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ABSTRACT

This study investigates the sensitivity of mesoscale gravity waves to the baroclinicity of the background
jet-front systems by simulating different life cycles of baroclinic waves with a high-resolution mesoscale
model. Four simulations are made starting from two-dimensional baroclinic jets having different static
stability and wind shear in order to obtain baroclinic waves with significantly different growth rates. In all
experiments, vertically propagating mesoscale gravity waves are simulated in the exit region of upper-
tropospheric jet streaks. A two-dimensional spectral analysis demonstrates that these gravity waves have
multiple components with different wave characteristics. The short-scale wave components that are pre-
served by a high-pass filter with a cutoff wavelength of 200 km have horizontal wavelengths of 85–161 km
and intrinsic frequencies of 3–11 times the Coriolis parameter. The medium-scale waves that are preserved
by a bandpass filter (with 200- and 600-km cutoff wavelengths) have horizontal wavelengths of 250–350 km
and intrinsic frequencies less than 3 times the Coriolis parameter. The intrinsic frequencies of these gravity
waves tend to increase with the growth rate of the baroclinic waves; gravity waves with similar frequency
are found in the experiments with similar average baroclinic wave growth rate but with significantly
different initial tropospheric static stability and tropopause geometry. The residuals of the nonlinear bal-
ance equation are used to assess the flow imbalance. In all experiments, the developing background
baroclinic waves evolve from an initially balanced state to the strongly unbalanced state especially near the
exit region of upper-level jet fronts before mature mesoscale gravity waves are generated. It is found that
the growth rate of flow imbalance also correlates well to the growth rate of baroclinic waves and thus
correlates to the frequency of gravity waves.

1. Introduction

Gravity waves are one of the most fundamental dy-
namical processes in the atmosphere. They are closely
associated with a wide variety of atmospheric processes
ranging from microscale to global-scale dynamical phe-
nomena including but not limited to clear air turbu-
lence, convection, and general circulations. Gravity
waves can be generated by shear instability, convection,
topography, frontogenesis, geostrophic adjustment, and
wave–wave interactions (Koch and Dorian 1988; Fritts
and Alexander 2003). They can transfer significant
amounts of energy and momentum (e.g., Holton et al.
1995), initiate and organize convection (Zhang et al.
2001, and references therein), and generate and modu-
late atmospheric turbulence (e.g., Shapiro 1981). Typi-

cal mesoscale gravity waves have horizontal wave-
lengths of 50–500 km, vertical wavelengths of 1–4 km,
intrinsic periods of 0.5–4 h, surface amplitudes of 0.5–15
hPa, and phase velocities of 15–35 m s�1. Uccellini and
Koch (1987, hereinafter UK87), after a survey of 13
observational case studies, found that mesoscale gravity
waves frequently occur in the exit region of upper-level
jet streaks and on the cold-air side of surface frontal
boundaries. They speculated that the flow imbalance
and subsequent geostrophic adjustment near the jet
streak are likely responsible for generating these grav-
ity waves. The preferred region of gravity wave activity
in UK87 was also later verified in many other observa-
tional studies (e.g., Schneider 1990; Ramamurthy et al.
1993; Koch and O’Handley 1997; Bosart et al. 1998;
Koppel et al. 2000; Guest et al. 2000; Plougonven and
Teitelbaum 2003; Wu and Zhang 2004). The synoptic
and mesoscale settings favorable for these gravity wave
activities are quite typical for midlatitude jet-front sys-
tems accompanied by baroclinic instability (Pierrehum-
bert and Swanson 1995).
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O’Sullivan and Dunkerton (1995) made a first at-
tempt to simulate gravity waves generated from ideal-
ized baroclinic waves with a hemispheric, hydrostatic,
primitive equation model and investigate wave genera-
tion through geostrophic adjustment. Subsynoptic-scale
gravity waves with horizontal wavelengths of 600–1000
km in the jet-exit region were produced in their simu-
lations. However, the smallest horizontal grid spacing
used in their hemispheric model was approximately 50
km, which is too large to resolve typical mesoscale grav-
ity waves (horizontal wavelengths 50–500 km; e.g.,
UK87; Zhang and Koch 2000; Zhang et al. 2001; Koch
et al. 2001). Recently Zhang (2004, hereafter Z04) per-
formed idealized baroclinic wave simulations using a
mesoscale model with horizontal grid spacing as small
as 3.3 km in which mesoscale gravity waves with preva-
lent horizontal wavelengths of 100–200 km and intrinsic
frequencies of approximately 3–4 times the Coriolis pa-
rameter are generated in the exit region of the upper-
level jet-front system. These results are consistent with
past observational studies. Balance adjustment, as a
generalization of geostrophic adjustment, was hypoth-
esized as the source mechanism for the generation of
these gravity waves (Z04).

As an extension of Z04, the current study seeks to
understand what factors of the background baroclinic
waves determine the gravity wave characteristics. Wind
shear and tropospheric static stability, two of the deter-
mining factors for baroclinic growth rate and barocli-
nicity in the two-dimensional Charney model (Lindzen
and Farrell 1980), are altered by changing the tropo-
pause geometry and tropospheric potential vorticity in
the initial two-dimensional jet of Z04. Because of the
extreme complexity, we do not attempt to explore the
full parameter space of baroclinic development. Meth-
ods and experimental design will be described in the
next section. Section 3 will provide an overview of all
experiments, followed by detailed comparison of wave
characteristics in section 4. Further discussions of flow
imbalance and balance adjustment will be presented in
section 5. Section 6 will conclude this study with a sum-
mary and implications.

2. Initial conditions and experimental design

The fifth-generation National Center for Atmo-
spheric Research–Pennsylvania State University Meso-
scale Model (MM5; Dudhia 1993) used in this study is
configured to eliminate the effects of spherical geom-
etry, topography, and moist processes. The procedure
to create balanced initial conditions for different ex-
periments is the same as in Z04. More specifically, a
simplified two-dimensional (2D) potential vorticity

(PV) inversion (Davis and Emanuel 1991) is first em-
ployed to create a 2D idealized baroclinic jet similar to
Simmons and Hoskins (1978). The 2D jet is expanded
to three dimensions (3D) assuming zonal homogeneity.
The 3D PV distribution, with the addition of a PV per-
turbation at the tropopause level (Rotunno and Bao
1996), is then inverted by the 3D PV inversion tech-
nique (Davis and Emanuel 1991) to produce the initial
conditions for the coarse MM5 domain. Top bound-
aries are set at a constant temperature of 600 K and
lateral boundaries are given by zero relative vorticity.
All experiments employ three model domains with grid
spacing of 90, 30, and 10 km, respectively. The coarse
model domain (D1) extends 27 000 km in the east–west
direction and 9000 km in the north–south direction. We
chose such a huge domain in order to minimize the
influence from lateral boundaries. The 30-km domain
(D2) is a rectangular subdomain 6300 km long and 4800
km wide within D1. The 10-km domain (D3) is a rect-
angular subdomain 3100 km long and 2500 km wide
within D2.

The growth rate of the fastest-growing normal mode
for baroclinic waves in the simple Charney model
(Lindzen and Farrell 1980) is given by a baroclinicity
index,

� � 0.31
f

N��u

�z�, �1�

where static stability N2, the Coriolis parameter f, and
the average vertical shear of the zonal wind |�u/�z | are
important for baroclinic instability. In addition to the
control simulation (CNTL; exactly the same experi-
ment as in Z04), three more high-resolution experi-
ments are conducted by modifying static stability and
wind shear. The geometry of the tropopause and the
tropospheric potential vorticity are modified in the first
step of the 2D PV inversion. As a result, these modifi-
cations change the horizontal and vertical shear and
static stability. By tuning these large-scale parameters,
the growth rates and the life cycles of the baroclinic
waves may be changed.

Sensitivity experiment LowS (LowN) differs from
CNTL in that the slope of the initial tropopause (initial
tropospheric PV) is changed, leading to a relatively
slower (faster) baroclinic growth rate. The tropospheric
PV is 0.5 PVU for CNTL and 0.25 PVU for LowN. A
flatter tropopause and lower tropospheric PV will lead
to stronger vertical shear and lower tropospheric static
stability. The other experiment (LowNlowS) changes
the initial shape of the tropopause and tropospheric PV
simultaneously to obtain baroclinic waves with growth
rate similar to the CNTL simulation. The initial 0.46
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PVU tropospheric PV for LowNlowS is slightly smaller
than that used in CNTL, and the slope of the tropo-
pause for LowNlowS is the same as LowS but flatter
than CNTL. Planetary rotation, another important fac-

tor in determining baroclinicity [Eq. (1)], is fixed to be
the same as CNTL for all experiments for simplicity.

The parameters used to initiate the four experiments
(including CNTL examined in Z04) are summarized in
Table 1, and the initial conditions of all four experi-
ments along an unperturbed meridional cross section is
shown in Fig. 1 with the maximum zonal wind speed of
each experiment listed in Table 1.

3. Overview of simulated baroclinic waves

The life cycle of the baroclinic waves in CNTL starts
from the initial 3D PV perturbations seeded at the
tropopause level. After 72 h, surface features com-
monly found in well-developed baroclinic waves in-
clude a continuously deepening surface cyclone and an-
ticyclone, strengthening cold and warm fronts, and

FIG. 1. Contours of potential temperature [thin lines; contour interval (ci) � 6 K] and zonal velocity (thick lines;
ci � 10 m s�1) in a vertical cross section of the initial basic-state jets for the experiment (a) CNTL, (b) LowS, (c)
LowN, and (d) LowNlowS. The dark thick lines denote the dynamic tropopause where potential vorticity equals
1.5 PVU.

TABLE 1. Summary of model configurations for the four experi-
ments (listed in the first column). The second column is tropo-
spheric potential vorticity PVT used in the 2D inversion. The third
column is the maximum zonal wind speed. The fourth and fifth
columns are start times of domains 2 and 3, respectively. The last
column is the total model integration time.

Expt
PVT

(PVU)
Umax

(m s�1)
D2
(h)

D3
(h)

Tot integration
time (h)

CNTL 0.5 46.7 72 84 120
LowS 0.5 39.2 108 96 144
LowN 0.25 56.4 30 36 66
LowNlowS 0.46 38.3 60 72 120
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emergence of an occluded front as part of a “T-bone”
structure (Shapiro and Keyser 1990). The tropopause
above the surface cyclone, accompanied by a strength-
ening upper-level jet steak, descends continuously to
the lower troposphere. Around 78 h, an area of imbal-
ance (large residual of the balance equation or �NBE)
appears near the tropopause level. While the gravity
wave signals in the exit region of the upper-level jet
streak begin to emerge in the �NBE field 24 h later,
they are barely noticeable in the vertical velocity fields
at this earlier time. At 114 and 120 h, vertical motions
show strong signals of gravity waves in the horizontal
and vertical planes (Z04).

Despite expected differences in phase, scale, and in-
tensity, typical life cycles of dry baroclinic waves similar
to those observed in CNTL have been simulated in all
the aforementioned sensitivity experiments. The evolu-
tion of the flow from an initially balanced state to a
strongly unbalanced state in the vicinity of upper-level
jet front and tropopause preceding the mesoscale grav-
ity waves is also qualitatively similar. Figure 2 shows the

surface features approximately 9–12 h before mature
gravity waves appear in the vertical motion and tem-
perature fields at upper levels when imbalance becomes
well developed in all cases (refer to Table 2 for the
display time of each case). At this time, the surface
cyclones in the four cases are all well developed with
minimum sea level pressure (SLP) of 940–965 hPa. In
each case warm air has been wrapped into the center of
the cyclone to form a warm core, and the surface oc-
cluded front has begun to form a T-bone structure.

The horizontal scale of the baroclinic waves, which is
close to the Rossby radius of deformation in a stratified
atmosphere �R � NH/f, varies slightly among the ex-
periments. In LowN and LowS the horizontal wave-
lengths are �3600 km, and they are �3900 km in CNTL
and LowNlowS.

The horizontal wind speeds at 300 hPa, the level of
maximum jet strength in the initial conditions, are
shown in Fig. 3 at the same times as the corresponding
panels in Fig. 2. Both the strength and the shapes of the
upper-level jets vary significantly among the experi-

FIG. 2. Surface potential temperature (thin lines; ci � 8 K) and sea level pressure (thick lines; ci � 6 hPa) valid
at (a) 102 h for CNTL, (b) 132 h for LowS, (c) 39 h for LowN, and (d) 99 h for LowNlowS plotted on a subset of
domain 2. The inner rectangular boxes denote the area plotted in Figs. 7, 9, and 11. The distance between tick
marks is 300 km.
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ments. For example, the flow in LowN, in the presence
of a stronger jet, is relatively flat with less curvature
(Fig. 3c). Conversely, the jets downstream of the trough
in both LowS and LowNlowS bend northward (Figs. 3b
and 3d). Also at the same times at 13 km, strong diver-
gence develops downstream of the trough with weaker
signals of gravity waves beginning to emerge in the exit
region of the jet streaks (Fig. 4). These weaker wave
signals will evolve into coherent mature gravity waves 9
to 12 h later in the 13-km divergence fields (Fig. 5).

The initial tropopause-level PV anomaly develops

with a primary cyclone located just below the upper-
level PV perturbation, accompanied by secondary cy-
clogenesis both upstream and downstream. Evolution
of the minimum SLP in the major low pressure centers
(estimated in domain 2) for all cases is plotted in Fig.
6a. By changing either the slope of the tropopause
(LowS) or the tropospheric PV (LowN) in the initial
conditions, the SLP decreases slower or faster than that
of CNTL (Fig. 6a). The strength of the surface cyclone
in LowNlowS, both factors modified simultaneously, is
similar to that of CNTL at all times. We also compute

FIG. 3. The 300-hPa wind vectors (magnitude greater than 35 m s�1 light shaded, greater than 55 m s�1 dark
shaded), wind, geopotential heights (thick lines; ci � 100 m), and potential temperature (thin lines; ci � 5 K) valid
at (a) 102 h for CNTL, (b) 132 h for LowS, (c) 39 h for LowN, and (d) 99 h for LowNlowS. The distance between
tick marks is 300 km.

TABLE 2. Summary of the baroclinic wave characteristics for the four experiments. Column 2 lists the times of maximum imbalance
when surface and 300 hPa are shown in Figs. 7 and 8. Columns 3 and 4 are the maximum wind speeds at 300 hPa and the minimum
SLP, respectively, at these times. Column 5 is the time mature gravity waves (GWs) shown in Fig. 7. Column 6 is minimum SLP at the
times listed in column 5. Column 7 is the zonal wavelength of the baroclinic waves (BWs). Columns 8 and 9 list the average growth rate
and the period during which the average growth rates are estimated, respectively.

Expt
Times in
Fig. 2 (h)

Jet strength
(m s�1)

Min SLP
(hPa)

Mature GWs
time (h)

Min SLP
(hPa)

Wavelength of
BWs (km)

Avg growth
rate (h�1)

Period to
avg (h)

CNTL 102 45.9 948 114 934 3900 0.0129 0–114
LowS 132 39.4 953 144 944 3600 0.0106 0–144
LowN 39 56.2 967 48 948 3600 0.0264 0–48
LowNlowS 99 40.3 951 111 940 3900 0.0124 0–111
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the minimum pressure perturbations of the primary
surface cyclones (in domain 1 from the initial time) by
subtracting zonal-mean SLP from the SLP field. Time
series of the maximum pressure perturbations (in ab-
solute value) of the primary cyclones are plotted in Fig.
6b. Similarly, the wind perturbations u	, 
	, and w	 are
also calculated. The perturbation kinetic energy of the
baroclinic waves, defined as the sum of kinetic energy
{K	 � (1/2)[(u	)2 � (
	)2 � (w	)2]} integrated from the
whole domain, is shown in Fig. 6c.

Following Badger and Hoskins (2001), we defined an
average growth rate of the baroclinic waves in terms of
perturbation kinetic energy from time 0 to t as

� �
log�K �t �K �0�

t
, �2�

where K 	0 and K 	t are the perturbation kinetic energy at
time 0 and t, where t is the time when the gravity waves
become mature in each experiment (detailed below).
Consistent with Fig. 6c, the average growth rate of
0.0129 h�1 in CNTL in terms of perturbation kinetic
energy is similar to that in LowNlowS (0.0124 h�1),
both of which are larger than that in LowS (0.0106 h�1)
and smaller than that in LowN (0.0264 h�1).

4. Sensitivity of gravity waves to the baroclinicity

a. Overview of gravity waves

Mesoscale gravity waves, similar to those in CNTL,
have been generated during the life cycle of each dif-
ferent baroclinic wave. These gravity waves begin to be
visible over the strong divergent regions in the exit re-
gion of the upper-tropospheric jet streaks and down-
stream of the upper-level troughs (Fig. 4). These waves
evolve into several distinct wave crests and troughs
9–12 h later (Fig. 5). Figure 7 shows a zoomed-in dis-
play (box areas in Figs. 2–5) of the mature gravity
waves in the vertical velocity and potential temperature
fields at 13 km with the corresponding vertical profiles
displayed in Fig. 8. The display times are selected based
on the presence of two or more crests and troughs in
the vertical motion fields. Examinations of the surface
and upper-tropospheric features demonstrate a com-
mon synoptic pattern for mesoscale gravity waves iden-
tified by UK87.

To better detect the gravity waves, we employ a 2D
spectral analysis technique (e.g., Lim 1989) applied in
the horizontal planes to separate the gravity waves
into different wavenumber bands. Three 2D filters

FIG. 4. The 13-km horizontal divergence (thin line; solid and shaded, positive; dashed, negative; ci � 2 � 10�6

s�1), pressure (thick line; ci � 2 hPa), and wind vectors valid at (a) 102 h for CNTL, (b) 132 h for LowS, (c) 39 h
for LowN, and (d) 99 h for LowNlowS. The distance between tick marks is 300 km.
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(a 200-km high pass, a 200–600-km bandpass, and a
600-km low pass) are applied to vertical motions at
every vertical level. We focus on the same times as
those in Figs. 7 and 8 when there are clear signals of
mature gravity waves (114 h for CNTL, 144 h for LowS,
48 h for LowN, and 111 h for LowNlowS). The wave
signals of vertical velocities preserved by the 200-km
high-pass filter, referred to as short-scale waves later
on, are shown in Figs. 9 and 10 on the same horizontal
planes and cross sections as in Figs. 7 and 8. The gravity
wave signals preserved by the 200–600-km bandpass
filter, referred to as medium-scale waves later on, are
shown in Fig. 11 at 13 km and in the cross sections (Fig.
12) along the center of the wave trains. There are also
some weak subsynoptic-scale gravity wave signals after
applying the 600-km low-pass filter at 13 km but the
vertical motions at these scales are dominated by clas-
sical large-scale patterns with strong descent upstream
of the trough and ascent downstream (Fig. 13). Al-
though the choice of the cutoff wavelengths is rather
subjective, the spectral analysis suggests that a broad
spectrum of gravity waves is simulated in each experi-
ment. Also, wave vectors of larger-scale gravity waves
have an increasingly larger eastward component in all

experiments. Because the subsynoptic-scale gravity
wave signals are very weak and often hardly identifi-
able, we chose not to examine them any further.

The spectral decomposition shows that the medium-
scale wave components, which were not evident in Z04
using unfiltered model output (Fig. 7), are comparable
in magnitude to the short-scale waves. Moreover, the
spectral analysis reveals coherent vertical structures of
both short-scale and medium-scale gravity waves in the
troposphere (Figs. 10 and 12) that are not obvious in
the unfiltered model output (Fig. 8). The vertical wave-
lengths of both the short-scale and medium-scale grav-
ity waves below the tropopause level are considerably
larger than those in the stratosphere (Figs. 10 and 12).
The decrease in vertical wavelengths of the gravity
waves from the troposphere to the stratosphere may be
attributed to the variations of static stability across the
tropopause (e.g., Salby and Garcia 1987).

The vertical structures of the filtered wave signals
also show apparent connections between the upper-
tropospheric/lower-stratospheric jet-exit region gravity
waves and the lower-tropospheric waves above the sur-
face fronts, which further suggests that the role of sur-
face frontogenesis in the wave generation cannot be

FIG. 5. The 13-km divergence (thin lines; solid and shaded, positive; dashed, negative; ci � 2 � 10�6 s�1),
pressure (thick lines; ci � 2 hPa), and wind vectors valid at (a) 114 h for CNTL, (b) 144 h for LowS, (c) 48 h for
LowN, and (d) 111 h for LowNlowS. The distance between tick marks is 300 km.
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ruled out. The following analysis will thus examine the
characteristics of both the short-scale and medium-
scale components of the jet-exit-region gravity waves.

Assuming the wave vectors are perpendicular to the
wave phase fronts, we estimate the horizontal and ver-
tical wavelengths in directions perpendicular to the
phase fronts by measuring the distance horizontally and

vertically between the maximum and minimum pertur-
bations at or near 13 km. The intrinsic frequency of the
gravity waves is then derived using the linear hydro-
static dispersion relationship

� i
2 � f 2 �

k2

m2 N2 � f 2 �
�h

2

�z
2 N2, �3�

FIG. 6. Time evolution of (a) the minimum SLP (hPa) in domain 2, (b) the absolute value
of maximum perturbation SLP (hPa) of the primary cyclones in domain 1, and (c) total
perturbation kinetic energy (m2 s�2). The ellipses indicate the times for each case plotted in
Figs. 2–4 and 15–16. The stars indicate the times plotted in Figs. 5 and 7–13.
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where �h (k) and �z (m) are the horizontal and vertical
wavelength (wavenumber), and N2 is the static stability
in the stratosphere taken as 5 � 10�4 s�1 (the value for
the unperturbed initial jet configuration). The intrinsic
horizontal phase speed is given by ci � i/k with nega-
tive values for the reason that the upward-propagating
gravity waves with downward-propagating phase have
negative horizontal and vertical wavenumbers given a
positive intrinsic frequency. On the other hand, the in-
trinsic horizontal phase speed Cio can also be estimated
(observed) by subtracting the mean wind speed from
the mean (ground based) propagation speed Cd of the
wave fronts using bandpass-filtered model output aver-
aged over a 6-h period centered on the times shown in
Fig. 10.

The intrinsic horizontal phase speeds ci of short-scale
waves in CNTL, LowS, LowN, and LowNlowS derived
from the dispersion relationship are �7.4, �8.2, �14.3,
and �8.2 m s�1, respectively. These values are consis-
tent with the corresponding observed mean intrinsic
phase speeds Cio of �8.0, �8.8, �13.9, and �8.2 m s�1,
respectively. The intrinsic horizontal phase speeds ci of

short-scale waves are larger than those of medium-scale
waves in all cases. The ci of the medium-scale waves in
CNTL, LowS, LowN, and LowNlowS are �13.3, �11.6,
�15.0, and �13.2 m s�1, respectively. They are also
close to the corresponding Cio of �13.8, �11.1, �16.3,
and �13.9 m s�1, respectively. The general agreement
between ci derived from Eq. (3) and Cio derived from
model output at multiple times indicates the filtered
gravity waves at this level approximately follow a linear
dispersion relationship. Table 3 summarizes the wave-
lengths (�h and �z) with their standard deviation error,
intrinsic horizontal phase speeds derived from the dis-
persion relationship (ci), mean wind speeds, observed
ground based phase speeds Cd, and observed intrinsic
phase speeds Cio.

Despite having a smaller intrinsic phase speed in
each experiment, the intrinsic frequency of short-scale
waves is always larger than that of corresponding me-
dium-scale waves (Table 3). Among all experiments,
the short-scale waves in LowN have the smallest hori-
zontal wavelength (85 km) but the largest vertical
wavelength (4 km), corresponding to the highest intrin-

FIG. 7. The 13-km vertical velocity (solid, positive; dashed, negative; ci � 2 � 10�3 m s�1; greater than 5 � 10�3

m s�1 shaded) and potential temperature (thick line, ci � 5 K) plotted in domian 3 valid at (a) 114 h for CNTL,
(b) 144 h for LowS, (c) 48 h for LowN, and (d) 111 h for LowNlowS. The plotted area is a subset of domain 3 with
the locations indicated by the boxes in Fig. 5. The straight lines denote the location of cross sections in Fig. 8. The
distance between tick marks is 100 km.
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sic frequency (11f, where f is the Coriolis parameter
0.0001 rad s�1). The medium-scale waves in LowN also
have the highest intrinsic frequency (3.2f ) and largest
vertical wavelength (4 km), but the horizontal wave-
length for the medium-scale waves is fairly similar for
all experiments. Experiment LowS has the lowest in-
trinsic frequency for both the short-scale and medium-
scale waves among all experiments. The detailed char-
acteristics of the gravity waves in each experiment and
their sensitivity to baroclinicity (in comparison with
CNTL) will be discussed in the following subsection.

b. Sensitivity to baroclinicity

1) SENSITIVITY TO THE SLOPE OF THE INITIAL

TROPOPAUSE

Experiment LowS employs a flatter initial tropo-
pause that results in a weaker jet streak and thus
weaker vertical wind shear (Figs. 1a,b). The maximum
wind speed for the initial unperturbed 2D jet for LowS
is �39 m s�1 and is much weaker than that in CNTL
(�47 m s�1). As expected, the average growth rate of
the baroclinic waves in LowS (0.0106 h�1) is consider-

ably smaller than that in CNTL (0.0129 h�1). Despite
similarity in the minimum SLP of the primary cyclones
at 132 h for LowS and 102 h for CNTL (Figs. 2a,b), the
flow at the jet stream level shows less curvature for
LowS than for CNTL and the difference between the
wind speed maximum in LowS and that in CNTL per-
sists even after the baroclinic waves are well developed
(Figs. 3a,b).

With the different initial geometry of the tropopause
and subsequently different growth rate of the baroclinic
waves (Figs. 9a,b; Table 3), the characteristics of the
mesoscale gravity waves in the exit region of the upper-
level jet streak also differ significantly from CNTL. The
short-scale waves in LowS that are preserved by the
high-pass filter have a larger horizontal wavelength
(�161 km) and lower intrinsic frequency (3.2f ) than
those of CNTL (wavelength �128 km and frequency
3.6f). The medium-scale waves in LowS also have an
intrinsic frequency of 2.4f, which is less than that in
CNTL (2.8f ), but the horizontal wavelengths in both
experiments are nearly the same (�300 km) (Figs.
11a,b; Table 3).

We also conducted another experiment with a

FIG. 8. Vertical velocity (solid, positive; dashed, negative; ci � 5 � 10�3 m s�1; values � 5 � 10�3 shaded) and
potential temperature (thick lines, ci � 5 K, �340 K suppressed) along the cross sections indicated by the straight
lines denoted in Fig. 7 valid at (a) 114 h for CNTL, (b) 144 h for LowS, (c) 48 h for LowN, and (d) 111 h for
LowNlowS.
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steeper initial tropopause that results in a stronger jet
streak and faster baroclinic growth. The gravity waves
generated in this experiment (with stronger baroclinic-
ity) have a larger intrinsic frequency than that in CNTL
and LowS (not shown). These experiments show that
the characteristics of the jet-exit-region gravity waves
are closely related to the strength of the initial basic-
state jet (the slope of the initial tropopause) and the
subsequent difference in baroclinicity of the baroclinic
jet-front systems.

2) SENSITIVITY TO TROPOSPHERIC STATIC

STABILITY

Experiment LowN reduced the initial tropospheric
PV and thus static stability in CNTL by half (Fig. 1d),
which leads to a much stronger jet streak (56 m s�1) and
thus stronger vertical shear than CNTL at the initial
time. The baroclinic wave in LowN, with a stronger
vertical shear and a lower tropospheric satiability,
grows 1.5 times faster than in CNTL (Fig. 7a). This is

qualitatively consistent with the baroclinic index in Eq.
(1). The minimum SLP of the primary surface cyclone
reaches 967 hPa at 39 h in LowN while the surface low
did not reach a similar amplitude until �102 h in
CNTL. The short-scale gravity waves have a much
shorter horizontal wavelength (�85 km) and a much
higher frequency (11.0f ) in LowN than in CNTL (128
km, 3.6f ). The medium-scale gravity waves also have a
higher intrinsic frequency (3.2f ) in LowN than that in
CNTL (2.8f ) though their horizontal wavelength is
similar. Both experiments LowN and LowS (and their
comparison with CNTL) suggest that the larger the
growth rate of baroclinic waves, the higher the intrinsic
frequency of jet-exit-region mesoscale gravity waves.

3) EXPERIMENT WITH SIMILAR BAROCLINIC

GROWTH RATE

Decreasing initial wind shear has an opposite effect
on the growth rate of baroclinic waves compared with
decreasing tropospheric static stability, as discussed in

FIG. 9. The 13-km vertical velocity (solid, positive; dashed, negative; ci � 2 � 10�3 m s�1; values � 1 � 10�3

m s�1 shaded) filtered by a high-pass filter with cutoff wavelength 200 km and unfiltered potential temperature
(thick line; ci � 5 K) valid at (a) 114 h for CNTL, (b) 144 h for LowS, (c) 48 h for LowN, and (d) 111 h for
LowNlowS. The straight lines denote the location of the cross sections in Fig. 10. The distance between tick marks
is 100 km.
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the two experiments LowN and LowS. The experiment
LowNlowS has a lower tropospheric stability and a flat-
ter initial tropopause (Fig. 1d; Table 1). The average
growth rate of baroclinic waves in this experiment is
0.0124 h�1 and is purposely designed to match that in
CNTL (0.0129 h�1). As seen in Fig. 6, the minimum
SLP of the primary surface cyclone and the magnitude
of the perturbation kinetic energy closely follow those
of CNTL throughout the 120-h simulation. Weak grav-
ity waves begin to appear in the exit region of the up-
per-level jet streak at 99 h (Fig. 4d), and they become
mature at 111 h (slightly earlier than in CNTL).

The timing of gravity waves’ occurrences in LowN-
lowS is very similar to those in CNTL. We further com-
pare their wave characteristics. Despite having slightly
larger horizontal and vertical wavelengths, the short-
scale gravity waves in LowSLowN have a similar in-
trinsic frequency (3.5f ) to those in CNTL (3.6f ). The
filtered medium-scale waves also have an intrinsic fre-
quency (2.9f ) similar to those of CNTL (2.8f ). Consid-
ering the similarity found in growth rates of baroclinic

waves and wave characteristics of gravity waves be-
tween CNTL and LowNlowS, the sensitivity experi-
ment LowNlowS suggests that, at least under the as-
sumption of a constant Coriolis parameter, mesoscale
gravity waves generated in the exit region of the upper-
level jet-front system may have similar intrinsic fre-
quencies in experiments with similar baroclinic growth
rates.

5. Flow imbalance and balance adjustment

a. Overview of flow imbalance diagnosis

At the mature stage of baroclinic waves, the flow
may become increasingly unbalanced where jets are
distorted and nonlinear effects become important
(O’Sullivan and Dunkerton 1995; Hakim 2000). The
nonlinear balance equation (Charney 1955) has been
used in a number of studies to examine the flow balance
beyond geostrophy. For example, Raymond (1992)
demonstrated the effectiveness of nonlinear balance
for mesoscale processes for a Rossby number around

FIG. 10. Filtered vertical velocity (solid, positive; dashed, negative; ci � 2 � 10�3 m s�1; values � 1 � 10�3 m s�1

shaded) using a high-pass filter with cutoff wavelength 200 km and unfiltered potential temperature (thick lines;
ci � 5 K) along vertical cross sections indicated in Fig. 9 valid at (a) 114 h for CNTL, (b) 144 h for LowS, (c) 48
h for LowN, and (d) 111 h for LowNlowS.
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unity. The residual of the nonlinear balance equation
�NBE � 2J(u, 
) � f� � ��2P has been shown to be
more accurate than other imbalance diagnosis devices
surveyed in Zhang et al. (2000). Using the �NBE diag-
nosis, Z04 illustrated that flow imbalance can be ex-
cited continuously by the distorted jet streaks while the
gravity waves are generated. The emission of gravity
waves, as an attempt to restore balance, is counteracted
by the production of imbalance by the developing baro-
clinic waves. This transient process, called “balance ad-
justment” as a generalization of geostrophic adjust-
ment, was hypothesized as the generation mechanism
for the jet-exit-region mesoscale gravity waves in Z04.

Figure 14 shows the 6-km dynamic tropopause (PV �
1.5 PVU), vertical velocity, and �NBE, illustrating the
mesoscale environments for flow imbalance in CNTL
as discussed in Z04. The gradually increasing angle be-
tween potential temperature and pressure contours in-
dicates the amplifying baroclinic wave (not shown). At
96 h, warm air from the stratosphere begins to intrude
downward and forms a temperature ridge and an in-
tense thermal gradient. Regions of downward motions
expand downstream from 96 to 108 h. Upon the border

areas connecting regions of the strongest upward and
downward motions, the magnitude of imbalance (posi-
tive �NBE region) is continuously enhanced from 90 to
108 h. The strongest imbalance again collocates with
the increasing potential temperature gradient down-
stream of the pressure trough. Regions of the maximum
�NBE also coincide with the maximum gradient of
horizontal divergence with the maximum flow conver-
gence upstream and divergence downstream (not
shown).

From a Lagrangian perspective, the dramatic change
of vertical motions and horizontal divergence over the
discussed area can also be understood by examining the
divergence tendency following an air parcel near the
tropopause. As a jet streak approaches an upper-level
ridge, air parcels experience a significant imbalanced
period characterized by dramatic increase in diver-
gence. A full divergence equation in pressure coordi-
nate is given by

dD

dt
� �D2 � �� ·

�V
�P

� 2J�u, �� � f · � � 	2
, �4�

FIG. 11. Same as in Fig. 9 but using a bandpass filter with the cutoff wavelengths 200 and 600 km. The straight
lines denote the location of the cross sections in Fig. 12. The distance between tick marks is 100 km.
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where D, , �, �, and J(u, 
) are horizontal divergence,
vertical motions, relative vorticity, geopotential height,
and Jacobian of horizontal wind components u and 
,
respectively. The last three terms, which compose
�NBE, are much larger than all of the other terms in
Eq. (4). As discussed by Rotunno et al. (1994), the
warm air parcels ride down isentropes from the strato-
sphere forming the ridge of isotherms at 6 km. Imbal-
ance among the last three terms forces a large increase
in divergence as air parcels with lower PV ride up from
the troposphere and move through the jet-exit regions.
These cross-tropopause motions shape the intense gra-
dient of vertical motions, which are collocated with im-
balance regions after 96 h in Fig. 14. The occurrence of
�NBE in regions with large gradients of vertical mo-
tions and in thermal ridges suggest that flow imbalance
�NBE is closely related to the frontogenesis in the up-
per troposphere.

The growing localized flow imbalance indicated by
an expanding area of positive �NBE at 7 km for all
experiments is shown in the horizontal planes (Fig. 15)
and vertical cross sections (Fig. 16) at 9–12 h before the
leading mature gravity waves seen in the level of 13 km

(Fig. 7). In all the sensitivity experiments the evolution
of �NBE from an initially balanced state to the strongly
unbalanced state shown in Figs. 15 and 16 is very similar
to that of CNTL (refer to Figs. 10 and 11 of Z04). More
specifically, Fig. 16 demonstrates that flow imbalance
maximizes immediately above the tropopause (around
7 km for most experiments). As discussed for CNTL in
Fig. 14, regions of positive �NBE at 7 km collocate with
a thermal ridge due to the downward intrusion of warm
air that originated from the stratosphere (Fig. 15). Also
at this time in all experiments, weak gravity wave sig-
nals, in the form of alternating positive and negative
�NBE (Figs. 16a,b,d) and horizontal divergence (Fig.
4), appear immediately downstream of the localized im-
balance maxima near the tropopause and upper-level
jet-front systems.

b. Sensitivity of flow imbalance to baroclinic
growth rate

To track the intensity of the imbalance, we construct
the time series of averaged imbalance at the 10 points
with the largest �NBE (Fig. 17) for all the experiments.

FIG. 12. Same as in Fig. 10 but using a bandpass filter with the cutoff wavelengths of 200 and 600 km and
plotting along the cross sections denoted by the straight lines in Fig. 11.
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FIG. 13. Same as in Fig. 9 but using a low-pass filter with the cutoff wavelength 600 km displayed on a larger
subset of domain 3. The boxes denote the area plotted in Figs. 9 and 11.

TABLE 3. Summary of the gravity wave characteristics for the four experiments. Row 2 shows the times when gravity waves (GWs)
are shown in Fig. 7. Rows 3–9 (“short wave” rows) are horizontal wavelengths with standard error, vertical wavelengths with standard
error, intrinsic frequency, phase speeds ci derived from dispersion relation, mean wind speeds along wave vectors, ground-based phase
speeds Cd of GWs, and mean flow relative phase speeds Cio based on columns 7 and 8 for short-scale GWs in Figs. 9 and 10. The
“medium wave” rows are horizontal wavelengths, vertical wavelengths, intrinsic frequency, phase speeds ci derived from dispersion
relation, mean wind speeds along wave vectors, ground-based phase speeds Cd of GWs, and mean flow relative phase speeds Cio for
medium-scale GWs in Figs. 11 and 12. The last row is the growth rate of �NBE calculated from Fig. 17. Note generally Cio and ci agree
quite well.

Expt CNTL LowS LowN LowNlowS

Mature GWs time (h) 114 144 48 111
Short waves �h (km) 128 (�4.3) 161 (�5.7) 85 (�4.0) 145 (�6.2)

�z (km) 2.0 (�0.16) 2.2 (�0.06) 4.0 (�0.06) 2.2 (�0.02)
 (10�4 rad s�1) 3.6 3.2 11.0 3.5
ci (m s�1) �7.4 �8.2 �14.3 �8.2
Wind (m s�1) 12 8 21 9
Cd (m s�1) 4 �0.8 7.1 0.8
Cio (m s�1) �8.0 �8.8 �13.9 �8.2

Medium waves �h (km) 300 (�10.3) 300 (�9.5) 300 (�11.3) 280 (�8.9)
�z (km) 3.5 3.0 4.0 3.5
 (10�4 rad s�1) 2.8 (�0.26) 2.4 (�0.19) 3.2 (�0.3) 2.9 (�0.22)
ci (m s�1) �13.3 �11.6 �15.0 �13.2
Wind (m s�1) 14 11 27 14
Cd (m s�1) 0.2 �0.1 10.7 0.1
Cio (m s�1) �13.8 �11.1 �16.3 �13.9

Growth rate of the �NBE max (h�1) 0.061 0.052 0.12 0.057
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The growth rate of the �NBE maximum is calculated
from Fig. 17 and summarized in Table 3. The temporal
evolutions of the �NBE maximum (Fig. 17) suggest
that a slower developing baroclinic wave leads to
slower and weaker imbalance growth in LowS than that
in CNTL. The fastest and strongest growth of imbal-
ance occurs in LowN, which also has the fastest baro-
clinic growth. Experiments LowSlowN and CNTL,
which have similar baroclinic growth rates, have a simi-
lar evolution of flow imbalance.

Because the growth of imbalance correlates to the
growth rate of the baroclinic waves, and the growth rate
of baroclinic waves correlates to the intrinsic frequency
of the jet-exit-region gravity waves, the gravity wave
frequency is also positively correlated with the growth
of flow imbalance. The gravity waves generated in the
exit region of the upper-level jet streaks have a higher
intrinsic frequency in experiments with a faster growing
imbalance. However, the exact relationship between
the growing imbalance and the gravity wave frequency
cannot be clearly identified in the current study. It also
remains unclear what selects the horizontal and vertical
scales of gravity waves. This problem can be partly at-
tributed to the complexity of background environ-
ments. In addition, strong imbalance also appears near

surface fronts (Fig. 16). The roles of surface fronts in
the wave generation are also hard to assess since they
are an inseparable part of the baroclinic jet-front sys-
tems.

6. Summary and discussion

The characteristics of mesoscale gravity waves simu-
lated near the exit region of the upper level jet-front
systems during the life cycle of baroclinic waves are
addressed numerically in this study. Four different life
cycles of idealized baroclinic waves are simulated using
a multiply nested mesoscale model (MM5) with grid
spacing of 90, 30, and 10 km. The initial baroclinicity
of the background environment is modified as a result
of using different tropospheric static stability and
tropopause geometry for the initial two-dimensional
baroclinic jet. Consequently, the growth rate of the
baroclinic waves differs significantly among these four
experiments. Decreasing the initial slope of the tropo-
pause leads to a weaker jet streak and vertical shear
and subsequently results in slower growing baroclinic
waves. Decreasing the initial tropospheric PV leads to
stronger tropospheric static stability and stronger shear.
The subsequent baroclinic waves have a faster growth
rate. Similar growth rate of the baroclinic waves is

FIG. 14. CNTL-simulated imbalanced flow at 6 km in domain 2 valid at (a) 90, (b) 96, (c) 102, and (d) 108 h;
�NBE (shaded, solid, positive; dashed, negative; ci � 0.01 � 10�9 s�2), potential temperature (solid lines; ci � 5
K), and vertical velocity [thin lines, solid, positive; dashed, negative; ci � 0.5 cm s�1 in (a), 1.0 cm s�1 in (b), 1.5
cm s�1 in (c), and cm s�1 in (d)]. The dark thick lines denote the dynamic tropopause where potential vorticity
equals 1.5 PVU. The distance between tick marks is 300 km.
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found in experiments with similar initial baroclinicity
but with significantly different initial tropospheric static
stability and tropopause geometry.

In all experiments, vertically propagating mesoscale
gravity waves are simulated in the exit regions of
upper-tropospheric jet streaks near tropopause levels.
The synoptic environments of gravity waves consist
of surface fronts, upper-level jet fronts, and an up-
per-level trough, and are consistent with previous stud-
ies of typical mesoscale gravity waves synthesized by
UK87.

A two-dimensional spectral decomposition technique
is applied to better identify the gravity waves in the
simulations. The short-scale waves, preserved after ap-
plying a high-pass filter with 200-km cutoff wavelength,
have horizontal wavelengths of 85–161 km and intrinsic
frequencies of 3–9 times the Coriolis parameter. The
medium-scale waves that are preserved by a bandpass
filter (with 200- and 600-km cutoff wavelengths) have
horizontal wavelengths of 250–350 km and intrinsic fre-
quencies below 3 times the Coriolis parameter. Sensi-

tivity tests to the growth rate of baroclinic waves reveal
that the intrinsic frequency of these gravity waves tends
to increase with the growth rate of the baroclinic waves.
The faster the growth rate of the baroclinic waves, the
higher the intrinsic frequency of the gravity waves. The
intrinsic frequency is similar in experiments with similar
baroclinic growth rates.

The jet-exit region mesoscale gravity waves in all ex-
periments are closely related to the localized flow im-
balance, which is defined as the residual of the nonlin-
ear balance equation. It is shown that this localized
imbalance maximizes at a thermal ridge downstream of
the trough collocated with the maximum gradient of
horizontal divergence and vertical motions near the up-
per-level jet-front systems. Time series of the maximum
�NBE show that imbalance continuously increases
while the gravity waves have been generated. Diagnosis
of flow imbalance in the four experiments shows that
the growth rate of the imbalance is directly correlated
to the growth rate of baroclinic waves and thus to the
frequency of jet-exit-region gravity waves. In experi-

FIG. 15. The 7-km �NBE (shaded, solid, positive; dashed, negative; ci � 0.01 � 10�8 s�2), pressure (long-dashed
lines; ci � 6 hPa), and potential temperature (thin lines; ci � 5 K) in domain 2 valid at (a) 102 h for CNTL, (b)
132 h for LowS, (c) 39 h for LowN, and (d) 99 h for LowNlowS. The gray thick lines denote the dynamic tropopause
where potential vorticity equals 1.5 PVU. The straight lines denote the location of the cross sections in Fig. 16. The
distance between tick marks is 300 km.
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ments with faster growing imbalance, the gravity waves
have higher frequency.

This study presents our first attempt to examine the
relation between mesoscale gravity waves, the flow im-

balance, and the baroclinicity of large-scale jet-front
systems using idealized initial conditions and constant
Coriolis parameter. We have made no attempt to ex-
plore the full parameter space of baroclinic waves be-
cause of their complexity. For example, horizontal wind
shears can influence the development and characteris-
tics of the baroclinic waves, which may have also con-
tributed to the difference in wave characteristics among
the four experiments. We also did not make compari-
son of frequencies of gravity waves in experiments with
varying Coriolis parameters (the � effect). We specu-
late the inclusion of the � effect is also likely to change
the gravity wave characteristics through its modifica-
tion of the baroclinic development. Although it is found
that the frequencies of gravity waves tend to increase
with the growth rate of the background baroclinic
waves and flow imbalance, what may determine the
temporal and spatial scales of the jet-exit-region gravity
waves remains unclear. A recent study of Plougonven
and Snyder (2005) applied the “wave capture” theory
of Bühler and McIntyre (2005) to explain the mecha-
nism of the scale selection. Future research will explore
the applicability of this theory to the gravity waves ex-
amined in the current study.

FIG. 17. Time evolution of �NBE (10�8 s�2) averaged at the 10
points with the maximum values for the four experiments. The
circles indicate the times for each case in Figs. 2–4 and 15–16. The
stars indicate the times plotted in Figs. 5 and 7–13.

FIG. 16. �NBE (shaded, solid, positive; dashed, negative; ci � 0.01 � 10�8 s�2) and potential temperature (ci �
5 K, �340 K suppressed) along the cross sections indicated by the straight lines in Fig. 15 valid at (a) 102 h for
CNTL, (b) 132 h for LowS, (c) 39 h for LowN, and (d) 99 h for LowNlowS. The dark thick lines denote the dynamic
tropopause where potential vorticity equals 1.5 PVU.
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