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ABSTRACT

A simple two-layer primitive equation (PE) model is used to study the effect of curvature on jet-streak
kinematics, specifically vertical motion. Three types of vertical motion are studied: kinematic (PE) vertical
motion, quasigeostrophic (QG) vertical motion, and vertical motion associated with an unbalanced component
of the flow, partially due to inertial-gravity waves (IGW). The latter vertical motion is computed as the difference
between the PE vertical motion and “balanced” vertical motion derived from Krishnamurti’s balanced omega
equation. In addition, the upper-level ageostrophic flow is discussed as it relates to the patterns of divergence
associated with various jet curvatures. The PE model was run out to 12 h to see how straight-line (SL), cyclonic
(CY), and anticyclonic (AC) curvature affects jet-streak kinematics.

At the initial time, a two-cell pattern of vertical motion was found for the CY and AC jet streaks as opposed
to the four-cell pattern associated with the SL jet streak. Also, the vertical-motion centers for the AC and CY
jet streaks were aligned more along the jet axis than across it, in contrast with the SL case. Quasigeostrophic
vertical motion for the SL and CY jet cases agreed well with the PE vertical motion but were much weaker
than the PE vertical motion for the AC case.

Results for 12 h into the model run showed that unbalanced or IGW vertical motions were strongest for the
CY case where they were equal to about one-half of the PE vertical motions. A comparison of QG vertical
motion with balanced vertical motion illustrates the effect of curvature most dramatically. For cyclonic curvature,
QG vertical motions are 50% stronger than the balanced vertical motions, while for anticyclonic curvature, they
are 50% weaker than the balanced vertical motion. For the SL and AC cases, unbalanced vertical motions were
smaller but were still a significant part of the total PE vertical motion. Thus, the greatest mutual adjustment
between the mass and momentum fields occurs with cyclonically curved jet streaks. A comparison of vertical
motions from runs in which the curvature was varied revealed that the magnitude of the vertical motion is
strongest with cyclonic jet streaks, more modest with anticyclonic jet streaks, and weakest with straight-line jet
streaks. This is reflected in the maximum Rossby numbers for these cases that were 1.0, 0.40, and 0.12, respectively.
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1. Introduction

The kinematic fields associated with straight-line and
curved jet streaks have been discussed by several re-
searchers. Beebe and Bates (1955) have described the
typical vertical motion and divergence patterns for up-
per-level jet streaks of varying curvature. For a westerly
upper-level jet streak (see Fig. 1a), the entrance region
is upstream of the jet core and the exit region is down-
stream from the jet core. Looking downstream in the
Northern Hemisphere, left is to the north and right is
to the south. In the straight-line jet-streak case, a four-
cell pattern of divergence—convergence is expected,
with divergence in the left-exit and right-entrance
quadrants and convergence in the right-exit and left-
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entrance quadrants. For cyclonically curved jets, Beebe
and Bates (1955) showed that the divergence-conver-
gence quadrants on the cyclonic side of the jet are en-
hanced, while the two anticyclonic quadrants’ diver-
gence—convergence are quantitatively ill defined. The
opposite is true for anticyclonically curved jets. Upward
(downward) vertical motion at midlevels will generally
accompany upper-level divergence (convergence).
More recently, Keyser and Shapiro (1986) described
the divergence-convergence fields attending straight-
line and curved jet streaks in terms of their along- and
cross-contour ageostrophic wind fields (Figs. 1a,b). For
a straight-line jet streak, the cross-contour ageostrophic
wind dominates, creating the four-cell pattern described
earlier that has been emphasized, perhaps too much
so, in the literature (Fig. 1a). The effect of cyclonic
curvature on a uniform flow is to enhance divergence
east of the trough and convergence west of the trough
(Fig. 1b); this is due to the along-contour component
of the ageostrophic wind. One can see that superim-
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F1G. 1. Schematic representation of the ageostrophic motions
(heavy arrows) and associated patterns of convergence (CON) and
divergence (DIV) in the vicinity of (a) a straight jet streak in the
absence of along-contour thermal advection and (b) a uniform jet
stream within a stationary synoptic-scale wave. Both representations
are assumed to apply at or near the level of maximum wind, where
the horizontal wind distribution is most distinct and the flow is ap-
proximately horizontal. Solid lines indicate geopotential height of a
constant-pressure surface; dashed lines are isotachs ( maximum wind
speed shaded). Adapted from Shapiro and Kennedy (1981).

posing the two ageostrophic flows in Fig. 1a,b would
create strong divergence—convergence centers on the
cyclonic side of the jet; the sign of the divergence on
the anticyclonic side of the jet depends on the relative
strength of the along- versus cross-stream ageostrophic
wind components. Just the opposite conditions would
take place for anticyclonically curved flow. These con-
cepts agree with the Beebe and Bates (1955) model
while emphasizing the ageostrophic flow due to cur-
vature of the baroclinic wave and the effect of the along-
stream variation in wind speed. Yet, both sets of au-
thors provide no quantitative verification of these
physical models using either observed or model-sim-
ulated data. However, Cammas and Ramond (1989)
have used numerical analyses .from the European
Centre for Medium-Range Weather Forecasts
(ECMWF) to diagnose along- and cross-stream ageo-
strophic wind components in the entrance and exit
regions of two jet streaks within a baroclinic wave.
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Analyses from three case studies document that cur-
vature effects can contribute in a predominant way to
the ageostrophic divergence in both entrance and exit
regions of jet streaks. In some cases the curvature effect
can even inhibit the expected transverse circulations
associated with these regions.

Houghton et al. (1981) and Van Tuyl and Young
(1982) developed a simple primitive equation (PE)
model to simulate kinematic fields associated with up-
per-level jet streaks. Van Tuyl and Young ( 1982) ex-
plored the patterns of vertical motion for straight-line
jet streaks associated with various magnitudes of ve-
locity. They noted that the classical four-cell pattern
of vertical motion was still pronounced after 12 h with
a 26 m s~! jet streak (Rossby number = 0.26). How-
ever, after 12 h, the 39 and 52 m s™! jet streaks (Rossby
numbers = 0.39 and 0.52, respectively) developed a
three-cell vertical motion pattern with a dominant up-
ward vertical-motion (UVM) center upstream from
the jet core and two downward vertical-motion (DVM)
centers on either side along the jet axis.

In this paper, the same PE model developed by the
above researchers is used to study the effects of cur-
vature on the kinematic fields accompanying a mod-
erate jet streak. Section 2 describes the PE model and
the kinematic fields to be evaluated, including quasi-
geostrophic (QG), “balanced,” and “actual” vertical
motion, the latter being based on the model divergence
fields. This PE model also permits evaluation of the
unbalanced or inertial-gravity wave (IGW) vertical-
motion contribution, which is a function of the cur-
vature of the jet streak and the maximum wind speed
in the jet core.

Section 3 displays the results of these calculations
for straight-line (SL), cyclonically (CY) curved, and
anticyclonically (AC) curved jet streaks. Finally, sec-
tion 4 will summarize the impact of our findings con-
cerning vertical motion approximations associated with
various curvatures of jet streaks.

2. Description of the model and kinematic fields
a. The PE model

To study the effect of curvature, a PE model devel-
oped by Houghton et al. (1981) and Van Tuyl and
Young (1982) was adapted to account for jet-streak
curvature. The only change was to add the effect of
curvature to the initial ¥ field. The modification was
made to Van Tuyl and Young’s (1982) specification
of  as follows:

w[lws[(z)(é"x')J(}D
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Va0 = 3¥s00, 4)

where x and y are grid coordinates, # = 4000 km, a
= 833.3 km, b = 458.3 km, D = 1900 km, 4 is the
amplitude (km) of the trough or ridge (770 km in this
case), C is the type of curvature (1 = cyclonic, 0
= straight line, —1 = anticyclonic), and Wgq is the
streamfunction amplitude (7.0 X 10% m?s™! for SL
case; 5 X 10° m?>s™! for CY and AC cases). These
above equations were applied to a 25 (X axis) X 21 (Y
axis) grid with zero at the center. Although the com-
putational grid was 25 X 21, a display grid of 21 (X
axis) X 19 (Y axis) was chosen. On the display grid,
the point x = 0, y = 0 is found at grid location i = 10.5,
J = 9.5, where i is the column indicator and j is the
row indicator of the grid system. A Cartesian coordinate
system was used such that x increases to the east and
y increases to the north. The steps that follow are de-
scribed in detail by Houghton et al. (1981, 2119-2121)
and Van Tuyl and Young (1982, 2040-2041). Once
the streamfunction has been specified for the two model
levels (800 and 400 mb; see Fig. 2), the geopotential
is obtained by solving the “reverse” balance equation.
These heights are then linearly extrapolated to 1000
and 200 mb and interpolated to 600 mb. The initial
vertical motion field at 600 mb is determined by the
balanced omega equation of Krishnamurti (1968), as
described by Houghton et al. (1981). Thereafter, ver-
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FI1G. 2. Vertical structure and placement of variables in the model
(Houghton et al. 1981). Variables are as follows: w = vertical motion,
¢ = geopotential, ¢ = streamfunction, X = velocity potential, # and
v = horizontal wind components, and ¢ = static stability.
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tical motion is computed through downward integra-
tion of the continuity equation. In this paper, these
kinematic vertical motions will be known as the PE
vertical motion and are valid at 600 mb. The model is
adiabatic, hydrostatic, contains no friction, and uses a
constant Coriolis parameter (10™* s~') over the 4800-
km X 4000-km grid (grid distance is 200 km). Bound-
ary conditions were periodic in x, and the v component
of the wind was set equal to zero at the channel walls.
Thus, our simplified jet streak is set in an east-west
channel and does not interact with other jet streaks as
is often seen in the real atmosphere. This does limit
the generality of our results.

The jet streaks that will be discussed have core wind
speeds of 36.0, 34.2, and 35.6 m s™! for the SL, CY,
and AC cases, respectively. This selection was based as
closely as possible on the middle case that Van Tuyl
and Young (1982) studied. The model was run out
only to 12 h since the major kinematic features were
present by that time. All resultant fields where plotted
after being passed through a Shuman (1957) smoother
of 0.2, which reduced numerical noise. The Shuman
nine-point smoother can be set from 0.1 to 0.9, so a
smoother of 0.2 chosen for this study is relatively small.

b. Kinematic fields

Typically, a qualitative estimate of the vertical mo-
tion pattern can be obtained by identifying regions of
low—-middle-level warm-air advection and/or middle-
upper-level positive vorticity advection. Essentially,
these “rules” result from the (sometimes loose) appli-
cation of quasigeostrophic (QG) theory (Holton 1979).
Models of the secondary direct (indirect) thermal cir-
culations in the entrance (exit) regions of jet streaks
described by Beebe and Bates (1955) and Uccellini
and Johnson (1979) also provide qualitative examples
for guidance in estimating vertical motion.

Presently, however, one of the few quantitative
means for diagnosing vertical motion in an operational
environment in real time is through the Q-vector di-
agnostics program developed by Barnes (1985, 1987)..
Basically, Q vectors can be computed using only the
height field on three constant-pressure surfaces and re-
placing the right-hand side of the standard QG omega
equation with one term, namely the divergence of the
Q vector. Although this QG diagnosis of vertical mo-
tion (actually implied by the Q-vector divergence pat-
tern) is quite helpful for understanding the large-scale
forcing of vertical motion, it can have its shortcomings,
especially in the presence of significant curvature in
the jet streak when centrifugal forces play a crucial role
in the dynamics of the airflow. The Q-vector diagnostics
are essentially a means for quantifying the geostrophic
adjustment processes, in this case, associated with jet-
streak propagation. In this sense, it is not only the cur-
vature of the jet streak that is important to the geo-
strophic adjustment process, but also the magnitude
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of the subsequent ageostrophic motions and the rate
at which they develop. The Q-vector diagnostics will
generally not yield a reasonable estimate of the vertical
motions due to geostrophic adjustment when the re-
sulting ageostrophic motions change rapidly or reach
large magnitudes. This is especially important, for in-
stance, as a jet streak propagates around the base of a
long-wave trough and undergoes changes in curvature.

Vertical motion can also be computed diagnostically
using a modified form of Krishnamurti’s (1968) bal-
anced omega equation as discussed by Houghton et al.
(1981). In this modified form, terms 1, 2, 3, 4, and 10
of Krishnamurti’s original 12 terms are retained; the
other terms are neglected on the basis of scale analysis
and model approximations. Terms 1, 2, 3, 4, and 10
of Krishnamurti’s balanced omega equation include
the following: differential vorticity advection by the
nondivergent part of the wind, Laplacian of the thermal
advection by the nondivergent part of the wind, the
differential deformation term, the vertical differential
divergence effects term, and the differential advection
of vorticity by the divergent wind. The terms that were
neglected include the effects of frictional stress, latent
and sensible heat, differential vertical advection of vor-
ticity, differential turning of vortex tubes, Laplacian of
thermal advection by the divergent wind, and a beta
term. The terms neglected or retained follow the work
of Houghton et al. (1981) in computing a “balanced”
vertical motion. The “balanced” vertical motions in-
clude more forcing terms than QG forcing, and there-
fore one would expect them to closer approximate the
actual vertical motion. However, balanced vertical
motions are not typically available in the operational
setting due to limited computational resources.

Houghton et al. (1981) describe how unbalanced
vertical motions can be diagnosed in this model by
subtracting the balanced vertical motion from the PE
kinematic vertical motion; the latter are based on the
model-generated divergence—convergence. Houghton
etal. (1981) denoted these unbalanced vertical motions
as those vertical motions that are due to the presence
of IGWs. Although it is possible that the unbalanced
vertical motion could be the result of processes other
than those associated with IGWs, we will term them
IGW vertical motion. In the next section, QG, PE, and
IGW vertical motions will be displayed for each of the
three jet streaks (SL, CY, and AC). The ageostrophic
wind vectors at 400 mb will also be shown to compare
and contrast to Figs. 1a,b.

As noted earlier, initial vertical motion is determined
using the modified balanced omega equation of Krish-
namurti (1968). In this study, QG vertical motion is
computed at 600 mb, along with PE and IGW vertical
motion. The balanced vertical motion used to compute
the IGW vertical motion employs the balanced height
(geopotential ) field that is computed from the analyt-
ically determined PE streamfunction at the initial time.
Thereafter, a thermodynamic “thickness” equation and
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a special equation for the geopotential height of the
lowest level are used to obtain the geopotential field at
600 mb. The geostrophic streamfunction ¥, used in
the QG vertical motion calculations is set equal to f ¢,
where ¢ is the geopotential height. The “balanced”
streamfunction 3 used to compute the balanced ver-
tical motion is computed from the geopotential height
field using a balance equation described by Houghton
et al. (1981). Vertical motion is set to zero at the top
boundary (200 mb) and initially at 1000 mb, also. For
each case, the Rossby number, defined as

_ tVagl
Vi’

is also computed to quantitatively evaluate the degree
of ageostrophy of the flow at the initial time. The
Rossby number Ro is computed at each grid point to
show the spatial variability of the ageostrophy. Since
it is extremely sensitive to the actual winds V, Ro is

set to O for regions where |V| <5ms™'.

Ro (5

3. Results
a. Initial conditions

Figures 3a—c display the streamfunction and isotachs
for the SL, CY, and AC cases at the initial time. As
noted earlier, the SL case jet core is 36.0 m s ™!, which
is 0.4 m s~' greater than the AC case and [.8 m s™!
greater than the CY case. These small differences in
the wind maxima at the initial time should have little
impact on the vertical motion patterns that evolve,
since for each case the downstream change in speed is
nearly the same. However, what is emphasized herein
is the effect of curvature on the subsequent dynamics.

The initial balanced vertical motions for the SL, CY,
and AC jet streaks are shown in Figs. 4a, 4b, and 4c,
respectively. For the SL jet streak, we see the classic
symmetric, four-cell pattern of UVM in the left-exit
and right-entrance regions with DVM in the right-exit
and left-entrance regions of the jet.

The CY jet streak shown in Fig. 4b displays equally
strong UVM-DVM centers of +1.5 ub s~ about one
grid distance (200 km) downstream and upstream from
the jet core, respectively. This pattern quantifies the
work of Beebe and Bates (1955) for cyclonically curved
jet streaks. However, it is important to see that the
UVM-DVM cross over to the equatorward side of the
jet axis, although the majority of the vertical motion
is on the poleward side of the jet axis. The CY jet streak
has a vertical-motion magnitude about 2.5 times that
of the SL jet streak.

The AC jet streak (Fig. 4¢) also reveals a two-cell
vertical motion pattern that follows the Beebe and Bates
(1955) model. The UVM-DVM regions are about one-
third weaker than the CY case and are located about
two grid distances (400 km) upstream and downstream
from the jet core, respectively. Although the maximum

_ vertical motions are not as strong as in the CY case,
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FIG. 3. Streamfunction values (10® m? s™'), small dashed (negative values) and solid ( positive
values) lines, and isotachs (m s™', thick dashed lines) for (a) straight-line jet, (b) cyclonically
curved jet, and (c¢) anticyclonically curved jet. Here J marks the jet core. All values are for the

initial time at 400 mb.

one can see that the “10” isopleth covers a broader
area than in Fig. 4b. Once again, the vertical motion
areas cross over to the opposite side of the jet axis (in
this case, poleward). The AC jet streak has vertical
motions about 1.6 times that of the SL case.

b. Vertical-motion comparisons

In 12 h, the SL jet streak moves 800 km to the east
(Fig. 5a). Although the PE vertical-motion pattern is
basically the same as the initial time, the magnitudes
of the DVM centers have increased by one-third. The
QG vertical motion for this time (Fig. 5b) agrees quite
well with the PE vertical-motion pattern. Yet, the
UVM-DVM on the equatorward side of the jet axis
are considerably weaker than the PE vertical motions.
Thus, the QG vertical motions are reasonable approx-

imations to the PE vertical motions on the poleward
side of the jet axis but underestimate the PE vertical
motion (which approximates truth in this study) sig-
nificantly on the equatorward side of the jet axis. At
12 h, the SL jet core has decreased to 34.2 m™', indi-
cating a redistribution of kinetic energy, most likely
due to the ageostrophic flow. The increase in the PE
vertical motions is probably due to the differential ad-
vection of vorticity by the divergent component of the
wind (term 10 of Krishnamurti’s balanced omega
equation), since the divergent component of the wind
has changed the most over the last 12 h.

Although the jet streak is straight-line, there is by
necessity a confluent entrance region and a diffluent
exit region that create cyclonic (anticyclonic) curvature
in the height field to the north (south) of the jet axis.

In this SL jet-streak case, the effect of downstream
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FIG. 4. Vertical motion at 600 mb (10~' ub s~! for all figures) at initial time for (a) straight-
line jet, (b) cyclonically curved jet, and (¢) anticyclonically curved jet. Here J marks the jet core,

and the thick black line is the jet axis.

changes in wind speed creates a northerly ageostrophic
wind in the exit region and a southerly ageostrophic
wind in the entrance region (Fig. 5c¢). The effect of
alongstream variations in the wind speed on the cross-
stream ageostrophic wind dominates the effect of cur-
vature on the ageostrophic flow, as schematically shown
in Figs. 1a,b. It is interesting to see, however, that the
curvature noted above does slightly enhance the along-
stream ageostrophic flow toward the front-right and
rear-left quadrants of the jet streak. This increase in
the alongstream ageostrophic wind would appear to
explain the stronger magnitudes of vertical motion in
these quadrants. Note that the stronger wind-speed
changes downstream from the jet core result in stronger
ageostrophic winds than seen upstream.

The vertical-motion field due to IGWs is shown in

Fig. 5d. As noted by Houghton et al. (1981), this field
represents “the unbalanced gravity-inertial component
which incorporates both adjustment processes of the
large scale and structures with smaller scale energy
sources.” Smaller-scale energy sources may include
mesoscale perturbation pressure patterns created by
diabatic heating and cooling, although such processes
are not captured by this model. Thus, we can quanti-
tatively measure the imbalance in the mass-momen-
tum field by examining the IGW vertical motion.
Rossby (1938) discussed the formation of IGWs when
arapid increase in momentum was injected into a bal-
anced current. IGWs are a key component of the at-
mospheric adjustment process (Houghton et al. 1981),
since they redistribute mass and momentum in a “dis-
turbed” current. In the case of the SL jet streak at






