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ABSTRACT

On 10 August 2014, a gravity wave complex generated by convective outflow propagated across much of
Oklahoma. The four-dimensional evolution of the wave complex was analyzed using a synthesis of near-
surface and vertical observations from the Oklahoma Mesonet and Atmospheric Radiation Measurement
(ARM) Southern Great Plains networks. Two Atmospheric Emitted Radiance Interferometers (AERI)—
one located at the ARM SGP central facility in Lamont, Oklahoma, and the other in Norman, Oklahoma—
were used in concert with a Doppler wind lidar (DWL) in Norman to determine the vertical characteristics of
the wave complex. Hydraulic theory was applied to the AERI-derived observations to corroborate the ob-
servationally derived wave characteristics.

It was determined that a bore-soliton wave packet initially formed when a density current interacted with a
nocturnal surface-based inversion and eventually propagated independently as the density current became
diffuse. The soliton propagated within an elevated inversion, which was likely induced by ascending air at the
leading edge of the bore head. Bore and density current characteristics derived from the observations agreed
with hydraulic theory estimates to within a relative difference of 15%. While the AERI did not accurately
resolve the postbore elevated inversion, an error propagation analysis suggested that uncertainties in the
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AERI and DWL observations had a negligible influence on the findings of this study.

1. Introduction

Lower-tropospheric gravity waves are ubiquitous and
often take the form of either internal bores or internal
solitary waves. Such gravity waves may be generated by
the disturbance of a surface-based inversion by density
currents in the form of intense cold fronts (Smith et al.
1982; Karyampudi et al. 1995; Hartung et al. 2010), moist
convective outflow (Knupp 2006; Coleman et al. 2009;
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Karan and Knupp 2009), sea-breeze fronts (Clarke et al.
1981; Sheng et al. 2009), or even by the interaction be-
tween convective outflow and sea-breeze fronts
(Wakimoto and Kingsmill 1995; Kingsmill and Crook
2003). The vertical perturbation of the stably stratified
layer generates an oscillatory motion that may propa-
gate ahead of the wave source and be maintained if at-
mospheric wave ducting properties are present. This
wave may take the form of either a bore, a solitary wave,
or a packet of waves (Christie et al. 1979; Crook 1986;
Rottman and Simpson 1989).

The passage of an atmospheric bore commonly in-
stigates sustained modifications to the prewave envi-
ronment (Clarke et al. 1981; Rottman and Simpson
1989; Koch et al. 1991). Initially, air near the surface is
vertically displaced in advance of the bore head. The
vertically displaced air cools adiabatically, creating a
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compact column of relatively dense air aloft, allowing
for an addition of mass in the total atmospheric column
in the evacuated space. Additional mass transported by
the bore contributes to the total increase of mass in the
atmospheric column. Thus, an abrupt increase in surface
pressure occurs as a result of bore passage, which is
hydrostatically consistent with the magnitude of adia-
batic cooling induced by the rising motion. The in-
creased surface pressure gradient causes surface winds
to increase in magnitude and rotate toward the direction
of bore movement. On the back side of the bore head,
downward mixing of horizontal momentum further in-
creases the near-surface winds, while the downward
mixing of potentially warmer air leads to a positive
perturbation in surface temperature. Aside from pres-
sure perturbations, which may be observed at the sur-
face no matter the vertical placement of the wave, the
influences of a solitary wave are similar to those of a
bore, although they are transient and confined to the
vertical region within which the solitary wave resides
(Rottman and FEinaudi 1993; Knupp 2006; Koch
et al. 2008a).

The evolution of gravity wave complexes has been
shown to be dependent upon the prewave kinematic and
thermodynamic environment (Knupp 2006; Koch et al.
2008a,b). Atmospheric bores and solitons generated by
density currents propagate within stable layers near the
ground and are commonly confined to the lowest kilo-
meters of the atmosphere (Rottman and Simpson 1989;
Rottman and Grimshaw 2002). The vertical wind shear
between two stably stratified layers may limit the verti-
cal propagation of gravity waves, with winds orthogonal
to the direction of wave propagation being the most
conducive to wave ducting (Crook 1986, 1988; Rottman
and Simpson 1989; Rottman and Einaudi 1993; Koch
and Clark 1999). These physical relationships are
mathematically explained via the Scorer parameter,
defined here:

) NG} [8°U(2)/02%]
@)= [Uz)-CP U@-C M

where 2 is the Scorer parameter, N is the Brunt—Viisald
frequency, U is the magnitude of the wind in the di-
rection of bore propagation, and C is the propagation
speed of the bore (Scorer 1949). The first term repre-
sents the contribution of stably stratified layers to wave-
energy ducting, while the second represents the ducting
induced by the curvature of the wind. Accordingly, the
spatial characteristics of bores often vary substantially
due to mesoscale variability in near-surface kinematic
and thermodynamic characteristics (Hartung et al.
2010). The study of low-level atmospheric structure is
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therefore essential to understanding the evolution of
such lower-tropospheric gravity waves.

The undular nature of a bore is dependent upon the
ratio of the depth of the bore to the depth of the surface-
based inversion (i.e., bore strength; dyh,') (Benjamin
and Lighthill 1954; Rottman and Simpson 1989). For 1 <
dyhy' <2, undulations are formed following the leading
bore and the bore is undular in form, with energy dis-
sipation dependent upon vertical wave propagation.
These undulations are often observed following the
passage of undular bores as an amplitude-ordered
packet of solitary waves, known as a soliton. The
Morning Glory waves in northeastern Australia are
historically the most commonly cited form of such un-
dular bores (Clarke et al. 1981; Smith et al. 1982; Goler
and Reeder 2004). For increasing bore strength, how-
ever, turbulent motions on the rear side of the bore head
become increasingly important for wave-energy dissi-
pation and inhibit the development of solitary waves
that may form behind the bore (Rottman and Simpson
1989). Of similar concern is the potential for solitary
waves to assist in vertical mixing if the solitary waves
propagate behind a turbulent bore (Koch et al. 2008a).
Knowledge of each wave packet’s evolution is therefore
critical to the assessment of both the characteristics of
the waves and their potential impacts on the surround-
ing environment.

Depending on the wave characteristics, bores and
solitary waves may generate enough vertical motion to
overcome near-surface static stability and generate
moist convection. Multiple case studies have shown
bores to decrease the stability of the boundary layer and
generate vertical motion and turbulent mixing associ-
ated with mass convergence on the leading edge of the
wave (Karyampudi et al. 1995; Koch and Clark 1999;
Coleman and Knupp 2011). The cooling generated by
the vertical motion at the leading edge of the bore can
lead to cloud formation if the atmospheric moisture
content is sufficient. This condensation has been docu-
mented to result in the formation of laminar, roll-shaped
clouds, termed Morning Glory waves in Australia [e.g.,
Haase and Smith (1984) and Goler and Reeder (2004)],
or even strong to severe convection if the free atmo-
sphere is conditionally unstable (e.g., Karyampudi et al.
1995; Koch and Clark 1999; Locatelli et al. 2002; Watson
and Lane 2016).

Because of the complexity of their evolution, bores
and solitons pose significant diagnostic and prognostic
difficulty. The modifications to the atmospheric profile
by bores and solitons and the related potential for moist
convection are difficult to quantify unless specific char-
acteristics of the waves are known (Koch and Clark
1999). High-resolution observations of gravity waves are
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TABLE 1. Properties of observation systems utilized.

Observing system Extracted variables Sampling resolution (min) Location
Oklahoma Mesonet T, T4, w, p, wind speed, wind direction 5 Oklahoma; statewide
ARM surface stations T, T4, w, p, wind speed, wind direction 1 North-central OK
Doppler wind lidar Wind speed, wind direction 2 Norman, OK
AERI T, w, LWP 2 Norman, OK, and Lamont, OK
5

NEXRAD radar Base reflectivity

TLX, DDC, VNX, INX, ICT

therefore crucial for accurate analyses of their evolu-
tion, influences on their surrounding environment, and
their potential to generate moist convection. Recently,
the Plains Elevated Convection at Night (PECAN) field
campaign utilized a high concentration of mesonet sta-
tions and atmospheric profilers to better understand the
relationship between bores and nocturnal deep con-
vection (Geerts et al. 2017).

Previous case studies of lower-tropospheric gravity
waves have used vertical profiling instruments (e.g.,
Knupp 2006; Koch et al. 2008a,b; Martin and Johnson
2008); however, many of the previous studies have ar-
guably been limited by a lack of observations that cap-
ture both the horizontal and vertical evolution of the
waves. The current case is unique due to both the array
of instruments available and the waveform observed.
We utilize the high spatiotemporal resolution of Okla-
homa Mesonet surface observations in concert with
vertical profiling observations from two Atmospheric
Emitted Radiance Interferometers (AERI) and a
Doppler wind lidar (DWL) to provide details on the
four-dimensional evolution of a bore-soliton wave
complex.

Prior to discussing the wave complex, we provide
details of the utilized instruments in section 2. The
prewave environment is discussed using both atmo-
spheric profiles and synoptic weather analyses in section
3, and the wave complex is analyzed using observational
data and hydraulic theory in section 4. Conclusions and
suggestions for future work are provided in section 5. A
discussion of how the uncertainty in the vertical profilers
impacts the analysis is provided in the appendixes.

2. Overview of instruments

We analyzed the evolution of the lower troposphere prior
to, during, and after the gravity wave passage using: 1) the
surface meteorological data provided by the Oklahoma
Mesonet (Brock et al. 1995; McPherson et al. 2007) and
Atmospheric Radiation Measurement stations (ARM;
Stokes and Schwartz 1994; Sisterson et al. 2016), and
2) lower-tropospheric profiles provided by the AERI in-
strument at the ARM site in Lamont, Oklahoma, and the
AERI and DWL instruments at the National Weather
Center in Norman, Oklahoma. See Table 1 and Fig. 1 for an
overview of the observation systems used in this study.

Mesonet Stations
ARM Stations
NEXRAD Radars
AERI/Lidar Profilers

D> e e

FIG. 1. The observation systems that provided data for this study. Data sources included
Oklahoma Mesonet surface stations (5-min sampling; blue circles), ARM surface stations
(1-min sampling; green diamonds), AERI/DWL instruments (2-min sampling; red squares),
and NEXRAD radars (5-min sampling; yellow triangles).
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a. Near-surface observations

Surface observations were primarily available through
the Oklahoma Mesonet, a statewide observation network
maintained by the Oklahoma Climatological Survey
(OCS). The network provides kinematic and thermody-
namic surface data at 5-min temporal resolution, with a
spatial resolution (~40km) far surpassing that of na-
tionally distributed surface observation networks.
Oklahoma Mesonet data are subjected to rigorous
quality-assurance methods that consist of laboratory
calibration, on-site intercomparison, and automated
and manual quality assurance. While the Oklahoma
Mesonet (hereinafter Mesonet) is capable of reporting
and archiving 1-min and finer data, only the standard
5-min data were available for use in this study.

The ARM surface stations used in this study are part of
the ARM Southern Great Plains (SGP; Sisterson et al. 2016)
site in north-central Oklahoma and south-central Kansas.
These instruments automatically collect 1-min-averaged
surface thermodynamic and kinematic data, which are
routinely provided to the Site Data System via high-speed
communications. While ARM has several quality assurance
procedures, including automatic flagging and manual qual-
ity reports, the quality of data for the present study proved
to be questionable at times when compared to Mesonet
data. In the case of questioned data quality, the Mesonet
data were used to adjust ARM data via bias correction.

b. Vertical profiling instruments

1) ATMOSPHERIC EMITTED RADIANCE
INTERFEROMETER

The AERI is a passive infrared interferometer that
measures downwelling atmospheric radiance at 1cm !
resolution between 3.3 and 19.2 um (Knuteson et al. 2004a).
The interferometer samples atmospheric radiance every 2 s,
although multiple samples (typically 12s) are averaged to
reduce the random noise. A principal component-based
noise filter (Turner et al. 2006) is used to reduce the mag-
nitude of the random error in the observed spectra. Periodic
automated calibration using two internal blackbodies re-
sults in absolute radiance measurement uncertainties of less
than 1% from the ambient radiance (Knuteson et al.
2004b). One of the blackbodies is maintained at a constant
temperature of 60°C while the other’s temperature is al-
lowed to fluctuate with the ambient atmospheric tempera-
ture. The use of a blackbody at ambient temperature
ensures that the AERI is calibrated to a temperature re-
sembling atmospheric conditions (Feltz et al. 2003;
Knuteson et al. 2004b).

The downwelling infrared radiance (the observation
vector) is sensitive to the atmospheric temperature,
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water vapor, liquid water path, and cloud droplet ef-
fective radius (the state vector). An optimal estimation—
based retrieval algorithm (AERIoe), developed by
Turner and Lohnert (2014), is an iterative Gauss—
Newton retrieval technique that uses a forward radiative
transfer model to compute an estimate of the obser-
vation vector from the state vector. The state vector is
then iteratively adjusted until convergence is achieved
between the forward calculation and the observation
vector. To provide a full error characterization of the
retrieved solution, AERIoe propagates uncertainty in
the AERI radiance observations, the prior dataset used
to constrain the retrieval (which is a climatology of ra-
diosonde profiles from the ARM SGP site), and the
forward model.

The AERIoe algorithm uses a synthesis of profiles of
temperature and mixing ratio derived from a climatol-
ogy of radiosondes released from the ARM SGP site to
create an a priori probability density function (PDF).
This PDF is used to constrain the state vector to stabilize
the retrieval process and improve solution derivation
efficiency. The retrievals are performed with a statically
defined vertical grid, with the resolution ranging from
25m near the surface to approximately 800m at 3km
above the surface (Turner and Lohnert 2014).

2) DOPPLER WIND LIDAR

The DWL located in Norman, Oklahoma, is a Halo
Streamline unit, which emits pulses of 1.5-um wave-
length laser energy (Pearson et al. 2009) and captures
observations on a consistent gate size of 18 m. The DWL
measures the radial velocity by measuring the Doppler
shift of the laser’s energy in the backscattered return.
The primary scatterers at this wavelength are aerosol
particles, which are small and can be used as tracers of
air motion. This lidar has a three-dimensional scanner,
which allows measurements anywhere in the hemi-
sphere above the lidar. An eight point plane-parallel
indicator (PPI) scan is performed at a specified elevation
angle (e.g.,40° or 70° as in the case of the Norman DWL)
every 2min, from which horizontal wind speed and di-
rection are derived using the velocity—azimuth display
(VAD) technique.

While the VAD method is effective at measuring both
horizontal wind speed and direction, it inherently in-
troduces error for complex phenomena such as gravity
waves. The VAD technique assumes horizontal cross
sections of the conical volume sampled during the PPI scan
to be homogeneous (Lundquist et al. 2015). However, for
phenomena such as gravity waves where inhomogeneities
in the kinematic profiles may exist during the PPI scan,
the VAD assumption of homogeneity reduces the ability
to capture the maxima and minima of the kinematic field.
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F1G. 2. NEXRAD WSR-88D composite reflectivity data at (a) 0700 and (b) 0920 UTC 10 Aug 2014. Reflectivity
values below 8 dBZ were filtered out to emphasize the reflectivity returns of the density current and wave packet.
The current and wave features are identifiable by the southwest-northeast-arcing bands in low (generally
8-20 dBZ) reflectivity values. The gray northern and southern stars represent the locations of the ARM SGP
(Lamont, OK) and National Weather Center (Norman, OK) locations, respectively.

As such, we only used the PPI scan collected at 70° ele-
vation to reduce the conical volume sampled by the beam
and hence the smoothing of the kinematic field.

3. Preevent analysis

On 10 August 2014, wavelike features in northern
Oklahoma were visible as fine lines on NEXRAD WSR-
88D (Klazura and Imy 1993) displays beginning at ap-
proximately 0700 UTC, or 0200 LT (Fig. 2). An outflow
boundary originated from a nocturnal mesoscale con-
vective system in south-central Kansas and propagated
south-southeastward into north-central Oklahoma. As the
outflow boundary entered Oklahoma, another fine line
of radar reflectivity—the suspected bore—appeared to
gradually separate itself from the outflow boundary
and propagate independently (Fig. 2a). Additional fine
lines formed behind the leading wave, with the de-
veloped wave packet propagating southeastward as an
arc throughout Oklahoma during the remainder of the
nocturnal hours (Fig. 2b). As will be shown, the outflow
boundary and wavelike features took the form of a bore
and soliton induced by a convectively generated density
current.

a. Synoptic conditions

At 0000 UTC 10 August 2014, a low-amplitude, mid-
level short-wave trough translated over the Texas Pan-
handle and initiated lee cyclogenesis in eastern Colorado
and western Kansas. Subsidence in the right-exit region
of the associated jet streak induced clear skies over much
of Kansas and Oklahoma. The clear skies likely led to
strong radiative cooling and the development of a
surface-based inversion. By 0600 UTC, the north-south
orientation of the low-level trough axis favored a south-
southwesterly oriented low-level jet. Persistent warm air
advection between 900 and 700mb (1mb = 1hPa)
warmed the atmosphere atop the radiatively cooled

planetary boundary layer. A maximum in surface equiv-
alent potential temperature existed in north-central
Oklahoma. Atmospheric moisture increased from the
southwest to the northeast between the surface and
850 mb, while an elevated mixed layer was advected atop
this low-level moisture plume (Fig. 3).

By 1200 UTC, the low- to midlevel atmospheric winds
veered as the midlevel short-wave trough progressed
into east-central Kansas (Fig. 4). Weak, southwesterly
near-surface winds advected drier air from the Texas
Panhandle eastward into Oklahoma. As midlevel winds
veered significantly to a northwesterly direction, down-
ward mixing of momentum and eastward translation of
the lee cyclone contributed to veering of the low-
level jet.

b. Prebore vertical profiles

A preevent analysis of radiosonde, AERI, and DWL
atmospheric profiles suggested the presence of a low-
level ducting layer at both Lamont and Norman, Okla-
homa, at 0600 UTC (0100 LT). This ducting layer was
diagnosed from a rapid increase in Scorer parameter
[Eq. (1)] between the surface and 225m, with a rapid
decrease in the Scorer parameter just above this level
(Fig. 5). Further, vertical profiles of the Brunt—Viisalld
frequency suggested a near-surface inversion was pres-
ent prior to the passage of the gravity waves (not
shown). While the initial generation of waves required
the presence of this inversion, the atmospheric stability
likely did not directly contribute to the ducting layer.
Instead, the contribution of the curvature term to the
Scorer parameter was several orders of magnitude
greater than the stability term, which suggests that the
low-level jet was primarily responsible for the wave-
energy ducting (Fig. 5). No critical layer, or layer where
the wind component orthogonal to the direction of the
bore movement is equivalent to the propagation speed
of the bore, was observed in the prebore vertical profiles.
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FIG. 3. North American Regional Reanalysis (NARR) data at 0600 UTC 10 Aug 2014 from (a) 700 mb,
(b) 850 mb, (c) 900 mb, and (d) 10 m above ground level. The following information is detailed on each plot:
isohypses in solid black (alternatively, isobars for near ground); isotherms in dashed red; wind speed shown by barbs

in units of ms™!

(near ground) in fill.

4. Event analysis

The influences of the density current and gravity
waves on the near-surface atmosphere were deduced
using observations from the Oklahoma Mesonet and
ARM SGP sites. Determination of the wave type is
possible using surface observations alone: the pertur-
bations of near-surface variables may be used to ap-
proximate the vertical influences of hydrostatic waves
(e.g., through hydraulic theory) (Christie et al. 1979;
Koch et al. 1991). Four-dimensional analyses, however,
require the inclusion of vertical profiling instruments.
The AERI and DWL instruments were therefore es-
sential to the evaluation of the vertical evolution of
thermodynamic and kinematic variables and the overall
characteristics of the gravity wave complex.

a. Radar, ARM, and Mesonet observations

1) SURFACE DATA COLLECTION

The difference in the temporal resolution of the ARM
(1min) and Mesonet (5min) observations presented a
unique opportunity to compare the ability of 5-min data
to that of 1-min data in adequately resolving the finescale
meteorological features associated with gravity waves.

; relative humidity (700 mb), dewpoint (850 and 900 mb), and equivalent potential temperature

Aside from the comparative analysis, the Mesonet and
ARM surface data were utilized in conjunction with the
NEXRAD WSR-88D network to estimate the temporal
evolution of the gravity wave complex.

When documenting perturbations in near-surface vari-
ables, NEXRAD WSR-88D data were used to determine
the time of radar-depicted fine line passage over a site.
Only the Mesonet and ARM stations that were passed
over by the radar-depicted fine lines of the density current
or bore were considered relevant to the study. Data from
surface stations influenced by precipitation were discarded
from the dataset to limit the inclusion of precipitation-
induced perturbations in surface variables.

The presence of waves was diagnosed by observing
perturbations in surface pressure p, temperature 7, and
water vapor mixing ratio w measured at 1.5m. The base
state and postwave values were documented to analyze
the magnitude of wave-induced perturbations. As an
example, the decomposition of an arbitrary variable X is
defined as

X=X+X', )

where X is the base (i.e., prewave) state of a variable and
X' is the perturbation from the base state following
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FIG. 4. As in Fig. 3, but at 1200 UTC 10 Aug 2014.

wave passage. A density current was identified by an
observed positive perturbation in pressure with a sub-
sequent negative perturbation in temperature and/or
mixing ratio, while bore passage was identified via
positive perturbations in both surface pressure and
temperature [signatures identified in previous litera-
ture, e.g., by Koch et al. (1991)]. While density currents
may induce a positive perturbation in mixing ratio
under certain conditions, in this case the density cur-
rent was characterized by negative perturbations from
the prewave state.

2) SURFACE DATA ANALYSIS
(i) Spatial analysis

Perturbations associated with the density current or
bore passage were converted into tendencies by dividing
the perturbation magnitude by the perturbation dura-
tion, yielding time derivatives of pressure p, tempera-
ture 7, and mixing ratio w. The perturbation duration
was defined as the time elapsed between the initial de-
viation from the prewave state and the succeeding point
of maximum curvature in the time series, which typically
corresponded to the maximum perturbation. Pressure
and temperature tendencies associated with the passage
of the density current and gravity waves were plotted for
all relevant surface stations to visualize the spatiotem-
poral evolution of both features (Figs. 6 and 7), where

the 5-min Mesonet data are denoted as empty circles
and 1-min ARM data are denoted as hatched circles.

Large, negative temperature tendencies (blue) in
northern Oklahoma defined the peak strength of the
density current, which weakened in magnitude as it
propagated to the southeast and became diffuse. The
bore was evident in both the ARM and Mesonet surface
data, with positive temperature tendencies (red) de-
creasing in magnitude as the bore propagated southeast
(Fig. 6). Both bore- (brown) and density current—
induced (blue) pressure tendencies (Fig. 7) were ap-
proximately proportional to the temperature tendencies
observed at the same station (Fig. 6). This agreement
should be expected, given that stronger bores tend to
have more significant turbulence in the following wake
and thus may mix a larger quantity of potentially
warmer air toward the surface (Rottman and Simpson
1989; Koch et al. 2008a). The magnitudes of the pressure
and temperature tendencies were also spatially corre-
lated, decreasing in value as the bore and density current
progressed southeastward.

The temperature and pressure perturbations for both
the density current and bore are marginally correlated
(correlations of —0.41 and 0.38, respectively; both sig-
nificant beyond the 95th percentile) (Fig. 8a). While
there appears to be no definitive theory proposed by
previous literature explaining these correlations, we
speculate on this topic in the discussion and conclusions
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FI1G. 5. Radiosonde-derived vertical profiles of the Scorer param-
eter (solid blue), and individual curvature (dashed red) and stability
(dashed green) terms. The radiosonde was launched at 0533 UTC at
Lamont, approximately 2 h before gravity wave passage.

section of the paper (section 5). A statistically significant
correlation (—0.61) also existed between the magnitudes
of mixing ratio and pressure tendencies for the density
current; however, no significant correlation between
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these two variables exists for the bore (Fig. 8b). The
reason for the lack of correlation between the mixing
ratio and pressure tendencies for the bore is unclear,
although this lack of correlation may be case specific
based on the inconsistent results presented by previous
literature [e.g., sustained perturbations in mixing ratio
that are positive, as in this study (Fig. 9c); negative in the
case of Hartung et al. (2010); or a more complex com-
bination of negative and positive perturbations shown in
Koch et al. (2008a)].

The qualitative similarities between the 1- and 5-min
data demonstrate the effectiveness of the lower-
resolution observations in diagnosing the presence of
atmospheric bores, as the temperature tendencies de-
rived from the 1-min (ARM) and 5-min (Mesonet) data
are similar in magnitude. However, the relatively higher
values in ARM-derived pressure tendencies suggest that
the 5-min data do not always accurately depict the
quantitative characteristics of the bore. We believe this
to be the result of pressure perturbations occurring more
rapidly than temperature perturbations in this case,
which may have led to a greater chance of pressure
perturbations not being resolved by the lower-
resolution data.

(ii) Time series analysis

The time series of thermodynamic perturbations (i.e.,
p, T, and w) were defined as deviations from the ob-
served prewave base state [Eq. (2)]. The perturbation
time series from three Mesonet stations extending along
the path of the wave complex were compared to the
closest ARM station to analyze the importance of tem-
poral resolution (Fig. 9). The Mesonet and ARM

FIG. 6. Temperature tendency (d79¢™!) induced by the density current (<0, blue) and bore
(>0, red), as observed by 1-min ARM (hatched) and 5-min Oklahoma Mesonet (hollow)
surface stations. Locations a, b, and c on the black line correspond to Mesonet stations used for
the similarly labeled perturbation meteograms in Fig. 9.
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FIG. 7. As in Fig. 6, but for pressure tendency (>0, dpdt~') induced by the density current
(blue) and the bore (brown).

stations were each approximately 10km apart, which
may have introduced a source of error into the analysis,
although Figs. 6 and 7 suggest the bore had fairly con-
sistent characteristics over such a distance.

At the northwesternmost station (Medford, Okla-
homa; Fig. 9a), the bore was identified by pronounced
positive perturbations in pressure and temperature be-
ginning at ~0655 UTC. A density current signature
followed immediately thereafter, in this case signified
by a positive pressure perturbation coincident with a
decrease in temperature and mixing ratio. Based on the
ARM data, multiple oscillations in surface pressure
occurred after the passage of the density current, sug-
gesting additional waves existed atop the current. Pre-
vious literature has found waves propagating atop
density currents to be of either Kelvin-Helmholtz (e.g.,
Droegemeier and Wilhelmson 1987; Nasr-Azadani and
Meiburg 2015) or solitary wave type (e.g., Koch et al.
1991), although no kinematic profiles were available
near the Medford site and thus the nature of these waves
cannot be investigated at this location.

Pressure and temperature signatures observed at the
second station at ~0830 UTC (Perkins, Oklahoma;
Fig. 9b) are indicative of a leading bore and a trailing
soliton (i.e., an undular bore). The oscillations in 1-min
surface pressure following the bore passage and prior to
the density current passage suggest the presence of sol-
itary waves, although no near-surface perturbations in
mixing ratio and temperature were evident. In contrast
to the Medford data, no additional waves were evident
at Perkins following the passage of the density current.
Observations at Okmulgee, Oklahoma (Fig. 9c), showed
smaller perturbations in the 1-min data in comparison to
stations a and b, which suggests that the gravity wave
complex weakened as it propagated southeast. The lack

of perturbations in near-surface mixing ratio and tem-
perature associated with the solitary waves suggests that
they were either elevated and did not directly influence
the near-surface environment or that the boundary layer
was well mixed (i.e., the mixing ratio and potential
temperature were vertically constant). No density cur-
rent signature was observed at Okmulgee. Further,
based on the lack of sustained modifications in the
near-surface pressure and temperature southeast of
Okmulgee (Figs. 6 and 7), the leading wave lost its bore
characteristics when solar insolation began destabiliz-
ing the surface after sunrise at ~1140 UTC. While
pressure perturbations still occurred southeast of
Okmulgee (not shown), no surface temperature
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FIG. 8. Pressure tendency (dpdr 1) vs (a) temperature tendency
(8Tat™) and (b) mixing ratio tendency (dwdt™!) associated with
the density current (blue) and bore (red), as observed by both
ARM (diamonds) and Mesonet (circles) surface stations. The
gradient in color saturation corresponds to increasing UTC time,
from early (saturated fill) to late (white fill) in the event.
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FI1G. 9. Time series of density current-induced and/or bore-induced perturbations from the prewave base state (defined as time f,) of
pressure (hPa, green), temperature (K, red), and mixing ratio (g kg ', blue) at neighboring ARM (dashed) and Mesonet (solid) stations in
(a) Medford, OK (#, = 0635 UTC), (b) Perkins, OK (#, = 0815 UTC), and (c) Okmulgee, OK (#, = 0955 UTC). Refer to Fig. 6 or 7 for
locations of the Mesonet and ARM stations. The white arrows denote the time of passage of the bore (‘bore”) and density current
(“DC”). Data presented in the reference frame of the bore (i.e., time increases from right to left).

perturbations occurred, which suggests the leading
wave was no longer a bore.

Based on the disparities between the 1- and 5-min
data in Fig. 9, it is apparent that the 5-min data do not
accurately depict the perturbations caused by the bore
and trailing soliton. In fact, the 5-min data do not cap-
ture any solitary waves following the passage of the bore
at Perkins, whereas the 1-min data suggest the presence
of at least one solitary wave (Fig. 9b). This deficiency is
likely due to the inability of the 5-min data to resolve the
solitary wave, which has a period of approximately
10 min. The 5-min averaging window of Mesonet data
would therefore dilute the solitary wave signature and
limit the ability to infer the presence of any solitary
waves. We suggest a required minimum of four data
points per wave passage to ensure that the presence of
each wave could be deduced by capturing extrema in p,
T, and w—this would require a sampling resolution of
2.5 min in this case.

b. AERI and lidar observations

1) LAMONT, OKLAHOMA

At the ARM central facility near Lamont, an AERI
was used as the primary source of vertical profiling in-
formation. A DWL was not available at the Lamont
facility, so vertical profiles of the Scorer parameter could

not be derived. However, vertical profiles of thermo-
dynamic variables still provided sufficient information
for analyzing the time-height cross-sectional charac-
teristics of the bore and density current.

(i) Prewave

While the water vapor mixing ratio within the noc-
turnal boundary layer progressively increased prior to
bore passage, the free atmosphere relative humidity was
at or below 50%. Additionally, a surfaced-based in-
version had developed in response to radiative cooling,
which thereby marked an increase in near-surface sta-
bility. The inversion was not as strong as in other strong
bore cases (e.g., Karyampudi et al. 1995; Koch et al.
2008a; Hartung et al. 2010), but this apparently was not a
significantly limiting factor given the eventual develop-
ment of a gravity wave packet. Because of the lack of
DWL at the Lamont location, it is relatively uncertain
whether a favorable ducting layer existed atop the
nocturnal boundary layer at this time in the bore life
span. Based on the synoptic analysis, however, a favor-
ably oriented low-level jet existed and likely contributed
to the development of such a ducting layer (Fig. 3).

(it) During and postwave

Bore-related influences at Lamont were first observed
at approximately 0720 UTC (0220 LT) with the density
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F1G. 10. Thermodynamic variables retrieved from the AERI near Lamont, OK, between
0700 and 1200 UTC. (a) Time-height cross section of mixing ratio (gkg '), (b) time-height
cross section of temperature (K), (c) time-height cross section of potential temperature
(K) with select adiabats delineated with white contours, (d) AERI-level pressure (hPa) at
approximately 30m AGL, and (e) liquid water path (g m~?). Periods when the AERI hatch
was closed due to rainfall are denoted by a black bar. Pressure values were calculated via the
hypsometric equation using state vector data from the AERI. The white arrows denote the
time of passage of the bore (“bore’) and density current (“DC”), while the white bracket
denotes the period of elevated wave influence. Data are presented in the reference frame of

the bore (i.e., time increases from right to left).

current passage at 0730 UTC (Fig. 10). At heights above
0.2km, rapid negative temperature perturbations oc-
curred on the front side of the bore head, while positive
pressure perturbations occurred from 0.2 to 1.5km
above the surface (Fig. 11). The presence of the bore was
identified by negative temperature perturbations aloft
occurring simultaneously with a vertical lifting of the
potential temperature profile, suggesting this cooling
was the result of layer lifting rather than cold air ad-
vection. Thereafter, the density current passed over
Lamont, and the thermodynamic influences of the bore
were no longer evident.

Based on the brevity of the postbore surface warming
event between 0725 and 0730 UTC, it appears the rear
side of the bore head coincided with the front of the
density current, which limited the typical bore-induced
downward mixing of potentially warmer air. However, a
brief, rapid increase in low-level temperature was ob-
served at ~0730 UTC that resulted from subsiding po-
tentially warmer air on the rear side of the bore head
collocated with compressional warming in advance of
the density current [a phenomenon similarly observed
with cold fronts, e.g., Hartung et al. (2010)]. Shortly

thereafter, negative temperature perturbations were
observed within the entire 0-1.5-km column, with pro-
gressive cooling of the near-surface layer between
~0730 and 0930 UTC likely caused by cold air advection
within the density current (Figs. 10b,c and 11). It is in-
teresting to note that the shape of the density current
appears to be identifiable by the positive pressure per-
turbations in the time-height cross section (Fig. 11a), as
this period also coincided with the occurrence of low-
level temperature advection.

Multiple elevated waves appear to have propagated
atop the density current, visible via oscillations in liquid
water path (LWP) and the adiabats within the 0.4-1.5-km
layer (Figs. 10a,c). Immediately following the passage of
these elevated waves (~0830 UTC), the temperature
profile and surface pressure began to return to their base
state (Fig. 11), suggesting these elevated waves were ei-
ther gravity waves or generated by Kelvin—-Helmholtz
instability. We further suggest that the quasi-permanent
increase in surface pressure at this location (between
~0720 and 0830 UTC) was caused by near-surface cold
air advection associated with the density current, rather
than the result of an undular bore.
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FI1G. 11. Perturbations of (a) pressure (Pa) and (b) temperature (K) from the pre-gravity
wave base state, defined as 0700 UTC, derived from data from the Lamont, OK, AERI.
Pressure values were calculated via the hypsometric equation using state vector data from the
AERI. The dashed blue line denotes instances in individual vertical profiles with zero de-
viation from the base-state values. Adiabats are plotted at intervals of 2 K. Periods when the
AERI hatch was closed due to rainfall are denoted by a black bar. The white arrows denote
the time of passage of the bore (“bore’’) and density current (“DC”), while the white bracket
denotes the period of elevated wave influence. Data are presented in the reference frame of

the bore (i.e., time increases from right to left).

2) NORMAN, OKLAHOMA
(i) Prewave

The bore arrived at Norman approximately 2.5 h after
arriving at Lamont, which extended the period of radi-
ative cooling and increased the associated strength of
the surface-based inversion. Vertical kinematic profiles
derived from the DWL in Norman (Fig. 12) suggested
that by the time the bore arrived at Norman, the
low-level jet had strengthened in comparison to the
0600 UTC synoptic analysis (Fig. 4). This strengthening
of the low-level jet likely enhanced the shear-induced
ducting layer located atop the nocturnal boundary layer,
especially given the calm winds near the surface (data
not shown). The nocturnal boundary layer had become
nearly saturated prior to bore passage, but was overlaid
by significantly drier air, similar to Lamont. We suggest
this drier air likely contributed to the limited longevity
of moist convection in comparison to locations in east-
ern Oklahoma (sparse convection shown in Fig. 2).

(ii) During and postwave

As depicted in Figs. 6 and 7, the density current had
become diffuse by the time it propagated into central
Oklahoma. Following the initial wave passage over
Norman at ~0950 UTC (0450 LT), profiles of the hori-
zontal wind components (Figs. 12a—c), mixing ratio
(Fig. 13a), and temperature (Figs. 13b,c) show sustained
modifications to the near-surface environment, sugges-
tive of a bore passage. Specifically, the presence of a

bore is evidenced by sustained positive perturbations of
near-surface temperature and pressure from the pre-
wave environment and the rotation of the near-surface
winds toward the direction of the wave movement fol-
lowing the passage of the wave (Figs. 12-14).
Oscillations in both the kinematic and thermody-
namic variables persisted following the bore passage
(Figs. 12 and 13). The near-surface potential tempera-
ture profile at Norman was not disturbed by these os-
cillations, and given that the boundary layer was not well
mixed as indicated by the presence of a vertical gradient
in potential temperature, this lack of disturbance sug-
gests that the postbore waves did not extend to the
surface (Fig. 14). We further conclude these waves could
not have originated from Kelvin—-Helmholtz in-
stabilities, given that the gradient Richardson number
(not shown) was greater than the critical threshold for
Kelvin—-Helmholtz wave formation of 0.25 (Fritts and
Rastogi 1985). These factors suggest that an elevated
soliton was present. However, the waveform of the sol-
iton deviated from the amplitude ordering of typical
undular bores: it is apparent that the solitary waves were
not amplitude ordered, and the amplitude of the waves
increased from the first to the fourth solitary waves,
thereafter decreasing with each subsequent wave.
Based on the derived Scorer parameter cross sections
(Fig. 15), a prominent wave duct existed with a height
between 0.4 and 0.5km above the surface prior to the
bore passage. It appears that a second persistent ducting
layer existed within an elevated shearing layer following
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FIG. 12. Vertical kinematic profiles derived from the Norman, OK, DWL of (a) bore-tangential wind speed,
(b) bore-orthogonal wind speed, (c) vertical motion, and (d) fractional component of the wind in the direction of
bore propagation. The coordinate system was transformed with the positive y axis oriented toward the direction of
bore movement when passing over Norman (the bore was moving toward the south-southeast at approximately
150° from true north). The white arrow denotes the time of bore passage (‘‘bore’’), while the black brackets denote
the period of soliton influence. Data are presented in the reference frame of the bore (i.e., time increases from right

to left).

the bore passage. The center of the elevated ducting layer
resided approximately 1.0km above the surface and is
visible via the vertical shearing of the bore-orthogonal
wind component (Fig. 12) atop the layer of sustained bore
influence (i.e., the layer below ~0.8-1.0km AGL). This
postbore ducting layer is likely not a violation of the
linear assumptions necessary to derive the Scorer pa-
rameter. Rather, the postbore environment may be con-
sidered as a new base state, wherein the flow is mostly
independent of the perturbations. This ducting layer,
primarily induced by the curvature of the wind, was
therefore likely generated by the development of an el-
evated inversion following the passage of the bore. The
atmosphere below the elevated inversion would have
been modified by the bore, whereas the free atmosphere
above the inversion would have maintained its prebore
characteristics. The resultant enhanced wind shearing is
evident in both the kinematic and Scorer parameter
profiles (Figs. 12 and 15). The background large-scale
subsidence, as discussed in section 3a, likely led to the
gradual descent of this postbore elevated ducting layer.

The solitary waves propagated within the elevated
inversion, which we suggest was generated by the pas-
sage of the bore. Under the assumption that the vertical
motion associated with the bore was adiabatic, layers
vertically displaced by the bore may be identified by the
vertical redistribution of potential temperature. In par-
ticular, the vertical displacement of adiabats visible in
Fig. 14 suggests that the near-surface inversion was
vertically displaced by the bore. Contraction of the
adiabats between 0.5 and 1.0km suggests that the in-
version was predominantly relocated to this layer of the
atmosphere. Further, Karyampudi et al. (1995) and
Koch and Clark (1999) found that the vertical dis-
placement induced by bores varies according to an ap-
proximately parabolic function. This would lead to a
relative compression of adiabats above the height of
maximum vertical displacement, which would further
contribute to the development of an elevated inversion.
We therefore suggest that the elevated inversion formed
via the combination of the following: 1) the vertical
displacement of the original surface inversion, and 2) the
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FIG. 13. As in Fig. 10, but for the Norman, OK, AERI between 0900 and 1200 UTC. Black
bars denote time periods when AERI observations were significantly attenuated. The white
arrow denotes the time of bore passage (‘‘bore’), while the white bracket denotes the period

of soliton influence.

relative compression of adiabats above the height of
maximum bore-induced ascent.

While a potential third ducting layer was periodically
observed near the surface following bore passage (0.1-
0.3 km; 1000-1100 UTC), oscillations in the strength of
this feature appear to coincide with the kinematic oscil-
lations induced by the solitary waves (Figs. 12¢ and 14).
As such, we believe that this feature was caused by the
circulation within the waves themselves, and therefore

1030
Time (UTC)

would not have contributed to the ducting of the
wave. The lack of a persistent ducting layer below the
waves therefore provided a pathway for wave-energy
dissipation.

¢. Hydraulic theory considerations

In a stratified atmosphere, a density current may
generate a hydraulic jump, which may take the form of an
atmospheric bore. Hence, hydraulic theory is applicable

FIG. 14. As in Fig. 11, but for the Norman, OK, AERI between 0900 and 1200 UTC. The
pre—gravity wave base state was defined as 0900 UTC. Black bars denote time periods when
AERI observations were significantly attenuated. The white arrow denotes the time of bore
passage (“bore”), while the white bracket denotes the period of soliton influence.
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FIG. 15. Temporal cross sections derived from the Norman, OK, AERI and DWL obser-
vations of the individual (a) stability and (b) curvature terms of the (c) Scorer parameter.
Positive values are shaded red, while negative values are shaded blue. The white arrow de-
notes the time of bore passage (‘‘bore”), the bracket denotes the period of soliton influence,
and the dashed rectangle denotes the elevated ducting layer. Data are presented in the ref-
erence frame of the bore (i.e., time increases from right to left).

to bores and may be used to help validate observationally
derived conclusions; detailed discussions of the deri-
vations of hydraulic theory may be found in Rottman
and Simpson (1989), Koch et al. (1991), Koch and
Clark (1999), and Koch et al. (2008a). The presented
form of hydraulic theory, originally derived by
Rottman and Simpson (1989), considers only cases of
gravity waves being bound from above by a ducting
layer and below by a solid ground interface. The
presented theory is therefore not applicable to the
elevated soliton, and was applied only to the density
current and bore in northern Oklahoma where the
bore had recently propagated ahead of the density
current. Furthermore, the application of hydraulic
theory to observed bores should be strictly applied in a
qualitative sense only, owing to complexities arising
from the neglect of mixing, turbulence, wind shear,
moisture, leakage of wave energy, and any non-
hydrostatic effects. As a source of validation for the
usage of hydraulic theory for this case, we compared
the theoretically derived quantitative results to those
derived from observations.

Rottman and Simpson (1989) defined the strength of
the bore to be a function of two nondimensional pa-
rameters: 1) the Froude number (Fr) and 2) the ratio of
the depth of the density current to the depth of the in-
version layer:

_U_Cdc_U_Cdc_ U_Cdc
Fr= C = m = PRVTENG and (3)
gw (g ()) (g 0 Hevw
d
D, =t @)
0 hO

In this case, Cq. is the observed density current propa-
gation speed, C,,, is the propagation speed of a hydro-
static wave, N is the Brunt—Viisild frequency, Ay is the
precurrent inversion layer depth, dg. is the depth of the
density current measured behind the head of the current,
and 6., is the virtual potential temperature on the warm
side of the density current. The density current depth dg,
density current propagation speed Cq., and gravity wave
propagation speed C,, may be calculated using expres-
sions dependent only upon physical variables (Rottman
and Simpson 1989; Koch et al. 1991, 2008a):
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Multiple forms of the relationships derived by Koch
et al. (1991) have been provided for thoroughness, al-
though the first forms of Egs. (5) and (6) were used for
the calculations of dy. and Cyqc, respectively. Here, Ap is
the hydrostatic portion of the bore-induced pressure
increase, the w(c) subscript defines variables on the
warm (cold) side of the density current, and A6, is
the change in virtual potential temperature across the
surface-based inversion ahead of the bore. Addition-
ally, bore depth and bore propagation speed may be
calculated using the following equations (Rottman
and Simpson 1989; Koch et al. 1991; Koch and Clark
1999):
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TABLE 2. Physical variables used for Lamont, Oklahoma, hydraulic theory calculations.

Variable Value (units) Descriptor Data source; calculation method
Density current related
ho 400 (m) Initial inversion depth AERI data and 0600 UTC LMN radiosonde
Oyw 306.5 (K) Virtual 6 on warm side of density current Mesonet surface observations; calculated
Oyc 300.0 (K) Virtual 6 on cold side of density current Mesonet surface observations; calculated
Ap 3 (hPa) Change in pressure across density current Mesonet station raw pressure data
U 33 (ms™!) Stable layer current orthogonal wind speed Mesonet; 0600 UTC LMN radiosonde
Cac 21.1 (ms™ 1) Density current propagation speed Visual estimation from radar
dge 1050 (m) Density current depth AERI data; p’, T', w cross sections
Gravity wave related
0, 304 (K) Avg prebore virtual 6 AERI data; 6, w cross sections
A6, 8.16 (K) Change in virtual 6 across inversion AERI data; 6, w cross sections
H 14100 (m) Tropopause depth 0600 UTC LMN radiosonde
Cp 22.0 (ms™ 1) Bore propagation speed Visual estimation from radar
d, 1200 (m) Bore depth AERI data; p’, T', w cross sections
Ap 11730 (m) Bore wavelength AERI; Periodicity multiplied by C,
d, d, 12 1) surface meteogram observations, which show the
¢, = ng [<ﬁ) (1 + h_>] » and ®) density current resided nearly immediately behind the
. 0 0 ) bore (Fig. 9a); and 2) the observed and theoretically
d = 8466, d,(d, + hy)2Hhy — d; — d,h) 9) calculated density current and bore propagation speeds,
b 4h§H which suggest that the bore was only propagating

The variable values input into Egs. (3)—(9) are provided
in Table 2, and the calculated bore and density current
characteristics are listed in Table 3.

Of primary consideration is the ability for the de-
veloped bore to propagate ahead of the density current.
Haase and Smith (1989) determined this separation to
depend on the p parameter, defined as the ratio of the
idealized gravity wave propagation speed to that of the
density current (ie., CpwCg'). The w parameter in
northern Oklahoma, 0.5, was less than that established
by Haase and Smith (1989) as the minimum value re-
quired for the bore to separate from the density current
(0.7), indicating that any developed gravity waves would
likely not have separated from the density current. The
idea that the gravity waves did not immediately separate
from the density current is supported by the following:

slightly faster than the density current. The density
current began to dissipate as it propagated toward cen-
tral Oklahoma, allowing the bore to separate from the
current (Figs. 6, 7, and 9b,c).

The magnitude of turbulence behind the bore head
is important given its role in dissipating energy rear-
ward from the bore. Koch et al. (2008a) showed that
for an undular bore, the intensity of turbulent mixing
is strongest ahead of the bore, directly behind the bore
head, and beneath the solitary waves. Intense turbu-
lent motion following the bore head has been sug-
gested to lead to the destruction, or limited
development, of gravity waves behind the bore
(Rottman and Simpson 1989). Rottman and Simpson
(1989) defined the magnitude of this turbulence to
depend on the strength of the bore [i.e., the ratio of
the depth of the bore to the depth of the original

TABLE 3. Calculated variables for Lamont, Oklahoma, hydraulic theory calculations.

Variable Value (units) Descriptor Data source; calculation method
Density current related

dgc 1220 (m) Density current depth Eq. (5); Physical variables derived from AERI

Cac 23.7 (ms™") Density current propagation speed Eq. (6); Physical variables derived from AERI
dachy? 2.90 (unitless) Density current strength Simple ratio; iy observed value as stated in Table 2
CdCCg’vj 2.25 (unitless) Froude number Simple ratio

Gravity wave related

Cow 10.5 (ms™ b Idealized gravity wave propagation speed Eq. (7); physical variables derived from AERI

Cp 249 (ms™ ') Bore propagation speed Eq. (8); physical variables derived from AERI

dy, 1210 (m) Bore depth Eq. (9); iterative solution

dphy! 2.89 (unitless) Bore strength Simple ratio; /s, observed value as stated in Table 2
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near-surface inversion (dyhy')] with the following
relationship:

d
Smooth; Undular 1< h—b <2

0
. d,

Slightly turbulent; Undular 2 < n <4,
0
. d,
Turbulent; Singular wave 4<-2
0

The strength of the bore, estimated to be approxi-
mately 3.0 in Lamont and 2.8 in Norman (Norman
physical variables not shown; hy =~ 430m, d, ~
1200 m), is indicative of moderate bore-head turbu-
lence. Although turbulence behind the bore head is
difficult to identify within the Lamont data because of
the close proximity of the density current to the bore,
vertical kinematic profiles derived from the DWL in
Norman depict turbulent flow following the bore pas-
sage based on the rapid vertical fluctuations in the
curvature term of the Scorer parameter (0950-
1010 UTGC; Fig. 15). We suggest that the interaction of
this bore-head turbulence with the primary solitary
wave may have led to the abnormal increase in vertical
velocity magnitude from the bore to the primary sol-
itary wave (Fig. 12¢).

Estimates provided by hydraulic theory agree with the
observational values well. The fractional relative dif-
ferences between the calculated and observed values are
as follows: density current propagation speed Cy. is 0.12,
density current depth dg. is 0.16, bore propagation speed
Cy is 0.13, and bore depth d, is 0.01. As suggested by
Rottman and Simpson (1989), the positive bias of the
calculated bore propagation speed may be due to the
overestimation of the hydrostatic pressure increase
caused by the passage of the bore within the form of the
hydraulic theory equations used here. The positive bia-
ses of the other calculated values may also have origi-
nated from assumptions made by the theory—namely,
the neglecting of atmospheric wind shear and turbulent
motion—although a specific cause for the deviations is
not known.

As an aside, the observationally deduced depths of
the bore and density current were subjectively de-
termined based on perturbations in the vertical pro-
files of temperature (Figs. 10 and 11). This subjectivity
may have introduced errors in the depth estimates
derived from observations. However, the observa-
tionally derived estimates of the bore and density
current depths were not directly utilized in the hy-
draulic theory equations, and therefore the depth es-
timates provided by hydraulic theory and observations
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may be considered independent. The similarities be-
tween the observational and hydraulic theory values
therefore provide reassurance that hydraulic theory
describes the characteristics of these waves well for
this case.

5. Discussion and conclusions

A packet of gravity waves formed in advance of a
convectively generated density current during the
nocturnal hours of 10 August 2014. Surface observa-
tions from the Oklahoma Mesonet and ARM networks
were synthesized with vertical profiling observations
from two AERIs and a DWL to analyze the spatio-
temporal evolution of the density current and wave
complex. The temporal evolution of the wave packet
was primarily analyzed using the surface observation
network, while the vertical profiling data were used to
determine the vertical characteristics of the complex.
The bore characteristics derived from hydraulic theory
were compared to those derived from the observational
analysis and provided a measure of the ability of the
AERI and DWL to characterize the prebore
environment.

Based on the observational analysis, the density cur-
rent and gravity wave complex evolved as follows:

1) A convectively generated density current interacted
with a statically stable, radiatively cooled boundary
layer in northern Oklahoma within an environment
favorable for ducting of southward-propagating
waves. The primary contributor to wave ducting
was the development of a pronounced low-level jet
(Figs. 3-5, and 15).

2) A gravity wave developed as a result of the density
current interacting with the surface-based inversion,
but given that u(=C,yCy.) was initially less than 0.7,
there was initially very little separation between the
bore and density current (Figs. 2 and 9a).

3) Numerous waves, initially of either Kelvin-Helmholtz
or solitary wave form, developed behind the bore and
were initially observed atop the density current
(Fig. 9a).

4) The density current gradually became diffuse as it
approached central Oklahoma, allowing the bore and
trailing waves to separate from the current (Figs. 6, 7,
and 9).

5) The gravity waves persisted throughout central
Oklahoma and into southern Oklahoma. The
waves trailing the bore exhibited characteristics
of solitary waves once independent from the den-
sity current (i.e., the bore became undular). The
solitary waves propagated within an elevated
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inversion likely caused by 1) the vertical displace-
ment of the surface-based inversion by the bore
and 2) the relative compression of the atmosphere
above the layer influenced by the bore (Figs. 10, 13,
and 15).

6) As insolation destabilized the surface layer after
sunrise, the wave complex eventually weakened
and lost its bore characteristics in southern Okla-
homa (Figs. 6 and 7).

While the wave complex closely resembled an undular
bore, the presented case is distinct from previously
documented undular bores in that the amplitude of the
primary solitary wave is greater than the amplitude of
the bore and the influence of the solitary waves did not
extend to the surface. Further, the soliton itself was not
amplitude ordered: the amplitude of the waves in-
creased from the first to the fourth solitary waves,
thereafter decreasing with each subsequent wave. The
solitary waves did appear to originate from the bore,
however, given that they propagated in a similar di-
rection and appeared to continuously emanate from the
bore based on radar observations.

There was no correlation between the near-surface
mixing ratio and pressure tendencies resulting from
bore passage, although a weak correlation (0.38)
existed between near-surface temperature and pres-
sure tendencies. While there appears to be no de-
finitive theory proposed by previous studies explaining
the correlation between the surface temperature and
pressure perturbations, the following suggestion could
be made—while speculative, a more thorough analysis
is left for future work. As the bore strength increases,
the total depth of the atmospheric column vertically
displaced by the bore would also increase, which would
allow for a greater amount of mass to be transported
into the atmospheric column by the bore. Under the
assumption that the mass is only displaced vertically
and is then compressed through adiabatic cooling, the
total mass in the atmospheric column would increase
proportionally to the total amount of lifting induced by
the bore. Because surface pressure is a measure of the
quantity of mass in the atmospheric column, a greater
increase in mass would lead to a greater surface pres-
sure perturbation. Additionally, the magnitude of
turbulence behind the bore head also increases with
bore strength. Greater quantities of turbulence behind
the bore head may then increase the amount of po-
tentially warmer air mixed downward toward the sur-
face, thereby increasing the surface temperature
perturbation. Thus, the surface pressure and temper-
ature perturbations would be correlated due to their
similar dependence on bore strength.
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The observed and computed bore and density current
characteristics, where the latter were computed from
hydraulic theory using AERI-retrieved thermodynamic
profiles, agreed very well with relative absolute differ-
ences of less than 15%. The uncertainty in the AERI-
retrieved profiles, including that associated with the
decrease in the vertical resolution with height, had little
impact on the accuracy of the hydraulic theory calcula-
tions since only observations in the nocturnal boundary
layer, which was only 400 m deep, were required. Fur-
ther, the uncertainties in the derived Scorer parameter
profiles due to uncertainties in the AERI and DWL
observations were negligible, suggesting that this in-
strument combination may be a robust option for future
lower-tropospheric gravity wave analyses (see the
appendixes).

While this case study offers unique insight into the
physical characteristics of a wave packet consisting of a
bore and trailing, elevated soliton, multiple questions
remain that require further study, including the follow-
ing: Of what significance is the lack of correlation be-
tween near-surface perturbations in mixing ratio and
pressure in the current case, and does this characteristic
extend to other cases? Of what significance are elevated
solitons in initiating moist convection when propagating
behind a bore?
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APPENDIX A

Observational Error Analysis

The AERIoe-retrieved profiles of temperature and
humidity include a full characterization of the un-
certainty of each retrieval via the posterior co-
variance matrix (Turner and Lohnert 2014). While
typically unimportant to the qualitative aspects of
atmospheric profiles, small deviations in thermody-
namic profiles may have a significant impact on the
analysis of gravity wave environments [e.g., due to
the dependence of gravity wave characteristics on
inversion depth and magnitude as explained by
Scorer (1949) and Crook (1988)]. Given that
synoptic-scale conditions similar to those present for
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TABLE Al. Error propagation terms and relative differences from Scorer parameter within ducting layers.
Variable Term Derived final form™® Log,, of relative diff
2
Temperature a2 g(@ 0280T - % Z—Z) [0*(U-0O)]™" 5.77 — 9.05
aUu 5 [ (oU U oU ,

Wi 2 NP (U= = | (o5 J(U-O)— = | (U - C)? 116 — 471
ind speed oy aV(U C) [azz (aV)(U C) P 6V} U-0) — 47
. au S[8? [oU U oU >

Wind direction o, —2N2%(U - Q) L—Zz <£> U-0)- ey (U-0) 1.05 — 4.57

B d 2 - - Y0 oy 115 — 3.63
ore spee ¢ ( ) ﬁ( ) . .

I ou L |0 [ U U U ,
Bore direction o —2N2 U-0y’-|-—5 U-0)-— w-oy? 2.01 — 4.49
e a(rbprop 0z 8d’pmp 0z 8¢prop

 ¢prop 18 the direction of bore propagation, N is the Brunt-Viisila frequency, and U is the wind component in the direction of bore

movement.

>9U/aV = sing SiNPprop = COSP COSPyrep,, UNIP = V(cOsP SNy, + 5ingp COSP o), and AU,y = V(sing cosy,r, + COSP Sinyy)-

this case would likely have been observed numerous
times during the collection of the SGP radiosonde
data used to generate the a priori database, the pre-
bore atmospheric profiles retrieved by the AERI
were likely representative of the actual atmospheric
conditions [see sections 3a and 4b(1) for more in-
formation on the synoptic-scale conditions and pre-
bore profiles, respectively]. However, due to the
relative low frequency of bore and density current
passages over the ARM SGP site, together with the
relatively poor temporal resolution of the radio-
sondes launched there, the prior covariance matrix
used in AERIoe does not well characterize the bore-
influenced boundary layer and thus may lead to ad-
ditional uncertainties in the AERIoe retrievals.

The propagation of AERI and DWL uncertainties
through the Scorer parameter [/, Eq. (1)] was ana-
lyzed in an attempt to quantify the influences of the

observational uncertainty on the presented analysis.
Error propagation may be quantified as follows:

5 ar\? I\’
(T[z (T7 Va ¢7 Ca d)pmp) = 027‘ (67) + 0’%/ (W)
ar ar

) ()
E3)

aq')pmp
where o is the standard deviation of the calculated
variable, T is the ambient temperature, V is the hori-
zontal wind speed, ¢ is the horizontal wind direction, C
is the bore propagation speed, and ¢, is the direction
of bore propagation. We assumed that the uncertainties
in the DWL-derived wind speed and direction were

2
C

2
Porop
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F1G. B1. Comparisons of vertical profiles of (a) temperature and (b) mixing ratio derived from radiosonde
(red and blue, respectively) and AERI (yellow and green, respectively) data at Lamont at 0530 UTC 10 Aug
2014. Radiosonde data were derived from the 0530 UTC release for Lamont (actually released at 0533 UTC);
AERI data were derived from the retrieval closest to the radiosonde release time. The gray shaded area around
the vertical profiles denotes one standard deviation uncertainty from the mean AERI retrieval, as provided by
the AERIoe retrieval algorithm. The blue shaded area about the center of the x axis denotes the bias of the
AERI vertical profile relative to the radiosonde profile. The dashed black line in (a) denotes the dry adiabatic

lapse rate.
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F1G. B2. As in Fig. B1, but for (a),(b) Norman and (c),(d) Lamont at 1200 UTC. Radiosonde data were derived
from the 1200 UTC releases for both Norman and Lamont (actually released at 1102 and 1126 UTC, respectively);
AERI data were derived from the retrieval closest to the radiosonde release time.

constant values of 0.05ms ' and 10°, respectively. Error
values of AERI observations were provided by the
AERIoe algorithm, and included contributions from
the uncertainty of the AERI radiance observations, the
sensitivity of the forward model, and the uncertainty of
the prior dataset used to constrain the retrieval.

The uncertainty in the Scorer parameter due to un-
certainties in the DWL and AERI observations was at
least one order of magnitude smaller than the Scorer
parameter within the ducting layers (Table A1l). At most,
this might result in a negligible (<10m) erroneous ver-
tical displacement of heights where the Scorer parameter
transitioned between positive and negative values. We
therefore conclude that the uncertainties of the remote
sensors are insignificant for the analysis of this case.

APPENDIX B

AERI-Specific Errors

Vertical profiles of temperature and water vapor
retrieved from the AERI radiance spectra were com-
pared to a prebore radiosonde (released at 0530 UTC
at Lamont) and two postbore radiosonde releases
(1200 UTC at Lamont and Norman) (Figs. B1 and B2).
Of note, the prebore radiosonde mixing ratio profile
from Lamont at 0530 UTC appears to be erroneous
based on the frequent mixing ratio fluctuations in the
well-mixed layer (deduction based on the adiabatic
temperature profile) between approximately 700 and
1300 m (Fig. B1). The mixing ratio profile was therefore

neglected for this instance, and only the temperature
profile was considered.

The qualitative features important to the deduction of
environments favorable for bore generation and main-
tenance, such as the presence of a surface-based in-
version, were captured appropriately by the AERI,
although small-scale features were not. Elevated in-
versions present in both the Norman (Figs. B2a,b) and
Lamont (Figs. B2c,d) postbore radiosonde data were
not present in the AERI-retrieved temperature profiles.
Using only the AERI data, the nature of the elevated
inversion and any associated elevated gravity waves
would be uncertain; however, by including DWL and/or
radiosonde data into the analysis, regions favorable for
elevated gravity wave propagation are more easily and
accurately identified. This suggests complementing the
AERI with a DWL is beneficial for postbore profiling to
ensure elevated inversions and the resulting ducting
layers are more likely to be captured.
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