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1 Introduction frequency waves can have implications for storm
propagation and subsequent storm initiation (FO6).
Gravity waves are common features in and aroundr06 showed that the warm moist inflow layer
deep moist convection. These gravity waves aggn be modified by the low frequency waves. The
dispersive and act in response to vertical fluctugbsolute humidity of the inflow layer can be in-
tions in heating and momentum caused by the cajteased which increases the convective available
vection. Two general types of waves can be gengetential energy (CAPE). As the high frequency
ated by these fluctuations: Low frequency mod@gves are generated, they begin to propagate verti-
and high frequency modes (Mapes 1993; Fovelilly but can be reflected allowing the wave en-
et al. 2006, hereafter referred to as F06). Thkegy to remain in the troposphere. Lindzen and
low frequency waves result from the slow, corFung (1976) provided a detailed discussion of a va-
sistent release of latent heat associated with gty of ways mesoscale gravity waves can become
mesoscale structure of the convection. Sporagigpped or ducted in the troposphere. If the high
variations in this heating within the convectivérequency waves can remain in the troposphere,
cells result in the high frequency waves. The lowiey can affect the propagation and evolution of the

frequency waves are hydrostatic; therefore, theisnvective line (i.e. discrete propagation events as
energy cannot propagate vertically. The high frgescribed by F06).

quency waves are not hydrostatic so their energyrne |ack of in-situ measurements around strong
can propagate vertically. convection has required studies like those men-

In many situations, the energy from these higfbned above to rely heavily upon numerical mod-
frequency waves simply passes through the tropgs. Past idealized simulations of squall lines with
sphere and into the stratosphere. However, if th&ding stratiform precipitation have shown roll
vertical profiles of stability and wind shear are fefeatures (eg F|g ]_) that were origina”y thought
vorable, trapping or ducting of the waves can ogy be an artifact of the 2D model geometry (e.g.
cur. Fovell (2002) and others showed that the lofyat used by Parker and Johnson (2004)). However,
frequency waves and other mesoscale circulatiafier modeling results (e.g., FO6; Tripoli and Cot-
can aid in producing favorable profiles for wavgyn 1989a; Tripoli and Cotton 1989b) have shown
trapping in the pre-squall line environment. Thisimilar roll features trapped beneath the leading
pre-line trapping is very similar to the trapping oAnvil suggesting these features are not a numerical
gravity waves by the trailing anvil described b¥yrtifact.
Yang and Houze (1995). Trapping of these high During the 31 May 2003, Bow Echo and
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suring platforms. Wind fields retrieved from tw@.3 Numerical Simulation Setup

airborne Doppler radars show roll features similarh h h and _
to those in the numerical simulations (Fig. 2xx | e Weather Research and Forecasting (WRF)

27 km). The existence of the rolls provides the firQEOdeI’ using the Advanced Research WRF (ARW)

observational evidence of what may be gravi IyS|_cs ::o_re versr:on 2.2 is used for the numeri-
waves trapped below the leading anvil of a squ&ft_Simulation. The WRF Preprocessing System
line. Unfortunately, the time required for each//PS) IS used to produce initial and boundary con-

aircraft flight leg was too long (approximately 2@itions using the North American Regional Re-
alysis (NARR) data. The simulation is run in

minutes) to easily track the rolls and verify, usin n _ _ _
ee dimensions on a domain of 800 km1000

specific wave characteristics, that the featureS™ h d h h directi
are gravity waves. Thus, numerical simulation§™ in the east-west and north-south directions, re-

initialized with observations, are included in thigpec_tlvely (figure 4). The horlzon.tal grid spac-
study to overcome this deficiency. ing is one km. 29 stretched vertical levels are

used, with highest resolution near the surface and

an average vertical grid spacing of 500 m. Radi-
ation, surface flux and boundary layer processes

2 Data, Methods and Event Sum- are included as well as the WRF Single-Moment 6
mary (Hong et al. 2004) microphysics scheme which in-
cludes graupel. The simulation is run for six hours
with the model boundaries being updated by the

21 E
vent Summary NARR data every three hours.

Supercell thunderstorms formed over Wisconsin
around 2130 UTC on 30 May. As_ these storngL Results
moved southeastward, the generation of a precipi-
tation cooled OU'[f'|0.W initiated new convection ang_1 WRF Simulation
the system transitioned to a FFLS MCS by 0200
UTC 31 May (Fig. 3). The gravity wave fea-The simulated squall line produced by the WRF
tures to be investigated occurred during this maturedel has many of the same characteristics as
MCS stage between 0200 UTC and 0330 UThe observed squall line. By 0300 UTC, a ma-
Despite the reduced instability over eastern lllture FFLS squall is located in northern Indiana,
nois and western Indiana (not shown), the FFldisplaced approximately 150 km north of the ob-
system continued to move east/southeastward uséitved squall line (Fig. 5a). Similar to the ob-
approximately 0400 UTC (Fig. 3) when the systeserved case, the WRF squall line has an overturn-
finally decayed. ing updraft and leading stratiform precipitation re-
gion. Both these features are common to other
observed FFLS squall lines (Parker and Johnson
2.2 Observational Data 2004). The simulation also produced precipitation
to the east and north of the main squall line, much
This study uses airborne Doppler radar and grouasl was observed in central Indiana and southern
based radiosonde data collected during BAMEXJichigan (Fig. 5).
Two vertically scanning, X-band (3.2 cm wave- Although the WRF simulation doesn’t repro-
length) Doppler radars were used to sample ttace the squall line identically, we feel the simi-
convective system. Individual flight legs the eadhrities in location, timing and storm type justify
aircraft ranged between 10 and 30 minutes. Theing this WRF simulation to further analyze the
ground based radiosondes were released howdpyall line and the gravity waves. Also, given the
ahead of the convective line. For information corabove similarities, we feel general conclusions gar-
cerning the dual Doppler synthesis and radar datared from the WRF simulation can be credibly
editing see Storm (2005) and Storm et al. (2007)applied to the observed case.
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3.2 Trapped Gravity Waves figure 3) released at 0329 UTC and a wind pro-

o , file derived from the dual Doppler analysis at 0250
Similar to results shown by F06, regions of a$j1c The observed pre-line profile & (Fig. 6a)

cent and enhanced reflectivity are present in thgows that wave trapping can occur between 2.5
observed dual Doppler wind and reflectivity fieldgm ang 10 km. The roll features identified in the
downshear of the main convective region (Fig. 2}y,| poppler analysis occur around 6 km (Fig. 2).
These regions of ascent are postulated to be CUtﬂﬁewise, waves can become trapped between the
updrafts that take the form of gravity waves (buoys 2nq 8 km in the simulated environment (Fig.
ancy r_olls) u_nderneath the_‘ leading a_nvil. Unlike th@o)_ In both cases, the trapping layers are char-
FO6 simulations, the gravity waves in the observeglierizeqd by weak static stability and strong, line-
case do not result in discrete propagation. perpendicular winds (not shown).

However, the waves produced in the WRF Sim- the Scorer method described above is typically
ulation are very similar to the observed featur%p“ed to topographic waves where a sinusoidal
(Fig. Sb at 87W and 86.9W). The simulated waveyge (or series of ridges) is used to force waves.
occur under the leading anvil between 4 km anghqzen and Tung (1976) (hereafter referred to as
7 km in height which also matches well with the176) provide ways in which gravity waves can be
observations. Although the visual aspects of boﬁ}épped in other ways than that described above.
the observed and simulated rolls suggest the fggsg; relevant to this study is ducting of waves by
tures are gravity waves, an analysis of the pre-ligg.qngjtionally unstable layer with shear but with-
environment is necessary to determine if the atmg; 5 steering level. As the speed of the mean flow
sphere is capable of trapping such waves in the fgis o aches the intrinsic windspeed, the amount of
ward anvil. reflection increases. Although the present profiles
do not have true critical levels, they do have lay-
ers in which both the stability and U-c are very
small. Given this, some reflection and refraction of
Reflection or refraction of gravity waves in a layegravity waves is likely occurring under the leading
can occur if the Scorer parametéiis less than the anvil. Notably, where U — ¢ |, and/? — ocosuch
horizontal wave number of the gravity wavé (- that the layers where the LT76 mechanism is active
k% < 0), or if a sharp decrease iR occurs with corresponds to layers of large vertical chang&in
height. Similarly, if two such layers exist, gravitysee Fig. 6).
waves can become trapped between them (Durran
and Klemp 1982). The Scorer parameter (Scorer

3.3 Pre-line Trapping Mechanisms

1949) for the pre-line region is defined as: 4 Summary
9 N2 1 d2U Observations provided by airborne Doppler radars
I~ U —c2 (U—c)de2 (1) during the BAMEX field project show some of

the first observational evidence of gravity waves

whereN? is the subsaturated (N) or saturat¥g, trapped under the leading anvil of a front-fed lead-
Brunt-Vaiséala frequency (Durran and Klemp 1982g stratiform squall line. The wave features have
their equation 5), U is the line normal wind speeiypical gravity wave phase speeds and match well
and c is the wave phase speed. The calculatiorwdth gravity waves produced by numerically sim-
N,, requires the profile of total water mixing raulated convection. Analysis of pre-line profiles of
tio, which has to be estimated from the observéide Scorer parameter show a strong decrease with
radar data. For the model simulation, the total waeight near 10 km providing a layer where the
ter mixing ratio is easily calculated from the miwaves can become trapped.
crophysics scheme. The aircraft flight legs were, on average, be-

The observed pre-line Scorer profile is genegmween 10 and 20 minutes, making tracking of the
ated by combining the Glass sounding (G1 fromaves difficult. A numerical simulation, using
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the WRF model is used as a proxy to help fibcorer, R. S., 1949: Theory of waves in the lee of
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ity waves are produced by the convection. Analy- o

sis of the simulated pre-line profile of the Scorepto'™M: B- A., 2005: Investigation of 31 May 2003
parameter shows that trapping of waves can 0c-MCS with leading stratl_form precipitation from
cur. Although the WRF simulated squall line is not BAMEX. Master's thesis, Department of Geo-
identical to the observed squall line, the simulated SCi€Nces, University of Nebraska, Lincoln, Ne-
line also produced trapped gravity waves. braska.

The roll features in the dual Doppler wind fieldsiorm B A.. M. Parker. and D. Jorgensen, 2007:
during the 31 May 2003 squall line are likely to be 5 ¢onyective line with leading stratiform pre-

trapped gravity waves. This conclusion Strength‘cipitation from BAMEX. Mon. Wea. Rey135,
ens Fovell et al.'s claim that gravity waves can 1759_1785.

exert influence on the forward environment of a

squall line and potentially alter the evolution andripoli, G. J. and W. R. Cotton, 1989a: Numerical
propagation of the line. The FFLS convective study of an observed orogenic mesoscale conve-
mode appears to be ideally suited for the trappingtive system. part I: Simulated genesis and com-

of such waves. parison with observationdlon. Wea. Reyl117,
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Figure 1:Total hydrometeor mixing ratio (shaded) and wind vectors at t=2 h from the 2D control FFLS simulation

of Parker and Johnson (2004).
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Figure 2:Vertical cross-sections of reflectivity (shaded), vertical velocity (contoured) and storm relative winds
at 0300 UTC. The vertical axis is heights MSL (km) and the horizontal axis is distance along the cross-section

(km). Cross section position shown in Fig.



0300 UTC' |

89.0

Figure 3: Composite radar reflectivity (dBZ) from WSR-88D radars and flight paths for flight legs (purple and
red lines): (a) 0100 UTC, (b) 0210 UTC, (c) 0300 UTC, (d) 0410 UTC. Grey line in (c) identifies the cross section
location shown in Fig. The location of the Glass sounding is shown a3.G1.
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Figure 4:Computational domain for the WRF simulation



WRF simulated base reflectivity (shaded) and anvil level (350 mb)
cloud outline (contoured)
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Cross section of simulated radar reflectivity (shaded), cloud outline (blue
contour) and streamlines (black contours) at 0250 UTC.
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Figure 5: (a) WRF simulated base reflectivity and anvil level cloud outline at 0250 UTC. (b) Cross-section
through latitude = 41.3 (solid line indicated on (a)) of radar reflectivity (shaded), cloud outline and streamlines.
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Figure 6: Profiles of Scorer parameter (solid line), line-perpendicular winds (dashed line) and Brunt-Vaisala
frequency (dotted line) for the observed case (a) and the WRF simulation (b).



