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ABSTRACT: A large midlatitude cyclone occurred over the central United States from 0000 to 1800 UTC 30 April 2017.
During this period, there were more than 1100 reports of moderate-or-greater turbulence at commercial aviation cruising
altitudes east of the Rocky Mountains. Much of this turbulence was located above or, otherwise, outside the synoptic-scale
cloud shield of the cyclone, thus complicating its avoidance. In this study we use two-way nesting in a numerical model with
finest horizontal spacing of 370 m to investigate possible mechanisms producing turbulence in two distinct regions of the
cyclone. In both regions, model-parameterized turbulence kinetic energy compares well to observed turbulence reports.
Despite being outside of hazardous large radar reflectivity locations in deep convection, both regions experienced strong
modification of the turbulence environment as a result of upper-tropospheric/lower-stratospheric (UTLS) convective
outflow. For one region, where turbulence was isolated and short lived, simulations revealed breaking of ~100-km
horizontal-wavelength lower-stratospheric gravity waves in the exit region of a UTLS jet streak as the most likely mech-
anism for the observed turbulence. Although similar waves occurred in a simulation without convection, the altitude at
which wave breaking occurred in the control simulation was strongly affected by UTLS outflow from distant deep con-
vection. In the other analyzed region, turbulence was more persistent and widespread. There, overturning waves of much
shorter 5-10-km horizontal wavelengths occurred within layers of gradient Richardson number < 0.25, which promoted
Kelvin-Helmbholtz instability associated with strong vertical shear in different horizontal locations both above and beneath

the convectively enhanced UTLS jet.

KEYWORDS: Deep convection; Gravity waves; Kelvin-Helmholtz instabilities; Turbulence; Mesoscale processes

1. Introduction

Severe turbulence encounters are disruptive to commercial
aviation due to the risk of inflight injuries to passengers and
crew, and their indirect influence on annual airline operating
costs (e.g., Sharman 2016). Clear-air turbulence (CAT), in
particular, is difficult to anticipate and detect using available
hazard identification technologies including radar, satellite,
and lightning detection networks. Well-developed baroclinic
wave cyclones provide a synoptic environment within which
CAT often occurs. In the current study we use observations
and high-resolution simulations to examine both the environ-
ment of the turbulence and its different onset mechanisms in a
midlatitude cyclone having widespread moderate-or-greater
(MOG) turbulence.

Both vertical shear and deformation of the horizontal
flow can enhance susceptibility to CAT (e.g., Mancuso and
Endlich 1966; Ellrod and Knapp 1992). Exit regions of
upper-tropospheric/lower-stratospheric (UTLS) jet streaks and
col regions downstream of cutoff lows (Ellrod and Knapp 1992,
their Fig. 3)! are typical locations of strong deformation in
baroclinic wave cyclones. From purely kinematic consider-
ations, vertical shear of the horizontal wind is enhanced in
locations both immediately above and beneath UTLS jets.

! A col is defined as a location between two opposing circulations
at which the horizontal flow becomes zero.
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These vertical shear layers can influence turbulence develop-
ment from Kelvin—-Helmholtz (KH) instability when the gra-
dient Richardson number drops below a critical value (Miles
and Howard 1964; Miles 1986). Other wave cyclone features
that are susceptible to turbulence include upper-level fronts
(e.g., Shapiro 1978; Koch et al. 2005), tropopause folds (e.g.,
Danielsen 1968; Kennedy and Shapiro 1980; Shapiro 1980; Koch
et al. 2005), and their associated internal- and inertia-gravity
waves (e.g., Lane et al. 2004; Koch et al. 2005; Plougonven and
Zhang 2016).

Although many aspects concerning the formation of these
favorable regions for UTLS turbulence in midlatitude cyclones
may be understood in terms of dry semigeostrophic processes
(Keyser and Shapiro 1986), organized deep convection can
play an important role in their precise location, structure and
intensity from effects of latent heat release on the synoptic
pattern. Furthermore, local vertical shear increases (e.g., Trier
et al. 2010, 2012; Zovko-Rajak and Lane 2014; Zovko-Rajak
et al. 2019) and/or static stability decreases (e.g., Trier et al.
2010; Kim et al. 2014) that facilitate turbulence at altitudes
near the UTLS jet can be strongly influenced by anticy-
clonic outflow emanating directly from distant organized
deep convection.

In addition, mesoscale deep convection can excite internal
gravity waves ranging in horizontal scales of a few to tens (e.g.,
Fovell et al. 1992; Lane et al. 2003; Lane and Knievel 2005;
Koch et al. 2005; Lane and Sharman 2008; Trier et al. 2012) up
to several hundreds of km (e.g., Trier and Sharman 2016;
Zovko-Rajak et al. 2019), which can initiate clear-air tur-
bulence [see e.g., Sharman and Trier (2019) for a review].
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The mechanisms of turbulence initiation due to gravity
waves vary from wave breaking near critical levels (e.g.,
Dornbrack et al. 1995) to more indirect initiation arising
from modifications of environmental vertical shear and static
stability within the wave, which can permit KH instability.
Significant environmental modifications occur most often for
gravity waves with large horizontal and small vertical wave-
lengths, which have larger vertical tilt than waves with small
horizontal and large vertical wavelengths (Fritts and Alexander
2003; Lane et al. 2004; Plougonven and Zhang 2016).

The horizontal scales that directly affect turbulence on
medium-to-large sized commercial aircraft are restricted to
the range of 10 to 2000 m (e.g., Lane et al. 2012). Large-eddy
simulations (LES), which have grid spacings of ~100m or
less are able to resolve the largest of these scales (e.g., Lane
and Sharman 2014), which may contain the majority of the
turbulent kinetic energy (TKE). However, model domain sizes
in LES-type simulations are highly constrained by computa-
tional expense and data storage requirements at these high
resolutions.

Since we seek to simulate the evolution of subsynoptic
features within the baroclinic wave cyclone that are important
to the onset of turbulence, we use an alternative modeling
approach of two-way interactive nesting in a numerical
weather prediction (NWP) model. Though unable to explicitly
resolve the turbulence, previous studies (e.g., Trier et al. 2010,
2012; Kim and Chun 2010, 2012; Kim et al. 2014; Zovko-Rajak
and Lane 2014; Trier and Sharman 2018; Barber et al. 2018)
have indicated that such simulations having finest horizontal
grid spacings of ~500m are able to resolve many different
mechanisms that can initiate turbulence. Using nested NWP
simulations, we diagnose different possible mechanisms for
UTLS turbulence in different turbulence-prone regions of
the baroclinic wave cyclone including col and jet exit regions,
and tropopause folds. We focus in particular on CAT, and
the effects of distant organized convection, on the onset of
turbulence in regions either above or horizontally displaced
from the synoptic-scale cloud shield of the midlatitude
cyclone.

2. Turbulence observations on 30 April 2017

a. Data

The flight level turbulence data used in this study include
both pilot reports (PIREPs) and in situ measurements cur-
rently recorded on a subset of commercial airliners. In contrast
to PIREP turbulence intensities, which are subjective and
based on the perceptions of aircrew, the in situ data are
quantitative estimates of the eddy dissipation rate (EDR)
'® (m*®s™") derived from vertical motion. Only a minority of
U.S. airliners are equipped with these automated turbulence
detection systems. However, they continuously record max-
imum turbulence values at 1-min frequency, in contrast to
PIREPs, which are highly intermittent. Thus, the in situ
measurements provide a substantial fraction of the reported
turbulence. Our categorization of EDR ranges for different
turbulence intensities of 0.15-0.21, 0.22-0.47, and >0.47, for
light, moderate, and severe, respectively, are broadly consistent

JOURNAL OF THE ATMOSPHERIC SCIENCES

VOLUME 77

with thresholds used for medium-sized commercial aircraft
in recent studies (e.g., Lane and Sharman 2014; Sharman
et al. 2014).

Twice-daily National Weather Service (NWS) sounding
data, together with gridded Global Forecast System (GFS)
analyses characterize the environment in which the turbu-
lence occurs. UTLS temperature and humidity from these data
sources are also analyzed alongside NEXRAD WSR-88D data
and imagery of infrared satellite brightness temperature to
assess whether observed turbulence occurs within or outside of
clouds and precipitation.

b. Turbulence reports

From 0000 to 1800 UTC 30 April 2017 there were over
1100 reports of moderate-or-greater (MOG) turbulence at
cruising altitudes (z > 24 kft or ~7.3 km MSL; p = 400 hPa)
over the approximate eastern two-thirds of the contiguous
United States. We focus on conditions during two 6-h periods,
0000-0600 (Figs. 1a,b) and 1200-1800 UTC 30 April (Figs. 1c,d)
when both the volume of air traffic and, accordingly, the number
of turbulence reports are greatest. For the in situ EDR reports
(Figs. la,c), recorded measurements with EDR = 0.18 are
typically only downlinked at predetermined 15-20-min in-
tervals to reduce transmission costs (Sharman et al. 2014).
Thus, light turbulence and smooth air (EDR =~ 0.00) are
underreported relative to the 1-min peak EDR values rep-
resenting continuous MOG turbulence events. Light turbu-
lence and smooth conditions, though most common, even on
days with large amounts of MOG turbulence (like the current
case), are also underreported in PIREPs (Figs. 1b.d).

Of the more than 1100 MOG turbulence reports during
0000-1800 UTC, more than 100 were of severe turbulence.
For the in situ measurements, severe turbulence occurred
intermittently over large horizontal distances during both
analyzed 6-h periods (Figs. 1a,c) over the northern plains
(>40°N, 95°-105°W). Severe turbulence was also recorded
over the Mississippi—-Ohio River Valley (30°-40°N, 85°-90°W)
regions on many flights during the second period between
1200 and 1800 UTC (Fig. 1c). This latter region of widespread
severe turbulence (Fig. 2b) occurred mostly within deep con-
vection (Fig. 2d) and is not analyzed in this study. Additional
isolated severe turbulence, not indicated by the in situ reports,
was evident from PIREPs over west Texas near 100°W during
the earlier period (Fig. 1b).

Nearly all of the severe turbulence during this first period
was closely associated with a deep midlatitude cyclone that
moved slowly eastward from the southern Rockies (Fig. 2a)
into the southern plains (Fig. 2b). Severe turbulence reports
over the northern plains persisted throughout both periods
near a strong UTLS jet stream north of the synoptic cyclone.
The PIREPs of isolated severe turbulence in our first area of
interest over northwestern Texas were located in the exit re-
gion of a UTLS jet near a band of shallow and relatively weak
moist convection (Fig. 2c) that coincided with a midtropo-
spheric front (Fig. 2a). Our second area of interest occurs the
next morning and extends southwest-to-northeast from the
col region north of the UTLS cutoff low into the entrance
region of a synoptic jet streak (Fig. 2b). In the remainder of
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(a) 0000-0600 UTC
30 April in situ EDR

in situ EDR (m23s1 )
0.00 Smooth

@ 0.15-0.21 Light

® 0.22:0.47 Moderate

®  >0.47 Severe

Aviation Turbulence Reports from Z > 24 000 ft (p < 400 hPa) on 30 April 2017

(b) 0000-0600 UTC| 106w
30 April PIREPs ;

PIREPS
@ Light
® Moderate
@ Severe

(¢) 1200-1800 UTC| 1
30 April in situ EDR

(d) 1200-1800 UTC
30 April PIREPs

FIG. 1. Turbulence intensities above 24 000 ft MSL (~7.5 km MSL; ~400 hPa) from in situ EDR data on a subset
of the commercial aviation fleet during (a) 0000-0600 and (c) 1200-1800 UTC 30 Apr 2017 and from PIREPs
during (b) 0000-0600 and (d) 1200-1800 UTC 30 Apr 2017.

the paper we focus our analysis on both the isolated and more
widespread severe turbulence located within these rectan-
gular inset areas of Figs. 2a and 2b, respectively.

3. Numerical model and experiment design

Both the environment and mechanisms of severe turbulence
are analyzed using output from numerical simulations with
differing horizontal resolutions. These resolutions range from
ones similar to those used in current operational prediction
systems such as the HRRR model (e.g., Smith et al. 2008),
which employs a horizontal grid spacing of Ax ~ 3 km, to much
higher maximum horizontal resolutions in nested domains with
horizontal spacing down to Ax = 370 m.

a. Numerical model and its initial and lateral

boundary conditions

We use version 3.8 of the Advanced Research version of
the Weather Research and Forecasting (ARW-WRF) Model
(Skamarock and Klemp 2008). Our model configuration has
82 vertical grid levels with a top at 26.3 km. The vertical grid

spacing increases linearly from 60 to 240m in the lowest
2km. The 240-m spacing remains approximately constant
up to about 14 km, and increases linearly to 1200 m at the
top. A gravity-wave-absorbing layer (Klemp et al. 2008) is
used in the upper 7km of the model to mitigate spurious
reflection of vertically propagating gravity waves off the
model top.

The horizontal grid spacings of the domains with two-way
interactive feedbacks used in all simulations are Ax = 10, 3.3,
and 1.1 km (Fig. 3). The highest-resolution simulations also use
domain dO05, which is employed specifically to examine mech-
anisms responsible for the northern plains turbulence, and
has a horizontal spacing of 370 m.

The lateral boundary conditions for the outer domain are sup-
plied by 6-h 1.0° National Centers for Environmental Prediction
(NCEP) Global Final (FNL) analyses. We initialize the
ARW-WRF model using the concurrent FNL analysis at
1800 UTC 29 April 2017, and unless specified otherwise
(Table 1) the model is integrated for 24 h until 1800 UTC
30 April 2017.
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FI1G. 2. Composite NCEP GFS analysis of meteorological conditions with severe turbulence reports (as in Figs. 1a,b)
during the next 4 h superposed for (a) 0000 and (b) 1200 UTC 30 Apr 2017, and GOES-13 satellite brightness tem-
perature for approximate corresponding times at (c) 0245 and (d) 1445 UTC 30 Apr 2017. The rectangular outlines in
each panel indicate the regions of concentrated analysis of simulated turbulence events. Barbed symbols in (a) and
(b) are horizontal winds, with half barb = 2.5ms™", full barb = 5ms™ ", and pennant = 25ms™ ' (I1ms~' =1.94kt),
and the geopotential contours are in 90-m intervals. The dashed yellow line in (a) indicates the position of the mid-
tropospheric front, along which the narrow convective band of (c) occurs. The annotations in (c) and (d) indicate
locations of NWS soundings at Midland, Texas (KMAF), Rapid City, South Dakota (KUNR), Aberdeen, South

Dakota (KABR), and North Platte, Nebraska (KLBF), and turbulence events discussed later in the text.

b. Physical parameterizations

The Noah land surface model (Ek et al. 2003), which is
coupled with ARW-WREF, provides the lower boundary con-
dition for the atmospheric model. Each simulation uses the
Rapid Radiative Transfer Model for Global Climate Models
(RRTMG) longwave and shortwave radiation schemes (Mlawer
et al. 1997; Tacono et al. 2008). All simulations, except those that
do not include moist processes, use the Thompson et al. (2008)
bulk microphysics parameterization in all domains, and the
Tiedtke (1989) cumulus scheme is used in domain d01.

The planetary boundary layer (PBL) is parameterized
using the Mellor-Yamada-Janji¢ (MYJ; Janji¢ 1994, 2001)
scheme. This PBL scheme controls the vertical mixing be-
tween adjacent model layers throughout the entire model
depth, and predicts the model subgrid TKE. The version
used in the current simulations contains only local forcing

in the vertical direction (i.e., no horizontal advection) of TKE
from shear production —wu(aU/dz) — wv(aV/dz), buoyancy
production Bgw@, and dissipation terms. In the buoyancy
production term, 6, is the liquid potential temperature
(Emanuel 1994) and B is an empirical constant. In these
production terms, the lowercase variables with overbars
represent subgrid fluxes, which are parameterized in terms of
vertical gradients of the resolved-scale (uppercase) variables.
Horizontal mixing is determined using a Smagorinsky-type
first-order closure (Skamarock and Klemp 2008).

c. Simulations and sensitivity studies

We present results from a control simulation (CTL), and a
shorter-duration maximum horizontal resolution version, which
uses d05 (Fig. 3), and is referred to as CTLHR. Since turbulence
can occur in the absence of well-organized deep convection in
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FIG. 3. Model domains for the simulations described in section 3 and analyzed in the remainder
of the paper. The horizontal grid spacing is indicated within each domain.

synoptic weather systems, we examine the effects of clouds and
deep convection by comparing CTL to an additional simulation
DRY. DRY is configured in an identical fashion to CTL, except
that all cloud microphysical processes are withheld. Table 1 lists
key aspects of these simulations.

4. Overview of simulations and comparison

with observations

CTL produces a synoptic-scale precipitation system with
the most intense deep convection on its eastern flank. At
0000 UTC 30 April (Fig. 4a) there is also a secondary band
of weaker simulated deep convection near KMAF. The
KMAF sounding is located closest to the isolated severe
turbulence near the east side of the observed convective
band (cf. Fig. 2b), and has a broad peak in maximum wind
speeds (Fig. 5a). Near the base of the synoptic trough, there
is a strong simulated midtropospheric front (Fig. 6b), which is
consistent with a secondary wind maximum located several
kilometers beneath the higher maximum near the tropopause
(~9-10km MSL) in both the observations and CTL (Fig. 5a).

The effect of convective UTLS outflow the following morning
(1200 UTC 30 April) at Aberdeen, South Dakota (KABR)

(Fig. 4b), is indicated by a ~20ms ™! greater maximum wind
speed in CTL relative to DRY (Fig. 5b), which is located ~1 km
above that in DRY. Both the altitude and structure of the jet in
CTL are very similar to observations (Fig. 5b). Farther south,
at North Platte, Nebraska (KBLF; Fig. 4b), the observed
UTLS outflow jet is also well simulated in CTL (Fig. 5c). At
Rapid City, South Dakota (KUNR), which is within the col
region situated closer to the synoptic trough axis and near the
extreme western edge of the UTLS convective outflow
(Fig. 4b), maximum wind speeds are much weaker (Fig. 5d)
than at KABR (Fig. 5b). At 1200 UTC, the UTLS outflow jet
near 11 km MSL at KUNR is positioned only ~250 m below
the observed jet, but is overestimated by 7ms™! in CTL
(Fig. 5d). At both KBLF (Fig. 5c) and KUNR (Fig. 5d), DRY
lacks a significant UTLS jet altogether.

Although slightly stronger than observed, the convective
band (Fig. 6a) occurring in the environment of the evening
turbulence over west Texas (Fig. 2a) is well simulated in d03 of
CTL (Fig. 6b). This convection is strongly forced along the
intensifying midtropospheric front (Fig. 6b) and extends up-
ward to the local tropopause between 350 and 275 hPa in CTL
(Fig. 7). However, it occurs significantly west of the surface

TABLE 1. List of simulations discussed in the paper.

Simulation Horizontal grid spacings Microphysics scheme Initialization time

CTL Ax =10,3.3,and 1.1km Thompson et al. (2008) 1800 UTC 29 Apr 2017

CTLHR Ax =10,3.3,1.1, and 0.37 km Thompson et al. (2008) 1800 UTC 29 Apr 2017, dO5 with Ax = 0.37 km started at
1200 UTC 30 Apr 2017

DRY Ax =10, 3.3, and 1.1 km None 1800 UTC 29 Apr 2017

DRYHR Ax =10,3.3,1.1, and 0.37 km None 1800 UTC 29 Apr 2017, d05S with Ax = 0.37 km started at

1200 UTC 30 Apr 2017
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MREF and 1 l km MSL Wlnds in d02 in CTL
80‘W

MREF
10 20 30 40 50 60 70 dBzZ

FIG. 4. Horizontal winds at 11 km MSL with model-derived
maximum reflectivity in vertical column (MREF) for domain d02
(Fig. 3) for simulation CTL at (a) 0000 and (b) 1200 UTC 30 Apr
2017. The annotations indicate NWS sounding locations where
wind speed profiles in the higher-resolution model domains d03
and d04 (dash-outlined rectangles) are plotted in Fig. 5.

cold front and both its moist updrafts (W, = 2-4ms~ !, not
shown) and maximum reflectivity (Fig. 6b) are relatively weak
as a result of small maximum convective available potential
energy (MUCAPE) in its inflow (Fig. 6¢).

Both the location and orientation of the simulated cloud
band (Fig. 7a) are similar to observations (dashed rectangle
in Fig. 2c). In this region, the model-parameterized TKE is
relatively isolated and is located near cloud top but a few
kilometers outside of cloud (Fig. 7b) and above the eastern
edge of the broader cloud band (Fig. 7a). The location of
the 0300 UTC 275-hPa model-parameterized TKE is only
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by (a) KMAF (31.95N, 102.18W) 0000 UTC 30 April
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FIG. 5. Observed and simulated wind speed profiles for NWS
sounding locations at (a) Midland (KMAF) in domain d03 at
0000 UTC 30 Apr 2017 and (b) Aberdeen (KABR), (c) North
Platte (KLBF), and (d) Rapid City (KUNR), each located in do-
main d04 at 1200 UTC 30 Apr 2017. The sounding locations and
model domains in which they reside are shown in Fig. 4.
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do3of CTL ¥ | (c) MUCAPE and 4.5-km Winds, 0 in d03 of CTL kg

(b) MREF and 4.5-km Winds, 0 in
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FIG. 6. (a) Observed maximum radar reflectivity in a vertical column over the approximate area of model domain d03 at 0300 UTC 30
Apr 2017, (b) simulated maximum radar reflectivity in a vertical column and 4.5-km MSL horizontal winds (barbed symbols as in Fig. 2)
and potential temperature (2-K contour intervals), and (c) simulated convective available potential energy for the parcel with largest
equivalent potential temperature in a vertical column (MUCAPE; color shading) and 4.5-km MSL winds and potential temperature
[as in (b)] for domain d03 of simulation CTL at 0300 UTC 30 Apr 2017. The transect AA’ in (b) and (c) locates the vertical cross
sections displayed later in Fig. 9.

25-50km northeast of the severe PIREPs (Fig. 7b), which were  cloud (Fig. 8a) that appear unassociated with enhanced
from two different aircraft and occurred slightly earlier at model-parameterized TKE, which could be related to
0241 and 0247 UTC. These severe PIREPs were also located model resolution or deficiencies in the microphysics or
near the east edge of the cloud band (Fig. 2¢) and had alti- other parameterizations.
tudes of 32 and 34 kft (~9.8 and ~10.4km; ~275 and A second area of widespread model-parameterized TKE
~250hPa). The three nearby PIREPs of moderate turbu- occurs at 200 hPa (Fig. 8b) and is located above the simulated
lence (Fig. 7b) occurred between 0225 and 0347 UTC and  300-hPa cloud edge (Fig. 8a). There are two flights with lengthy
were from similar or slightly higher altitudes (32-36 kft, or  in situ observations of MOG turbulence near the enhanced
~9.8-11.0 km). Like the severe PIREPs in the observations model-parameterized TKE (Fig. 8b). One is a westbound flight
(Fig. 2a), the model-parameterized TKE occurred within the =~ with MOG turbulence from 1408 to 1430 UTC located near
exit region of the UTLS jet (Fig. 7b). the south edge of the 1430 UTC simulated widespread TKE
Enhanced model-parameterized TKE in d04 of CTL over region. Another is an eastbound flight with MOG turbulence
the northern plains the following morning at 1430 UTC (Fig.8)  from 1503 to 1526 UTC near the center of this TKE region.
is more widespread, which is consistent with the greater There was also a single PIREP of severe turbulence near
number and horizontal extent of MOG turbulence reports KABR reported at 1530 UTC (Fig. 8b). The simulated region
for the surrounding two hours, compared to situation in the  of widespread 200-hPa TKE in d04 of CTL shifts northeast-
west Texas region the evening before (Fig. 7). One area of ward with time (not shown), presumably in response to var-
widespread enhanced TKE occurs at 300 hPa along the east iations in UTLS outflow from deep convection located to its
side of the UTLS trough axis a few hundred km northwest  south (cf. Figs. 4b and 5b), and is consistent with the available
of the edge of the simulated clouds (Fig. 8a). This model- turbulence observations.
parameterized TKE is supported by several PIREPs of mod-
erate turbulence having similar location and orientation along 5. Mechanisms of turbulence
but outside of the simulated northwestern cloud edge (Fig. 8a).
There is also a single in situ observation of severe turbulence a. Evening turbulence in west Texas (0000-0400 UTC
near KUNR (Fig. 8b) from 1425 UTC occurring slightly above 30 April)
at 34 kft (~10.4 km; ~250 hPa). However, there are also nu- The previous section documented isolated severe turbulence
merous PIREPs of moderate turbulence within the simulated  occurring in the vicinity of the midtropospheric front (Fig. 2a)
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(b) 275 hPa and 30-36 kft (300 -225-hPa)|’ m/s

Observed Turbulence Reports
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200 km

CTL d03 Cloud Boundary

CTL d03 Parameterized TKE @ ¢ 22.0.47 Moderate O Moderate

In situ EDR (m23 s- 1 ) PIREPS
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FIG. 7. Simulated horizontal winds (barbed symbols as in Fig. 2), model parameterized

turbulence kinetic energy (red contours, with 1 m?s

~2 contour intervals), isotachs (gray

shading), and cloud boundary (single thick black contour, with total cloud condensate =
0.005gkg™") in domain d03 of CTL at 0300 UTC 30 Apr 2017 (¢ = 9h) for (a) 350 and
(b) 275 hPa. The superposed observed turbulence reports (see lower legend) are at the
indicated times and heights/pressures. The annotations next to the PIREP locations in
(b) indicate the times (UTC 30 Apr 2017) of selected turbulence reports. The annotated
location KMAF (Midland) denotes the location of 0000 UTC 30 Apr wind speed profiles
displayed in Fig. 5a. The transect AA’ in both panels indicates the horizontal position of
the vertical cross sections in d03 of the CTL (Figs. 9a,b) and DRY (Figs. 9c,d) simulations

described later.

and associated weak convective band in west Texas (Figs. 2¢
and 6a). A vertical cross section along transect AA’ in d03
through the simulated midtropospheric front (Fig. 6b) shows
cloud condensate extending upward from the frontal zone to a
lowered tropopause located at ~9 km MSL in CTL (Fig. 9a).
Model-parameterized TKE occurs within the sloping frontal
zone near cloud base and is associated with strong vertical
shear in the plane of the vertical cross section (Fig. 9b).

Of potentially greater direct relevance to the turbulence
occurring at commercial aviation cruising altitudes (i.e.,
z = 8.5km MSL) is the wave activity located in the lower
stratosphere above the moist convection (Fig. 9a). Model-
parameterized TKE is present where wave breaking (i.e.,
36/9z < 0) occurs in CTL (Fig. 9a). The wave breaking and
lower-stratospheric TKE above the moist convection are
located in layers of strong vertical shear (Fig. 9b) and low
wind speed. Though the breaking in CTL is situated above
deep convection, its similar horizontal location (x = 320-380)
above the midtropospheric front in DRY (Fig. 9c¢) is note-
worthy. The resulting TKE in DRY is less widespread and
intense, presumably because the UTLS wind shear is weaker in

DRY (Fig. 9d) compared to CTL (Fig. 9b). The breaking in this
region in both simulations is suggestive of a critical level near U
~10ms ™", defined as where the horizontal phase speed of the
waves nearly equals that of the horizontal flow U in that di-
rection. We examine this hypothesis in more detail later in this
section.

The mesoscale lower-stratospheric waves are evident at
150 hPa within d02 of CTL (Fig. 10). Though the horizontal
wavelength, A, varies somewhat across d02, A =~ 100 km near
the location of simulated wave breaking, which is indicated
by the star symbol along transect BB’ (Fig. 10b) and is shown
in the vertical cross section of Fig. 11c.? The Y4 wavelength
phase lag between vertical velocity and potential tempera-
ture perturbations (Fig. 10) confirms that these features
are gravity waves. At the onset of their breaking (0200-
0300 UTC 30 April), the mesoscale gravity waves have

2The star symbol in Fig. 10 also approximates the horizontal
location of the 0300 UTC maximum 200-hPa TKE in d03 (Fig. 7b).
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CTL d04 1430 UTC 30 April Winds, Isotachs, TKE, and Cloud Boundary
and 1330-1530 UTC 30 April Observed Turbulence
% f' ) ; {00 e, (2) 300 hPa and 26-33 kft (350-260-hPa)

(\ < NS Observed Turbulence Reports

m/s
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CTL d04 Cloud Boundary In situ EDR (m23s-1) PIREPS
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FIG. 8. As in Fig. 7, but for domain d04 of CTL at 1430 UTC
30 Apr 2017 (+ = 20.5h) for (a) 300 and (b) 200 hPa. The super-
posed observed turbulence reports (see lower legend) are at the
indicated times and heights/pressures. The annotations next to the
plotted symbols indicate the times (UTC 30 Apr 2017) of selected
turbulence reports. The annotated locations KABR (Aberdeen);
KLBF (North Platte); and KUNR (Rapid City) denote the location
of 1200 UTC 30 Apr wind speed profiles displayed in Figs. 5b-d,
respectively.

horizontal phase velocities of about 5-7ms™"

BB’ (Figs. 10a,b).

These waves have multiple possible sources, which have not
been unambiguously determined. Because this region is not
located near significant terrain, topographic generation is un-
likely. However, the waves resemble the inertia—gravity waves
discussed by Zhang (2004), which similarly occurred in the exit
region of a UTLS jet streak (Fig. 10) and had reported hori-
zontal (100-200 km) and vertical (2.5 km) wavelengths similar
to those simulated in the current case. Following the conceptual
model developed by Uccellini and Koch (1987) and Koch and
Dorian (1988), the jet exit region is widely accepted as a preferred
location for inertia—gravity wave activity. Zhang (2004) attributed
the origin of vertically propagating mesoscale waves to nonlinear
balance adjustment occurring in the UTLS jet exit region.

Earlier, at 2230 UTC 29 April, there is widespread lower-
stratospheric wave activity along transect BB’ in d02 of CTL

along transect
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(Fig. 11a). This includes high-amplitude waves of shorter hori-
zontal wavelengths that are excited by the moist convection
impinging on the locally lower tropopause located above the
midtropospheric front (dashed wave fronts in Fig. 11a), and
mesoscale waves with larger westward tilt located farther east
(solid wave fronts in Fig. 11a). These small-amplitude mesoscale
waves are also evident in the same locations of DRY at
2230 UTC (solid wave fronts in Fig. 11b).

At this earlier time DRY also contains eastward tilting
tropospheric waves emanating from the intensifying mid-
tropospheric frontal zone near x ~ 200-400km (Fig. 11b),
which are similar to those in CTL (Fig. 11a). These similari-
ties between CTL and DRY suggest that the mesoscale
waves, which eventually break and are associated with model-
parameterized TKE (Figs. 11c,d), may be strongly influenced
by dry dynamical processes including midtropospheric fronto-
genesis and balance adjustment in the UTLS jet exit region.

However, substantial differences in the structure of these
longer mesoscale gravity waves and their associated TKE de-
velop between CTL and DRY during the next several hours.
For instance, in CTL there is wave breaking with large TKE
occurring from 9 to 11 km MSL above and immediately east of
moist convection, which are located in the vicinity of nearly
simultaneous severe PIREPs (Fig. 11c). In contrast, the lower-
stratospheric wave breaking in DRY at 0300 UTC is confined
to altitudes above 12km MSL (Fig. 11d). The shorter wave-
lengths excited by moist convection (Figs. 11a,c) along the
midtropospheric front (Fig. 6b) impinging on the locally lowered
tropopause (e.g., Fovell et al. 1992; Lane et al. 2003) may in-
terfere constructively with the slower-moving (¢ ~ 5-7ms™ ")
longer waves, which amplify and break at lower altitudes in
CTL, and thus may offer a partial explanation for these differ-
ences between CTL and DRY. However, a second and seem-
ingly more important factor is related to modification of the
environment at altitudes immediately above subsequent wave
breaking as the eastward-moving moist convection approaches
the trailing anvil of the stronger and deeper moist convection
located farther east along the surface cold front (Fig. 11c).

Fig. 12a reveals dramatic 6-h reductions in the flow strength
in the direction of horizontal phase velocity (i.e., along BB’ in
Fig. 10) that are maximized near 11.5km MSL at the location
of subsequent wave breaking in CTL. The ¢ ~ 5-7ms ! hor-
izontal phase speeds of the mesoscale waves estimated from
Figs. 10a and 10b result in critical levels where U = cat11.1 and
11.9 km MSL in the 0200 UTC vertical profile (Fig. 12a). This
is consistent with wave breaking at 0300 UTC occurring for a
~3-km depth along BB’ (Fig. 11c) beneath the critical levels.

The horizontal location of the wave breaking event in CTL
occurs where 6-h changes in the 11.5-km MSL environmental
wind magnitude in the direction of horizontal phase propa-
gation along BB’ is maximized (Fig. 12b). The instantaneous
0200 UTC (CTL — DRY) wind difference field implied that
these changes (Fig. 12a) are dominated by UTLS outflow
from the deeper moist convection reaching the location of the
shallower convection and subsequent wave breaking indicated
by the purple dot in Fig. 12b.

In summary, the foregoing analysis suggests that mesoscale
gravity waves excited by dry dynamical processes occurring in
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shading), (left) potential temperature (black contours, with 3-K intervals), and (right) horizontal wind along the
cross section (black contours, with 10ms ™! intervals and negative values dashed) for the (a),(b) CTL and (c),(d)
DRY simulations along transect AA’ of Figs. 6b and 6¢ at 0300 UTC 30 Apr 2017 (1 = 9h).

the exit region of upper-tropospheric jet/front system break
and produce turbulence underneath a critical level influenced by
UTLS outflow from distant deep convection. The collocation of
these mechanisms in a region that may also be locally influenced
by weaker moist convection is consistent with the relatively
isolated model-parameterized TKE and locally concentrated
observations of moderate and severe turbulence (Fig. 7b).

b. Daytime turbulence in the northern Great Plains
(1200-1600 UTC 30 April)

The contribution to total horizontal wind speed from UTLS
convective outflow in d02 of CTL at 1400 UTC the following
morning over the northern plains is larger and more widespread
than earlier in west Texas, with maximum increases relative to
DRY values exceeding 45ms™ ' near KABR (Fig. 13a). Vertical
cross section WE taken through this strongly affected region in
CTL indicates more widespread model-parameterized TKE
(Fig. 13b) than for the previous severe turbulence episode over
west Texas (cf. Fig. 11c).

In vertical cross section WE there are three TKE centers,
two of which occur outside of cloud (Fig. 13b). The most wide-
spread region (feature A), which also has the largest TKE
values, is located from x =~ 400 to 800 km and occurs above the
western edge of the UTLS jet, and is centered ~1km above
cloud. The second region (feature B), located between x =
300 and x = 400 km, is west of the widespread cloudiness and
is centered at lower altitudes (z = 8.5-9.5 km MSL) within the
tropopause fold delineated by the 2-PV unit surface.

The vertical shear conducive to model-parameterized TKE
within the tropopause fold arises from the westward extension
of outflow-enhanced southerly flow normal to the vertical cross
section overlying the northerly flow west of the synoptic trough
axis at lower altitudes in CTL (Fig. 13b). Slow eastward
movement of the synoptic trough axis is accompanied by an
anticyclonic rotation of the winds at 8 km MSL at the dotted
locations in CTL between 1200 and 1400 UTC 30 April (blue
wind barbs in Figs. 14a and 14b). The 8-km MSL wind shift is
overlaid by concurrent local intensification of outflow at
10km (red barbs in Figs. 14a and 14b) from the precipitation
system to the south. This evolution enhances the vertical shear
over a narrow region extending northeastward from KUNR
(Fig. 14b), in which TKE feature B (Fig. 13b) develops. Some
TKE is also produced both above and west of a weaker UTLS
jet in DRY (Fig. 13c), but it is considerably weaker and less
extensive than in CTL (Fig. 13b).

The strong vertical shears in simulated turbulence regions A
and B of CTL by 1400 UTC suggest KH instability as a possible
mechanism for the simulated (and observed) turbulence (e.g.,
Ludlam 1967; Klostermeyer and Riister 1980). We investigate
this possibility in the remainder of this section by analyzing
environmental conditions and turbulence mechanisms in d05
(dashed inset of Fig. 13a), which is initialized 2h earlier at
1200 UTC 30 April 2017 in the high-resolution (Ax = 370 m)
simulation CTLHR (Table 1).

A widespread region of patchy wavelike vertical velocity
perturbations, oriented normal to the UTLS vertical shear
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CTL d02 150-hPa Vertical Velocity, Potential Temperature, and Cloud

3g0700W . (a) 0230 UTC 30 Apr
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F1G. 10. Vertical velocity (blue and red color shading), po-
tential temperature (black contours, with 5-K contour inter-
vals), and cloud region (cloud condensate = 0.005 gkg~'; cyan
shading) in the lower stratosphere at 150hPa (~44 kft or
13.5 km MSL) for a portion of domain d02 of CTL at (a) 0230 UTC
(t = 8.5h) and (b) 0300 UTC (¢r = 9h) 30 Apr 2017. The gray
shading in each part indicates the horizontal position of the
275-hPa upper-tropospheric jet streak (55 and 60 ms ™' isotachs
are shaded), and the thick dashed lines indicate phase lines
(wave fronts) of the mesoscale waves discussed in the text. The
transect BB’ indicates the location of the vertical cross sections
displayed in Fig. 11, and the star symbol locates the position of
simulated mesoscale wave breaking at the altitude and approximate
horizontal location of the observed isolated severe turbulence. The
annotated numbers signify the lower-stratospheric long waves dis-
played in the BB’ vertical cross section of Fig. 11.
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outside of the simulated cloud boundary (Fig. 15a), develops
rapidly after initialization of d05 in CTLHR. The vertical shear
in which these vertical velocity perturbations occur is located
above the UTLS outflow jet, and in the region corresponding to
that of the model-parameterized TKE feature A in d02 of CTL
(Fig. 13b). Wavelike vertical velocity perturbations oriented
normal to the vertical shear in CTLHR also develop a few
hours later after vertical shear intensifies in the tropopause
fold at lower altitudes west of the cloud boundary (Fig. 15b).
This region in d05 corresponds to that containing model-
parameterized TKE feature B in d02 of CTL (Fig. 13b).

Vertical cross sections oriented normal to the vertical ve-
locity perturbations and along the vertical shear in Figs. 15a
and 15b indicate overturning isentropes at ~12km (Fig. 16a)
and ~9km (Fig. 16b) MSL, respectively. These potential tem-
perature features that resemble KH billows (Figs. 16a,b) origi-
nate from within layers of precursor gradient Richardson
number Ri = N%/§% < 0.25 (Figs. 17a,c), where N? = (g/6)(36/9z)
is the static stability and S? = ||aV/oz||* is the square of the
vertical shear magnitude. These layers of Ri <0.25 may be
conducive to two-dimensional KH instability (Miles 1986) and
are found both above the convectively enhanced UTLS jet
(Fig. 17a) and beneath the weaker UTLS jet (Fig. 17c) farther
west in the region of the tropopause fold. Ri becomes < 0 within
these layers at both ~12km MSL (Fig. 16a) and farther west at
~9km MSL (Fig. 16b) at the onset of overturning.

The horizontal wavelengths of these KH-like billows vary
from A =~ 5km in cross section SE-NW (Fig. 16a) to A =~ 9-10km
in cross section SW-NE (Fig. 16b). Since KH-billow wavelengths
are often shorter (e.g., Browning 1971; Wroblewski et al. 2007;
Geerts and Miao 2010; Grasmick and Geerts 2020), there is a
need to determine whether the simulated KH-like billows are
resolved at the 370-m horizontal grid spacing used in simula-
tion CTLHR. According to Scorer (1969), the longest wave-
length for two-dimensional KH instability in linear shear is

A s = TAZ/RI, @Y

ma:

where Az is the depth of the unstable layer. Estimating the
average depth of the Ri < 0.25 layer above the jet in cross
section SE-NW (Fig. 17a) as 700 m and taking Ri = 0.25 to-
gether yield A, =~ 17.5 km.? Estimating the average depth of
the Ri < 0.25 layer beneath the jet in the southwestern half of
cross section SW-NE (x = 0-38 km in Fig. 17b), where wave
breaking has not yet started, to be 1 km and similarly taking
Ri = 0.25 yields Apax = 25 km. These wavelengths are ap-
proximately 2.5 times as large as simulated horizontal wavelengths
of 5 and 9-10 km between overturning isentropes in Figs. 16a and
16b, respectively. Furthermore, these simulated wavelengths are,
respectively, ~14 and 24-27 times the horizontal grid spacing in
d05, which lends further confidence that the resolution of CTLHR

3The wavelength of the most unstable mode would be less
than this. For example, some studies (e.g., Miles and Howard
1964; Fritts and Rastogi 1985) have used 15 times the depth of
the vertical shear layer, which would be approximately 10 km
in the current case.
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FIG. 11. Vertical cross sections of potential temperature (black contours, with 3-K contour intervals), turbulence
kinetic energy (red contours, with 1 m*s~2 contour intervals), and total cloud and hydrometeor content (color shading)
along transect BB’ of Fig. 12 (described below) for d02 of CTL at (a) 2230 UTC 29 Apr and (c) 0300 UTC 30 Apr 2017,
and for d02 of DRY at (b) 2230 UTC 29 Apr and (d) 0300 UTC 30 Apr 2017. The thick brown lines in (a) and (b) indicate
the phase lines of mesoscale waves discussed in the text, and the dashed brown lines indicate phase lines of shorter
wavelengths locally excited by convection or tropospheric waves associated with the midtropospheric front. The anno-
tated numbers in (c) indicate the horizontal position of the stratospheric waves at 150 hPa shown in Fig. 10b. The open
yellow circles in (c) indicate the locations of severe turbulence PIREPs (Fig. 3a) from 19 and 13 min earlier, which are
projected onto the vertical cross section. The position within the cross section of the critical level (U = ¢) at 11.9 km MSL
from the Fig. 12a vertical profile at 0200 UTC is shown along the thick dashed line.

permits KH instability. However, at these altitudes the vertical
grid spacing is 240 m, which suggests that the depth of the low Ri
layer could be only marginally resolved. It is unclear what effect
this has on the characteristics of the simulated billows and should
be a topic of continuing research.

Coinciding with the overturning isentropes in both cross
sections are short horizontal- wavelength internal gravity
waves, which are evidenced by the /4 wavelength phase shifts
between the potential temperature and vertical velocity per-
turbations in layers directly above and beneath the overturning
isentropes (Figs. 16a,b). However, there are large differences
in the vertical structure of the gravity waves occurring within
these different vertical cross sections.

Reasons for the differences in vertical structure (Figs. 16a,b)
are understood by analyzing vertical profiles of the approxi-
mate two-dimensional Scorer parameter (e.g., Nappo 2002):

N LUl

P=——" - %
U-c¢ff U-c’

©)

where vertical profiles of /* are horizontally averaged in the
same manner as the average depth Az of the Ri < (.25 layers
are estimated for Eq. (1). Gravity waves can propagate verti-
cally when > > k* where k = 2m/A is the horizontal wave-
number. Waves are no longer able to propagate vertically at
altitudes where ’~k* ~ 0, and are evanescent (i.e., experience
vertical decay of amplitude) when ? < k*. Waves can become
“trapped” in vertical regions between two evanescent or re-
flective (e.g., the ground) layers.

The waves in the SE-NW cross section (Fig. 16a) have a
horizontal phase speed of ¢ = 20ms~! based on animations
of potential temperature using the 2-min frequency of model
output from CTLHR. Here, the UTLS jet layer from ~10.6 to
11.4km MSL (Fig. 17a) supports a wave duct with > ~ k* at
these two levels (Fig. 17b), consistent with the vertically trapped
appearance (i.e., lack of vertical tilt) of the gravity waves
beneath the overturning isentropes (Fig. 16a). Gravity waves
are predicted to be evanescent in the layer between 13.3 and
13.9 km MSL (Fig. 17b) and above that altitude /*is close to k2,
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Fi1G. 12. (a) Evolution of the vertical profile of horizontal winds
in the plane of transect BB’ of (b) at the location of the purple dot
along BB’ in d02 of CTL. (b) The 6-h change in the component of
the horizontal wind at 11.5km MSL oriented along BB’ (dashed
contours, with —15,and —20 ms™~ ' values), and maximum reflectivity
in a vertical column at 0200 UTC 30 Apr 2017 for domain d02 of
simulation CTL, and the 11.5km MSL d02 (CTL — DRY) differ-
ence field of horizontal winds (barbed symbols plotted as in
Figs. 2a,c) at 0200 UTC 30 Apr 2017.

which together are consistent with the decay of wave amplitude
with height in this layer above the overturning isentropes and
no vertical propagation farther aloft (Fig. 17a). It is also worth
noting that there are two critical layers for these waves. The
uppermost layer corresponds to the overturning region, con-
sistent with stationary KH billows relative to the mean flow at
that altitude. The second, at about z = 9.2 km MSL, is below
the ~1.5km deep evanescent layer and the wave amplitude of
any downward extending waves has already decayed to almost
zero by this altitude.

The situation is different in vertical cross section SW-NE,
wherein the isentropes overturn (Fig. 16b) in the layer of Ri < 0.25

Conditions in d02 at 1400 UTC 30 April 2017 (t=22 h)
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FIG. 13. (a) Composite map of 11-km (~36 kft) horizontal winds
and cloud boundary from domain d02 of CTL and differences in
wind speed from DRY (red contours) at 1400 UTC 30 Apr 2017.
Transect WE locates the concurrent vertical cross sections of TKE
(gray shading), horizontal winds, aggregate cloud water, cloud ice,
and snow mixing ratio (single green contour = 0.1gkg™ "), and
approximate tropopause height [brown contour of 2 potential
vorticity units (PVU); 1 PVU = 10 °K kg™ ' m*s™'] for (b) CTL
and (c) DRY. The dash-outlined interior cyan box in (a) locates
domain d05 for the higher-resolution simulation CTLHR that is
subsequently discussed.

located underneath the jet (Fig. 17¢). In this cross section, the
approximate horizontal wavelength of the associated gravity
waves is greater (A ~ 9-10km) and the amplitude of the waves
is less regular than in cross section SE-NW (cf. Figs. 16a,b).
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MREF, 8 and 10-km MSL Horizontal Winds, and 8-10-km MSL Vertical Shear Magnitude > 15m 5 Tkm'! |n d02 of CT]_

(a) 1200 UTC 30 April 2017
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FIG. 14. Maximum reflectivity in the vertical column (gray shading), horizontal winds at 8 km MSL (blue barbed
symbols with plotting convention as in Figs. 2a,c) and 10 km MSL (red barbed symbols with plotting convention as
in Fig. 2a,c), and locations of vertical shear at 9 km MSL exceeding 15ms ' km ! (single black contour) for a
portion of domain d02 for CTL at (a) 1200 and (b) 1400 UTC 30 Apr 2017.

The undulations in the isentropes labeled 1 and 2 (Fig. 16b)
were tracked with the 2-min model output during a 20-min
period prior to which they overturned, and revealed an average
horizontal phase speed of ¢ = 18ms™! during this period.
Substituting this estimated horizontal phase speed into (2)
produces an average vertical profile of the Scorer parameter
(Fig. 17d) that permits vertical wave propagation (P > k?)
between a critical level located at ~8.8km MSL within the
vertical shear layer beneath the jet where Ri < 0.25, and a
second critical level located at ~11.4km MSL in the reverse
shear above the jet (Fig. 17¢).

This vertical structure is consistent with stationary (relative
to the local mean flow) KH billows being generated in the Ri <
0.25 layer, which approximately coincides with the lower crit-
ical layer. These billows also generate gravity waves that are
able to propagate vertically until they reach the uppermost
critical layer, where they are dissipated (Fig. 16b). The dissi-
pation of these upward propagating gravity waves provides a
second possible source of turbulence in addition to that related
to the overturning isentropes occurring in the vertical shear
layer beneath the jet. Below the overturning billows the waves
become evanescent at about 7.2 km MSL (Fig. 17d), consistent
with the vertical decay patterns of downward propagating
waves (Fig. 16b).

Gravity waves occurring approximately in phase with over-
turning isentropes that resemble KH billows have been ob-
served in previous simulations. For instance, Trier et al. (2012)
simulated similar layers of internal gravity waves located di-
rectly beneath and above KH-like overturning (their Fig. 14) in
the entrance region of synoptic jet streak, and Zovko-Rajak
and Lane (2014) found a similar horizontal juxtaposition of KH
instability and short-wavelength internal gravity waves in their
idealized simulations of turbulence in the UTLS outflows of
mesoscale convective systems. Zovko-Rajak and Lane (2014)
argued that the gravity waves were most likely initiated by
the KH instability, but noted that because of the similar

elevations of critical levels and layers of small Ri supporting
KH instability, gravity wave breakdown near critical levels
could not be entirely dismissed as the cause of the turbulence.

In the current case, potential temperature perturbations near
the center of the SE-N'W vertical cross section (Fig. 16a, dashed
inset) originate in a layer of shearing instability (Ri < 0.25)
having lower static stability than surrounding layers (Fig. 18a).
This unstable layer coincides with reverse shear above the
convectively enhanced UTLS outflow (Fig. 18a), which con-
stitutes the majority of the overall vertical shear within the
unstable layer (cf. Fig. 17a).

As the perturbations amplify within the unstable layer, gravity
waves are excited in surrounding layers with greater stratifi-
cation (Figs. 18b,c). Consistent with the vertical structure of
the Scorer parameter (Fig. 17b), these gravity waves are eva-
nescent, and they remain in phase with the amplifying potential
temperature perturbations within the Ri < 0.25 layer, where
the isentropes begin overturning after 1216 UTC (Figs. 18d-f).
This sequence of events points toward KH instability as the
process that initiates the simulated wave breaking and tur-
bulence, as suggested by Zovko-Rajak and Lane (2014).
The behavior of the internal gravity waves both above and
below the regions of KH instability are consistent with this
conclusion.

Similar evolutions were found in additional vertical cross
sections taken through other wavelike vertical velocity bands
in Fig. 15a (not shown). Most notably, the potential tempera-
ture perturbations always originated within Ri < 0.25 layers
possessing strong vertical shear located above the core of
convectively enhanced UTLS outflow. Unlike in Fig. 18a, not
all of these Ri < 0.25 layers possessed small static stability.
However, the unstable layers that initially possessed small
static stability, as in Fig. 18, often experienced the most rapid
and widespread overturning.

The most common altitudes of observed turbulence (Fig. 8b)
occurred from 10.7 to 12.5km MSL (from ~250 to 175 hPa).
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CTLHR d05 Vertical Velocity, Cloud Boundary and 1-km Deep Vertical Shear
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_(b) 1436 UTC 30 Apr 2017
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FI1G. 15. Vertical velocity (color shading), cloud boundary (single
brown 0.005 gkg ! contour), and 1-km horizontal wind difference
(bulk vertical shear; barbed symbols plotted as in Figs. 2a,c) in
domain d05 of CTLHR located at (a) 12km MSL at 1230 UTC
30 Apr 2017 and (b) 9km MSL at 1420 UTC 30 Apr 2017. The
transect SE-NW in (a) indicates the horizontal location of vertical
cross sections displayed in Figs. 16a and 17a, below. The transect
SW-NE in (b) indicates the horizontal location of vertical cross
sections displayed in Figs. 16b and 17c, below. The annotations
KABR and KUNR locate NWS soundings for which wind speeds
are plotted in Figs. 5b and 5d, respectively.

Figure 19 shows 3h of observed turbulence reports from
within this layer superposed on the CTLHR 1420 UTC
30 April horizontal winds and vertical velocities at 10.75 MSL.
The simulated vertical velocities comprise intermittent wave-
like banded features interspersed over a widespread region
outside of cloud. The wider bands with larger horizontal
wavelengths at the western edge of the observed turbulence
correspond to the vertically propagating gravity waves (dashed
phase lines in Fig. 16b) below the level at which they break and
induce turbulence. The bands located in the stronger UTLS
outflow farther east (in the region enclosed by the dashed cone
of Fig. 19) constitute packets of trapped gravity waves of
shorter horizontal wavelength, which are akin to those occur-
ring ~2h earlier (Figs. 16a and 18e,f) beneath overturning
waves at altitudes with KH instability.

It is noteworthy that the region of model-parameterized
TKE at 200 hPa in d04 of the lower maximum resolution (Ax =
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. CTLHR d05 Potential Temperature, Cloud Boundary and Vertical Velocity
(a) 1230 UTC 30 Apr 2017—

2
%)
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»
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"4 () 1426 UTC 30 Apr 2017

Height (km MSL)

09 10 20 30 a0 50 60 70
SwW Horizontal Distance (km) NE
FIG. 16. Vertical cross section along transects of vertical velocity

(color shading), potential temperature (black contours, with 3-K
contour intervals), and cloud boundary (brown contour of 0.005 gkg™")
along transects (a) SE-N'W of Fig. 15a at 1230 UTC 30 Apr 2017
and (b) SW-NE of Fig. 15b at 1426 UTC 30 Apr 2017 for d05 of
CTLHR. The dash-outlined rectangle in (a) indicates the display
domain for Fig. 18. The thick dashed horizontal line in (b) indicates
the altitude of a critical level at which gravity waves (brown dashed
phase lines) are unable to vertically propagate, also shown later in
an analysis of the Scorer parameter in Fig. 17d. The annotations 1
and 2 indicate individual waves that are tracked to determine a
mean horizontal phase speed used in the Scorer parameter calcu-
lations of Fig. 17d.

1.1km) simulation CTL (Fig. 8b) coincides well with this
more eastward region containing the banded vertical velocity
features and the numerous reports of moderate and severe
turbulence in Fig. 19. Similarly, there is large model-parameterized
TKE in d04 of CTL at 300 hPa (Fig. 8a) in the general region of
the lower altitude 9-km MSL (~300hPa) vertical velocity
bands north of KUNR (cf. Fig. 15b).

6. Summary and discussion

The environment and mechanisms of widespread aviation
turbulence within a strong springtime baroclinic wave cy-
clone have been examined using observations and nested
grid simulations, which identify the synoptic and mesoscale
features that are conducive to turbulence. There were over
1100 reports of moderate or greater turbulence from in situ
EDR data and PIREPs in the upper troposphere/lower
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FI1G. 17. (a),(c) Vertical cross sections of the environmental features indicated in the legend for the corresponding

vertical cross sections of Figs. 16a and 16b, respectively, pr

ior to widespread wave breaking. (b),(d) Vertical profiles

of the Scorer parameter corresponding to (a),(b), respectively. In (b)and (d), k? refers to the square of the hori-
zontal wavenumber discerned from Figs. 16a and 16b, respectively.

stratosphere east of the Rocky Mountains from 0000 to
1800 UTC 30 April 2017, including over 100 reports of severe
turbulence.

These springtime baroclinic wave cyclones are common
in the lee of the Rockies and are a frequent source of dis-
ruptive aviation turbulence. Regions within the cyclone most
supportive of severe turbulence for the current case are
summarized relative to synoptic features in Fig. 20. This
schematic shares some similarities with diagrams of preferred
locations of jet stream turbulence in midlatitude cyclones
presented in previous works (e.g., Hopkins 1977; Ellrod and
Knapp 1992; Ellrod et al. 2015; Knox et al. 2016). However,
the current study emphasizes that the severe turbulence that
occurs in each of three shaded regions in Fig. 20 is strongly
influenced by organized deep convection within the cyclone.
Among these three shaded regions, the two we concentrated on
(regions 1 and 2) do not occur directly within strong convection.

The persistence, spatial extent, and simulated turbulence
mechanisms were distinctly different in these two regions.
In both regions, the majority of the reported turbulence
occurred outside of cloud. Despite the majority of the tur-
bulence being in clear air, comparisons with a dry simula-
tion in which cloud microphysical processes were withheld,
established that anticyclonic UTLS outflow emanating from

deep convection elsewhere in the midlatitude cyclone played
crucial roles in enhancing the vertical wind shear. This un-
derscores the importance of moist convection in altering the
environment in the clear air, making it more susceptible to
turbulence.

In region 1, which is located along a midtropospheric front
in western Texas, the turbulence was relatively isolated and
transient. Model-parameterized TKE in this region of the
full-physics simulation was associated with breaking meso-
scale lower-stratospheric gravity waves. These mesoscale
waves had horizontal wavelengths of ~100 km, and occurred
in a jet exit region near the base of the UTLS synoptic
trough (Fig. 20).

Mesoscale wave breaking also occurred in this horizontal
location in a dry simulation, but in that simulation the wave
breaking was restricted to altitudes several kilometers above
that of the observed turbulence and the corresponding wave-
breaking in the full-physics simulation. In the full-physics
simulation, UTLS outflow from deeper and more intense
convection located along the surface cold front modified the
vertical profile of horizontal winds along the direction of
wave propagation and influenced the altitude of a critical
level, underneath which simulated wave breaking occurred.
The relatively long wavelengths of these gravity waves
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FIG. 18. Evolution of CTLHR potential temperature (black contours, with 3-K intervals), gradient Richardson
number = 0.25 (red contours), and (CTLHR — DRYHR) horizontal winds (shading) oriented along SE-NW
(Fig. 15a) for the dash-outlined inset of Fig. 16a from (a) 1204—(f) 1224 UTC 30 Apr 2017.

combined with UTLS outflow from distant convection to
locally establish a critical level near or slightly above
commercial aviation cruising altitudes may help explain the
relatively isolated nature of the observed turbulence in
this region.

In contrast, both the observed turbulence and model-
parameterized TKE occurred was more persistent and widespread
over region 2 (Fig. 20), which was located over the northern
plains. For the eastern part of the region (marked 2a in
Fig. 20) the turbulence altitude was centered near 12 km
MSL (200 hPa), which was ~1km above the northwestern
edge of the extensive cloud shield whose top coincided with
the altitude of the UTLS southerly jet that occurred ahead

of the synoptic trough. The wind speeds in the UTLS jet
were enhanced by 30-45ms ™! due to anticyclonic outflow
from organized deep convection occurring within the cy-
clone warm sector to the southeast (Fig. 20). The waves in
this region had much smaller horizontal wavelengths of
~5km than those associated with the more transient tur-
bulence in region 1, and were consistent with KH instability
since they both initiated and overturned at altitudes where
Ri < 0.25 in the vertical shear layer located above the
UTLS jet.

In region 2b (Fig. 20), a second shorter-lived area of
enhanced model-parameterized TKE occurred west of the
synoptic cloud shield within a tropopause fold located

020Z 48qWBAON /| UO J8sh NOLSO8 ONIHSITaNd 00S83 Ad pd G6000ZPSel/E8E L 1L0S/698€E/ 1 /L L/pd-ajoiue/sel/Bi0-00sjowe s|eunolj/:dpy woy papeojumoq



3886

CTLHR d05 1420 UTC 10.75-km MSL Verti
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1330 - 1630 UTC Turbulence " 5t4 EDR (m235-T) PIREPS 75 km
@ 0.15-0.21 Light @ Light
Reports from 10.7-12.5 km MSL g ¢'55 o'47 Moderate @ Moderate
(35,000 - 41,000 ft) ® >0.47Severe @ Severe

FIG. 19. Vertical velocity (color shading), horizontal winds
(barbed symbols as in Figs. 2a,c), and cloud condensate boundary
(brown contour of g. = 0.005gkg ') at 1420 UTC 30 Apr 2017
for d05 of CTLHR at z = 10.75 km MSL. Observed turbulence
reports surrounding this altitude are superimposed as indicated in
the legend. For comparison purposes (see text), the dashed gray
wedge-shaped region corresponds to the region of significant model-
parameterized turbulence kinetic energy in the lower-resolution
domain d04 of CTL (cf. Fig. 8d) and TKE feature A of d02 of CTL
(cf. Fig. 13b).

closer the UTLS trough axis. This location contained simulated
waves with horizontal wavelengths of ~10 km, and these waves
overturned within a layer with Ri < 0.25 at an altitude about
3km lower (~9km MSL) in weaker vertical shear beneath
the UTLS jet. These overturning waves were overlaid by
vertically propagating internal gravity waves, which them-
selves overturned near a critical level located in the reverse
shear above the UTLS jet. The multiple layers of simulated
wave overturning at this horizontal location is consistent
with observed reports of moderate-or-greater turbulence
through several km along and immediately east of the UTLS
synoptic trough axis.

In summary, our highest-resolution nested NWP simulation
with 370-m minimum horizontal grid spacing indicates small-
scale wave breaking as the likely mechanism influencing the
onset of widespread observed out-of-cloud turbulence in two
distinct regions in region 2 (Fig. 20). However, this simulation is
still inadequate for the purpose of reliably capturing details of
the wave to turbulence breakdown process in both of these
turbulence regions. Examination of this process would require
direct numerical simulation studies (e.g., Fritts et al. 2009a,b).
Another limitation of the current study and for model-based
UTLS turbulence studies in general, is the lack of thermody-
namic and wind information at the horizontal scales necessary
to verify the simulated turbulence onset from wave breaking.

However, the broad agreement of model-parameterized
TKE in the control simulation with observed in situ data and
PIREPs of severe turbulence, together with similar approxi-
mate collocation of explicitly simulated wave-breaking in our
highest-resolution simulation, is an encouraging finding. This

JOURNAL OF THE ATMOSPHERIC SCIENCES

VOLUME 77

Turbulence Hazard Regions in a United States Lee Cyclone
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Widespread turbulence
hazard in shear layers
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convective outflow jet
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Turbulence hazard
in synoptic UTLS jet
exit above middle
tropaspheric front

Turbulence hazard
in deep convection

500 km

FIG. 20. Schematic diagram illustrating the locations of tur-
bulence hazard regions (shaded) occurring near the jet-stream
level and their spatial relationships to the illustrated large-scale
meteorological features observed and simulated in the 30 Apr
2017 lee cyclone. The red L and the blue and red lines with
symbols indicate the positions of the surface cyclone and the
cold and warm fronts, respectively. The thin black lines depict
UTLS geopotential height contours. The short and long brown
arrows depict a synoptic UTLS jet streak near the base of the ge-
opotential trough, and the maximum jet stream winds on the east
side of the geopotential trough (which are enhanced by UTLS
convective outflow), respectively. The numerical annotations in-
dicate approximate locations referred to in the summary text.

suggests that the current highest-resolution operational models
(Ax = 1-3km) are capable of simulating these regions of TKE
and related turbulence hazards provided that deep convection
and its associated UTLS outflow is accurately represented in
these models.

However, the accurate prediction of deep convection itself is
a challenging problem, and depends on many factors including
the appropriateness of subgrid physical parameterizations
used in operational models. In particular, the model PBL
scheme influences attributes of UTLS outflows (including
vertical shear, and static stability), which can in turn influence
the model-parameterized TKE, and resolved flow quantities
that may be predictors of turbulence (e.g., Sharman and
Pearson 2017; Williams 2017). This can happen both indirectly
through the PBL scheme’s influence on deep convection,
or more directly by the vertical mixing controlled by the
PBL scheme, since these schemes redistribute momentum
and scalar quantities throughout the entire model depth in
most NWP models. These effects related to the PBL scheme
are explored using the current case as an example in a com-
panion paper (Mufioz-Esparza et al. 2020).
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