphere consists of a zonally oriented wave train. This
approach allows a systematic examination of the dependence of hodographs on the following five synoptic-scale
parameters included in the model: 1) mean meridional temperature gradient, 2) system wavelength, 3) phase
lag between the height and temperature fields at 1000 mb, 4) magnitude of the temperature perturbation associated
with the checkerboard of warm and cold centers at 1000 mb, and 5) magnitude of the 1000-mb height perturbation.

It is seen that the phase lag between the height and temperature fields and the system wavelength have the
greatest quantitative influence on the relative contribution of the ageostrophic wind component to the total wind.
These two parameters are associated with significant clockwise curvature with height in the hodograph of the
total wind, particularly if the deep-layer ageostrophic wind shear is oriented perpendicular and to the right of
the geostrophic shear. Hodograph curvature, however, is not ubiquitous in the model, and despite the model’s
simplicity, likely speaks to the importance of features departing from the model, mesoscale variability, and
boundary layer friction in enhancing hodograph curvature.

1. Introduction

Observational (e.g., Maddox 1976; Bluestein and Jain
1985; Rasmussen and Straka 1998) and numerical (e.g.,
Weisman and Klemp 1982, 1984; Brooks et al. 1994;
Bluestein and Weisman 2000) studies have shown that
relatively minor changes in the vertical shear profile can
have a strong modulating influence on the ‘‘mode’’ of
deep moist convection (i.e., the favored organizational
structure of convective storms or systems) in conjunc-
tion with other physical factors [the most prominent
being the magnitude and vertical distribution of poten-
tial buoyancy, and the nature and magnitude of the back-
ground vertical-motion mechanism(s)]. These studies,
however, have not explored how synoptic-scale baro-
clinic wave structures locally modulate the vertical wind
profile, which can affect the organization of mesoscale
precipitation. Owing to the frequent connection between
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deep moist convection and synoptic-scale baroclinic
waves aloft (Macdonald 1976; Glickman et al. 1977),
a relatively simple analytic model is employed to as-
sociate the local shear profile with parameters that de-
scribe the character of the synoptic-scale baroclinic
wave. A hodograph climatology, developed relative to
synoptic-scale cyclone and anticyclone centers over a
37-yr period (Banacos 1999; Bluestein and Banacos
2002), serves as a guide in assessing the applicability
of the analytically generated model hodographs.

This paper is organized as follows: Section 2 de-
scribes aspects of the analytic model relevant to the
derivation of the geostrophic and ageostrophic wind
components. Section 3 presents an analysis of hodo-
graph shape for varied configurations of the synoptic-
scale baroclinic waves. Last, section 4 provides a con-
cluding discussion and suggestions for future work.

2. Model description and wind field

An analytic model developed by Sanders (1971),
which has exact solutions for a frictionless, quasigeo-
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TABLE 1. Level-mean temperature (Tm), level-mean geopotential
(Fm), and the dimensionless stability parameter (g), listed in 50-mb
increments as used in Sanders’ analytic model. Parameters based on
0000 UTC rawinsonde data within 900 km of a composite extra-
tropical cyclone (N 5 44 510) constructed by Bluestein and Banacos
(2002).

p (mb) Tm(K) Fm (m2 s22) g

1000
950
900
850
800

283.0
281.0
279.9
278.7
277.1

688.9
4510.0
8857.2

13 461.3
18 327.0

0.0963
0.1927
0.2265
0.2038
0.1578

750
700
650
600
550

274.4
271.3
267.9
264.0
259.7

23 443.6
28 860.0
34 593.0
40 717.0
47 246.8

0.1276
0.1171
0.1102
0.0997
0.0945

500
450
400
350

254.9
249.5
243.5
236.8

54 304.7
61 910.5
70 269.9
79 482.9

0.0861
0.0805
0.0767
0.0822

300
250
200
150

229.7
223.3
319.3
217.3

89 786.6
101 629.9
115 782.1
133 801.4

0.1076
0.1653
0.2349
0.2506

strophic (QG) atmosphere, is used to vary systematically
the configuration of synoptic-scale baroclinic waves. We
begin with a description of the model as it relates to
the wind structure [the reader is referred to Sanders
(1971) and Bluestein (1993) for a more detailed de-
scription of the model].

a. Thermodynamic structure

A simple quasi-horizontal distribution of geopotential (F,
where F 5 gz) at 1000 mb is given by the following:

2p 2pˆF(x, y, p 5 1000 mb) 5 F cos (x 1 l) cos y,0 L L
(1)

where 0 is the surface geopotential perturbation, L isF̂
the system wavelength (which is isotropic), and l con-
trols the phase lag of the 1000-mb geopotential field
relative to the temperature field; x and y are independent
variables representing the east–west and north–south di-
rections, respectively, with positive values of x (y)
pointing to the east (north).

The three-dimensional temperature distribution is
specified as

1000
T(x, y, p) 5 T (p) 2 1 2 a lnm 1 2p

2p 2pˆ3 ay 1 T cos x cos y , (2)1 2L L

where Tm is level-mean temperature, a is a parameter
controlling tropopause height (set here to 250 mb), p is
pressure expressed in millibars, a is the mean meridional
temperature gradient, and T̂ is the temperature pertur-
bation associated with the baroclinic waves. The U.S.
Standard Atmosphere, 1976 (COESA 1976) was used
initially to define Tm(p) for this experiment. However,
owing to the availability of climatological information
in the vicinity of cyclones and anticyclones based on
previous observational work (Bluestein and Banacos
2002), and our particular interest in the background en-
vironment of cyclones when convective storms are most
frequent, the mean 0000 UTC cyclone temperature and
geopotential profiles within 900 km of surface cyclone
centers were used to define these variables in Sanders’
model. The model parameters are based on the mean of
44 510 soundings (Table 1). The relatively high static
stability in the 950–800-mb layer results in smaller val-
ues of height tendency and isallohypsic wind through
that layer than is observed when the U.S. Standard At-
mosphere is employed. We expect that generally the
isallohypsic wind is larger for smaller values of stability
based on this result and vertical continuity consider-
ations (i.e., vertical motion is lessened for the same
degree of forcing at higher values of static stability ac-
cording to the QG omega equation). Strong(er) isallo-

hypsic contributions to the boundary layer flow would
be expected with steep(er) lapse rates.

For simplicity, the model’s lowest level at 1000 mb
is taken as the surface of the earth. Friction is not in-
corporated into the model, for both simplicity and to
isolate the effects of baroclinic wave structure on the
shape of the hodograph.

The multiplying factor [1 2 a ln(1000/p)] allows for
the magnitude of the quasi-horizontal temperature var-
iation to decrease with height, and for the sign of the
temperature gradient to reverse at the model tropopause.
In the Sanders’ model, the height of the tropopause does
not vary as it does in the real atmosphere. Since the
tropopause in the real atmosphere is lower over cyclones
than it is over anticyclones, the model wind field near
the tropopause could be in error accordingly. Both the
F and T fields take the form of an infinite checkerboard
of high and low and cold and warm perturbation centers.

Using (1) and the assumption that the atmosphere is
hydrostatic, the three-dimensional field of geopotential
can be found by upward integration of the hypsometric
equation,

]F 5 2RT] lnp. (3)

As shown by Bluestein (1993), integration yields

2p 2pyˆF(x, y, p) 5 F (p) 1 F cos (x 1 l) cosm 0 L L

2px 2pyˆ1 R ay 1 T cos cos1 2L L

2p a p
3 ln 1 ln , (4)1 2[ ]1000 2 1000
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FIG. 1. Vertical profile of dimensionless parameter g based on the
climatological temperature profile of Bluestein and Banacos (2002)
surrounding cyclones (black line) and anticyclones (gray line) at 0000
UTC, as well as a vertical profile for the U.S. Standard Atmosphere
(dashed line).

where Fm(p) is a vertical function representing mean
geopotential at a given pressure level, and R is the gas
constant for dry air. The level-mean geopotential is de-
termined hydrostatically by logarithmic integration of
the level-mean temperature function as follows:

p dp9
F (p) 5 2R T (p9) . (5)m E m p9p51000 mb

Although the model equations use p as the vertical co-
ordinate, wind information is interpolated to constant
height levels with respect to height above ground level
(AGL), consistent with convention for plotting of ho-
dographs.

In addition to the background vertical temperature
profile, Tm(p), background values of g, an environ-
mental lapse rate defined as a function of pressure, are
computed using the following:

] lnTmg(p) 5 k 2 p . (6)
]p

This function is used to determine the static stability
parameter, which is necessary to solve the QG height
tendency and omega equations. Values of g(p) are given
in Table 1 for specific data in the vicinity of cyclones
at 0000 UTC, as described earlier, and in Fig. 1 for both
cyclones and anticyclones (for comparison) at 0000
UTC, and for a U.S. Standard Atmosphere.

b. Determination of model geostrophic and
ageostrophic winds

The geostrophic wind (vg) in pressure coordinates is
defined as (Bluestein 1992)

1
v 5 u i 1 y j 5 k 3 = F, (7)g g g pf

where f is the Coriolis parameter, defined as f 5 2V
sinf (V is the earth’s angular velocity, and f is the
latitude). For all configurations presented here, the do-
main was centered in the north–south direction at 408N.
Since f varies with latitude, we employ the b-plane
approximation in order to incorporate the advection of
earth’s vorticity:

f 5 f 1 by,0 (8)

where f 0 represents a mean value of the Coriolis pa-
rameter for the domain (taken to be 9.374 3 1025 s21,
the value at 408N latitude), and b is defined as df /dy
(the effect of which is shown later in Fig. 3b).

Expanding on the analysis of Sanders (1971), the
three-dimensional function for F given in (4) was dif-
ferentiated to determine analytically the geostrophic
wind field. The resultant component equations are

1 ˆu 5 2 2kF cosk(x 1 l) sin(ky)g 05f

ˆ1 R[a 2 kT cos(kx) sin(ky)]

2p a p
3 ln 1 ln , (9)1 2 1 2 6[ ]1000 2 1000

1 ˆy 5 2kF sink(x 1 l) cos(ky)g 05f

ˆ1 R[2kT sin(kx) cos(ky)]

2p a p
3 ln 1 ln , (10)1 2 1 2 6[ ]1000 2 1000

where k is the horizontal wavenumber, defined as k 5
2p/L.

The ageostrophic wind is related to the parcel acceleration
and is somewhat more complicated to determine. The parcel
acceleration in a QG atmosphere is given by

Dv D v ]vg g g
5 5 1 (v · = )v . (11)g gpDt Dt ]t
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The QG parcel acceleration involves the time rate of
change of the geostrophic wind (first term on rhs), and
the geostrophic advection of geostrophic momentum
(second term on rhs). The vertical advection of geo-
strophic momentum and other advections due to the
ageostrophic part of the wind are not part of the QG
formulation. The ageostrophic wind in a QG atmosphere
is defined as (Bluestein 1992)

1 Dv 1 ]vgv 5 k 3 5 k 3 1 (v · = )v . (12)g ga p[ ]f Dt f ]t

Therefore, in the Northern Hemisphere, the ageostroph-
ic wind vector is directed perpendicular and to the left
of the parcel acceleration. Using pressure as the vertical
coordinate, the time tendency of the geostrophic wind
is related to the local gradient in geopotential height
tendency [as shown in (13)], and therefore the first term
on the right-hand side of (12) is often referred to as the
isallohypsic contribution. The second term on the right-
hand side of (12) is the advection of the geostrophic
wind by itself and is frequently referred to as the inertial-
advective component of the ageostrophic wind. The in-
ertial-advective contribution becomes dominant for rel-
atively large magnitudes of geostrophic wind in strongly
curved flow, and its magnitude is typically greatest in
the upper troposphere. It is not always simple to estimate
qualitatively how the ageostrophic wind is directed in
the free atmosphere since the contributing terms often
act opposite to one another. This aspect of the ageos-
trophic wind is discussed further in section 3.

Taking the derivative with respect to time of (7) and
changing the order of differentiation relates the time
tendency of the geostrophic wind to the quasi-horizontal
gradient in height tendency, x, as follows:

]v 1g
5 k 3 (= x), (13)p]t f

where the height tendency is defined as x 5 ]F/]t. The
resulting component equations for the isallohypsic wind
are

1 ]y gu 5 2 , (14a)a f ]t

1 ]ug
y 5 . (14b)a f ]t

The height tendency can be determined analytically in the
model using the QG form of the vorticity equation:

]z ]u ]yg
5 2v · = (z 1 f ) 2 f 1 , (15)gp 1 2]t ]x ]y

where zg is the geostrophic vorticity. Making use of the
equation of continuity and the definition of the geo-
strophic wind in zg 5 (]yg/]x) 2 (]ug/]y) 5 1/ f 0(¹2F)
yields

]v
2 2¹ x 5 f [2v · = (z 1 f )] 1 f . (16)g gp 0 p 0 1 2]p

In conjunction with analytic solutions to the QG omega
equation, solutions to x can be found. These solutions,
which are cumbersome, are given by Sanders (1971)
and by Bluestein (1993).

The inertial-advective contribution to the QG form of
the ageostrophic wind is determined more straightfor-
wardly, since it involves only combinations of the geo-
strophic wind and its horizontal derivatives. The QG
inertial-advective contribution to the ageostrophic wind
can be expressed as

]v ]vg g(v · = )v 5 u 1 y . (17)g g g gp ]x ]y

The component equations for the inertial-advective
wind are as follows:

1 ]y ]yg gu 5 2 u 1 y , (18a)g ga 1 2f ]x ]y

1 ]u ]ug g
y 5 u 1 y . (18b)g ga 1 2f ]x ]y

The total ageostrophic wind components are therefore

1 ]y ]y ]yg g gu 5 2 1 u 1 y , (19a)g ga 1 2f ]t ]x ]y

1 ]u ]u ]ug g g
y 5 1 u 1 y . (19b)g ga 1 2f ]t ]x ]y

3. Methodology and hodograph analysis

a. Overview of parameter space

We are interested primarily in the effects of the fol-
lowing five variables on the baroclinic wave structure:
1) mean meridional temperature gradient (a), 2) system
wavelength (L), 3) phase lag (l), 4) magnitude of the
temperature perturbation (T̂), and 5) magnitude of the
surface height perturbation ( 0). The relationship ofF̂
these variables to the 3D analytic model structure was
shown in the previous section. Each of these variables
is varied independently of the others and forms a ‘‘con-
trol’’ simulation over a parameter space consistent with
values commonly observed in midlatitude pressure sys-
tems. For this portion of the study, nine values of each
parameter were analyzed at three points located one-
sixteenth of a wavelength (equivalent to 219 km for the
control run) northeast, east, and southeast of the surface
cyclone center (we chose locations downstream of cy-
clones since that is where deep convective storms tend
to be most common and intense, and where the use of
hodographs are most often employed; furthermore, at
locations too near the center of the cyclone the model
geostrophic winds are too weak, while at locations too
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TABLE 2. Parameter values used in individual model
configurations.

Variable
(units)

‘‘Control’’
value

Parameter
range Interval

a [K (1000 km)21]
L (km)
l (km)
T̂ (K)

o (m2 s22)F̂

10
3500
L/4

10
1020

2.5–22.5
2500–4500

0–L/2
0–20
0–1020

2.5
250
L/16

2.5
127.5

FIG. 2. Sanders’ model ‘‘control’’ configuration. The (a) 1000- and (b) 500-mb geopotential
(solid lines) and temperature fields (dashed lines) and geostrophic wind vectors. The (c) 1000-
and (d) 500-mb height tendency field (negative values dashed) and isallohypsic wind vectors.

far east of the cyclone center the model winds in the
upper troposphere are affected by the anticyclonic flow
associated with the downstream ridge) for the control
and each parameter modulation, at a fixed time. Param-
eter ranges are shown in Table 2. This procedure gen-
erated 123 individual hodographs for analysis, valid for

a wide spectrum of baroclinic wave intensities and con-
figurations.

b. Aspects of the ‘‘control’’ configuration

An initial, ‘‘control’’ configuration was used to es-
tablish a baseline to compare to each parameter mod-
ulation, as described in the previous section. The ‘‘con-
trol’’ configuration represents moderately intense, west-
ward sloping baroclinic waves configured such that the
temperature field lags the 1000-mb height field by one-
quarter wavelength (Fig. 2). This lag represents the most
unstable phase lag consistent with baroclinic instability
theory (Holton 1992) and leads to height-tendency fields
indicative of a rapidly amplifying and intensifying wave
throughout the lower to middle portions of the tropo-
sphere. There is a relatively strong baroclinic zone to
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FIG. 2. (Continued) Isopleths of geopotential are given at intervals of 600 m2 s22 and are plotted
as the departure from the level average value. Isallohypses are labeled in units of 10 23 m2 s23.
Temperature is given in 8C [values are negative in (b)].

the northeast and southwest of the surface low. Although
the magnitude of the quasi-horizontal temperature gra-
dient decreases with height, the isotherm orientation
does not change with height. From the thermal-wind
relationship, this implies that the geostrophic vertical
shear in vg must be entirely unidirectional in the model.
In the atmosphere, straight hodographs in the mean are
observed, to a first-order approximation, away from the
tropopause and planetary boundary layer (PBL) (e.g.,
Fig. 5 of Bluestein and Banacos 2002). Minimal change
in isotherm orientation with height is also often ob-
served within frontogenetic deformation zones where
narrow banded precipitation areas are sometimes found;
however, there is not necessarily a physical constraint
on the vertical parallelism of the quasi-horizontal tem-
perature gradient. Thus, the model represents structures
we observe in the real atmosphere; however, the domain

of possible synoptic-scale wind field configurations as-
sociated with baroclinic waves cannot be fully encap-
sulated by the model mathematics because it requires
simple analytic solutions. For example, if the height
perturbation centers were allowed to vary in the merid-
ional direction with height, and/or positive or negative
tilts (with latitude) could be associated with the baro-
clinic systems, then some degree of curvature in the
hodograph of the geostrophic wind would be possible.
These synoptic configurations would likely need to be
investigated numerically and are beyond the scope of
this work.

Curvature in the hodograph of the total wind (i.e.,
geostrophic plus ageostrophic components) in the Sand-
ers model must therefore be associated with the QG
ageostrophic wind, and without the ‘‘aid’’ of friction
since a boundary layer is not incorporated in the model.
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FIG. 3. Sanders’ model ‘‘control’’ configuration. (a) The 500-mb geopotential field and inertial-
advective wind vectors, and (b) the effect of b on the wind field. Geopotential values are plotted
as the departure from the level average value. Units as in Fig. 2.

We have therefore, by default, focused the analysis on
determining what aspects of the baroclinic wave result
in a favorable ageostrophic shear profile such that cur-
vature in the total-wind hodograph is produced.

As can be seen through subjective comparison of Fig.
2d to Fig. 3a, the isallohypsic wind, which points
‘‘down’’ the gradient of height tendency, acts opposite
of the inertial-advective wind, which is directed per-
pendicular and to the left of the horizontal parcel ac-
celeration, to the northeast and southwest of the mini-
mum in height tendency field (southeast of the surface
cyclone, in this case). Thus, it can be difficult to assess
qualitatively the resultant magnitude of the ageostrophic
wind simply by visual inspection. The inertial-advective
wind at 1000 mb (not shown) is smaller than at higher
elevations owing to generally smaller values of | v | and
| =v | . The isallohypsic contribution to the ageostrophic

wind does not vary appreciably with height in the con-
trol simulation; however, its magnitude relative to that
of the inertial-advective wind is larger at low levels. At
the surface, the geopotential tendency field is dominated
by the effects of warm advection decreasing with height,
for example, northeast of the surface cyclone, where a
negative height tendency field (and deep-layer upward
vertical motion) is maximized. In the midtroposphere,
the height falls are largest east of the surface low, owing
to the dominant effect of vorticity advection down-
stream of the 500-mb trough, and the reduction of tem-
perature advection with decreasing pressure in the mod-
el.

This analysis aids in explaining the geostrophic,
ageostrophic, and total-wind hodographs one-sixteenth
of a wavelength northeast, east, and southeast of the
surface low (Fig. 4). Although the hodograph of the
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FIG. 4. Geostrophic (vg), ageostrophic
(va), and total horizontal wind (v) hodo-
graph located one-sixteenth of a wavelength
(a) northeast, (b) east, and (c) southeast of
surface cyclone. Dots are plotted at 1-km
intervals.

geostrophic wind northeast of the low (Fig. 4a) is
straight, there is still pronounced veering of the geo-
strophic wind with height, consistent with deep-layer
warm advection. We see that the geostrophic shear
weakens gradually with height (but much more rapidly
above 7 km) and that the total-wind hodograph ‘‘folds’’
over onto itself at the tropopause where =T reverses
direction, consistent with (2). It is noted in Fig. 4a that
the ageostrophic wind veers through the 0–3-km AGL
layer. This veering implies dominance of the isallohyp-

sic contribution to the total ageostrophic wind in this
layer, as veering of the isallohypsic wind component
occurs northeast of the surface low from the low to
midtroposphere following the vertical variation of the
negative height tendency center as seen in Figs. 2c and
2d. Above 3 km AGL, the ageostrophic wind backs with
height until the tropopause, increasingly affected by the
northeastward-pointing inertial-advective wind down-
stream of the trough–ridge inflection point (Fig. 3a).
This component becomes dominant over the isallohyp-
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sic wind as wind speed and curvature effects increase
with height. The reversal in temperature gradient above
the tropopause yields an anticyclonic-turning ageos-
trophic wind hodograph between 10 and 13 km AGL
and leads directly to the same turning in the total-wind
hodograph. This turning at the tropopause was observed
in composite mean hodographs in Bluestein and Ban-
acos (2002; their Figs. 5 and 6), but was generally broad-
er, suggesting a more gradual change in wind direction.
This turning may be attributable to curvature in the
hodograph of the geostrophic wind that does not occur
in the model, or partly due to the ‘‘smearing’’ effect of
averaging rawinsonde winds across varying tropopause
heights in the observational composites.

East of the cyclone by one-sixteenth of a wavelength
(Fig. 4b), the hodographs of the geostrophic and total
wind are more backed aloft because the upper-level flow
is more meridionally oriented, while exhibiting less
veering owing to decreased warm temperature advection
in the area. The ageostrophic wind component is weaker
than the geostrophic wind component and weaker than
the ageostrophic wind northeast of the cyclone; how-
ever, it also more directly opposes the geostrophic wind,
owing to cyclonic flow aloft and a dominant inertial-
advective contribution.

Of the three hodographs, the strongest ageostrophic
wind component is found southeast of the cyclone (Fig.
4c) (approximately one-third of | vg | at 10 km AGL),
beneath the ‘‘core’’ of strongest upper flow and strong
cyclonic curvature to the flow. The ageostrophic vertical
shear vector opposes and points to the left of the geo-
strophic shear vector, contributing to the most backed
hodograph of the total flow.

Below the tropopause, the model hodographs north-
east and southeast of the surface low compare reason-
ably well with observations (i.e., Fig. 6 of Bluestein and
Banacos, 2002), with the obvious exception of the ab-
sence of hodograph curvature in the PBL. Specifically,
the vertical shear vector in the 3–8-km AGL layer is
relatively unidirectional in the observational composites
as it is in the model hodographs. In this layer the di-
rection of the total wind shear vector in the observa-
tional composite is similar to that in the model to the
northeast of the cyclone center; it, however, is directed
more poleward in the model, southeast of the cyclone
center, than is the climatological shear vector. In the
strongest cyclones (Fig. 8 of Bluestein and Banacos
2002), a more poleward-directed midtropospheric shear
vector is found to the southeast of the surface low, con-
sistent with an upper trough of greater amplitude. Clear-
ly, the direction of the deep tropospheric shear vector
can vary from quadrant to quadrant around pressure
systems, dependent largely upon the shape, wavelength,
and amplitude of the upper wave.

c. Analysis of the Rossby number

An important consideration in the analysis of the re-
sulting hodographs is that the Rossby number (Ro) as-

sociated with the large-scale flow field must be relatively
small to be certain that quasigeostrophy is a valid as-
sumption and therefore that our vertical shear solutions
are valid. The Rossby number is defined as the ratio of
the magnitude of the inertial acceleration to the mag-
nitude of that induced by the Coriolis force (Bluestein
1992), which in our case simplifies as follows:

Dv) )Dt | f k 3 v | |v |a aRo 5 5 5 . (20)
| f k 3 v | | f k 3 v | |v |

For QG theory to be valid quantitatively, the magnitude
of the inertial acceleration should be an order of mag-
nitude less than that induced by the Coriolis force (i.e.,
Ro ; 0.1). The variation in Ro L/16 east of the surface
cyclone for the ‘‘control’’ configuration of the Sanders
model is shown in Figs. 5a–e. The greatest variation in
Ro occurs at mid- and upper levels of the troposphere
when the phase lag between the height and temperature
fields is varied (Fig. 5b). The increasing magnitude of
the inertial-advective wind (in a direction opposite the
geostrophic wind) as the phase lag decreases causes an
increasingly large Ro as the phase lag diminishes to 0.
This increase in magnitude of the inertial-advective
wind contributes to large fluctuations in the hodograph
as phase lag is modified, as quantified in the next section
of the paper.

As one might expect, a large variation in Ro also
occurs for variations in the system wavelength (Fig. 5e):
larger ageostrophic wind speeds relative to both total
and geostrophic wind speeds are found as the wave-
length is shortened. The Rossby number at low levels
increases most rapidly to as great as 0.8 when L 5 2500
km. Thus, wavelength may play a larger role in low-
level hodograph curvature than the phase lag parameter.

No appreciable change in Rossby number occurs
when the meridional temperature gradient is varied (Fig.
5a). Some change in Rossby number is observed when
the surface geopotential perturbation is changed (Fig.
5c), but it remains relatively small (at or below 0.25).
An increase in perturbation temperature (Fig. 5d) results
in a general decrease in Ro, as the thermal-wind shear
increases with little or no compensating change in
ageostrophic wind.

d. Analysis of hodograph curvature and shear

With Ro in mind, we now examine hodograph cur-
vature and the magnitude of the shear vector for each
of the five variables across the parameter space shown
in Table 2. The physical effects of hodograph curvature
on convective storms are discussed in Weisman and Ro-
tunno (2000) and Davies-Jones (2002).

Hodograph curvature was defined in terms of degrees
of turning and was computed through depths of 0–2,
0–6, and 0–9 km AGL. The magnitude of the shear
vector was also measured through these layers. Since
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FIG. 5. Rossby number (Ro) for Sanders’ analytic model computed
one-sixteenth of a wavelength east of the surface cyclone for modulation
of (a) meridional temperature gradient, (b) phase lag, (c) the 1000-mb
geopotential perturbation, (d) perturbation temperature, and (e) system
wavelength.

large curvature values in shallow layers in the presence
of weak deep-layer shear generally do not contribute
appreciably to the organization or longevity of convec-
tive storms, the curvature values are analyzed in con-
junction with the magnitude of the 0–6-km shear vector.
In the discussion that follows, we refer to deep-layer
shear as the magnitude of the shear vector in the 0–6-
km layer or greater, consistent with operational usage
of the terminology. The distribution of hodograph cur-
vature (clockwise turning with height is positive; coun-
terclockwise turning with height is negative) and 0–6-
km shear is shown for each of the five synoptic variables
in Figs. 6a–e.

Deep-layer shear varies as the meridional temperature
gradient (Fig. 6a), according to the thermal-wind rela-
tion. However, the turning in the hodograph remains
essentially unchanged throughout the parameter space
and is minimal.

Phase lag (Fig. 6b) produces a large variability in
both hodograph turning and deep-layer shear since a
change in the juxtaposition of the height and tempera-
ture distribution through the troposphere has a signifi-
cant impact on height gradient and the resulting mag-
nitude of the geostrophic wind. The geostrophic, ageos-
trophic, and total-wind hodographs for modulation of
phase lag are displayed in Figs. 7a–h to allow the reader
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FIG. 6. Hodograph curvature [degrees; positive (negative) values
represent clockwise (counterclockwise) curvature with height] in
Sanders’ analytic model through depths of 0–2 km (gray, dashed),
0–6 km (black, dashed), and 0–9 km (black, solid) AGL. The 0–6-
km AGL shear vector magnitude is represented by the thick black
line (scale on right axis). Curvature and shear were computed one-
sixteenth of a wavelength east of the surface cyclone for modulation
of (a) meridional temperature gradient, (b) phase lag, (c) the 1000-
mb geopotential perturbation, (d) perturbation temperature, and (e)
system wavelength.
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FIG. 7. As in Fig. 4, but for phase lag values of (a) 7L/16, (b) 3L/8, (c) 5L/16, (d) L/4, (e) 3L/
16, (f ) L/8,

to visualize better the influence of this parameter and
as an aid in the interpretation of Fig. 6b. The greatest
low-level turning (;108) for values of 0–6-km shear in
excess of 20 m s21 occurs around 7L/32. There is much
greater turning at lower phase lag; however, there is
considerably less deep-layer shear at these values of
phase lag. ‘‘Supercell’’ shear (i.e., greater than 20 m s21

over the lowest 6 km) is found from l ; 7L/32 to just
under 3L/8.

Changes in the 1000-mb geopotential height pertur-
bation (Fig. 6c) result in a negligible change in hodo-
graph turning; the hodograph is nearly straight through-
out the parameter space. The shear from 0–6 km de-
creases with increasing 1000-mb geopotential height
perturbation. This decrease is related to the direct re-

lationship between the 1000-mb height gradient and sur-
face vg, with a decrease in shear as surface vg increases.

Some variability in hodograph turning (up to ;188)
is observed for relatively small values of perturbation
temperature (Fig. 6d), but it tends to occur at very low
(nonsupercellular) values of 0–6-km shear (less than 20
m s21).

Modulation of system wavelength (Fig. 6e) produces
little change in 0–6-km shear, which remains between
22 and 24 m s21 throughout the parameter space. How-
ever, a very large and abrupt increase in hodograph
turning is observed as the system wavelength is short-
ened from 3250 to 3000 km. This turning at short wave-
lengths is very marked. The nearly identical magnitude
of turning through all three layers for the system wave-
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FIG. 7. (Continued) (g) L/16, and (h) 0 at a location one-sixteenth
of a wavelength east of the surface low.

length parameter space implies that nearly all the turning
occurs in the 0–2-km layer. The low-level (1 km) Ro
associated with flow between 3000 and 3250 km at this
point in the cyclone is 0.3–0.4, suggesting QG theory
is still reasonably valid. Examination of the low-level
isallohypsic field (not shown) indicates that this increase
is attributed to much larger low-level height tendency
gradients and isallohypsic wind components. It is also
worth noting that, consistent with the Rossby wave
speed equation, troughs of shorter (longer) wavelength
exhibit a faster (slower) downstream propagation. We
therefore expect short-wave troughs having a wave-
length shorter than 3250 km, or relatively fast moving
troughs, to be associated with a greater potential for
large low-level turning or curvature in the hodograph,
particularly when the phase lag is near 7L/32 (at which
the greatest low-level turning occurs with the 0–6-km
shear in excess of 20 m s21, i.e., when the hodograph
is like that associated with supercells). This finding may
help explain operational experience suggesting that po-
tential tornado outbreaks are ‘‘favored’’ by faster mov-
ing short-wave troughs (S. Weiss 2003, personal com-
munication).

The impact of the meridional temperature gradient,
the 1000-mb geopotential height perturbation, and the
perturbation temperature on hodograph curvature is
minimal. However, modulation of these parameters
strongly influences the magnitude of deep-layer shear.

4. Concluding discussion and future work

We focused here on how the variations of five syn-
optic-scale parameters specific to Sanders’ model affect
the hodograph shape and curvature and how the mag-

nitude and character of the geostrophic and ageostrophic
wind (decomposed into the inertial-advective and isal-
lohypsic components) contribute to the vertical variation
of horizontal wind. It was found that system wavelength
and phase lag made the largest contribution to hodo-
graph turning when 0–6-km shear supportive of super-
cells (greater than 20 m s21) is present. Hodograph cur-
vature in general is most favored by short wavelength
systems and augmented by small phase lag.

There are, of course, an infinite number of synoptic-
scale baroclinic wave configurations that are possible in
the model. The authors believe that the concept of an
‘‘ideal’’ synoptic-scale baroclinic wave structure for
specific atmospheric processes, where attributes of the
local wind field are essential to the existence of a spe-
cific event, is worthy of further investigation in either
observational studies or more complex numerical model
simulations. The pattern recognition aspect of this ap-
proach is potentially helpful in increasing situational
awareness of operational forecasters and in highlighting
the importance of atmospheric-scale interactions. Use
of a numerical model to do the same type of analysis
would be needed to consider more accurately some ef-
fects such as friction in the PBL and variations of the
temperature perturbation centers when they are not at
the same latitude as that of the surface pressure centers.
Balance models of higher order would also more real-
istically represent the ageostrophic wind, which may
affect the resulting degree of hodograph curvature. An
observational study of hodographs with specific refer-
ence to the geostrophic and ageostrophic parts of the
wind that goes beyond the climatology of Bluestein and
Banacos (2002), classified with specific regard to mea-
sured large-scale parameters (such as those used in
Sanders’ model), would be useful to better understand
the synoptic-scale influences on the wind field in close
proximity to where convective storms develop.
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