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ABSTRACT

The authors examine the effects of tropospheric wind shear on the phase speed spectrum of gravity waves
generated by tropical convection. A two-dimensional cloud-resolving model is used to perform numerous squall
line simulations with the vertical shear of the horizontal wind varied in three layers of the troposphere. Several
simplified simulations using prescribed heating are also performed to elucidate the interactions of wind shear
with thermal forcing. It is found that the dominant phase speed range of convectively generated stratospheric
gravity waves is primarily determined by the vertical scale of the tropospheric heating and is then modified by
the tropospheric wind. The gravity wave spectrum is especially sensitive to shear in the upper troposphere.
Through a mechanism similar to critical level filtering, such shear acts to reduce the momentum flux of waves
propagating in the same direction as the storm-relative mean wind. Through interaction with convective turrets,
shear in the upper troposphere increases the momentum flux of waves propagating opposite to the storm-relative
mean wind (the ‘“‘obstacle effect””). The resulting spectrum of momentum fluxes produced by convectively
generated gravity waves is generally not symmetric in the east and west directions; the east—west asymmetry
depends primarily on the difference between the wind above the storm and the storm’s motion. Thus, it is
important that the effects of tropospheric wind shear be included in any attempt to parameterize the effects of
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gravity wave stress and turbulence in general circulation models.

1. Introduction

The quasi-biennial oscillation (QBO) and the semi-
annual oscillation (SAO) of the equatorial middle at-
mosphere are dramatic examples of low-frequency os-
cillations produced by wave mean-flow interaction. Ac-
cording to the traditional theory of Holton and Lindzen
(1972) the QBO isdriven primarily by large-scale equa-
torial Kelvin and Rossby gravity waves. These modes,
which are thought to be generated in the troposphere
by large-scale convective systems, propagate vertically
into the stratosphere. Qualitatively, these two modes can
account for the alternating eastward and westward shear
layer descent of the observed QBO. Model studies (e.g.,
Takahashi and Boville 1992) indicate, however, that the
observed Kelvin and Rossby—gravity waves are too
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weak to completely account for the observed zonal ac-
celerationsin the QBO. Recently, Dunkerton (1997) has
suggested that additional forcing of these stratospheric
oscillations can be provided by smaller scale, convec-
tively generated gravity wavesthat break at their critical
levels and transfer momentum to the mean flow. In a
modeling study, Alexander and Holton (1997, hereafter
AH97) estimated that small-scale convectively gener-
ated gravity waves could provide up to 25% of the forc-
ing required to drive the QBO. Similar estimates have
been made by Piani et al. (2000). Kelvin waves are
believed to play a major role in forcing the eastward
phase of the SAO (Hitchman and Leovy 1988; Canziani
et al. 1995), however these waves can not account for
al the required forcing. Significant contributions of
gravity wave forcing to the SA O were suggested by Ray
et al. (1998).

Small horizontal wavelength (10—200 km) and short
period (10-100 min) gravity waves generated by con-
vection are not resolved in global circulations models
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(GCMs), thus their effects on the resolved flow must
be parameterized. Forcing caused by convectively gen-
erated gravity wavesisdifficult to parameterize because
it is not known how to relate the gravity wave forcing
to resolved dynamical fieldsin the GCMs. The temporal
and spatial variability of the convective sourcesis poor-
ly known, and the processes by which gravity waves
are generated by convective disturbances are not clear.

The temporal and spatial variability of vertically
propagating convectively generated gravity waves is
poorly known because all of the currently available ob-
servational techniques have serious limitationsin either
time or space. Radar observations have high time res-
olution, but are limited to only a few locations on the
globe (e.g., Sato 1992, 1993). Radiosondes have good
spatial coverage over land areas, but poor time reso-
lution, and can only be used to indirectly deduce the
characteristics of short vertical wavelength gravity
waves (Allen and Vincent 1995; Vincent and Alexander
2000). Satellite radiance data has been used to map the
global distribution of gravity wave variances at several
levels in the stratosphere by Wu and Waters (1996).
However, their method is only capable of resolving very
long vertical wavelength gravity waves, and must be
used with great caution in deduction of regional and
seasonal variations in wave sources (Alexander 1998;
McLandress et al. 2000). Aircraft campaigns provide
the highest horizontal resolution observations of wave
activity; however, they provide little information on the
vertical structure of waves and are limited to small areas
(Pfister et al. 1993; Alexander and Pfister 1995; Alex-
ander et al. 2000). All of the above observational meth-
ods have linked substantial gravity wave activity to con-
vection, however none of them provide adequate infor-
mation to parameterize the full spectrum of convectively
generated waves and their sources.

The second difficulty associated with gravity wave
parameterization is related to the incomplete under-
standing of the mechanismsthat generate gravity waves.
There are currently three theories of wave generation
by convection.

1) Mechanical oscillator. Clark et al. (1986) proposed
that oscillating updrafts and downdrafts vertically
displace the isentropes at the base of a stable layer,
for example the stratosphere, producing vertically
propagating gravity waves in a manner similar to
that of a mechanical oscillator in a stratified fluid.
The frequency of waves generated in this fashion is
specified by the frequency of the oscillator, or in the
case of convection, by the frequency of convective
updrafts and downdrafts. Squall line simulations by
Fovell et al. (1992), Alexander et al. (1995, hereafter
AHD), and Lane et al. (2001) showed evidence for
this type of wave generation.

2) Deep heating. In this mechanism thermal forcing by
latent heat release within the convective storm isthe
main gravity wave forcing. Through a number of
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numerical experiments, Salby and Garcia (1987)
showed that the dominant tropospheric vertical
wavelength of waves generated by athermal forcing
is approximately equal to twice the vertical extent
of the heating. For a fixed frequency and horizontal
scale, the vertical wavelength varies inversely with
the buoyancy frequency. Since the buoyancy fre-
guency in the stratosphere is approximately double
that in the troposphere, the vertical wavelength of
stratospheric waves predicted by this mechanism
should be equal to the vertical extent of the tropo-
spheric heating. This dependence of vertical wave-
length of gravity waves on the depth of the heating
region has been confirmed by observations (Mc-
Landress et al. 2000) as well as by other numerical
studies of convection (AHD; Pandya and Alexander
1999).

3) Obstacle effect. In this mechanism, also known as
the moving or transient mountain effect, the con-
vective element acts as a barrier to the background
flow, producing upstream propagating waves in a
manner similar to flow over a mountain (Pfister et
al. 1993). Since the convective element oscillatesin
time and may move relative to the ground, the gen-
erated waves are not stationary relative to the ground
asin the case of mountain waves, but propagate hor-
izontally, primarily opposite to the wind direction
(Pfister et al. 1993). A detailed study of gravity
waves observed over the tropical Indian Ocean con-
firms this type of wave generation (Alexander and
Vincent 2000).

A considerable complication in determining which of
these mechanisms dominates in wave generation is as-
sociated with the transience of convective forcings.
Two- and three-dimensional modeling studies of gravity
waves generated by squall lines (Fovell et al. 1992;
AHD; AH97; Piani et al. 2000; Lane et al. 2001) show
not only a great asymmetry in wave propagation be-
tween the eastward and westward directions, but also
reveal varying wave properties with the time evolution
of convection. Animations of convective storm simu-
lations reveal that stratospheric waves are strongly
linked to the storm dynamics. One of the main envi-
ronmental factors affecting the storm structure is tro-
pospheric wind. The main objective of this paper is to
elucidate the effects of tropospheric wind shear on wave
generation and propagation to the stratosphere through
numerical simulations of tropical squall lines.

Tropical squall lines are observed to have a variety
of orientations. For simplicity we assume that the squall
lines are oriented in a north—south direction. Weak me-
ridional winds and strong vertical shear of the zonal
wind at low levels are characteristic of north—south-
oriented tropical squall line environments. Since squall
lines are long-lasting vigorous convective storms, they
provide a good source of gravity waves. Furthermore,
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squall lines can be modeled fairly accurately using a
two-dimensional model (Rotunno et al. 1988). Prelim-
inary comparisons with three-dimensional simulations
showed that the asymmetry between eastward and west-
ward propagating waves generated by a three-dimen-
sional squall lineisreproduced well in two-dimensional
simulations, as long as the meridional winds are weak.
Since variations of the zonal wind profile are the subject
of this study, al simulations will be carried out using
atwo-dimensional model. Thisis computationally more
efficient and allows alarge number of simulations to be
carried out.

The goals of this paper are to examine the effects of
tropospheric wind shear on the mechanisms responsible
for wave generation and to assess the implications for
gravity wave parameterization in GCMs. These objec-
tives are addressed using two approaches. Initialy
squall line simulations are performed with varied zonal
wind in three layers of the troposphere. Second, sim-
plified simulations using specified heating are carried
out to clarify the interactions between thermal forcing
and wind shear. Last, it is shown how wind shear can
be responsible for the temporal variability of wave ac-
tivity that is found both in observations and modeling
studies.

2. Model description

All simulations in the study are carried out using a
variant of the Durran and Klemp (1983) cloud-resolving
model similar to that described in Skamarock and Klemp
(1993), and identical to that used in Piani et al. (2000).
This is essentially the same model that was used pre-
viously by Fovell et al. (1992), AHD, and AH97 in two-
dimensional squall line simulations. Model equations
are listed in Durran and Klemp (1983) and in Piani et
al. (2000).

In the current study, the domain size is 1200 km in
the horizontal and 30 km in the vertical with resolution
of 1500 m and 250 m, respectively. The large hori-
zontal domain is used to minimize the propagation of
gravity waves out of the model domain through the
lateral boundaries. An open wave permeable, lateral
boundary condition with gravity wave outflow phase
speed of 30 m st is used as described in Fovell et al.
(1992). A radiation condition is employed at the top
boundary (Durran 1999, 427—-431). A fourth-order hor-
izontal diffusion scheme is applied to all the variables
to avoid nonlinear instabilities. Richardson number—
dependent subgrid-scale mixing is responsible for
wave damping in strong shear and wave dissipation
near critical levels.

3. Squall line simulations
a. Initial conditions

The thermodynamic sounding used to initialize all
simulationsisthe same asin AH97 and is representative
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Fic. 1. Initial zona wind profile relative to the ground used to
initialize the basic case simulation (in m s-*). The thin horizontal
lines mark the three regions of the troposphere in which variations
of shear will be performed.

of aWest African squall line. This sounding was slightly
modified from observations because, in order to obtain
sustained convection in a two-dimensional model, the
sounding must be conditionally unstable and have large
values of convective available potential energy (CAPE).

Model simulationswereinitialized using both awarm
bubble and a cold pool to make sure that the results
were not influenced by initialization methods. For both
types of initialization, the minimum temperature per-
turbation required to produce sustained convection was
used, 3 K for the warm bubble and —6 K for the cold
pool. For consistency, results from simulations initial-
ized with a cold pool are presented in this paper.

Each simulation in this study is initialized with a
different zonal wind profile. Figure 1 depicts a piecewise
linear version of the wind profile observed during the
West African squall line. Thisprofileisused toinitialize
the basic case simulation and serves as a guide for fur-
ther wind profile variations. In other words, the zonal
wind profiles that are used to initialize the model in
subsequent simulations are reasonable representations
of the tropical environment. Wind shear is varied in the
three regions of the troposphere: low, middle and upper,
depicted in Fig. 1. Thereis no shear in the stratosphere,
above 15 km, since the full spectrum of waves generated
in the troposphere and entering the stratosphere is of
main interest in this study. Details of wind shear vari-
ations in the three tropospheric layers are presented in
sections 3c and 3d.

The model domain translation speed in each simu-
lation is set to the mean storm propagation speed. The
propagation speed of a squall line is determined by the
low level jet (Rotunno et al. 1988). More specifically,
sguall line propagation speed is approximately equal to
the horizontal wind strength at ~2.5 km. For example,
the storm in the basic case moves to the west on average
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b) Mature Stage
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FiG. 2. The basic case simulation initialized with a cold pool at (a) t = 2.5 h (developing stage) and (b) t = 5 h (mature stage 1). Shading
represents vertical velocity perturbations of magnitude less than 1 m s—*. Thin lines represent isentropes at 20-K intervals. Thick black solid
line shows the cloud outline (cloud water mixing ratio = 10~4 g g~*). Shaded black region is the region of most intense latent heat release.
Thick horizontal lines mark the three regions of the troposphere in which variations of shear will be performed.

at 16 m s~*. This method of domain translation keeps
the storm near the center of the domain. Therefore, the
areas in which convectively generated waves are ob-
served are nearly equal on both sides of the storm. This
allows objective viewing of eastward and westward
propagating waves.

b. Methods of wave assessment

Stratospheric vertical flux of horizontal momentum is
chosen to be the primary measure of gravity wave ac-
tivity since this quantity directly influences the dynam-
ics of the middle atmosphere; the vertical divergence of
momentum flux is proportional to the zonal force ex-
erted on the mean flow by gravity waves. The use of
momentum flux as a diagnostic quantity is also advan-
tageous since considering only vertical velocity pertur-
bations tends to emphasize the most vertically propa-
gating waves, whereas considering only zonal wind per-
turbations emphasizes the most horizontally propagating
waves.

As noted in the introduction, the stratospheric gravity
wave field varies in time. Figure 2 shows snapshots of
the model output at timet = 25 handt = 5 h for the
basic case simulation. Stratospheric gravity waves at the
earlier time are fairly symmetric, whereas at the later
time the wave activity to the east of the storm is much
greater than the wave activity to the west of the storm.

After several hours of the simulation, the wave field is
similar tothat at t = 5 h.

Since one of the goals of this paper is to examine
gravity wave—generation mechanismswe attempt to link
the properties of stratospheric gravity waves directly to
the properties of tropospheric convection by which they
were forced. In order to achieve this task, we analyze
wave characteristics separately for three time periods of
the storm evolution during which the convection prop-
erties are relatively unchanged. The convection prop-
erties we consider are cell structure, convection depth,
storm’s convective activity, and minimum subcloud
buoyancy.

Convective activity (hereafter CA) is defined as a
function of time, t:

CA(D) = Wix(t) (M? s72), D

where w,,,, is the maximum value of tropospheric ver-
tical velocity at a given time. Minimum subcloud buoy-
ancy, B,,, is defined as:

0— 002

B.in(t) = min( 0,

9) (ms=2) @)
where min( ) refers to a minimum value in the domain
at a given time t. Here, B, is representative of the
strength of the storm’s cold pool.
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a) Convective Activity b) Minimum Subcloud Buoyancy
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Fic. 3. Time evolution of diagnostics of storm development for the basic case simulation: (a) convective
activity (in m2 s72) and (b) minimum subcloud buoyancy (in m s=2). The solid vertical lines in the figures
separate the three stages of storm development (developing, mature 1, and mature 2). The very beginning
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and end of the simulations are not analyzed.

1) DEFINITION OF STORM'S STAGES

Figure 3 shows the time evolution of convective ac-
tivity and minimum subcloud buoyancy for the basic
case simulation. With the aid of these the storm is sub-
divided into three stages of development: developing,
mature 1, and mature 2:

@ Devel oping stage. The storm consist of one
convective cell, one strong central updraft,
and a deep latent heating region ranging
up to 10 km (Fig. 2a). In this stage the
magnitudes of vertical velocities are the
greatest, ranging up to 12 m s—*. The sur-
face cold pool is the strongest during this
period, as indicated by the low values of
minimum subcloud buoyancy in Fig. 3b.

(b) Mature stage 1. The storm consists of
many convective cells propagating rear-
wards relative to the storm motion and the
heating region is relatively shallow, rang-
ing only up to about 7 km as shown in Fig.
2b. In addition, the updrafts are weaker,
with maximum vertical velocities of 6 m
s 1 on average. The minimum subcloud
buoyancy is rising quickly.

(©) Mature stage 2. Similar to mature stage 1
in structure, however, the cold pool is
weaker as compared to mature stage 1. For
the basic case simulation, the two mature
stages are essentially the same, but the dis-
tinction is clearer in some simulationswith
altered shear structure.

The stages of storm development defined above are
marked by the solid vertical lines in Fig. 3. Note that
the three stages are defined at slightly later times when
looking at the minimum subcloud buoyancy as com-
pared to the maximum vertical velocity. Thisis because
it takes approximately 1 h for the precipitation induced
by a given strong updraft to reach the surface and evap-

orate into the cold pool. The very beginning of the
simulations is ignored to ensure that the results do not
reflect initialization artifacts. The last 2.5 h of simula-
tions are also ignored since by that time the storm has
propagated quite far from the center of the domain. In
summary, with respect to the storm’s convective activ-
ity, the developing stage is defined between 1 and 3.5
h of the simulations, mature stage 1 between 3.5 and
10.5 h, and mature stage 2 between 10.5 and 16.5 h.

In this work we attempt to analyze gravity waves
generated during the three stages of storm devel opment
defined above. This is a difficult task since gravity
waves are generated at different levels of the atmosphere
and with a wide range of vertical group velocities. An
analysis of a gravity wave field during a limited time
period cannot perfectly reflect the wave spectrum gen-
erated by a convective storm during that time since grav-
ity waves with very low vertical group velocities may
not have enough time to propagate to the analysis level
and the analysis may include gravity waves generated
prior to the analysis period. To minimize the errors in
analyzing gravity waves generated during the three stag-
es of development, we perform all momentum flux cal-
culations at the level of 15 km. This minimizes the time
that gravity waves travel from their generation region
to the analysis level, however the gravity wave spectra
at this height are not very smooth, since this level is
close to the tropopause.

As will be demonstrated later, the majority of the
gravity waves are generated in the heating region in the
midtroposphere, well below the analysis level. In order
to allow time for those gravity waves to propagate from
their generation region to the analysis level, gravity
wave activity is measured at the height of 15 km with
1 h delay with respect to the stages of storm’s devel-
opment defined by the convective activity. For example,
the storm’s developing stage is defined between 1 and
3.5 h with respect to the convective activity. To assess
gravity wave activity generated during that time period,
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gravity wave momentum flux is analyzed at 15 km be-
tween 2 and 4.5 h. Att = 2 h most of the gravity waves
that were generated by model initialization have had
enough time to propagate above the analysis level, and
therefore the calculations presented do not reflect ini-
tialization method artifacts. Similarly, gravity wave ac-
tivity measured at 15 km between 4.5 and 11.5 h of the
simulation corresponds to mature stage 1, and gravity
wave activity between 11.5 and 17.5 h of the simulation
corresponds to mature stage 2.

Parameterizations of gravity waves in global cir-
culation models require the knowledge of wave prop-
erties during the entire lifetime of a convective storm.
For this reason, modeling studies of gravity wavesgen-
erated by convection often present gravity wave prop-
erties averaged over the lifetime of the storm, instead
of averages over a short time period. However cal-
culations averaged over the lifetime of the storm are
applicable only to the particular modeled storm. Life-
times of observed tropical squall lines range from sev-
eral hoursto several days. In thiswork we also present
wave characteristics averaged over a short period of
convection. Thisinformation can be subsequently used
to derive quantities integrated over the lifetime of the
storm taking into account the length and strength of
the convection.

2) DETAILS OF CALCULATIONS

Momentum flux carried by gravity wavesiscalculated
using the following relation:

Fun(k, @) = p Co(u'w’), ©)

where u’ and w’ represent the zonal and vertical wind
perturbations, p isthe background density, and Co(u’'w’)
is the cospectrum of (u'w’). The cospectrum was cal-
culated using u’ and w' values from the inner 1100 km
of the horizontal domain; the 50 km region of the hor-
izontal domain near both lateral boundaries is excluded
from the average. All calculations are averaged over the
time intervals defining the three stages of storm devel-
opment separately as well as together.

In order to calculate the cospectrum of (u'w’), the
u’(x, t) and w’'(x, t) arraysare Fourier transformed, yield-
ing U(k, w) and W(k, w), where k and « represent the
horizontal wavenumber and frequency. The cospectrum
is then given by: Co(u'w’) = Re(UW*), where W* is
the complex conjugate of W. Details of this calculation
can be found in AHD.

Equation (3) yields a two-dimensional spectrum of
momentum flux as a function of frequency » and hor-
izontal wavenumber, k. Since the wave energy is up-
ward-propagating, positive momentum flux values cor-
respond to waves propagating eastward, whereas neg-
ative flux values correspond to waves propagating west-
ward relative to the mean flow.

The two-dimensional spectrum of momentum flux is
used to calculate the following quantities.
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1) Domain-averaged eastward and westward momen-
tum flux F . Eastward F, is defined as the sum of
all positive flux values within the (k, w) domain, and
westward F , is defined as the sum of all negative
values in the domain.

2) Momentum flux phase speed spectra. Each momen-
tum flux value in the (w, k) domain is associated
with aphase speed ¢ = w/k. A phase speed spectrum
is produced by grouping all of the (w, k) pairsinto
2 m s—* phase speed bins, and subsequently sum-
ming momentum fluxes in each phase speed bin. In
order to obtain a smoother spectrum, the u’(x, t)
and w’(x, t) arrays are padded with zerosin thetime
domain before Fourier transforming. Zero padding
does not add any additional information to the gen-
erated spectrum, but only increases its frequency
resolution (Percival and Walden 1993). The cos-
pectrum and F,, (w, K) are then calculated using the
padded arrays. Cospectrum values for periods lon-
ger than the maximum resolved in the original time
series are very small and are discarded. The F(,
k) spectrum is subsequently renormalized so that
the fluxes represent average values over the time
intervals of the storm’s stages. All (w, k) pairsin
the spectrum are subsequently binned in c. This
binning procedure yields momentum flux as a func-
tion of zonal phase speed, where the integral over
all phase speeds equals the domain-averaged mo-
mentum flux.

3) Vertical wavelength spectra. For each (w, k) pair
in the cospectrum, the vertical wavelength of the
waves is estimated using the linear gravity wave
dispersion relation. The vertical wavelengths ob-
tained are subsequently grouped into 0.5-km bins
to obtain a spectrum of momentum flux versus ver-
tical wavelength.

3) STORM-RELATIVE MEAN WIND

It will be demonstrated below, that a good prognostic
of the asymmetry between eastward- and westward-
propagating convectively generated gravity wavesisthe
storm-relative mean wind U o. Throughout this study,
U is defined as the difference between the wind just
above the storm and the storm speed U.. In the tropical
simulations performed here, the tropopause is located
at the 15-km level, which correspond to the maximum
height achieved by convective updrafts. Therefore, the
storm-relative mean wind U g, is defined as

USR = U15km - U, 4)

Since the strength of the convection decreases over time
and the heating region becomes shallower, the wind speed
at 13 km is sometimes more representative of the wind
above the storm, and therefore it is a better predictor of
wave structure. For consistency, however, U, Will be
used throughout this study in the definition of Ug..
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As described in section 3a, the propagation speed of
a sguall line is determined by the low-level jet. There-
fore the storm-relative mean wind U o can be written
approximately as

Ui = Ulskm -

U2.‘;’>km . (5)

¢. Variations of upper-level shear

In order to assess the effects of upper-level tropo-
spheric shear on the wave spectrum, the basic wind
profile was atered above 7 km. Because the upper-level
shear haslittleinfluence on the dynamics of aconvective
storm, the forcing below 7 km is very similar in all
these simulations. The squall lines produced in these
simulation with varying upper-level shear had similar
time evolutions, similar amplitudes of updrafts and
downdrafts, similar strengths of the cold pool and sim-
ilar precipitation rates. Despite these similarities in
storm structure, there were considerable differences in
the gravity waves generated in these simulations. These
differences will be quantified by evaluating the mo-
mentum flux magnitudes and spectral characteristics of
the generated gravity waves.

1) EXPERIMENTAL DESIGN

Seven simul ations were performed with shear varying
between 0 and 3.6 X 102 s ' in the layer between 7
and 12 km. The initial wind profiles for these simula-
tions are shown in Fig. 4. Note that winds in this figure
are plotted relative to the storm motion, and not relative
to the ground. The curve labeled U, = 0O corresponds
to the basic case. The seven simulations corresponding
to the wind profiles shown in Fig. 4 are referred to as
the upper-level shear runs.

2) STORM STRUCTURE

To demonstrate similarities in the storm development
for al the simulations with varying upper-level shear,
Fig. 5 shows their convective activity averaged over the
three stages of storm development, as well as averaged
over the three stages of the storm together. The con-
vective activity for the different upper-level shear sim-
ulations show small variability. The convective activity
islargest in al simulationsin the devel oping stage how-
ever the difference between the two mature stages is
not always clear. The differences in CA in these seven
simulations are quite small considering the highly non-
linear tropospheric dynamics, and should not be re-
sponsible for large differences in the amplitudes of gen-
erated gravity waves.

3) MOMENTUM FLUX MAGNITUDES

First, we examine the effects of varied wind shear
between 7 and 12 km on the distribution of the domain-
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FiG. 4. Zonal wind profiles used to initialize the upper-level shear

runs. Winds are plotted in meters per second, relative to the storm

moving at an average speed U; = —16 m s*. The storm-relative
mean wind Uy is noted for each profile for reference.

averaged momentum flux F .. Figure 6 shows the east-
ward and westward F , as a function of storm relative
mean wind Ug; for the regular upper-level shear runs.
The different symbols in the figures correspond to mo-
mentum flux averages over the different storm stages.
Each symbol in the lines corresponds to the domain-
averaged flux from a simulation initialized with one of
the wind profiles shown in Fig. 4.

For al periods of storm development, there is a gen-
eral trend for the westward F ,, to decrease, and for the
eastward F, to increase as the westward shear in the 7-
to 12-km layer increases, and U g, decreases. The change
in westward F ., is much greater than the change in east-
ward F,, between the different upper-level shear sim-
ulations. Westward momentum flux is smaller by afac-
tor of 6 in the case of strong upper-level shear (U =
—12 m s7*) as compared to the case of no upper-level
shear (U = 6 m s~1). On the other hand, on average
eastward momentum flux is larger only by a factor of
0.5 in the case of strong upper-level shear as compared
to the case of no upper-level shear.

Figure 6 also shows that gravity waves are not gen-
erated symmetrically in the east and west direction, nor
is their momentum flux constant with time. Eastward
momentum flux is greater than the westward momentum
flux carried by the generated gravity waves in al the
simulations but especially in simulations with strong
upper-level westward shear. For the simulation with U
= —12 m s, eastward momentum flux exceeds the
westward momentum flux by a factor of 23.

Both westward and eastward momentum flux carried
by gravity waves are largest in the developing stage of
the storm, corresponding to large values of CA. Al-
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Fic. 5. Convective activity for upper-level shear runs averaged over three stages of storm development
(a) separately and (b) together. Convective activity (in m2 s=2) is plotted vs the storm-relative mean wind
Uy, associated with each upper-level shear simulation. Each plotting symbol corresponds to a simulation
initialized with one of the zonal wind profiles shown in Fig. 4.

though the convective activity valuesin the two mature
stages are not always the same, the differences are too
small to link them to the temporal evolution of mo-
mentum flux magnitudes.

In nearly al the upper-level shear simulations, east-
ward momentum flux decreases as the squall line de-
velops. Westward momentum flux is largest in the de-
veloping stage, and is slightly larger in the mature stage
2 as compared to mature stage 1. This temporal distri-
bution of westward momentum flux is similar to that of
the convective activity shown in Fig. 5, implying that
the magnitude of westward momentum flux carried by
gravity waves is strongly related to the strength of con-
vection.

In al stages of storm evolution, the maximum value
of stratospheric westward momentum flux is obtained
when there is little or no shear above 7 km. Therefore,
the shear above that level must in some way act to
reduce westward wave propagation. This also implies
that most of the westward momentum flux is generated
mainly below the level of 7 km and that the westward
shear is preventing some of those waves from reaching
the stratosphere. Since the squall line structure in the
runs presented above is virtually the same, we propose
that gravity waves generated by the heating mechanism
are the same for these simulations. The structure of the
waves that propagate into the stratosphere, is however,
greatly modified by the upper-level shear. In order to
test this theory, and to illuminate the wave generation
and filtering mechanisms, we examine the momentum
flux phase speed spectra for selected simulations.

4) SPECTRAL CHARACTERISTICS

The mechanisms responsible for changes in strato-
spheric wave momentum flux as a result of changesin
upper-level tropospheric shear are best seen by com-
paring the phase speed spectrum for the case of no up-
per-level shear (Ugz = 6 m s71) to the spectrum for the
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case with strongest shear (Ugz = —12 m s1). Figure

7 compares the phase speed spectra for those two sim-
ulations averaged over the different stages of storm de-
velopment separately, as well as together. The spectra
are shown for all these time periodsto illustrate that the
differences are not an artifact of the selected averaging
intervals. o

We suggest that the reduction of westward F, by
upper-level shear occurs through a mechanism similar
to critical-level filtering as explained below. Linear the-
ory predicts that waves cannot pass through a critical
level, where the phase speed is equal to the background
wind speed. The presence of scale-selective hyperdif-
fusion in the model assures that as a wave approaches
acritical level it is damped and transfers momentum to
the mean flow (Alexander and Holton 1997). Although
the dynamics in the troposphere are nonlinear, this the-
ory seems to be a good approximation for the wave
filtering in the simulations: as shown in Fig. 7, in the
stong upper-level shear simulation (solid line) the west-
ward momentum flux is indeed zero between —12 and
0 m s, in the phase speed range in which waveswould
be filtered out if critical-level filtering was present.

The phase speed spectrain Fig. 7 aso show how the
eastward F, is affected by westward shear. Increased
westward shear primarily increases wave momentum
flux at low phase speeds, between —12 and 15 m s71,
and shifts the eastward phase speed peak to a lower
value by about 5 m s~*. This increase in eastward F .,
resembles that caused by the obstacle effect presented
by Pfister et al. (1993), where westward flow over the
obstacl e produces eastward-propagating waves with low
phase speeds. In the squall line simulationswith varying
upper-level shear, latent heat release occurs mostly be-
low the level of 7 km, right below the upper-level shear
zone, and the resulting displacement of the isentropes
in this region can be thought of as of an obstacle. As
predicted by the obstacle effect, increased upper-level
shear in the region above the heating produces eastward-
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Fic. 6. Domain-averaged westward (left panels) and eastward (right panels) momentum fluxes (in N m~2) vs
the storm-relative mean wind U «, for all upper-level shear runs averaged over three stages of storm development

separately (top panels) and together (bottom panels).

propagating waves with low phase speedsrelative to the
mean wind, as shown in Fig. 7. Note that, since the
mean wind above the storm is —12 m s—* relative to
the storm, waves with negative storm-relative phase
speeds between —12 and O m s~* carry positive mo-
mentum. The low phase speed gravity waves generated
by the obstacle effect have distinctly different properties
from the typical gravity waves generated by the storm’s
deep heating region. This can be illustrated by com-
paring the two-dimensional momentum flux spectra for
the case of no shear to the case of strong shear shown
in Fig. 8.

Figure 8a shows that in the simulations with no shear
above 7 km, gravity waves are generated with a wide
range of horizontal wavenumbers and frequencies, how-
ever nearly all the gravity waves have similar vertical
wavelengths between 9 and 12 km. Figure 8b shows
that similar gravity waves are present in the simulation
with strong upper-level shear, however, there is also a
substantial amount of wave momentum flux associated
with gravity waves with vertical wavelengths less than
9 km. These waves have frequencies less than 0.01 cy-
cles per minute and horizontal wavenumbers less than
0.0075 cycles per kilometer, corresponding to waves
with periods greater than 100 min, and horizontal wave-
lengths longer than 130 km. These low-frequency, long
horizontal wavelength gravity waves match quite well

the characteristics of waves generated by the obstacle
effect presented by Pfister et al. (1993).

It should be noted that even though the two simu-
lations, one with no upper-level shear and one with
strong upper-level shear, have aimost the same convec-
tive activity, and same magnitude updrafts and rain
rates, the time evolutions of vertical velocity at given
points in the domain are different, and therefore gravity
waves are excited with glightly different frequencies.
Close comparison of Figs. 8a and 8b shows that at fre-
quencies greater than 0.01 cycles per minute, the mo-
mentum flux at a given frequency can be higher or lower
in the simulation with strong upper-level shear as com-
pared to the simulation with no upper-level shear. How-
ever, at frequencies less than 0.01 cycles per minute,
the wave momentum flux is always greater in the sim-
ulation with strong upper-level shear. Therefore wave
momentum flux integrated over frequencies greater than
0.01 cycles per minute is approximately the same in
both simulations, whereas the momentum flux at fre-
guencies less than 0.01 cycles per minute is much great-
er in the simulation with strong upper-level shear as
compared to the simulation with no upper-level shear.

The results presented in this section suggest that all
westward-propagating gravity waves are generated by
the heating region below 7 km. Some of these waves
are then filtered out by the westward shear zone through
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FiG. 7. Spectra of momentum flux vs phase speed c in the frame of reference moving with the storm. Spectra
are shown for the simulations with no upper-level shear (U = 6 m s71) in a dashed line, and for the simulation
with strong upper-level shear (Ugz; = —12 m s71) in a solid line. The spectra are averaged over (a) the developing
stage, (b) mature stage 1, (c) mature stage 2, and (d) all three stages of storm development together. Initial zonal
wind profiles corresponding to the phase speed spectra are shown in Fig. 4.

the filtering mechanism. Most of the eastward-propa- _ o Nkm 6
gating waves also originate in the heating region, how- Co = om (k2 + mR)32’ (6)

ever additional eastward propagating waves appear in
the stratosphere in the presence of an upper-level west-
ward shear zone.

5) GENERATION MECHANISMS VERSUS OTHER
EFFECTS

It was noted in the above section, that eastward grav-
ity wave activity is enhanced in the presence of a west-
ward shear zone. Although the additional waves gen-
erated in the presence of westward shear arevery similar
to those generated by the obstacle effect, results pre-
sented in the above section must be interpreted with
care since zonal wind also acts to refract gravity waves
and to alter their group velocities.

The vertical group velocity of internal gravity waves
is defined as

For hydrostatic waves this relationship can be rewritten
as a function of the intrinsic zonal phase speed &:
Nk ® @

e Tm? m N’ )

or in terms of phase speed c relative to the frame of
reference moving with the storm, and storm-relative
mean wind U g:

>

Cp = E ®
The above imply that waves propagating eastward rel-
ative to the storm, will have higher vertical group ve-
locities in the presence of westward storm-relative mean
wind as compared to a situation with zero or eastward
storm-relative mean wind. Gravity wave group veloci-

L (€~ Uk
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Fic. 8. Momentum flux (in N m~2) as a function of frequency w
(in cycles per minute), and horizontal wavenumber k (in cycles per
kilometer). Positive values are shaded in dark, whereas negative val-
ues are in light. Contour and shading intervals are (—24, —12, —6,
—3,-1,1,3,6,12, 24) X10-5. (Values between —1 and 1 are shaded
in light gray.)

ties and therefore propagation times from wave source
to tropopause are affected mostly for waves with low
storm-relative phase speeds ¢ = 10 m s¢, and low
frequencies w = 0.005 cycles per minute. For example,
a gravity wave with k = 0.005 cycles per kilometer,
= 0.003 cycles per minute, and ¢ = 10 m s, has a
vertical group velocity of ~4.6 km h-* when Ug, =
—12 m s, and a group velocity of only 0.15 km h—*
when Uy = 6 m s~*. Therefore when considering dif-
ferences in the wave spectrum between the simulation
with strong upper-level shear (Ug = —12 m s*) and
no upper-level shear (Ug = 6 m s71), it is important
to realize that even if some waves with low frequencies
and low eastward phase speeds were generated in the
simulation with no upper-level shear, they would have
had too-small group velocities to propagate to the anal-
ysis level during the chosen analysis periods. We will
refer to these waves as *‘uncertain” because they could
have been generated in the simulation with no upper-
level shear, but just did not have enough time to prop-
agate to the analysis level.
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For the mature stage 1 of the strong upper-level shear
simulations, the magnitude of momentum flux carried
by these uncertain waves was assessed by first calcu-
lating an approximate propagation time to the tropo-
pause, based on U, = 6 m s72, of all gravity waves
generated in that simulation (Ug = —12 m s71). Sub-
sequently their propagation time to the tropopause was
calculated based on the source level of 7 km. This cal-
culation yields an overestimate of the propagation time
to tropopause of waves generated above 7 km, and there-
fore is an absolute upper limit and likely to be an over-
estimate of the momentum flux carried by the uncertain
gravity waves. In the mature stage 1 of the strong upper-
level shear simulation, the momentum flux carried by
uncertain waves was 25% of the total eastward mo-
mentum flux carried by gravity waves. In other words,
25% of the total eastward momentum flux in the strong
upper-level shear simulations was carried by gravity
waves that could have been generated in the simulation
with no upper-level shear, but had not enough time to
propagate to the tropopause. Sixty-six percent of these
waves in the strong upper-level shear simulations had
phase speeds less than 10 m s—1.

Therefore, in terms of the gravity wave generation
mechanisms, phase speed spectra presented in Fig. 7
may be overestimating the effect of wind shear primarily
for waves with phase speeds less than 10 m s—*. How-
ever, the presented spectra are a fairly accurate repre-
sentation of the gravity wave spectrum actually reaching
the tropopause. This is because waves that are refracted
by the westward shear zone to lower vertical wave-
lengths, and which have low group velocities, are also
most likely to suffer dissipation. In the model used in
this study, the wave dissipation processes are parame-
terized using fourth order dissipation. This dissipation
may mimic dissipation processes in the real atmosphere
and may be another reason why waves with low fre-
guencies and phase speeds are not present in simulations
with eastward storm-relative mean wind.

In summary, the phase speed spectrapresented in Fig.
7, fairly accurately display the changes in gravity wave
activity that result from changes in tropospheric wind
shear; however, a portion of the differences may be due
to changes in wave group velocity and dissipation, and
not due to changes in wave-generation mechanisms.

d. Varying middle- and lower-level shear

In the previous section it was shown how upper-level
shear modifies the structure of gravity waves generated
by the heating below the level of 7 km. The waves
generated below that level however did not appear to
be generated isotropically. Figures 7 and 8a show that
in the case of no upper-level shear there are big differ-
ences between waves propagating in the eastward and
westward directions. In this section we will examinethe
role of low- and midlevel shear in shaping the gravity
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wave spectrum. There is no shear above 7 km in these
simulations.

1) EXPERIMENTAL DESIGN

The initial wind profile is altered in the middle level
of the troposphere, between 2.5 and 7 km, while keeping
the low-level shear the same as in the basic case at 6.4
X 1072 s*. The strength of the shear in the midlevel
isvaried from 0 to 4.8 X 102 s*in four simulations.
The wind profile in which the wind speed increases by
16 m s7* in the lowest 2.5 km of the troposphere ob-
served in the basic case is referred to here as the strong
low-level jet. The simulations in which the wind profile
has a strong low-level jet and the midlevel shear varies
are referred to as the strong jet runs. The initial wind
profilesfor these simulationsare shownin Fig. 9, plotted
relative to the ground.

Second, few simulations were performed with vary-
ing midlevel shear with a weak low-level shear of 4.4
s~1. Since the differences between these simulations
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were similar to the differences between the strong jet
runs, the details of the simulations are not presented in
this paper. It is worth mentioning however, that the sim-
ulations with weak and strong low-level shear had vir-
tually the same momentum flux values for the same
values of storm-relative mean wind.

2) STORM STRUCTURE

Figure 10 shows the convective activity for the mid-
level shear simulations. Unlike the upper-level shear,
midlevel shear changes the storm’s convective activity
considerably. Thereisa50% decrease in CA in the case
of strong midlevel shear as compared to the case with
no midlevel shear.

3) MOMENTUM FLUX MAGNITUDES

Figure 11 compares the distribution of momentum
flux for the strong jet runs averaged over the different
stages of storm development. As for upper-level shear
runs, momentum flux is plotted as a function of storm-
relative mean wind U o, defined by (4). Westward mo-
mentum is fairly constant in the simulations with non-
zero midlevel shear. However, there is about a 50%
decrease in the magnitude of the westward momentum
flux in these simulations as compared to the simulation
with only low-level shear. This decrease is similar to
the decrease in the storm’s convective activity (Fig. 10),
implying that midlevel shear does not strongly affect
the mechanisms that generate westward-propagating
gravity waves.

On the other hand, Figs. 11b and 11d show a more
pronounced dependence of eastward F , on Ug. East-
ward F ,, decreases with increasing eastward shear in the
middle level, or increasing U . In all stages of storm
development, eastward F ,, decreases by at least 200%
in the strong midlevel shear case as compared to the no
midlevel shear case. This decrease is much greater than
the decrease in westward F ,,, and cannot be explained
by the decrease in the storm’s convective activity. The
possible mechanism responsible for the additional de-
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Fic. 10. Same as in Fig. 5, but for simulations with varying midlevel shear.
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Fic. 11. Same as in Fig. 6, but for simulations with varying midlevel shear.

crease in eastward momentum flux will be explored by
looking at the F ,, phase speed spectra.

4) PHASE SPEED SPECTRA

Momentum flux phase speed spectra averaged over
mature stage 1 for the case of no midlevel shear (U,
= —1.5m s™?) and the case of strong midlevel shear
(U = 10.5 m s7%) are shown in Fig. 12. Spectra are
only shown for the mature stage 1 since simlar char-
acteristics are observed in the other storm stages.

Figure 12 shows that in the presence of midlevel tro-
pospheric shear, maximum amplitude westward mo-
mentum flux values are associated with waves with low-
er, less negative phase speeds as compared to the no
midlevel shear case. However, the maximum westward
momentum flux amplitudes are associated with the same
phase speeds in the frame of reference moving with the
wind speed at the 5.5-km level. To demonstrate this
effect, we will focus on the westward momentum flux
distribution in Fig. 12. In the case of strong midlevel
shear, the leftmost peak in westward momentum flux
occurs at —14 m s~* as compared to at —22 m s7* in
the case with no midlevel shear. However, relative to
the wind near 5.5 km, close to the top of the heating
region, the maximum westward momentum flux occurs
in both simulations at the phase speed of ~20 m s*.
This is an approximate value, since the phase speed

spectrum resolution isonly 2 m s—*. Generation of grav-
ity waves with maximum amplitude momentum flux at
the intrinsic phase speed of approximately 20 m s—* can
also be noted for the eastward propagating waves, how-
ever other effects are also present. In summary, these
mid-level shear experiments suggest that the convection
generates a gravity wave spectrum that peaks at =20
m s~* phase speed in the frame of reference moving
with the wind at 5.5-km altitude. The reason gravity
waves are generated at the particular phase speed of
~20 m st is discussed in section 4.

Although there is symmetry in the phase speeds of
waves carrying maximum eastward and westward mo-
mentum flux that originate near the 5.5-km level, mid-
level shear affects the momentum fluxes of these waves
differently. The domain-averaged momentum flux for
westward-propagating waves is relatively constant
throughout the midlevel shear simulations. Phase speed
spectra show no evidence of wave generation analogous
to the obstacle effect produced by the upper-level shear.
This could be due to the fact that in varying midlevel
shear simulations the shear region is well within the
heating layer, whereas, in the upper-level shear runs, the
shear layers were located above the heating. Thus, when
shear is confined in the region below 7 km, the back-
ground flow is going through rather than over the heat-
ing, not creating an obstacle effect.

The domain-averaged eastward momentum flux de-
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Fic. 12. Same as in Fig. 7, but for the simulation with no midlevel shear U; = —1.5 m s~* (dashed line),
and the simulation with strong midlevel shear Ug; = 10.5 m s (solid line).

creases with increased midlevel eastward shear. East-
ward momentum flux appears to be reduced through the
filtering mechanism. The region of phase speeds in
which eastward momentum flux should be zero accord-
ing to linear theory of critical-level filtering is between
0 and 10.5 m st in the case of strong midlevel shear.
Indeed, the phase speed spectrum for this simulation
(solid line in Fig. 12) shows no eastward F,, in that
region, suggesting that waves with phase speeds equal
to the wind speed relative to the storm at any level above
2.5 km, cannot propagate upward into the stratosphere.

5) VERTICAL WAVELENGTH SPECTRA

In the above section it was found that eastward- and
westward-propagating gravity waves are generated with
a dominant phase speed of 20 m s~ relative to the 5.5-
km level wind, and their structure is further altered by
the midlevel shear. Below we demonstrate that the dom-
inant intrinsic wave phase speed of 20 m s* at the
generation level is determined by the vertical extent of
the heating region.

The linear gravity wave dispersion relationship in the
Boussinesq approximation can be expressed as

N2k?
(k2 + m?)’

w? )
where @ represents the intrinsic wave frequency; k and
m are the horizontal and vertical wavenumbers, respec-
tively; and N is the buoyancy frequency. Assuming that
the vertical wavelength A, is much smaller than the
horizontal wavelength A,, m > k, the intrinsic wave
phase speed € can be written as

. _® N

C = — = — =

k m

NA,

o (20)
Thus the intrinsic phase speed is proportional to the
vertical wavelength of the wave.

Figure 13 shows the vertical wavelength spectra for
the simulation with no midlevel shear for the mature
stage 1. Both the eastward and westward spectra show
the dominance of waves with the vertical wavelength
of 5.5-6 km. The spectra also show a peak near 4 km,
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Fic. 13. Spectra of eastward (solid) and westward (dashed) mo-
mentum flux vs vertical wavelength A,, (km) for the squall line sim-
ulation with only low-level shear. Wind profile used to initialize this
simulation is shown in Fig. 9.

which is more pronounced for the westward propagating
waves. By (10), the intrinsic phase speed corresponding
to a 5.5-6-km vertical wavelength and stratospheric
buoyancy frequency of 0.022 s=* is =20 m s~* corre-
sponding well to the intrinsic phase speed of waves at
the 5.5-km level shown in Fig. 12.

The dominant vertical wavel ength range of about 5.5~
6 km of the simulated stratospheric waves is approxi-
mately equal to the vertical extent of the tropospheric
heating. In the squall line simulations, the dominant
latent heating region extends to ~6 km. Therefore, the
vertical wavelength spectrasuggest that the deep heating
wave-generating mechanism determines the approxi-
mate vertical wavelength of waves generated by con-
vection. By (10) the vertical extent of the tropospheric
heating al so prescribes the intrinsic phase speed of grav-
ity waves at their generation level.

The origin of the secondary peak at vertical wave-
length of ~4 km in Fig. 13, corresponding to the in-
trinsic phase speed of 14 m s7¢, is not predicted by the
deep heating mechanism. The following section will
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explore gravity wave generation by asimplified thermal
forcing, and will attempt to determine whether the heat-
ing region could be responsiblefor prescribing two char-
acteristic vertical wavelengths.

4. Specified heating simulations

In the previous section it was proposed that charac-
teristics of gravity waves are primarily determined by
the latent heating region and are modified by the hor-
izontal wind profile. In order to verify the above spec-
ulations about how shear interacts with a thermal forc-
ing, the convective storm was approximated by an oval
shaped heating—cooling region with a specified mono-
chromatic oscillation frequency. A fixed frequency
source was used in these simulations to reduce the num-
ber of unknown parameters in the problem and to the
facilitate the interpretation of the changes in gravity
wave structure to vertical wind shear.

a. Initial conditions

All simulations are carried out in an atmosphere with
a constant buoyancy frequency equal to 0.012 s, rep-
resentative of the troposphere. Inclusion of a stable
stratospheric layer was not necessary sincetheincreased
buoyancy frequency in the stratosphere only acts to re-
fract the generated waves and gives no further insight
into the wave-generation mechanisms. All of the wave
generation for thermally forced waves occurs in the
close vicinity of the heating region; gravity wave phase
lines are clearly defined even right above the heating
region. Thevertical extent of the model domain for these
simulations is shortened to 26 km to reduce computa-
tional time. The heating—cooling region is Gaussian-
shaped in the horizontal and has a half-sine wave struc-
ture in the vertical centered on z = 3 km with a quarter
wavelength equal to 2 km. The forcing function has the
following form:

2t
7 for 1125 = z = 5125 m

|

ex
éQO P Xt 27,
0

where, X, = 3000 m, X, = 600 km, z, = 3125 m, 7,
= 2000 m, and T = 6000 s (100 min).

Aswas noted in Fig. 8, the gravity waves generated
in the squall line simulations all have similar vertical
wavelengths, but have a broad range of horizontal
wavenumbers and frequencies. The value of the pe-
riod T chosen in the specified heating simulations cor-
responds to one of the dominant wave frequencies
present in the squall line simulations, however it is

(11)
forz< 1125m and z > 5125 m,

not the only wave frequency present. The specified
heating experiments described in this section were
repeated at other frequencies, however the main re-
sults were not altered.

The specified heating simulations were carried out for
66 000 s, or over 18 h. Wave activity analyses shown
below are at the level of 10 km, during the last six cycles
of the simulations, between 30 000 and 66 000 s. Anal-
yses were performed at different heights and during dif-
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Fic. 14. Two-dimensional spectrum of momentum flux in hori-
zontal wavenumber k and frequency w for the control simulation using
specified heating. Thick lines are contours of momentum flux at 0.1
X 1075 N m~2 intervals. The superimposed thin lines are contours
of vertical wavelength calculated using the dispersion relation given
by Eq. (9).

ferent time intervals but the main results of the study
were not sensitive to these changes. The small differ-
ences that may arise when using different averaging
intervals and analysis levels will be discussed further
in the following sections.

b. Control simulation

The control simulation is carried out in a motionless
atmosphere. A two-dimensional momentum flux spec-
trum averaged over the last six cycles of the control
simulation is shown in Fig. 14. Overlaid are lines of
constant vertical wavelength calculated from the dis-
persion relation (9). The generated wave field is sym-
metric in the east—west direction, and as expected, the
dominant frequency of the waves is equal to the fre-
guency of the thermal forcing of 0.01 cycles per minute.
The spectrum shows two peaks in horizontal wavenum-
bers, at 0.008 and 0.02 cycles per kilometer, which cor-
respond to the vertical wavelengths of about 10 and 4.5
km for waves with the dominant frequency. The 10-km
vertical wavelength is consistent with the deep heating
mechanism, being approximately equal to twice the ver-
tical extent of the prescribed heating region. The peak
at the 4.5-km vertical wavelength suggeststhat athermal
forcing region of specified depth can generate gravity
waves with more than one dominant vertical wave-
length. This occurs when the thermal heating region is
elevated above the ground. A thermal heating region of
similar form as in (11), but extending from the ground
to the 5-km level, generates gravity waves with only
one dominant vertical wavelength of 10 km (not shown).
The lifted heating region generated waves with two
dominant vertical wavelengths, because more than one
Fourier wave component is necessary to represent the
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shape of the heating profile in the region between 0 and
5 km. In other words, the shape of the heating projects
strongly on more than one Fourier mode.

The lifted heating region could explain the secondary
peak at the vertical wavelength of 4-5 km in the spectra
for the squall line simulation shown in Fig. 13. The
latent heating region in the simulated squall line extends
on averageto the height of 6 km, however, theindividual
convective cellsare only about 3 to 4-kmtall and slowly
propagate upward from the ground.

The range of dominant horizontal wavenumbers sim-
ulated in the control run is prescribed by the dispersion
relation. Since the frequency of the wavesis determined
by the frequency of the heating—cooling region, and the
vertical wavelength is determined by the vertical extent
of the heating, the dominant horizontal wavenumbers
must have values so as to satisfy the dispersion relation.
Simulations were performed with altered horizontal
scale of the heating region, however for the chosen fre-
guency and vertical scale, these changes had no effect
on the structure of the generated waves.

c. Upper-level shear

To examine how upper-level shear interacts with a
thermal forcing, a specified heating simulation is per-
formed with a 15 m s~* westward shear through the top
of the heating region: the shear layer starts at 3 km, in
the center of the heating, and continues to the height of
8 km, going through and partially over the heating re-
gion. Figure 15b shows the initial wind profile, and Fig.
15a shows the corresponding momentum flux phase
speed spectrum for this simulation, and compares it to
the phase speed spectrum for the control case with zero
mean wind.

In the specified heating simulation with westward
shear through the top of the heating region, F, is re-
duced by critical-level filtering. Waves with westward
F.. and phase speeds between 0 and —15 m s~* can not
propagate through the shear zone and are dissipated.
The momentum flux spectrain Fig. 15a show a consid-
erable decrease in momentum flux in that region as com-
pared to the control case.

Figure 15a also shows that eastward wave propaga-
tion is enhanced by the shear zone near the top and just
above the heating region. Firstly, this westward shear
zone enhances momentum flux of eastward-propagating
gravity waves with low positive phase speeds, ~8 m
s~1. Thetwo-dimensional momentum flux spectrum (not
shown) shows that these waves have the frequency of
the forcing, but shorter horizontal scale than the waves
in the control simulation. These waves are not present
in the control simulation, since in the absence of west-
ward shear, they have smaller vertical group velocities
and are more affected by dissipation. Second, the west-
ward shear zone generates weak waves with very low,
almost zero, frequencies, and long horizontal and short
vertical wavelengths. These waves correspond to the
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Fic. 15. Spectra of momentum flux vs phase speed c relative to a
stationary frame of reference (left panels) for specified heating sim-
ulations with (@) upper-level shear starting in the heating region, (b)
low-level shear, and (c) low- and midlevel shear (solid lines). The
thin dotted line in the left panels is the control simulation. Initial
wind profiles corresponding to the simulations are shown in the right
panels; thin horizontal lines mark the depth of the heating region.

waves with phase speeds between —10 and 5 m st in
the spectrum shown in Fig. 15a. These wave charac-
teristics match the characteristics of waves generated by
upper-level shear in squall line simulations (Fig. 8b), as
well as the wave characteristics generated by the ob-
stacle effect. The increase in the magnitude of eastward
momentum flux due to the obstacle effectsis quite small
in the specified heating simulations just at this one fre-
guency; however, one must keep in mind that in the
squall line simulations, many more frequencies are pre-
sent, and integrated over all the frequencies, the obstacle
effect can change the magnitude of eastward momentum
flux by up to 50% as shown in Fig. 6d.

d. Low-level shear

The effects of a 15 m s~* low-level westward jet are
explored in a specified heating simulation with a shear
layer ranging from the surface to the height of 2.5 km.
The initial wind profile is shown in Fig. 15d and the
resulting phase speed spectrum is shown in Fig. 15c. In
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this simulation westward F , is increased and eastward
F ., is decreased as compared to the control simulation.

The asymmetry between eastward and westward
propagating waves in the case of low-level shear only
is primarily due to the tilt of the paths along which
parcels oscillate and is not very likely to be caused just
by the change in wave vertical group velocities. In the
specified heating simulation, the strong low-level shear
tilts the paths along which parcels oscillate toward the
west, and thus increases westward wave activity. This
reasoning is consistent with the results from amodel by
Fovell et a. (1992) in which a westward-tilted me-
chanical oscillator produced an excess of westward- and
a deficit of eastward-propagating waves as compared to
a vertically oriented oscillator.

Comparison of Figs. 12 and 15c shows that wave
characteristics from the simple heating runs, and the full
squall line simulations for the case of only low-level
shear, show some discrepancies. The simple heating
simulations produce an excess of westward-propagating
waves whereas the opposite kind of wave distribution
isobserved in the squall line. Thisis due to the opposite
tilt of the paths along which parcels oscillate. In the
squall line simulation the main updraft, and therefore
the line along which parcels oscillate, is tilted eastward
during the mature stage. This is because the tilt of the
updraft in the squall line is not only determined by the
low-level shear below 3 km but is also determined by
the cold pool strength. In the squall line simulationsin
this study the lower level westward wind generates pos-
itive, counterclockwise, horizontal vorticity which
counteracts the negative horizontal vorticity generated
by the horizontal gradient of buoyancy induced by the
presence of a cold pool. When the two vorticity pro-
duction mechanisms are in exact balance, there is no
tilt in the updraft (Rotunno et al. 1988). In the presence
of a strong cold pool in the mature stages of the storm,
this updraft is tilted to the east, explaining the excess
of eastward-propagating waves. In the specified heating
simulations, the westward shear simply tilts the paths
along which parcels oscillate eastward. Therefore, since
the tilt of the paths along which air parcels oscillate in
the squall line is opposite that in the the simple heating
model, the two simulations produce a dominance of
waves propagating in opposite directions.

e. Midlevel shear

To complete the study, a 10 m s—* eastward shear
layer is added to the 2.5-km low-level jet wind profile
described in the above section. This wind profile and
the corresponding momentum flux phase speed spectra
for the simulation are shown in Figs. 15f and 15e re-
spectively. Compared to the run with only a 2.5-km-
deep low-level jet (Fig. 15c), there is a slight increase
in westward momentum flux and a strong decrease in
eastward momentum flux.

The 10 m s~* midlevel shear eliminates eastward-
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propagating waves with phase speeds between 0 and 10
m s~t. A similar phenomena was noted in the distri-
bution of waves generated by the squall lines. Thus, the
filtering mechanism is indeed present in the lower part
of the troposphere. A shear layer located within the
heating region inhibits the propagation of gravity waves
with phase speeds equal to the wind speed in the shear
layer just as the shear layer at the top of the heating
region did.

Westward momentum does not change significantly
in the presence of midlevel shear. Thereislittle evidence
of wave generation via the obstacle effect in this mid-
level shear simulation. The wind changes only by 10 m
st in a shear zone that is mostly confined within the
heating region. In order to produce a pronounced ob-
stacle effect, strong flow over the heating region is nec-
essary. This agrees with the findings from squall line
simulations, in which increased midlevel eastward shear
did not substantially increase the momentum flux of
westward-propagating waves.

5. Summary and discussion

In this study, numerous two dimensional simulations
of tropical squall lines were performed with different
vertical profiles of the horizontal wind. The horizontal
wind shear was varied in the three layers of the tro-
posphere shown in Fig. 1, and the effects of these chang-
es on the structure of gravity waves propagating into
the stratosphere were examined. The primary measures
of changes in the wave activity were the momentum
flux magnitudes and phase speed spectra of eastward
and westward propagating gravity waves at the height
of 15 km. Since the structure of stratospheric gravity
waves showed a strong temporal variation, momentum
flux calculations were performed separately for different
stages of the squall line development to show that the
observed differences were not an artifact of the selected
analysis time. To verify speculations about the inter-
action of wind shear with a thermal forcing, simplified
simulations using a specified heating region as a wave
generator were compared to the squall line simulations.

The following two sections summarize how tropo-
spheric wind shear affects convective gravity wave gen-
eration, and explain why tropospheric wind shear is a
parameter that should be included in future parameter-
izations of convectively generated gravity waves in
GCMs.

a. Wave-generation mechanisms

The squall line simulations and the specified heating
simulations suggest that the vertical extent of the heating
determines the dominant vertical wavelength of the gen-
erated waves, and hence by (10), also determines the
dominant range of the intrinsic phase speeds at the
wave-generation level. The phase speed spectrum of
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waves propagating into the stratosphereisthen modified
by the vertical profile of the horizontal wind.

Low-level shear acts mainly to create an asymmetry
between eastward- and westward-propagating waves,
without changing the dominant range of wave phase
speeds. In asquall line simulation with awestward low-
level jet, the stratospheric eastward momentum flux of
simulated gravity waves was much greater than the
westward momentum flux. This asymmetry is due to
the enhancement of wave propagation in the direction
in which the main storm updraft is tilted as described
in Fovell et al. (1992).

Both the specified heating and full squall line sim-
ulations show that any shear layer above 2.5 km has
three effects on the generated wave spectrum: it acts to
reduce the stratospheric momentum flux of waves prop-
agating in the same direction as the storm-relative mean
wind in the shear zone, it can increase the momentum
flux of waves propagating opposite to the storm-relative
mean wind, and it alters wave group velocity, which
can effectively change the observed wave momentum
flux above the wave source.

Momentum flux phase speed spectra show that the
decrease in wave propagation due to a shear layer lo-
cated in the troposphere occurs in a manner similar to
critical-level filtering. Waves with phase speeds equal
to the storm-relative mean wind in the shear layer are
filtered out and are not present in the stratosphere.

Shear near the top and just over the heating region
can generate an excess of waves propagating opposite
to the storm-relative flow in a manner similar to the
obstacle effect. These waves have relatively low fre-
guencies, o = 0.01 cycles per minute, and low hori-
zontal wavenumbers, k = 0.0075 cycles per kilometers.
The momentum flux of waves generated in this fashion
is very sensitive to the location of the shear layer with
respect to the heating region. The obstacle effect is not
present when the wind shear layer is located strictly
within the heating region rather than near the top and
above it. These results are consistent with the study of
Clark et al. (1986), who found that shear going over
boundary layer convection produced a greater wave re-
sponse than the same strength shear going through the
convection. The momentum flux carried by waves gen-
erated by the obstacle effect also decreases when the
shear layer is moved too high above the heating region.

Kershaw (1995) also found that increased flow
through and over a convective element increases the
wave response. Momentum flux estimates in his study
are, however not easily comparable to the present work,
because wave fluxes with opposite sign were not shown
separately, but were added together.

Third, vertical wind shear significantly alters the ver-
tical group velocity of convectively generated gravity
waves, and therefore aters both the propagation time
from source to analysis level, as well as the amount of
damping waves undergo before reaching the analysis
level. This factor should be taken into account when
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inferring gravity wave-generation mechanisms both
from numerical models as well as observations.
Effects of shear in the upper level of the troposphere
were previously examined by Lane et al. (2001). Their
initial zonal wind profile contained a5 m s—* westward
shear layer located from 14 to 16 km. Through their
gravity wave source tensor analysis, the authors found
the upper shear layer not responsible for any wave gen-
eration and concluded that shear was not important in
the gravity wave—generation process. The analysis pre-
sented in this paper suggests that indeed the upper shear
layer used in Lane et al. (2001) would have little effect
on wave generation: 5 m s~* is not enough wind shear
to produce a pronounced obstacl e effect especially since
the shear is located far above the main heating region.
However, based on the current study, their latter con-
clusion seemsvalid for their particular wind profileonly.

b. Implications for GCMs

Typicaly, GCMs have only included gravity wave
parameterizations appropriate for topographic gravity
waves due to the lack of an accurate understanding of
convective sources. Those that do attempt to parame-
terize convectively generated gravity waves tend to as-
sume that tropospheric convection generates gravity
waves isotropically, carrying equal momentum flux in
al directions (Rind et al. 1988). The simulations per-
formed in this study demonstrated that this assumption
ismost likely erroneous. Chun and Baik (1998) describe
a parameterization that generates waves anisotropically
assuming constant wind flowing over a steady heat
source. The waves generated in this parameterization
are all stationary, like topographic waves, but very un-
like the waves generated in our squall line simulations.

For most tropospheric wind profiles considered, the
distribution of stratospheric gravity waves did not show
east—west symmetry. One measure of wave asymmetry
is the ratio of eastward to westward momentum flux
carried by waves generated in the troposphere. Thisratio
for the low-, middle-, and upper-level shear simulations
averaged over the three stages of storm development
together is shown in Fig. 16. Figure 16 shows that, to
a first-order approximation, the ratio of eastward to
westward momentum flux is dependent only on the
storm-relative mean wind, regardless of the details of
the tropospheric wind profile. This figure also shows
that the generated wave field is seldom symmetric in
the east—west direction; gravity waves propagating rear-
wards relative to the storm usually dominate.

6. Conclusions

Gravity waves generated by convection are generated
throughout the depth of the troposphere. Most of the
wave generation occurs in the region of latent heat re-
lease, however some waves are generated by flow near
the top and over the heating region. Dominant features
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erated symmetrically).

of the phase speed spectrum of convectively generated
waves are determined by the vertical scale of the heating
region, and are modified by the vertical structure of the
horizontal wind.

Shear in the upper layer of the troposphere has the
greatest effect on the wave distribution since it acts to
diminish the momentum flux of gravity waves propa-
gating in the same direction as the stormrelative mean
wind and it increases the momentum flux of gravity
waves propagating opposite to the storm-relative mean
wind. The decrease in wave momentum flux occurs in
a manner similar to critical-level filtering, whereas the
wave generation is caused by the obstacle effect.

Tropospheric wind can aso strongly refract waves
generated by the heating region. Although the momen-
tum flux of waves generated in the troposphere is not
always atered by the shear, a decrease in momentum
flux may be observed in the stratosphere. This effect is
due to the fact that some of the refracted waves have
very small group velocities, and thus require along time
to reach the stratosphere, and suffer from more damping.

Finally, the study has shown that tropospheric wind
shear should be included in future gravity wave param-
eterizations. For most tropospheric wind profiles, grav-
ity waves generated by tropical convection show a
strong asymmetry between the eastward- and westward-
propagating waves. To the first-order approximation,
this asymmetry can be determined by the wind relative
to the storm above the tropospheric heating region.
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