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ABSTRACT

Using a two-dimensional Fourier decomposition and a four-dimensional ray-tracing technique, the propa-
gating characteristics and source mechanisms of mesoscale gravity waves simulated in idealized baroclinic
jet-front systems are investigated. The Fourier decomposition successfully separates the simulated gravity
waves from a complex background flow in the troposphere. Four groups of gravity waves in the lower
stratosphere are identified from the spectral decomposition. One is a northward-propagating short-scale
wave packet with horizontal wavelength of ~150 km, and another is a northeastward-propagating medium-
scale wave packet with horizontal wavelength of ~350 km. Both of these are most pronounced in the exit
region of the upper-tropospheric jet. A third group exists in the deep trough region above (and nearly
perpendicular to) the jet, and a fourth group far to the south of the jet right above the surface cold front,
both of which are short-scale waves and have a horizontal wavelength of ~100-150 km.

Ray-tracing analysis suggests that the medium-scale gravity waves originate from the upper-tropospheric
jet-front system where there is maximum imbalance, though contributions from the surface fronts cannot be
completely ruled out. The shorter-scale, northward-propagating gravity waves in the jet-exit region, on the
other hand, may originate from both the upper-tropospheric jet-front system and the surface frontal system.
The shorter-scale gravity waves in the deep trough region across the jet (and those right above the surface
cold fronts) are almost certain to initiate from the surface frontal system. Ray-tracing analysis also reveals
a very strong influence of the spatial and temporal variability of the complex background flow on the
characteristics of gravity waves as they propagate.

clear-air turbulence (e.g., Koch et al. 2005). Mountains,
convection, wind shear, and adjustment of unbalanced
flows related to jet streams and frontal systems are the
most important sources of gravity waves (Hooke 1986).

Uccellini and Koch (1987) conceptualized the synop-
tic pattern of gravity wave generation and found that
mesoscale waves with amplitudes of 1-15 hPa, horizon-
tal wavelengths of 50-500 km, and periods of 1-4 h
frequently appear in the vicinity of jet streaks and on
the cold-air side of surface frontal systems. Since frontal
systems and other related synoptic systems play an im-
portant role in the generation of the gravity waves, the
origin of gravity waves accompanying low-level and up-
per-level frontogenesis has been investigated with the
use of idealized models (e.g., Snyder et al. 1993; Grif-

1. Introduction

The generation and propagation of gravity waves are
essential and important dynamic processes within the
atmosphere, and many studies have yielded a more
thorough understanding of their origins and general
characteristics (Fritts and Alexander 2003). Gravity
waves play a prominent role in transferring large
amounts of energy and momentum, which can have
significant impact on the general circulation of the at-
mosphere (e.g., Holton and Alexander 2000). They also
can initiate and organize convection (e.g., Zhang et al.
2001), and they are identified as a possible source of
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fiths and Reeder 1996). Snyder et al. (1993) found that
gravity waves with a 100-200-km wavelength may be
emitted by frontogenesis when the cross-front scale be-
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comes sufficiently small. Meanwhile, Griffiths and
Reeder (1996) found that propagating gravity waves
with horizontal wavelengths of order 400-1200 km can
be generated from upper-level frontogenesis.

Using a three-dimensional hemispheric primitive
equation model, O’Sullivan and Dunkerton (1995)
demonstrated that gravity waves arose spontaneously
as the tropospheric jet stream was distorted by baro-
clinic instability. With a multiply nested mesoscale
model with grid spacing down to 3.3 km, Zhang (2004,
hereafter Z04) further investigated the generation of
mesoscale gravity waves during the life cycle of ideal-
ized baroclinic jet-front systems. Long-lived, vertically
propagating gravity waves with horizontal wavelengths
of ~100-200 km are simulated near the exit region of
the upper-tropospheric jet streaks, consistent with past
observational studies (Uccellini and Koch 1987). Most
recently, Plougonven and Snyder (2005), Plougonven
and Zhang (2007), and Wang and Zhang (2007) exam-
ined the gravity wave generation during different life
cycles of baroclinic waves.

The imbalance diagnosis and model simulations in
704 suggest that spontaneous balance adjustment is
likely the mechanism responsible for the generation of
these gravity waves. This is a generalization of geo-
strophic adjustment, which is a theoretical simplifica-
tion of a generally more complex process. The role of
synoptic-scale imbalance in generating mesoscale grav-
ity waves were further examined most recently in
Plougonven and Zhang (2007). However, as noted in
Lane et al. (2004), without a sophisticated wave source
analysis it is often difficult to determine unambiguously
whether mesoscale structures, such as jets and upper-
level fronts, are the source of the gravity waves or a
response to some other forcing that also generates the
waves.

The ray-tracing technique has been widely used to
investigate gravity wave sources and the influence of
the background atmosphere on the spatial and tempo-
ral variability of gravity wave activity (e.g., Jones 1969;
Lighthill 1978). Dunkerton and Butchart (1984) devel-
oped a simple ray-tracing model for gravity waves and
found that longitudinal asymmetry in the background
flow led to “forbidden” regions into which stationary
gravity waves with horizontal wavelengths of 50 ~ 200
km could not propagate. Eckermann (1992) developed
a numerical ray-tracing model to trace gravity waves in
a realistic zonal-mean atmosphere. Marks and Ecker-
mann (1995) extended the ray-tracing formalism to in-
clude zonal variability and to accommodate internal
gravity waves of all frequencies in a rotating, stratified,
compressible, and three-dimensional atmosphere.

ZHANG 2403

The purpose of the present study is threefold. First,
the characteristics of mesoscale gravity waves simulated
by Z04 are examined using a two-dimensional Fourier
decomposition method. Second, potential sources of
the above gravity waves are identified using a four-
dimensional ray-tracing numerical model and the Fou-
rier decomposition. Finally investigated is the influence
of the four-dimensional varying background flow (i.e.,
the propagating media) on gravity wave characteristics
such as frequency and wavelength as well as on group
propagation trajectories.

The present paper is arranged as follows: Section 2
gives a brief introduction of the ray-tracing model and
background data resources used in this study. An over-
view of the characteristics of mesoscale gravity waves
simulated in Z04 is revisited in section 3. Section 4
describes wave identification and characteristics from
the 2D Fourier spectral decomposition. Section 5 pre-
sents the results of ray tracing and reverse ray tracing
the gravity waves. The impacts of initial gravity wave
parameters on the ray-tracing results are analyzed in
section 6. Finally, conclusions and discussion are given
in section 7.

2. The ray-tracing model

The Gravity Wave Regional or Global Tracer
(GROGRAT) model developed in Marks and Ecker-
mann (1995) and Eckermann and Marks (1997) is used
in this study to track the propagation and amplitude
evolution of gravity waves. GROGRAT computes
gravity wave group trajectories through gridded nu-
merical representations of the background atmosphere,
using a fully nonhydrostatic dispersion relation contain-
ing both rotation and density stratification, accounting
for refraction due to three-dimensional spatial gradi-
ents and time variations in the background atmosphere.
Wave amplitudes are tracked along ray paths using a
somewhat simplified form of the wave action continuity
equation that accounts only for vertical compression/
dilation of wave action densities (Marks and Ecker-
mann 1995). More general wave action conservation
calculations using spatial ray methods require multiple
rays or extra so-called derived ray equations can be
found in Broutman et al. (2001).

GROGRAT has been used by many investigators to
trace gravity waves through different gridded numerical
representations of the atmosphere (e.g., Guest et al.
2000; Broutman et al. 2001; Gerrard et al. 2004). For the
Wentzel-Kramers—Brillouin (WKB) assumptions used
in deriving the ray-tracing equations to be valid, the
spatial derivatives of the background atmospheric pa-
rameters must vary smoothly during numerical integra-
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tion. The following parameter (hereafter referred to as
WKB index),

1
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is introduced to ensure the validity of the WKB ap-
proximations, where m is vertical wavenumber, C,, is
vertical group velocity, and a given ray integration is
terminated if 8 =1 [see (5) of Marks and Eckermann
(1995); Broutman (1984)].

3. Overview of gravity waves simulated in Z04

This study further examines the source mechanisms
and characteristics of the gravity waves initiated from a
developing baroclinic jet-front system simulated in the
control experiment (CNTL) of Z04. The idealized
simulation in Z04 uses the fifth-generation Pennsylva-
nia State University—National Center for Atmospheric
Research Mesoscale Model (MMS). Three two-way-
nested model domains (D1, D2, and D3) respectively
use 90-, 30-, and 10-km horizontal grid spacing, and 60
vertical layers are used with 360-m vertical spacing. D1
is configured in the shape of a channel 27 000 km long
(x direction) and 8010 km wide (y direction), and D2
(D3) is a rectangular subdomain 9300 (3100) km long
and 4500 (2500) km wide centered at x = 6150 (17 000)
km and y = 2850 (6700) km within D1 (D2). Radiative
top boundary conditions are employed for all model
domains, and moist processes, surface fluxes, and fric-
tion are all neglected in the simulations. For this study,
GROGRAT uses as its background atmosphere the 30-
km (D2) output of the control simulation of Z04, but
the simulated data are coarsened to 60-km (0.5-km)
horizontal (vertical) grids. This coarsened output is fur-
ther smoothed using a five-point smoother to reduce
the smaller-scale background variability though the
overall ray-tracing results are hardly changed with the
30-km unsmoothed model output.

The idealized mesoscale simulations of Z04 were ini-
tialized with a balanced two-dimensional (2D) channel
baroclinic jet (his Fig. 1) and a balanced three-
dimensional (3D) initial perturbation derived from po-
tential vorticity (PV) inversion (Davis and Emanuel
1991). Subsequent evolution of the potential tempera-
ture and pressure at the surface and the jet stream level
in MMS simulated the life cycle of a typical extratrop-
ical cyclone with clear signals of mesoscale gravity
waves at upper levels in the vicinity of the jet-front
system persisting for at least 12-24 h (Z04). Figure 1
shows a snapshot of the surface cyclone, upper-
tropospheric (8 km) jet stream and low-stratospheric
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F1G. 1. The control experiment (CNTL) of Z04, showing simu-
lated (a) surface potential temperature (thin line, every 8 K) and
sea level pressure (thick line, every 10 hPa); (b) 8-km pressure
(thick line, every 5 hPa), potential temperature (thin line, every
8 K), and winds (maximum of 50 ms~!, values greater than 40
shaded, every 5 ms™!); and (c) 13-km pressure (thick line, every
2 hPa), horizontal divergence (thin line—solid and shaded, posi-
tive; dashed, negative; every 2 X 107° s™'), and wind vectors
(maximum of 25 ms™!) valid at 114 h. The inner rectangular box
denotes the location of all subsequent figures. The distance be-
tween tick marks is 300 km.

(13 km) divergence—convergence flow pattern at 114 h,

the primary time on which the current study focuses.
As shown in Fig. 1c, there are several regions of pro-

nounced gravity wave activity at 13 km. The waves of
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primary focus in Z04 are those with a predominant
horizontal wavelength of ~150 km propagating north-
northeastward in the exit region of the upper-tropo-
spheric jet streak just downstream of the trough and
upstream of the ridge. Aside from the above group,
there are two other groups of waves with an apparent
origin near the surface: one is in the deepest trough
region penetrating directly through the jet streaks
above the (“bent back”) surface occluded front, and the
other is far to the south of the jet stream above the
surface cold front. Although some of the surface fron-
tally forced gravity waves may propagate vertically all
the way to the upper atmosphere, direct model output
and imbalance diagnosis suggest the jet-exit-region
gravity waves are spontaneously generated by the flow
imbalance of the upper-tropospheric jet-front systems
without direct connection to the surface gravity waves.
The surface gravity waves originating directly below the
jet-exit region are believed to encounter critical levels
(and thus dissipate) in the lower troposphere during
their vertical propagation. The mesoscale gravity waves
in the exit region of the upper-level jet streaks are con-
sistent with those of past observational studies (Uccel-
lini and Koch 1987).

Although spontaneous balance adjustment through
the continuous production of flow imbalance from the
developing baroclinic wave may lead to the continuous
radiation of gravity waves, direct or indirect forcing by
the surface fronts cannot be fully ruled out in Z04. The
spectral decomposition and ray tracing techniques are
thus employed in this study to further differentiate the
gravity waves originating at upper levels from those
originating near the surface.

4. Wave identification and characteristics from 2D
spectral decomposition

The 2D Fourier decomposition is employed here to
decompose waves in the 30-km D2 output into three
distinct scales: the smaller-scale component with hori-
zontal wavelengths (L) less than 210 km, the interme-
diate-scale component with L, between 210 and 600
km, and the medium-scale component with L, greater
than 600 km. The spectral decomposition is obtained
simply through inversed Fourier transfer of all the 2D
Fourier coefficients within a selected range of horizon-
tal wavelengths (zeroing out all other beyond the speci-
fied range). The spectral analysis is performed on a
subset of D2 output with areal coverage of 7500 by 4200
km (area encompassed by Fig. 1). Note that the 30-km
D2 output has direct feedback from the 10-km D3
simulation through two-way nesting.

Figure 2 shows the horizontal distribution of the
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original and decomposed 13-km vertical velocity at
114 h. As expected, the large-scale component (Fig. 2d)
shows clear large-scale descent (ascent) upstream
(downstream) of the trough and the jet maximum.
There are three clear packets of near-monochromatic,
smaller-scale waves (L, < 210 km): one is in the im-
mediate exit region of the jet streak (wave packet 1 or
WP1; Fig. 2b), another is in the deep trough region
cutting cross the jet streak (wave packet 3 or WP3; Fig.
2¢), and the third is to the far south of the jet stream
directly above surface cold front (bottom center of Fig.
1c). The spectral decomposition also reveals clear sig-
nals of medium-scale (210 < L, < 600 km) gravity
waves propagating northeastward (wave packet 2 or
WP2; Fig. 2b) in the immediate exit region of the jet
streak and to the right of WP1. Although all these
waves were discussed in Z04, only the jet-exit-region
gravity waves (superposition of WP1 and WP2) were
examined in detail therein. Since WP2 waves (L,, ~ 350
km) are barely separable from the shorter WP1 waves
(Lj, ~150 km) within the original field without spectral
filtering, they were not identified separately in Z04.
Results from spectral decomposition performed in D2
are qualitatively similar to those performed directly
with the 10-km D3 output of the same simulation in
Wang and Zhang (2007).

Spectral decomposition allows for better estimation
of the propagating characteristics of each wave packet.
The horizontal wavelengths of WP1, WP2, and WP3
along the center of the wave packets at 13 km are re-
spectively ~150, 350, and 140 km. Meanwhile, their cor-
responding ground-based phase speeds averaged from
108 to 114 h are respectively ~2.5, 6.0, and —8.0 m s L
and the wave vector azimuths are respectively 90°, 55°,
and 270° (with respect to 0° due east). The shorter-scale
waves above the surface fronts have a horizontal wave-
length ~100 km and are always phased tied with the
surface cold front (not shown).

5. Source analyses with ray tracing

In this section, GROGRAT—introduced in section
2—is employed to track the origin and propagation of
the different lower-stratospheric gravity wave packets
identified above. The 6-hourly saved 30-km D2 output
was ingested into the ray-tracing model to account for
the true 4D (time and space) background variations in
the ray tracing. Three locations at 13 km and 114 h
along the center of each wave packet (denoted by dots
in Figs. 2b,c) are selected as the endpoints of different
ray paths from which the ray-tracing model is inte-
grated backward in time (also called reverse ray tracing
or backtraced). The input parameters for the initial rays
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FIG. 2. The CNTL of Z04 simulated 13-km vertical velocity (every 0.0012 m s™; positive
shaded) valid at 114 h for (a) total and the spectral components at different scales for (b)
smaller-wavelength L, < 210 km, (c) medium-wavelength 210 < L, < 600 km, and (d)
larger-wavelength L, > 600 km. Initial backtraced ray positions from WP1 and WP3, whose
ray positions are shown in Fig. 4, are denoted in (b) and for WP2 in (c). The 8-km wind speeds
(thick lines; >40 ms™!, every 5 m s ') are plotted to denote the position of the jet.

of each wave group (WP1, WP2, and WP3) are esti-
mated from the 2D spectral decomposition (Table 1).
Three additional backtraced rays (denoted by dia-
monds in Fig. 2¢) are computed for WP2 to the east of
center of the wave packet.

a. WPI1: The shorter-scale gravity waves of L, ~
150 km in the jet-exit region

The three backtraced rays launched from WP1 (see
Fig. 2b) are denoted as A, B, and C. It is found that all
three rays can be traced back to the surface level (ray
integration is stopped after rays pass below 1 km). The
validity of the WKB index (1), which is essential for the
ray-tracing analysis of gravity waves, is examined first.
Figure 3 gives the vertical profiles of the WKB index,
the vertical gradient of horizontal winds (u# and v), and
the vertical gradient of the square of buoyancy fre-
quency along the center-ray path of each group. It is

found that the WKB index has local peaks right above
the jet streaks (due to large vertical wind shear) and in
the lower troposphere (due to large variation of static
stability) but is always smaller than unity, and thus the
WKB approximation remains valid throughout the
backward ray integration [Fig. 3a; Eq. (1)].

Although all three rays from WP1 are launched ini-
tially at the same time (114 h) and height (13 km), and
they can all be traced back to the surface level, the time
it takes to propagate through the background atmo-
sphere is different for different rays. The southernmost
ray C reaches the bottom of the integration domain
(1 km) in a slightly shorter period (3.3 h) than rays A
and B (Table 1), mostly due to differences in the lower
troposphere.

Next examined are the positions of the rays at differ-
ent levels and the projection of the rays onto the 2D
Fourier decomposition of the shorter-scale component
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FIG. 3. Vertical profiles of (a) the WKB index 8, and vertical shears of (b) zonal and (c) meridional winds (s~'), and (d) buoyancy
frequency (1077 m~'s™2) of the three backtraced rays from WP1 (denoted in Fig. 2b) during their backward (and downward)

integration.

(Lj, <210 km) plotted at the closest integer hour to the
time the three rays intercept the given levels (Fig. 4).
Despite gradually shifting from the center to the right
side of the shorter-scale component area (Fig. 4) as they
propagated backward in time and downward from 114
h and 13 km, respectively (Fig. 2b), the rays of WP1
generally coincide well with the shorter-wave (~150
km) signals throughout the troposphere. At 1 km, both
the filtered shorter-scale component and the rays of
WP1 are right atop of the occluded surface fronts (Fig.
4d). This suggests the possibility that shorter-scale WP1
of L, ~ 150 km in the jet-exit region may originate
from the lower troposphere near the surface. While
gravity wave emission from surface fronts has long been

recognized as possible in the literature (e.g., Snyder et
al. 1993), this process is not obvious in the direct cross
sections of the original model output (Fig. 6¢c of Z04)
and filtered shorter-wave fields (Fig. 10 of Wang and
Zhang 2007) because these are not strictly 2D front-
forced gravity waves. Along the aforementioned cross
sections, the surface, frontally forced gravity waves di-
rectly below the jet-exit-region waves are found to en-
counter a critical level and dissipate before they reach
the jet-stream levels.

To further explore the possibility that the shorter
horizontal scale, upper-level waves originate near the
surface, 11 different forward-integrated rays of shorter
scale gravity waves are launched at 108 h all along the

TABLE 1. The starting and termination height (#), time (7'), horizontal and vertical wavelength (L,,, L.), ground-based group velocity in

x, y, z directions (cyy, Cay» C4,), and absolute intrinsic frequency (lw*|) of the three groups of backtraced rays denoted in Figs. 2b,c.
Ray group WP1 WpP2 WP3
Ray label A B C D E F G H I
H (km) Start 13
End 0.9 0.9 0.8 3.4 2.9 2.8 0.5 1.0 0.8
T (h) Start 114
End 109.2 110.2 110.7 95.1 96.9 100.8 107.5 108.1 107.6
L, (km) Start 150 350 140
End 255 195 158 570 551 608 160 116 106
L, (km) Start 2.4 2.6 2.8 2.6 2.9 2.8 5.0 5.0 4.9
End 6.5 9.0 6.9 1.7 1.9 2.7 14.1 9.1 54
Cox (ms™1) Start 8.6 9.3 9.67 6.7 5.7 7.0 17.1 18.3 19.6
End —38.9 -27.0 -124 9.1 8.7 13.4 =55 4.2 4.7
Cgy (ms™") Start 2.8 3 2.93 5.6 53 5.8 =752 =75 =75
End 7.9 6.6 4.8 8.9 8.0 7.3 -11.7 -27.1 -35.6
Cpr (ms™") Start 0.13 0.14 0.17 0.06 0.08 0.06 0.53 0.54 0.53
End 0.38 0.70 0.54 0.01 0.01 0.01 0.79 0.68 0.37
lo* (107*s71) Start 3.46 3.69 4.05 1.90 2.01 1.90 6.93 7.02 7.10
End 3.74 4.80 4.81 1.06 1.09 1.17 3.90 5.06 4.80
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(a) I1km, 112h '

(b) 8kim, 111h ‘ '

Fi1G. 4. Positions of different backtraced rays from WP1 and WP3 (initial positions at 13 km
and 114 h denoted in Fig. 2b) during their downward integration and the smaller-wavelength
(L, < 210 km) spectral component of vertical velocity (positive shaded) at (a) 11, (b) 8, (c)
6, and (d) 1 km valid at the averaged time to the closest integer hour that the three rays of
WP1 arrived at that level with every 0.002 m s~ for (a)—(c) and 0.004 m s™! for (d). The 8-km
winds >40 m s~! (thick, every 10 m s~') at 111 h and 1-km potential temperature (thin line,
every 4 K) at 110 h are plotted in (d) to denote the position of the jet and the surface fronts.

surface occluded fronts. The initial horizontal wave-
length, ground-based horizontal phase speed and wave
vector azimuth (derived from the filtered short-wave
fields) are respectively ~156 km, ~4.0 m s~ !, and ~90°
for the seven rightmost rays, and ~156 km, ~6.0,
m s~ 'and ~150° for other four rays. The maximum
altitude of all these surface-originating, shorter-wave
rays shown in Fig. 5a confirm that not all shorter waves
emitted from the surface fronts can propagate into the
upper atmosphere (defined here as the 13-km level).
Termination of all these rays is due to encountering
critical layers. The rays from the region of strongest
shorter-wave activity (ray 2 to ray 6 from left to right in
Fig. 5) terminate in the low-to-middle troposphere
while the rays near the right edge of the strong shorter-
wave activity are somewhat similar to the reverse rays
(A, B, and C) from WP1 discussed earlier. This again
suggests that WP1 may originate from near-surface

frontal boundaries. However, neither the backward nor
forward ray tracing can rule out the possibility that
these shorter waves may completely or partially origi-
nate at upper levels. This is because both the forward
and backtraced rays pass through the upper tropo-
spheric jet-exit region of maximum imbalance (Z04)
and the wave energy source can be anywhere along the
ray paths.

To examine the possible excitation of the shorter-
scale gravity waves by the upper- tropospheric jet, three
shorter-scale forward rays are launched at 9 km and 108
h in the jet-exit region (Fig. 6a). The initial horizontal
wavelength, ground-based horizontal phase speed and
wave vector azimuth are 160 km, 3.5 m s~ !, and 90°,
respectively. These rays are integrated with both a
negative (upward) and a positive (downward) wave-
number in the vertical direction. For the upward-
propagating rays, the horizontal wavelength, vertical
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F1G. 5. The 3D display of the ray paths of all forward rays launched at 108 h from the surface
fronts with initial wavelengths of (a) 150 and (b) 350 km. The 1-km potential temperature at
108 h is shaded to denote the position of the surface fronts.

wavelength, and intrinsic frequency at 13 km are re-
spectively ~134 km, 1.6 km, and 2.7 X 10~* s~ '. These
characteristics are qualitatively similar to those of WP1.
Projection of the ray positions onto the corresponding
filtered short-wave fields in Fig. 6 further confirms the
possibility that WP1 originates from the upper-tropo-
spheric jet-front system as hypothesized in Z04. On the
other hand, the downward-propagating rays terminate
before reaching the surface due to critical-level filter-
ing.

b. WP2: The medium-scale gravity waves of L, ~

350 km in the jet-exit region

Here, the three backtraced rays (D, E, and F), whose
positions at 13 km and 114 h are denoted with dots in
Fig. 2c, are launched from WP2. The ray paths of these

medium-scale gravity waves (WP2) differ significantly
from those of WP1 (cf. Figs. 6 and 9). With longer
wavelengths, the gravity waves along the rays of WP2
have an intrinsic frequency close to the inertial fre-
quency, which is much smaller than that of WP1. None
of the rays (D, E, or F) can be traced backward to the
surface level; they all terminate at ~3.0 km in the lower
troposphere where the vertical group velocity is nearly
zero (we used a threshold of 0.0001 m s~ ! defaulted in
GROGRAT) due to a critical level (Table 1).

The ray paths (D, E, and F) of the medium-scale
waves are also projected onto the intermediate-scale
component of the spectral decomposition in Fig. 7. The
rays of WP2 correspond well with the filtered interme-
diate-scale wave signals at or above the upper-tropo-
spheric jet-front systems (Figs. 7a,b), but the rays no

(a) 9k, 108K

(b) 13km,113h

FIG. 6. Positions of the three 150-km rays during their forward (and upward) integration and
the smaller-wavelength (L, < 210 km) spectral component of vertical velocity (every 0.001
m s~ !; positive shaded) at (a) 9 km and 108 h (initial positions) and (b) 13 km and 113 h (the
averaged time to the closest integer hour that the three rays arrived at that level). The 8-km
wind speeds (thick line; >40 ms™!, every 5 ms™!) at 108 h are plotted to denote the position

of the jet.
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(a) I1km, 112h

(b) 8kin, 110h

FiG. 7. Positions of the six rays from WP2 (initial position at 13 km and 114 h denoted in
Fig. 2¢) during its backward (and downward) integration and the medium-wavelength (210 <
L,< 600 km) spectral component of vertical velocity (positive shaded) at (a) 11, (b) 8, (c) 6,
and (d) 1 km valid at the averaged time to the closest integer hour that the three rays arrived
at that level with every 0.002 m s~ for (a)—(c) and 0.004 m s™! for (d). The 8-km wind speeds
(thick lines; >40 ms™!, every 5m s~ ') at 111 h and 1-km potential temperature (thick, every
4 K) at 102 h are plotted in (d) to denote the positions of the jet and the surface fronts.

longer overlap with the strong filtered signals below the
jet streams (Figs. 7c,d). At the same time, another three
rays launched on the southeastern edge of WP2 (also at
13 km and 114 h, denoted with diamonds in Fig. 2c)
integrated backward may reach the surface level, but
their near-surface locations are far away from the sig-
nificant medium-scale wave activity associated with the
surface occluded fronts (Fig. 7d). The above backward
ray tracing of WP2 thus suggests that the medium-scale
gravity waves in the jet-exit region most likely originate
from the upper-level jet-front systems.

The ray analyses above indicate that there are two
packets of medium-scale gravity waves in the exit re-
gion of the upper-level jet streaks at 9 km and 108 h.
One of these appears to propagate to the north and
upward and the other propagates to the northeast and
downward (Fig. 8a). Two sets of three rays are launched
along the center of each packet at 9 km and 108 h, and

the ray-tracing model is then integrated forward in time
(initial positions for upward rays Fig. 8a and for down-
ward rays in Fig. 9a). The initial horizontal wavelength,
ground-based horizontal phase speed and wave vector
azimuth are respectively ~400 km, 3.0 m s~', and 90°
for the upward propagating packet. Subsequent projec-
tion of the ray paths onto the filtered intermediate-
scale component shows good agreement between the
ray-tracing and spectral analysis of the wave signals
(Fig. 8b), but the averaged horizontal wavelength of the
rays at 13 km is ~260 km, which is much smaller than
the typical ~350-km horizontal wavelength of WP2 at
this level. Meanwhile, the initial horizontal wavelength,
ground-based horizontal phase speed, and wave vector
azimuth are chosen to be ~500 km, 5.8 m s~ !, and 25°
for the downward-propagating packet. Figure 9 shows
that the rays for the downward-propagating waves also
align well with the filtered medium-scale waves, but
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(a) 9km, 108h

(b) 13km, 111h

FIG. 8. Positions of the three medium-scale rays during their forward (and upward) inte-
gration and the medium-wavelength (210 < L, < 600 km) spectral component of vertical
velocity (every 0.001 m s™!; positive shaded) at (a) 9 km and 108 h (initial positions) and (b)
13 km and 111 h (the averaged time to the closest integer hour that the three rays arrived at
that level). The 8-km wind speeds (thick line; >40 m s~ ', every 5 ms™!) at 108 h are plotted
to denote the position of the jet.

downward rays will later stall in the mid-to-lower tro-
posphere. Both the upward and downward rays
launched from the jet-exit region further demonstrate
that the upper-tropospheric jet-front system is the most
likely source region for the medium-scale gravity waves
(e.g., WP2).

Since there are also apparent medium-scale gravity
waves in the filtered intermediate-scale component
near the surface (not shown), 11 medium-scale rays are
also launched from the surface frontal regions. These
longer-scale rays have the same initial positions as
those shorter-scale rays discussed in section 4a (see Fig.
5a). The initial horizontal wavelength, ground-based
horizontal phase speed, and wave vector azimuth are
respectively ~300 km, 6.0 m s~!, and 80° for the seven
rays located right of the occluded surface fronts and
~300 km, —6.0 m s~ !, and 150° for the other four rays
to the left. Similar to the propagating upward gravity
waves with shorter horizontal wavelengths, not all the
waves launched from the surface front can propagate
into the upper atmosphere. However, three rays at
the extreme right end of the group and another at the
other leftmost end can propagate to the 13-km level
(Fig. 5b). The locations of five rays near the right edge
of wave activity coincide approximately with the gravity
wave packets at different heights (not shown). The
spectral decomposition in combination with forward/
backward ray-tracing analyses suggest that the upper
jet-frontal systems (where there is maximum imbal-
ance) are the most likely source of WP2, but contribu-
tions from the surface frontal systems cannot be en-
tirely ruled out.

c. WP3: The shorter-scale gravity waves of L, ~
140 km in the deep trough region

Similarly, the three backtraced rays labeled as G, H,
and I are launched from WP3, and their positions at 13
km and 114 h are denoted with dots in Fig. 2a. The ray
trajectories of these gravity waves in WP3 all reach the
surface level (Fig. 4), but differ significantly from the
rays in WP1 and WP2. The backtraced rays gradually
shift to the left during their downward propagation
without any significant change in wave vector azimuth
at or above 5 km (Figs. 4a—c). Below 5 km, the ray paths
quickly rotate so that they are aligned across the oc-
cluded fronts to the west of the surface cyclone (Fig. 4d)
by the time they reach the surface. The ray paths of
WP3 also agree well with the forward shorter-wave ray
path launched from the extreme west end of the surface
occluded fronts discussed in section Sa (Fig. 5). These
results show that the gravity waves in WP3 most likely
originate from the surface frontal systems.

6. Ray-tracing sensitivity

Horizontal wavelength and ground-based phase
speed are two important initial wave parameters in
backtraced gravity waves. Since there are inaccuracies
in the estimations of the horizontal wavelength and
ground-based phase speed in section 4, the sensitivity of
the ray-tracing results to initial parameters of the three
upper-level wave packets (WP1, WP2, and WP3) is ex-
amined. Here, the backward ray tracing is performed as
in section 4 with three rays for each packet with the
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(a) 9k, 108h

(b) 8km, 109h

FIG. 9. Tracing of the three forward-tracing 350-km rays during their downward integration
and the medium-wavelength (210 < L, < 600 km) spectral component of vertical velocity
(positive shaded) for (a) initial position at 9 km and 108 h, and for subsequent positions at (b)
8, (c) 7, and (d) 6 km valid at the averaged time to the closest integer hour the three rays
arrived at that level. Contour intervals are every 0.002 m s~ for (a), (b) and 0.004 ms™! for
(c), (d). The 8-km wind speeds (thick line; >40 m s~!, every 5 ms™!) at 108 h are plotted to

denote the position of the jet.

same initial position and phase speed and direction.
However, for each of the rays the initial horizontal
wavelengths in WP1 and WP3 vary from 100 to 200 km,
and they vary from 300 to 400 km for WP2. For sim-
plicity, hereafter we only show the evolution of the rays
located in middle of each group (i.e., B for WP1, E for
WP2, and H for WP3).

In Fig. 10, the differences in the profiles of the ver-
tical group velocity and horizontal wavelength are due
to the use of different horizontal wavelengths in the
backtraced rays (B of WP1, E of WP2, and H of WP3).
The rays with shorter initial horizontal wavelengths
correspond to a larger vertical group velocity, espe-
cially in the vicinity of upper-tropospheric jet streaks.
Although the evolution of vertical group velocity, hori-
zontal wavelength (Figs. 10a,b,e,f), and other wave
properties are sensitive to the initial wavelength, the
shorter-scale rays (B from WP1 and H from WP3) will

all reach the bottom of the model domain. Also, despite
the larger variations of wave properties in WP2 due to
different initial horizontal wavelengths, each of the rays
terminates at similar altitude (2-4 km) due to critical-
level filtering before reaching the surface (Figs. 10c,d).

In addition to the above tests of sensitivity to hori-
zontal wavelength, the sensitivity of the ray tracing to
the initial estimate of the ground-based phase speeds is
also tested. Phase speeds are changed from 1.0 to 4.0
m s~! for ray B (WP1), from —6.0 to —8.0 m s~ for H
(WP3), and from 4.0 to 8.0 m s~ ! for E (WP2), while the
other initial input parameters are kept the same as in
section 5. Despite slight changes in their horizontal po-
sition along the downward path (not shown), the intrin-
sic frequency and vertical group velocity of each ray are
both largely insensitive to the difference in initial phase
speed (not shown).

Variations in the background flow are shown to be
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FIG. 10. Sensitivity of (top) vertical group velocity (1072 ms™') and (bottom) horizontal
wavelength (km) of the backtraced rays to the use of different initial horizontal wavelengths:
(a), (d) 100, 150, and 200 km for ray B; (b), (¢) 300, 350, and 400 km for ray E; and (c), (f)

100, 140, and 200 km for ray H.

significant in the ray paths, and since the time resolu-
tion of model output for the above ray-tracing experi-
ments is rather coarse (6 h), another set of ray-tracing
sensitivity experiments is performed by updating the
background fields every 3 h. Comparison of the group
velocity profile for rays representing WP1, WP2, and
WP3 shows that changing the data interval from 6 to 3
h makes almost no noticeable difference in the ray
paths (not shown). This further indicates that the
change in the background is much slower than the
variations of the gravity waves (a further assurance that
the WKB assumption is valid). No significant changes
in ray paths are found when even higher resolution

model output (in both time and space) is used (not
shown).

7. Summary and discussion

Using a two-dimensional Fourier decomposition and
a four-dimensional ray-tracing technique, this study in-
vestigates the group propagation characteristics and
possible source mechanisms of mesoscale gravity waves

simulated in the idealized baroclinic jet-front system of
Z04.

The two-dimensional Fourier decomposition success-
fully separates the simulated gravity waves from the
complex background flow in the troposphere and lower
stratosphere. Four distinct groups of gravity waves
identified from the decomposition are investigated.
One is a northward-propagating wave packet with a
horizontal wavelength of ~150 km in the immediate
exit region of the jet streak (WP1), and another has a
horizontal wavelength of ~140 km and a horizontal
wave vector veering from northward to southward in
the deep trough region cutting across the jet streak
(WP3). The third has a horizontal wavelength of ~350
km and propagates northeastward (WP2), also in the
immediate exit region of the jet streak but to the right
of WP1. The medium-scale gravity waves in WP2 are
barely separable from WPI in the original field exam-
ined in Z04. The fourth group to the far south of the jet
right above the surface cold front with horizontal wave-

lengths of ~100-150 km is clearly generated by the
surface fronts.
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Ray-tracing analysis suggests that the medium-scale
gravity waves (WP2) originate from the upper-tropo-
spheric jet-front system (where there is maximum im-
balance), though contributions from the surface fronts
cannot be completely ruled out. The shorter-scale grav-
ity waves (WP3) in the deep trough region penetrating
across the jet streak most likely initiate from the surface
frontal system. The jet-exit-region, northward-propa-
gating, shorter gravity waves (WP1), on the other hand,
may originate from either the upper-tropospheric jet-
front system or the surface frontal system.

Ray-tracing analysis also reveals a very strong influ-
ence of the spatial and temporal variability of the com-
plex background flow (and associated background de-
formation) on the characteristics of gravity waves as
they propagate. Nevertheless, our ray-tracing analyses
and spectral decomposition suggest the “wave captur-
ing” theory proposed by Biihler and Mclntyre (2005)
and applied in Plougonven and Snyder (2005) appears
to be insufficient to explain the gravity wave patterns in
the jet-exit region, since 1) these mesoscale waves ob-
viously have different wave characteristics and aspect
ratios at this same region and 2) significant vertical
group propagation of the rays will propagate the waves
away before the background deformation has sufficient
time to “capture” the waves. Strong variations in the
wave characteristics and background flow as well as
collocation of waves with different characteristics will
certainly lead to difficulties in using individual sound-
ing-based hodograph methods to accurately retrieve
the gravity wave properties (e.g., Eckermann 1996;
Zhang et al. 2004).

It is also worth noting that, for both forward and
backward ray tracing examined in this study, the gravity
wave parameters such as horizontal wavelengths from
the ray-tracing analysis are slightly less than those es-
timated directly from the 2D spectral decomposition.
The positioning of the rays, especially those of longer
waves, may also be slightly shifted from that derived
from the 2D decomposition. These discrepancies may
come from the omission of both horizontal and vertical
shears in the ray calculation and the rapid spatial varia-
tion of the background environment despite the satis-
faction of the WKB criteria in the ray-tracing analysis.
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