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Abstract
Forecasting the timing and location of convection initiation (CI) often is a difficult
problem that, if done inaccurately, can affect predictions of storm motion, storm
mode, and ultimately storm impact. As numerical weather prediction (NWP)
models use increasingly finer grid spacing, processes involved in CI might be
expected to be better represented, leading to increased forecast ability. In this study,
we compare observations to rare 5-minute model output from the operational North
American Mesoscale Forecast System (NAM) at both 4- and 1.33-km grid spacing.
Two severe weather cases (28 April 2014 and 6 May 2015) are simulated, and
compared for evidence of increased forecast performance with decreased horizontal
grid spacing. The results show similar convective environments between the two
nests, especially for strongly forced events. The dryline dynamics are explored,
and limitations related to the model setup are exposed. Model artifacts related
to physics parameterizations and the numerical framework are unveiled, and they
contributed directly to changes in the operational NAM that were implemented
officially in March 2017.
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Chapter 1 |
Introduction
While the physical mechanisms for isolated convective initiation (CI) are relatively
well understood in theory, numerical weather prediction (NWP) models’ ability
to forecast the location and timing of CI remains a difficult aspect of the forecast
problem [see Markowski and Richardson (2010), Chapter 7, and citations therein].
CI occurs when parcels of air travel upwards past their level of free convection
(LFC), resulting in a rapid increase in cloud depth owing to buoyancy-driven
upward accelerations, and possibly the formation of precipitation and lightning
(e.g., Weckwerth and Wakimoto, 1992; Crook, 1996; Ziegler and Rasmussen, 1998;
Kain et al., 2013). These rapid increases in cloud depth can lead to long-lived
supercell thunderstorm formation, dangerous straight-line winds, large hail, and
devastating tornadoes; however, if the same rapid increase only occurs over a
sufficiently small vertical extent, then it can lead to harmless cumulus development
or just light precipitation.
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The finest grid-spacing in current operational models is used in convectionallowing models (CAMs), which use a microphysics parameterization scheme but
do not use a convective parameterization scheme. CAMs offer increased skill by
determining convective mode (e.g., Done et al., 2004; Weisman et al., 2008) and in
providing more accurate precipitation amounts when compared to models using
convective parameterization schemes (e.g., Clark et al., 2016). Despite the increased
forecast skill using CAMs, the storms produced during a forecast are often too large,
and the location of CI is often misplaced; therefore, Kain et al. (2013) indicated
that there is a growing awareness that CI prediction is “one of the weak links in
forecasting thunderstorm activity.”
Forecasting CI remains a great challenge because there is often a narrow divide
between a severe event and a null event. Subtle changes in the thermodynamic
profile (e.g., changes in the strength of the capping inversion) can make the difference
between intense convection and CI failure. For this reason, accurately resolving
the evolution of the pre-storm environment is essential, and it can influence the
predicted storm mode and ultimately, the storm impact. Finer grid spacing should
enhance forecast capability, because forecast skill generally increases with decreasing
horizontal grid spacing, as important features are better resolved (Buizza, 2010).
These features include airmass boundaries such as fronts and drylines, which often
provide the lift needed to initiate deep convection.
Though the obvious objective in operational forecasting is to improve predic-
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tion of high-societal-impact events, the pre-storm environment can be altered by
low-societal-impact events earlier in the forecast period (e.g., small, short-lived,
convective showers, advection of moisture and temperature, synoptically-forced
precipitation and cloud coverage, etc.) (Ziegler and Rasmussen, 1998). As the
pre-storm environment is influenced by these less intense features, it can be argued
that these features are of equal importance; therefore, the ability to accurately
simulate these features is key to further increasing forecast skill.
The nature of NWP is changing rapidly, as increases in computing power allow
for models to be run at increasingly finer horizontal grid spacing. This begs the
question: How fine does the horizontal grid spacing need to be to accurately simulate
the processes related to convection initiation and evolution? Bryan et al. (2003)
argue that a grid spacing of 100 m or less is required to sufficiently resolve the
largest turbulent eddies. Kain et al. (2008) say that, when comparing a 4-km grid
to a 2-km grid, “the detailed structures produced by the [2-km nest] were intriguing,
but appeared to add little, if any, practical value as forecast guidance,” and, that the
increases in forecast skill did not warrant the, “tenfold increase in computational
expense.” While the higher resolution structures are intriguing, the finer grid
spacing remains sensitive to parameterizations of microphysics, radiation, boundary
layer processes, and the land surface, suggesting, perhaps, that investing in research
to improve parameterization schemes may be more fruitful than investment in
computational power, in terms of improving forecast skill.

3

To compare and analyze the benefits of decreasing horizontal grid spacing on CI,
the North American Mesoscale Forecast System (NAM) was used to simulate two
severe weather outbreaks, 28 April 2014 and 6 May 2015. Each of these cases was
simulated in collaboration with the National Center for Environmental Prediction
(NCEP) at two convection-allowing grid-spacings, 1.33 km and 4 km. The model
output was saved with high-temporal resolution (5-min intervals), allowing for
a detailed analysis of storm-scale features. The 5-min data have proven very
useful in comparing storm-scale dynamics, realizing model artifacts that would
otherwise go unnoticed, and isolating mechanisms responsible for CI. Though the
complexity of operational, full-physics, NWP models does not lend itself easily to
direct cause-effect relationships, the comparison of model performance with the
specificity granted by the 5-min data does present a unique general perspective
on the realism of the pre-storm environment and on the subsequent evolution of
convective storms.
Chapter 2 provides background on the CI problem. In Chapter 3, the setup of
the operational NAM is presented, a review of the synoptic evolution and the main
features from each of the severe weather outbreaks is highlighted, and a list and
description of other tools for analysis and observational data is provided. Chapter
4 includes the results of the study in terms of model comparison and general model
performance, and conclusions are presented in Chapter 5.
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Chapter 2 |
Background
The environmental conrtols on the mode of severe thunderstorms, and the processes governing storm motion, are relatively well-understood (see Markowski and
Richardson (2010), and citations therein). Storm motion and storm mode are
largely dependent on the deep-layer wind shear, but are also dependent on the
heterogeneity of the thermodynamic environment and the mechanism for lifting (i.e.,
the initiating boundary). The strength and evolution of a thunderstorm is related
to its storm mode and motion during and after initiation; therefore, forecasting
CI is a complicated process because the vertical wind shear, the thermodynamic
profiles, and the initiating mechanism each need to be represented realistically.
While the theoretical understanding is robust, there lies a disconnect in our ability
to accurately forecast real events that may help better protect lives and property
(which is the ultimate goal). The limitations exist partly in the depiction of the
current environment. Sparse surface observations and even fewer observations
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above the surface in proximity to severe weather events lead to errors in the model
initial conditions. Parameterized model physics schemes are sources of error. The
model resolution is a third limiting factor because processes that contribute to
the evolution of the pre-storm environment (i.e., wind accelerations, advection of
temperature and moisture, surface fluxes) and processes within the storm itself (e.g.,
vorticity generation, entrainment) can be sensitive to the grid-spacing. Moreover,
the misrepresentation of these processes creates error that propagates through
the forecast solution, as individual storm events can have a significant impact on
altering the environment around them.

2.1 Convection Initiation
Dial et al. (2010) investigated four years of severe weather events, and found that
the statistics show that the orientation of the deep-layer shear compared to that of
the initiating boundary played an important role in dictating the storm mode (e.g.,
discrete cells versus a quasi-linear convective system). Also, the residence time of
the initiating cell in the vicinity of the initiating boundary dictated whether a storm
system retained discrete qualities, or grew into a linear system. Cells that moved
quickly away from the initiating boundary were more likely to remain discrete,
whereas cells that remained near the initiating boundary were more likely to grow
upscale. The distinction between discrete cells and linear systems is important in
terms of the societal impact, and therefore, is an important focus for forecasting.
6

Differences like this emphasize the importance of accurately simulating the initiating
boundary and the environmental parameters that influence storm mode.
Within the discrete cell regime, studies suggest that deep-layer shear (typically,
0–6 km wind shear) is the most useful characteristic in separating ordinary cells from
supercells (i.e., those cells having rotating updrafts). Large-shear environments
are conducive to supercells, while lesser shear environments favor singlecell or
multicell storms. Shear is important for two reasons: 1) it separates the updraft
from descending hydrometeors and negatively buoyant air, and 2) it leads to
dynamic pressure perturbations that can enhance storm longevity and intensity.
Weakly sheared environments usually result in short-lived, disorganized convection.
Moderately sheared environments can promote enhanced lifting along low-level
convergence lines (i.e., gust fronts), which can result in the repeated triggering of
new cells, known as multicell convection (Markowski and Richardson, 2010). Strong
shear in favorable thermodynamic environments can lead to supercell formation
(e.g., Bunkers et al., 2006b).
The environment from which the storm grows must be realistic in terms of the
distribution of moisture and the placement of air mass boundaries. Emanuel et al.
(1995) noted that our inability to replicate the high-resolution distribution of water
vapor in the boundary layer is one of the major constraints to increasing our skill in
convective precipitation forecasts, because low-level moisture directly impacts the
available convective available potential energy (CAPE). CAPE is a quantity derived
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from the vertical integration of buoyancy between the level of free convection (LFC)
and the level of neutral buoyancy. If a parcel rises moist adiabatically from its
LFC, the value of CAPE dictates the amount of energy available to accelerate the
parcel to its level of neutral buoyancy, or its equilibrium level (EL), and is given by

CAPE =

Z EL

B dz

(2.1)

LF C

where, B is buoyancy and z is height above ground level.
Parcel theory, upon which CAPE is based, ignores entrainment and vertical
perturbation pressure gradient forces. If these effects are small, CAPE can be
related to the maximum expected vertical velocity, accelerating to

√
wmax =

2CAPE

(2.2)

(Emanuel, 1994). The presence of CAPE is directly related to the environmental
temperature profile and boundary layer moisture content. Crook (1996) performed
experiments using NWP models to investigate the sensitivity of CI to surface
thermodynamic scalars, and found that small changes in the vertical gradients of
temperature and moisture were important in determining whether convection would
develop. In particular, he found that a 1 K km−1 perturbation in the magnitude
of the vertical temperature gradient near the surface was enough to delineate
between a convective simulation and a non-convective simulation. Similarly, he
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found that the strength of the resultant convection was also sensitive to a 1 g kg−1
km−1 difference in the magnitude of the vertical moisture gradient, reinforcing the
importance of capturing the evolution of temperature and moisture prior to CI in
a model.
Likewise, convective inhibition (CIN) is another quantity directly related to the
vertical profile of temperature and moisture, except it represents the energy needed
to lift a parcel to its LFC. CIN in large quantities typically suppresses convection
in the absence of a strong mesoscale forcing. Capping inversions at the top of the
boundary layer are particularly common in the southern Great Plains, when moist
boundary layer air is advected northward beneath hot and dry air that has been
advected from the west above the boundary layer (Weckwerth and Parsons, 2006;
Carlson et al., 1983). Air advected from the west can be associated with elevated
mixed layer (EMLs). EMLs are characterized as having nearly constant potential
temperature and mixing ratio profiles because they originate as well-mixed surface
layers from the high plains and mountain regions to the west (Carlson et al., 1983).
The relatively hot air at the bottom of EMLs can contribute to large CIN, and
the steep lapse rates associated with the constant potential temperature air in the
EML contributes to high CAPE. While CIN can act to suppress convection, it
can also be beneficial to eventual convective storm development. The “cap” (i.e.,
stable layer above the boundary layer) can act to prevent mixing between the
warm, moist boundary layer air and the hot, dry air aloft. The suppression of early
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convection, when CAPE is smaller, allows the boundary layer to continue to warm
and moisten, creating a more favorable environment for convection, with larger
CAPE and smaller CIN, later.
One, or multiple, dynamically-forced lifting mechanisms is generally needed
to overcome any remaining CIN. Lifting mechanisms can vary depending on the
situation, and can be related to synoptic scale or mesoscale processes. Of particular
interest in this study are gravity waves, frontal zones, drylines, gust fronts, horizontal
convective rolls (HCRs), and topography. Commonly, multiple mechanisms can
interact and influence a region simultaneously. For example, Wilson and Schreiber
(1986) found that initiation “preferentially occurs at the intersection of radardetected, low-level convergence lines and HCRs, where enhanced updrafts are
present.” The HCRs and the convergence lines serve two roles: 1) locally deepening
the moist layer, making it more favorable for a parcel to reach its LFC, and 2)
providing vertical motion.
Initiation via gravity wave motion has been shown in some studies (e.g., Uccellini,
1975; Weckwerth and Parsons, 2006; Browning et al., 2007). To be effective, the
upward branch of the wave structure must have sufficient amplitude to lift parcels to
their LFC. Gravity waves develop when air is displaced from its equilibrium level in
a stable layer, resulting in buoyancy forces that cause the parcel to oscillate about its
initial level. They can form from processes including: geostrophic adjustment (i.e.,
the correction of unbalanced horizontal flow to geostrophic equilibrium), convection
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(i.e., a result of an updraft impinging on the stable tropopause, or flow over a
stable outflow boundary) or from flow over topography. Depending on the stability
characteristics and the wave properties, some gravity waves can grow into large
disturbances that propagate horizontally, while others dissipate in the vertical.
Occasionally in modeling studies, spurious gravity waves can develop as a symptom
of the numerical errors, or a result of energy aliasing from unresolved scales into
resolvable scales. To negate the effects of energy aliasing, most NWP models include
an artificial diffusion parameter that is meant to suppresses wavelengths that are
common for aliased energy (i.e., 2∆x–4∆x).
Another common lifting mechanism is a frontal boundary. The idea of a frontal
system originated in the early 1900s with the Norwegian Cyclone Model. Fronts
form within pressure troughs that extend outward from synoptic-scale low pressure
systems. The lifting along the front results from circulations governed by the
Sawyer-Eliassen equation for semi-geostrophic motions, and can result in discrete or
linear convection (Koch, 1984), depending on several factors including the strength
of the frontal circulation and the orientation of the shear with respect to the front
(Dial et al., 2010). Thus, the positioning of synoptic scale low pressure systems and
their associated fronts is sometimes critical in establishing environments favorable
for convection initiation (Weckwerth and Parsons, 2006; Wilson and Schreiber,
1986).
A smaller-scale air-mass boundary that often initiates convection in the vicinity
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of ongoing storms is an outflow boundary. Outflow boundaries represent the leading
edge of evaporatively cooled, negatively buoyant air that drives the downdraft
in a thunderstorm. The circulation caused by density gradients forces less dense
air to rise along the length of the outflow boundary. The propagation of a gust
front is directly related to the density difference between the cold pool and the
environment. As a consequence, a model’s microphysics parameterization scheme,
which handles processes that dictate the strength of the cold pool (e.g., evaporation),
has particular importance. Cold pool strength (i.e., density excess) in terms of
surface variables is easily observed in surface observations, and it has been shown
to be critically important to accurate prediction of convective events (Stensrud
et al., 1999). Engerer et al. (2008) conducted a thorough study, which found
that cold pools associated with mature mesoscale convective systems (MCSs) had
–7◦ C average temperature perturbations and +4.5 mb average surface pressure
perturbations. Observations of the vertical structure of cold pools are more rare,
however, and are usually viewed using rawinsonde observations. High spatial and
temporal resolution rawinsondes in relation to a squall line passage were analyzed
by Bryan and Parker (2010), and it was determined that evidence of lifting along
the leading edge extended 75 km ahead of the squall line. Also, the depth of the
cold pool can be variable, ranging from 1 km to as high as 4 km in their deepest
extent (Bryan and Parker, 2010; Bryan, 2005).
HCRs are horizontally oriented, counter-rotating vortices, which develop as a
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result of boundary layer convection (e.g., Weckwerth and Parsons, 2006). These
structures can form long (~100 km) linear “cloud streets” that can be evenly spaced
and located at the top of the boundary layer. Convection in the boundary layer is
primarily driven by surface heating and the resulting thermal instability. When
thermal instability is the main driver for HCR development, the axis of the HCR is
usually aligned with the average boundary layer wind (Markowski and Richardson,
2010). Aspect ratios associated with HCRs can range from 1 to 10 (Atkinson and
Zhang, 1996); therefore, in a modeling study, the model grid may be able to resolve
HCRs in deep boundary layer environments, but will be unable to resolve HCRs
in shallow boundary layer environments. With the current operational model grid
spacing (4 km), HCRs cannot be fully resolved and the mixing caused by HCRs
(and other boundary layer circulations types) is parameterized in the planetary
boundary layer (PBL) scheme.
Perhaps the most straight-forward lifting mechanism within a model framework
is lifting due to topographical forcing. Air flowing over terrain is forced upward
and can initiate convection. This is frequently observed in mountainous regions
in the summer as slopes heat during the day. Topographic forcing can often be
responsible for gravity wave production downstream of the land mass, and in
some cases, the resulting gravity waves can initiate convection. Soderholm et al.
(2014) found that convection initiated by isolated mountain ridges prefer strongly
sheared environments (i.e., shear environments that would produce multicell or
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supercell storms) to weakly sheared environments (i.e., ones that would favor
single cell initiation). Otherwise, cells that initiate in weakly sheared environments
often dissipate quickly as they propagate downstream. Often in numerical models,
persistent wind over terrain features leads to shallow standing wave patterns, in
which air rises and falls on the upstream and downstream side of the terrain features,
respectively.
The land surface representation also can affect initiation. Shortcomings due to
the parameterized land surface can lead to unrealistic surface sensible and latent
heat flux values. If the surface fluxes are misrepresented, the evolution of the
low-level temperature and moisture fields will also have errors, and they could have
significant influence on the CI forecasts.
The current study will focus on interpreting model output to determine the
mechanisms responsible for initiating convection in the model, and seeing if those
mechanisms match those observed. It is not always definitively clear what the
cause for initiation is because many of these features can co-exist. The example
from Wilson and Schreiber (1986) is particularly relevant because it describes CI
along multiple interacting low-level convergence lines. One of the cases examined
here was, also, centered around a type of prominent, low-level convergence line —
a dryline.
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2.2 Dryline Dynamics
Severe weather is relatively common in the central Great Plains region partly due
to the unique combination of surface geography, namely, the Gulf of Mexico and the
Rocky Mountains. Synoptic-scale low pressure systems frequently spawn on the lee
side of the Rocky Mountains, and the Gulf of Mexico is the main source of low-level,
warm, moist air. This combination creates an ideal location for convection to occur
with warm, moist air at low-levels, and steep lapse rates above (high CAPE). The
interface between the moderate virtual potential temperature (θv ) air advected
from the gulf, and the hot, dry air that extends from the front range of the Rocky
Mountains and the desert southwest, is known as the “dryline”, and it has been
shown to be a favorable location for CI (citations below). The dynamics of dryline
motion and life cycle make it a unique mesoscale boundary.
The synoptic-scale dynamics are ideal for setting up the dryline environment,
as flow over the Rocky Mountains results in a lee trough. Southerly flow east of the
low pressure center advects moisture northward from the Gulf of Mexico over the
sloping terrain of the Great Plains. The leading edge of this moisture is where the
dryline should be analyzed. Although there is no firm definition in regards to the
magnitude of the moisture gradient that constitutes a surface dryline, it is typically
analyzed at the leading edge of the largest magnitude of the moisture gradient.
These gradients can be as strong as 2-4 g kg−1 km−1 as observed in Buban et al.

15

(2007) using mobile mesonet observations.
In strong synoptically forced environments, the dryline’s motion can appear
similar to warm-frontal motion, but the motion in the absence of strong synoptic
forcing, instead, has a substantial diurnal component. Daytime surface heating
drives mixing in the boundary layer. The moist air advected over the sloping
terrain of the Great Plains is most shallow at its western edge; therefore, that
moisture is the first to mix-out as the boundary layer deepens, and the surface
gradient of moisture will tighten and move eastward. As the dryline moves eastward
throughout the day, the slope of the isentropes of virtual potential temperature go
from sloped to the east in the morning hours to vertical in the afternoon (Carlson
and Ludlam, 1968; Ogura and Chen, 1977; McCarthy and Koch, 1982; Buban et al.,
2007). Motion due to the mixing occurs throughout the daytime hours until the
moist layer gets too deep for surface heating and entrainment to thoroughly mix
in dry environmental air, at which point the eastward progression halts. Cloud
cover and vegetation difference also influence sensible heating east of the dryline,
affecting the depth of the boundary layer in the region. At night, with the cessation
of boundary-layer mixing, winds back in response to the lee trough and moist air
travels westward. The motion of the dryline is then similar to that of a density
current, with higher density air generally east of the dryline at dusk. The diurnal
variation in dryline motion can result in observed drylines lasting for multiple days
oscillating back forth over the southern and central Great Plains.
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Predicted dryline motion is inherently sensitive to mixing in the lowest model
layers. Physical processes that involve mixing are major limiting factors in model
performance because current models are too coarse to resolve even the largest
turbulent boundary-layer eddies (Bryan et al., 2003; Markowski and Richardson,
2010). Furthermore, Clark et al. (2015) show that dryline motion is sensitive to
choice of planetary boundary layer (PBL) parameterization scheme, because the
PBL scheme dictates how the model handles sub-grid-scale mixing. The study
indicated that the Mellor-Yamada-Nakanishi-Niino (MYNN) PBL scheme had the
least error in the PBL depth and in the vertical profiles of moisture and potential
temperature, but it had the largest error in the placement of the dryline, with
a strong eastward bias. Coffer et al. (2013) conducted a robust study with 116
cases over 5 years and showed that the National Severe Storms Laboratory-Weather
Research and Forecast model (NSSL-WRF) at convection-allowing horizontal gridspacing using the Mellor Yamada Janjic (MYJ) PBL scheme had a systematic
eastward bias in the placement of the dryline of about 0.5◦ , while Coniglio et al.
(2013) found that the MYNN scheme was preferable in convective situations because
it alleviated the cool, moist bias of the MYJ scheme upstream of convection.The
MYJ scheme had a tendency to under-produce mixed-layer (ML)CAPE and overproduce MLCIN. The low-level mixing dictated by the choice of PBL scheme is
essential to the evolution of the dryline, and moreover, is essential to the prediction
of convection.
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The correct strength and orientation of the dryline circulation is also critically
important to simulating convection. The thermally-direct circulation at the dryline
is similar to frontogenetical circulations in synoptic fronts. Air rises up and over the
cool moist layer, and creates a solenoidally-forced vertical circulation. An example,
adapted from Buban et al. (2007), is shown in Figure 2.1. The circulation creates a
locally deepened moist layer at the dryline, which serves as a favorable location for
initiation. Without local deepening of the moist layer, entrainment of dry air from
above the moist layer can prevent parcels from reaching their LFC, as they become
unsaturated. Although lifting at the dryline (or any lifting mechanism, for that
matter) may not be able to overcome CIN that is present initially, it can condition
the environment to allow subsequent parcels to reach their LFC later, allowing
them to rise further before encountering the dry suppressive air from above. Ziegler
and Rasmussen (1998) found that moist boundary layer parcels must remain within
the mesoscale updraft (i.e., the favorable channel for ascent) prior to reaching their
LFC in order to successfully initiate deep convection.
Depending how the density gradients align with the moisture field, the dryline
can be an effective lifting mechanism for CI. Rhea (1966) explored the location
of CI in relation to the dryline in the spring and summer months, and found
that the most common region for CI existed east of the dryline within 100 miles.
Other investigators also found drylines to be favorable locations for the initiation of
convection for multiple reasons (Fujita, 1958; McCarthy and Koch, 1982; Bluestein
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and Parker, 1993; Ziegler et al., 1997; Ziegler and Rasmussen, 1998; Markowski
and Richardson, 2010). In addition to the main dryline circulation in the vertical
plane, drylines often develop smaller-scale, vertical vortices called misocyclones,
which appear to influence the spatial patterns of vertical motion (Wilson et al.,
1992; Marquis et al., 2007). Convection can initiate on either side of the dryline.
From the dry side, storms can get advected by the high westerly winds across
the boundary into a favorable region for intensification. Or, on the moist side,
convection can be initiated by any means of breaking through the capping inversion
(Markowski and Richardson, 2010), such as through lifting, warming the surface
layer, or advecting in more favorable lapse rates from elsewhere.
This study will investigate two main scenarios of CI forcing: 1) a cold-frontal
passage that resulted in numerous tornadoes and severe weather events; and 2) CI
associated with a dryline in the southern Great Plains. The positioning of the synoptic and mesoscale boundaries will be emphasized, and the interaction of multiple
dynamic lifting mechanisms will be diagnosed and assessed. Particular attention
will be paid to the heterogeneity of the low-level thermodynamic environment, and
the evolution of vertical thermodynamic profiles. There are differences in storm
mode and storm evolution related to horizontal model grid spacing, and there are
errors that develop due to model parametrization schemes. The next section will
discuss the model configuration and descriptions of the cases.
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Figure 2.1. Vertical cross sections of (left) water vapor mixing ratio (g kg−1 ) and (right)
virtual potential temperature (K). Ground-relative wind vectors (1-km length equal to 10
m s−1 ), and vertical vorticity every 2x10−3 s−1 with positive values (black solid lines)
starting at 1x10−3 s−1 and negative values (black dashed line) starting at 1x10−1 s−1
are overlaid. An example of a observed dryline that shows the dryline magnitude and
circulation using mobile-mesonet data and dual-Doppler analysis, adapted from Buban
et al. (2007).
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Chapter 3 |
Methods
This study focuses on two severe weather outbreaks (28 April 2014 and 6 May 2015)
chosen in collaboration with the Storm Prediction Center (SPC) in Norman, OK.
The following subsections will illuminate the details of the model setup, describe
the synoptic environment of each case, and highlight the observational data sources.

3.1 Model Setup
Both of these events were simulated at the Environmental Modeling Center (EMC),
in College Park, MD, using two versions of the operational, convection-allowing
North American Mesoscale Forecast System (NAM) model at different horizontal
resolutions. The coarser resolution model was the 4-km NAM Continental United
States (CONUS) nest, which produced daily forecasts for public use prior to the
latest NAM upgrade in 2016. The finer model was the 1.33-km NAM “fire weather”
nest, which is primarily used, as the name suggests, in areas that are experiencing
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CONUS NEST
FIRE WEATHER NESTS

6 May 2015

28 April 2014

Figure 3.1. Relative size of the model domains is shown. The 4 km NAM CONUS
domain is shown (blue) along with the placement of the 1.33 km fire weather domains for
each case (red).

wild fires. The nest locations and size are shown in Figure 3.1.
The 1.33 km nest receives its initial and boundary conditions from the 4-km
nest in a one-way nested framework. The one-way configuration allows the 1.33 km
nest to be easily moved to any location throughout the CONUS domain. The initial
and boundary conditions for the 4 km nest come from the 13-km, Global Forecast
System (GFS) 0000 UTC run for that day. In each simulation, the model was run
for 36 hours starting at 0000 UTC, and the model output was produced at 5 minute
intervals, thereby allowing for a detailed analysis of the physical mechanisms that
lead to CI.
Additionally, an experimental version of the NAM with 3-km horizontal resolution was run for the 28 April 2014 case. This model version included not only a
change in resolution, but, also, changes to the frequency of the call to the radiation
scheme and some alterations to the microphysics scheme to protect against the
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Model Setting

Both Nests

References

Microphysics
Land Surface
Boundary Layer
Radiation
Dynamical Core
Grid-Type
Vert. Grid Spacing

Ferrier-Aligo
Noah land-surface
MYJ
RRTM
NMM
B-Grid
Sigma-P (60 levels)

Aligo et al. (2014)
Pan and Mahrt (1987)
Mellor and Yamada (1974)
Iacono et al. (2008)
Janjic (2003)

Table 3.1. Description of the model configuration file, including parameterization
schemes (with associated references) and model framework characteristics. The only
differences between the “Fire Weather” nest and the CONUS nest (not shown) are the
horizontal grid spacing (1.33 km and 4 km, respectively) and the time step (2 seconds
and 8 seconds, respectively).

anomalous development of moist, absolutely unstable layers (MAULs) in areas of
intense vertical motion.
Table 2 describes the model “namelist” file (a.k.a. the configuration file) for
the two main versions of the NAM used here. The model parametrization schemes
used are consistent between the two versions of the model. The only differences
exist in the horizontal resolution and the time-step. The reduction in the time-step
for the finer resolution grid is necessary to preserve numerical stability via the CFL
criterion.

3.2 Case Selection
Both of the cases analyzed in this study produced significant severe weather reports
(SPC Severe Weather Archive, Figure 3.2). Keep in mind that despite the numbers
of reports listed in the archive, our 1.33 km domain did not encompass all of the
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severe weather reports for either case; instead, the location of the fixed-size fire
weather nest domain was chosen in an attempt to capture the main, high-impact
events within each case.
A possible limitation in this study is the proximity of the high-resolution domain
boundary to the features deemed important for CI. Although temperature and
moisture are advected from the south in the May case, in particular, the fields may
not reside for sufficient time within the higher-resolution grid to develop necessary
perturbations that influence the subsequent CI events. It is found that, although
the main observed supercell in the May event would be centrally located in the
1.33-km domain during its peak intensity, its initiation occurs to the south near
the 1.33-km domain boundary.
The following subsections will describe the synoptic-scale setup for each case,
and will give a timeline of the severe weather events that were observed.

3.2.1 Case 1: 28 April 2014
A tornado outbreak occurred in Mississippi and Alabama in the early evening
(~2230 UTC 28 April 2014). At 00 UTC on 28 April 2014, the starting time of our
simulation, a closed low at 300 hPa and 500 hPa was situated in a positively tilted
trough located above the tri-state area of CO, NE, and KS. The low progresses
eastward and deepens throughout the time period, leading to increased winds in key
areas, namely, the Mississippi and Ohio River valleys. Also at 00 UTC, a 988-hPa
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surface low was located east of Dodge City, KS moving eastward, as well. The low’s
associated surface cold front extended southward through OK and eastern TX,
identifiable, most prominently, by a moisture gradient. Widespread signs of the CI
that leads to the main line of storms start to occur around 1400 UTC out ahead
of the cold front, in the warm sector. The MLCAPE along the eastern edge of
the 1.33-km domain ranged between 1500-2000J/kg, with the 0-6 km shear vector
estimated between 60 and 70 kts according to the SPC mesoanalysis. By 18 UTC,
the cold front stretched from eastern AR, through NW LA, and into SE TX, with
the main cells initiating and evolving into a line of discrete cells with supercellular
characteristics oriented along the eastern border of LA and the SW border of
MS, (referred to from here on as the main line of convection). By 19 UTC, SPC
upgraded the warning area to a “particularly dangerous situation” (PDS) Tornado
Watch with high chances for tornadic supercells to develop. In the following hour,
3 discrete tornadic supercell storms, oriented from south to north, initiated ahead
of the main line of convection. The main convection remains discrete, and builds
in intensity as it progresses eastward, behind these three new vigorous cells.
A tornado outbreak was underway by 2230 UTC, with numerous, long-lived,
violent tornadoes, multiple high-wind incidents, and large hail. This pattern
persisted for the next few hours, through 00 UTC on 29 April 2015 with the same
supercell storms in the prefrontal warm sector. At this point, the CI component of
this simulation has finished. The remainder of the evolution deals with the growth
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and maintenance of supercells, and the transformation they undergo into a more
continuous cold frontal squall line in the overnight hours into the end of the study
period.
This case was chosen to evaluate model performance during severe weather
outbreaks associated with frontal passages. The orientation of the 1.33 km grid was
selected to capture the initiation events, and the evolution of the discrete supercells
into a coherent squall line.

3.2.2 Case 2: 6 May 2015
Tornadoes were observed from central Kansas to central Oklahoma. The synopticscale setup shows a broad negatively tilted 500 hPa trough centered on the eastern
Rocky Mountains. By 0600 UTC, a closed low at 500 hPa forms in the vicinity of
the trough axis, and southwesterly flow dominates the region of study at midlevels.
At 850 hPa, strong southerly flow was present over the central plains region,
advecting moist air northward at low levels in advance of the young, weak surface
low pressure system that was forming along the northern front range of the Rocky
Mountains in WY. This moisture advection continued through the overnight hours,
while weak convection was present throughout most of the domain. A bowing
line of more intense storms developed between 0400 UTC and 0600 UTC, and
progressed eastward across the domain, with new cells forming at the leading edge
of a cold pool. This feature overtook the light scattered showers that occupied the
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eastern portion of the study domain.
By 1230 UTC, the domain was devoid of convection. A narrow tongue of
moisture with dewpoints between 12◦ C and 14◦ C extended from the southern Texas
coast into northern KS at 850 mb. The western edge of the moisture was quite
diffuse until around 2000 UTC when a weak surface dryline extended from central
KS through western OK and southward to the TX plains. The maximum surface
dewpoint temperature values existed in southern central Oklahoma (~20◦ C). From
2000 UTC 6 May to 0000 UTC 7 May, the dryline continued eastward for another
80 km until it began its retreat.
Six hours after the demise of the early convective line, the main storm was
initiated in southwestern OK on the east side of the dryline in an area with little to
no CIN, mixed-layer CAPE (MLCAPE) values near 2000 J kg−1 and effective shear
of 30–40 kts (SPC, MCD515) around 1730 UTC. Southerly flow at low levels and
westerly flow above the moist layer gave way to an environment conducive to weak
tornadoes with effective storm-relative helicity values between 100 and 150 m2 s−2 .
The cells that initiated near the Wichita Mountains in SW OK moved northeastward toward the Oklahoma City region. As these cells moved away from the
Wichita Mountains, additional storms initiated and took their places forming a
SW–NE line. Each successive cell merged into the main supercell, which eventually
became stationary near the KTLX Doppler Radar site by 0025 UTC 7 May and
produced multiple significant tornadoes.
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Discrete supercells and multicell systems also initiated farther to the north
along the intersection of the dryline and the OK–KS border around 2030 UTC
and persisted through 0100 UTC 7 May. These cells passed into KS and produced
numerous tornadoes just north of the southern KS border. Around 0200 UTC,
strong tornadic storms were also forming in western north TX, outside of the study
domain and moving northward into the domain.
These three clusters of storms (southern KS, central OK, and northern TX) are
the main focus of this case, with particular emphasis on the central OK supercell.
The placement and orientation of the domain was chosen to center the domain on
the main supercell near Oklahoma City.

3.3 Sources of Observational Data
The model data are compared to observational data collected from various sources,
including: the Next Generation Weather Surveillance Radar-1988 Doppler (WSR88D) network, the Oklahoma Mesonet, Geostationary Operational Environmental
Satellite (GOES) visible satellite imagery archive, and atmospheric soundings
from the national rawinsonde network. In addition, reanalysis data are used to
supplement the observations. These data came from the National Centers for
Environmental Prediction’s (NCEP) Real-Time Mesoscale Analysis (RTMA).
The WSR-88D radar data are used to analyze storm mode, storm structure,
and the timing of initiation. Visible satellite data are used qualitatively to compare
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the timing and location of CI and to observe the presence of clouds. In a more
quantitative sense, the surface data from the Oklahoma Mesonet are used to
compare values of temperature, moisture, surface pressure, solar radiation, wind
speed, and wind direction. Model soundings are compared to observed soundings,
and artifacts in the model output are identified for further consideration.
In addition, HYSPLIT, the Air Resources Laboratory’s (ARL) atmospheric
transport and dispersion model, was altered to accept data at higher temporal
resolution and is used to calculate back and forward trajectories from specified
locations in model space. This model is commonly used in atmospheric chemistry
studies to evaluate transport of pollutants in a Lagrangian sense. This is the first
time, to the author’s knowledge, that this model has been altered to work with
sub-hourly model data output. Additional code supplied by ARL allowed us to
reduce HYSPLIT’s time-step to 1 minute1 . With the 5-min model output, and the
high-temporal-resolution functionality of HYSPLIT, trajectory calculations were
possible on scales relevant to atmospheric convection.

1

The interaction with ARL and most of the model alterations were conducted by my colleague
from Penn State, Michael Colbert, during our time together spent at NCEP EMC in summer,
2016.
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Figure 3.2. Storm Reports from the SPC. The 1.33-km domain boundaries are provided
for each case in black.
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Chapter 4 |
Results
4.1 General Comparisons: 28 April 2014
The main line of storms in the April case was associated with a frontal passage.
The highest-impact cells developed ahead of the cold front, in the warm sector.
Linearly organized scattered showers along a SSW–NNE line occurred well ahead
of the front from 0700 UTC until 1030 UTC (not shown) and moved eastward.
Remnants of this line can be somewhat seen in the southeast corner of Figure 4.1a
in the reflectivity data.1
Another preliminary line of storms entered from the west, as shown in the
northwest corner of Figure 4.1a, still a few hours ahead of the main event. Already,
The raw level 2, 0.5◦ sweep, reflectivity data for all observed reflectivity plots was plotted
on a horizontal xy-grid using the Radx tool and module. This tool does not correct for the
radial increase in beam height from the radar location. This is evident in the larger extent of
lower reflectivity values as the signals get farther from the original radar location. These values
represent cloud ice structures that exist in the anvil, or more extensive cloud at higher altitudes.
Keep this in mind when directly comparing storm features.
1
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each of the model solutions is slightly progressive, producing storms ahead of
the observed line. The 4-km nest (Figure 4.1d) produces higher reflectivity than
observed in the southern extent of the line, and misplaces the convection in the
northern portion of the line. The southern convection in the 4-km nest shows a
periodic pattern with pockets of higher reflectivity that is demonstrative of wave-like
structures that could be related to the model numerical framework. The 3-km nest
(Figure 4.1c) has similar strength of storms to observations in north-central MS,
but, again, slightly progressive placement; however, it fails to produce the same
reflectivity as observed in a stratiform rain region behind the line of storms in the
southern extent of the line. The overall pattern and strength in the 1.33-km nest
(Figure 4.1b) is most similar to the observations at this point in the simulation,
but still suffers from progressive placement like the 3- and 4-km nests. This line of
storms proceeds eastward and diminishes in the following hours.
Note the pockets of higher reflectivity embedded within the main swath in
Figure 4.1d. Also, note fine-scale structure with the 1.33 km nest reflectivity in
Figure 4.1b. The spacing of these higher reflectivity structures is different in each
simulation and is related to the horizontal grid spacing. Well-resolved periodic
patterns should have consistent structure as grid spacing changes. The fact that the
wavelength changes with grid spacing indicates the creation of spurious 2∆x–4∆x
wavelengths owing to under-resolved nonlinear interactions. Structures similar to
these are common in both cases in all variables for all horizontal grid-spacings.
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By 1600 UTC, the remnants of the earlier convection appears as an amorphous
region of showers in the north-central MS (Figure 4.2a). The higher (50 dBZ)
reflectivity echo in the western portion of the domain (red circle in 4.2a) is the early
stage of what will become the main line of the strongest supercells on this day. At
this point, this grouping of small cells is seemingly innocuous with nonsupercellular
structure. These cells are on the leading edge of the convection, and will move
eastward in the coming hours.
The model placement of the main cells relative to other concurrent convection is
important to the overall model evolution, because the other smaller showers, as seen
ESE of the main initiating cells in Figure 4.2b, will impact the immediate surface
environment, often making it cool and moist. Changing the environment into which
the main cell will move influences how it evolves, because important factors for
storm evolution, such as CAPE and CIN will also be altered. The placement of the
main cell relative to other smaller cells is a key difference between the observations
and the modeled environment. The 1.33-km nest, for instance, has realistically
located cells at 1600 UTC analogous to the observed cells, but there are smaller
radar echos ahead of them.
Another, more subtle, aspect of the observed radar at 1600 UTC is visible in
the 0–5 dBz range. Near the radar location, ahead of the storm activity, there are
signatures of convection driven by surface heating. The low-reflectivity, parallel
linear structures (in the black circle in Figure 4.2a) are likely HCRs, and other
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organized radar echoes are open-cellular convection. These structures are indicative
of surface heating and turbulent mixing. HCRs form from surface-based thermal
instability and have an aspect ratio related to the height of the boundary layer. One
would not expect to capture these reflectivity signatures in the model, because they
usually form from insects or refractive index gradients, not microphysics. In the
model, these could instead be could seen in the w field at low levels. Furthermore,
one would not expect to see these signatures because the horizontal grid-spacing
is too coarse to accurately resolve convection of this scale. The features have 4
distinct waves over roughly 23.75 km, which equates to approximately 5.9 km per
wavelength, and the boundary layer is about 1 km in depth. The 1.33-km nest is
better suited than the 4-km nest, but is still too coarse to reliably produce features
of this scale, which is why the models use a PBL scheme to parameterize the effects
of such turbulent mixing and motion on the resolved scale.
At 2000 UTC, the main convection is underway, with three tornadic supercell
thunderstorms oriented approximately north-south at the leading edge of the line
of convection as seen in Figure 4.3a. The other convective cells are also discrete
and aligned along an axis extending from SW to NE. There is a slight change in
the axis orientation in the southern half of the line. Also, notice the secondary line
of convection behind the main line, with a slightly more N–S axis orientation.
The 1.33-km nest shows a contiguous line of convection, which is realistically
oriented in it’s northern half, but does not capture the change in orientation
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in the southern portion of the line. While the line is more continuous than in
the observations, there are supercellular characteristics embedded within the line.
Particularly in the northern half of the line of storms, rotating mesocyclones and
identifiable hook echos are visible in the reflectivity field. These features are more
realistic at this grid resolution than in the 3-km or the 4-km nest; where the size of
the storms is much larger than observed, and the reflectivity values are too high,
indicating overestimated precipitation values, which is consistent with previous
literature, (e.g., Kain et al., 2008; Done et al., 2004).
The leading edge of the line of storms in Figure 4.3b displays the possible
numerical noise referenced earlier. The largest concentration of these features
exists around 32◦ N, –90.5◦ W, directly above a cold pool. The literature suggests
that 3∆x–6∆x numerical waves could exist when moist absolutely unstable layers
(MAULs) are present on or above propagating cold pools (Bryan, 2005). A sounding
within the cold pool (Figure 4.4) does show two distinct MAULs. Vertical motion
associated with these small-scale waves propagating along the top of the cold pool is
enough to initiate parallel linear cells. These small linear cells are not insignificant;
some contain pockets of >40 dBz and produce heavy precipitation, which alters
the surface environment in a manner that can influence the potential for initiating
convection.
The 3-km NAM simulation, shown in Figure 4.3c, produces convective storms
that are too weak. This simulation largely misses the structure of the individual
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storms. Curiously, the 3-km NAM shows little benefit as a tool to predict convective
mode, with most of the cells showing multicellular or linear convective characteristics
compared to either the 1.33- or 4-km nest. The 4-km NAM shows embedded cells
that are similar in structure those predicted by the 1.33-km nest, but the cells are
nearly twice the size as in the 1.33-km nest.
The individual cells evolved into a squall line by 0000 UTC 29 April. In Figure
4.5a there are still identifiable hook echo signatures, but the reflectivity structure
is a more continuous line of greater than 35 dBz for its entire length. At this point
in the simulation, the solutions have diverged considerably. Figure 4.5b shows that
the 1.33-km nest has lost its supercellular components, and has divided into two
lines of storms. The two coarser-resolutions have developed wide convective lines
with broad areas of high reflectivity lacking any embedded supercell structure.
All of the simulations seem to be contaminated by the same artificial structures.
Signatures like this can exist when nonlinear processes in the model generate
unresolvable waves that are aliased to a different scale. It is usually modulated
by adding an artificial diffusion coefficient to damp wavelengths that are the most
common recipients of aliased energy (i.e., 2∆x–4∆x).
In general, the April case was well-handled, in some respects, by both the 1.33and 4-km nests. The timing and the orientation of the line of storms and the
presence of supercellular signatures such as mesocyclones would provide guidance
to forecasters to accurately anticipate the possibility of a significant severe weather
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event with a 20–24-hour lead time. Although it is unlikely that NWP models can
accurately simulate individual storms with this lead time, the model environment
was certainly supportive of severe weather, and the timing of the frontal passage
was relatively realistic. The 1.33-km nest showed increased ability to forecast
storm structure, storm mode and thus, likely storm impact. The 4-km nest did,
however, produce useful information for a feature-specific forecast approach—a
process similar to Carley et al. (2011). Instead of relying on the model to produce
the placement and structure of individual storms, a feature-based approach relies
on specific forecast information such as the persistence of mesocyclones, storm
track, movement, and organization. In regards to these features, especially during
the life-cycle of the main supercell storms, both the 1.33-km nest and the 4-km
nest produced similar and useful forecasts.
While the 3-km NAM upgrade is not the main focus of this study, the results
are very curious. Of the three model resolutions, the 3-km NAM was the least
useful. There were many changes made to this version of the NAM aside from just
the grid-spacing: lateral boundary conditions farther away than in the 1.33-km
nest, multiple changes to microphysics, a change in the frequency of the call to
radiation, etc. The many changes to this version make it difficult to make direct
comparisons to the two other versions of the model, but all of the changes result in
a qualitative decrease in model performance in this case study. The 3-km NAM
under-develops the convection throughout the entire simulation, (evident in Figures
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4.1–4.3). The poor performance is particularly evident at 2000 UTC (Figure 4.3),
when the 1.33- and 4-km nests showed an environment supportive of supercells and
showed rotating mesocyclones, but the 3-km NAM did not. To be clear, this version
is not the latest operational version of the NAM that came on line in January 2017,
but rather, an intermediate update as of June 2016.

4.2 6 May 2015 Case
The 6 May case will be discussed in greater detail because, unlike the 28 April
2014 outbreak, the model representation was much farther from reality in terms
of timing and development of the high-impact features. As noted in Figure 2.1,
the domain for the May case was situated over western OK, southern KS and
the TX panhandle. The analysis will start with larger-scale features, such as the
orientation of the dryline and positioning of widespread cloud features, and will
progress to smaller, more specific features, such as the influence of topography as a
lifting mechanism and the resulting cloud patterns.

4.2.1 Location of the Dryline
The location of the dryline is important because it serves as a favorable location for
CI, but also because its evolution reflects the realism of modeled boundary-layer
mixing processes. As mentioned earlier, the eastward progression of the moisture
gradient is caused by spatial differences in vertical mixing, which is driven by
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surface heating. Boundary-layer development and mixing is sensitive to many of the
model physics parameterization schemes (e.g., radiation, PBL, and land-surface)
and the horizontal grid-spacing; therefore, the dryline location can be a useful
indicator of model performance. In more traditional cases, a dryline can be easily
identified, with the magnitude of the surface moisture gradient reaching dewpoint
difference values of >15◦ C within 10–100 km. This case, however, did not have
such an obvious observed dryline during certain time periods
Figure 4.6 shows the location of the dryline based on surface dewpoint fields for
the two model runs and for the observations at 2000 UTC and at 0000 UTC 7 May.
The orange lines show that the observed dryline progressed farther eastward than
in either of the models, and, although the two model runs were similar at 2000
UTC, the 1.33-km nest made more eastward progress than the 4-km nest.
The surface-based dryline location estimates are corroborated by the 0000 UTC
7 May observed and model soundings (Figure 4.7) for Amarillo, TX, Dodge City,
KS, and Norman, OK. Notice the boundary-layer structure in the Norman, OK
soundings. Both of the models and the observations are on the moist side of the
dryline as indicated by high relative humidity beneath a capping inversion, under
drier air above the inversion. The sounding in Amarillo, TX is more indicative of
the dry side of a dryline with a deep, well-mixed, boundary layer indicated by a
constant potential temperature profile, and a, more or less, constant mixing ratio
profile. The observed surface dewpoint value in Amarillo, TX is about 8◦ C, and
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the surface dewpoint value on the moist side of the dryline in Norman, OK is about
20◦ C. In regions of the strongest gradient estimated using the RTMA data and the
mesonet resources, the magnitude is about 0.3◦ C km−1 . The 1.33-km nest had a
much stronger gradient at the same time — 0.9◦ C km−1 .
There is a distinct difference between the two models in the Dodge City, KS
soundings. The boundary layer structure in the 4-km nest reflects characteristics
of the moist side of the dryline, while the 1.33-km nest mirrors the observations,
and has structure more consistent with a sounding on the dry side of the dryline.
Even though the dewpoint values are relatively high at the surface, the boundary
layer structure for the observations and the 1.33-km nest are more consistent with
a sounding on the dry side of a dryline owing to the constant theta profile, and the
constant moisture profile up to about 700 hPa. In fact, the depth of the boundary
layer in Dodge City, is about the same as the depth of the boundary layer in
Amarillo (i.e., up to ~700 hPa; Figure 4.7). The boundary layer structure in the
modeled soundings from Dodge City, KS highlight differences in boundary-layer
growth and mixing between the 1.33- and 4-km nests.
Further, the mesonet stations located along the dryline support our estimate
of its location (Figure 4.8). In all locations, notice the differences in the dewpoint
temperature field that occurs around 2000 UTC. The observed drop in the dewpoint
temperature signifies the westerly passage of the dryline. Each of these stations
is just west of the farthest east location of the observed dryline, but they remain
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on the moist side of the dryline in both the 1.33- and 4-km nests. Also, note that
there is an additional signature of the dryline passage in the wind direction time
series. The observations stay southerly, with a slight westerly component, while
the model has a slight easterly component instead. The changes in dewpoint and
wind direction are indicative of a dryline passage, and support the claim of its
eastward progression in the observations. Later in the time period, at about 0000
UTC 7 May, the dryline begins its nocturnal retreat and passes this line of mesonet
stations again, as indicated by a moistening of the surface layer and a return to
the easterly component of the surface wind field.
The placement of the dryline is important, not only because it is a favorable
location for CI, but also because it is an indicator of how the models handle
turbulent mixing near the surface. The boundary layer evolution is driven by
solar heating, and, in reality, evolves due to convective circulations. The largest of
these circulations scale with the boundary layer height. Since the boundary layer
height can vary in general between 100-m in the morning to multiple kilometers
in dry desert regions in the afternoon, the range of size for the largest convective
circulations that drive PBL evolution can also vary (between 1 km and 10 km
(Atkinson and Zhang, 1996)).
On this day, the boundary layer on the dry side of the dryline is about 3 km
deep, and, on the moist side of the dryline, the boundary layer is about 1 km
deep (Figure 4.7). The circulations necessary to explicitly resolve the boundary
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layer evolution are too small for the 4-km nest to resolve, and the circulations
on the moist side of the dryline are too small for even the 1.33-km nest. The
largest circulations on the dry side of the dryline are approaching the zone of "terra
incognita" (Wyngaard, 2004; Ching et al., 2014), or explicitly resolving circulations
that are supposed to be parameterized, and, therefore, we risk double counting the
effects of the circulation in the 1.33-km nest. Since dryline motion is driven by
the effects of surface-based circulations, it is a useful indicator of boundary-layer
evolution.
The 1.33-km nest produced a more realistic dryline location because it moved
the dryline farther east than the 4-km nest, but it was still limited in its eastward
progression. A possible reason for this limitation is the proximity of the lateral
boundaries. The dryline is a continuous entity that extends through the entire
1.33-km domain and beyond. Outside of the 1.33-km domain, the dryline is handled
entirely by the 4-km nest. Since the 1.33-km grid is inset via a one-way nested
framework, its boundaries are inherently locked to the 4-km grid’s performance;
therefore, at the lateral boundary, the dryline cannot move past the 4-km nest’s
ability to drive it eastward. For this reason, it is surprising that there is any
difference in the two model grids. Future work should include varying the size of
the 1.33-km nest by moving the lateral boundaries farther away from the features
of interest.
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4.2.2 Main Supercell
The key focus for this case was the main, long-lived supercell that moved northeastward in central Oklahoma for 6 hours from initiation to demise. This cell produced
numerous tornadoes and large hail. It initiated in SW Oklahoma in the vicinity of
the Wichita Mountains, and, throughout its life cycle, absorbed smaller cells and
grew until it reached the Oklahoma City region. There, it stalled for over an hour
before losing its supercellular structure and dissipating as it moved eastward.
The observed initiation of this cell was on the SE corner of the Wichita Mountains
around 1730 UTC. The mountains could have played an integral role in initiation,
as they provide a slightly elevated heat source, and there is upward forcing when
air must rise when it encounters the terrain. The magnitude of the upward motion
forced by such a small land feature would also be small; therefore, I am hesitant to
attribute initiation directly to the mountains. As analyzed by the SPC, the region
was experiencing high CAPE and high shear with, "little to no inhibition." The
impact of the mountains is subtle, but may have been just enough to lift parcels
to their LFC. Initiation like this is more commonly associated with a low-level
convergence zone, or an HCR intersecting the dryline, but neither of these were
identifiable in the area at the time of initiation via Doppler radar signatures in the
reflectivity or velocity fields. Early signs of initiation are visible at 1800 UTC in
Figure 4.9d, just north of Comanche County, OK.
Subsequent thunderstorms, that were later absorbed by the main supercell,
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initiated in the same location — above the mountains. Continuous lifting associated
with the mountain could have provided a favorable channel for ascent owing to a
locally-deepened moist layer, consistent with Ziegler and Rasmussen (1998).
Analogous cells that initiated in both the 1.33-km and 4-km versions of the
NAM were more closely related to the presence of the dryline. There was strong
ascent (w = 1 m s−1 ) at low levels associated with the convergence at the dryline.
The modeled storms were both weaker and more disorganized than the steady
supercells that initiated in reality. In fact, the storm mode in the both model
environments was single cellular evolving into multi-cellular, (and eventually into
supercellular in the 1.33-km nest), while the observations showed that initiation led
directly to the development of supercells. It has long been known that storm mode
is related to a combination of CAPE and shear (e.g., Weisman and Klemp, 1982).
The environment in which the observed cell initiated, was characterized by CAPE
of approximately 3500 Jkg−1 , and bulk shear (0–6-km) of about 35 kts (according
to SPC). The model environment was only characterized by about 1000 Jkg−1
CAPE and slightly elevated CIN— a less favorable environment for initiation.
Figure 4.10 shows outlines of the highest reflectivity, comparing the observed
supercell (orange lines) at its early stages to an analogous cell (purple lines) in
the 1.33-km nest. The modeled cell initiated much farther west (about 65 km),
and therefore much closer to the dryline. The structure of the observed reflectivity
resembles a supercell, especially at 2243 UTC; there is a broader forward flank
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and concentrated higher reflectivity in the region typical of a hook echo. The
model reflectivity starts as a series of small single cells, with an enhanced region
of reflectivity, but then evolves into a supercell by 2245 UTC (Figure 4.10). Also,
note the significant difference in the motion of the reflectivity echoes.
The differences in motion are closely related to the modeled and observed
hodographs (Figure 4.10). The supercell in the observed reflectivity follows a
southwesterly trajectory, which is consist with a Bunker’s analysis (Bunkers et al.,
2000) performed on the 00 UTC hodograph from Norman, OK (Figure 4.10),
while the modeled reflectivity has a stronger northwesterly component to its initial
motion. The modeled cell initiated in an environment with deep-layer shear that
was less conducive to supercell formation (Figure 4.10; 1830 UTC hodograph).
The early motion was aided by the production of new cells along the leading
edge of a propagating cold pool. The figure follows the main modeled cell, but
the environment was complex with many small cells surrounding the main cell.
Some of the smaller cells produced cold pools that altered the shear and stability
characteristics of the lowest kilometers above the surface. By 2230 UTC, the
modeled cell experienced a more favorable dynamic environment and acquired
supercellular characteristics (i.e., a rotating updraft). The later storm motion
(i.e., by 2230 UTC) followed more closely what we would expect from a Bunker’s
Analysis.
Later in the period (between 0000 UTC 7 May and 1200 UTC 7 May), there
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continues to be storm activity along the southern boundary of the fire weather
nest domain as storms propagate in from the 4-km nest. Storms initiate, are
relatively short-lived, and are followed by new cells initiated along their outflow
as they die. The direction of the storm propagation is, more or less, ESE. Amidst
this complicated convective field, there are storm outflow boundaries that push
northward, but cells do not initiate as readily along their leading edges. The
environment towards the center of the fire weather domain, in both versions of
the NAM, is considerably less favorable for convection than it is near the domain
boundaries. Generally, the center of the domain has surface conditions that are too
cool and too moist when compared to the observations, and have large values of
CIN. The next section will explore possible causes of these unsupportive conditions.

4.2.3 Environmental Differences
In general, ideal conditions for supercell convection include high CAPE, moderate
to high shear, and a means to overcome any CIN that is present. If one or two of
these conditions are not met, the chances for severe convective activity drastically
decreases as was the case in both model domains in this simulation.
For a combination of reasons, the boundary layer was too cold, and the air
just above the boundary layer was too warm, particularly in areas where the main
supercell propagated, SW of Oklahoma City. This created a situation dominated
by higher CIN and lower CAPE than observed. The model boundary layer in
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this region contained the moisture that characterized the air mass on the moist
side of the dryline, and was often even too moist compared to observations. Back
trajectories calculated from the anomalous warm layer above the moist surface did
not indicate that advection was the driving force behind the high temperatures
(not shown), as the trajectories did not come from a warmer place. Rather the
diabatic term in the temperature time tendency equation dominates the warming
above the moist layer. The diabatic term is related to the physics parameterization
schemes (i.e., microphysics, and radiation). While it is seemingly impossible to
glean robust cause-and-effect relationships without running sensitivity tests, it is
theorized that the cool, moist surface and warm, dry capping inversion are related
to a combination of radiation, microphysics and PBL parameterization schemes as
described below.
The special sounding launches of the day (at Lamont, OK at 1700 UTC and at
Norman, OK at 1900 UTC shown in Figure 4.11) begin to show the differences in
the environmental evolution between the model and the observations. First, the
Lamont sounding (Figure 4.11a) is handled very well. There are accurate surface
temperatures and mixing ratios, the mixed layer is the correct depth, and the
atmospheric moisture profile is similar to the observations. A small difference is a
slight enhancement of the model temperature above the saturated layer at about
850 hPa, which forms a subtle capping inversion. The sounding from Norman,
which is farther south (shown on the map in Figure 4.11), is, also, beginning to
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display a stable, saturated layer beneath a subtle capping inversion. The capping
inversion in the modeled Norman, OK sounding (Figure 4.11b) is located at about
800 hPa. The modeled cap in Norman, OK continues to strengthen at 800 hPa,
until it reaches a maximum around 00 UTC (Figure 4.12), while the surface stays
cool or even decreases temperature between 19 UTC and 00 UTC 7 May. In the
majority of the model-generated soundings that were analyzed throughout the
domain, one of the common factors was this low-level saturated layer between 900
hPa and 850 hPa. Although there was a limited number of observed soundings
on this day, none of them showed a low-level cloud layer of comparable depth.
This discrepancy led to analysis of the cloud layer and its implications on the
down-welling solar radiation.
The model-generated cloud layer was shallow and existed east of the dryline
at the top of the boundary layer, around 1-km AGL. It resembled a stratiform
cloud deck having thicknesses between 0.25 and 0.5 km. A low-level cloud layer
can have devastating impacts on a convective environment for multiple reasons
including, limiting solar radiation that reaches the surface. Surface-based convection
is composed of eddy circulations that caused by surface heating; therefore, if solar
radiation is not represented accurately, the boundary-layer environment will not
evolve appropriately.
Figure 3.13 shows a comparison of solar radiation at 2000 UTC. The visible
satellite image (top) shows the domain. The large cloud outlined in red in the center
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of OK is the anvil above the main supercell. Notice that other than the anvil and
some thicker clouds in the NE and E of the domain, there is only broken/scattered
cloud cover, in which most of the solar radiation can penetrate to the surface. The
bottom plot in Figure 3.13 shows differences between model-produced and observed
solar radiation, given by

S = Mrad − Orad

(4.1)

where, S is the difference in solar radiation, Orad is the observed solar radiation
from the Oklahoma Mesonet, and Mrad is the model simulated down-welling solar
radiation. The areas outlined in red represent the only locations where the model
down-welling solar radiation is greater than the observations. These locations
coincide with areas of higher cloud cover in the visible satellite imagery. The
majority of areas outside of the red outlines are experiencing significantly less solar
radiation than observed, (S > 100W m−2 ) meaning that the cloud layer in the
model is much thicker than is observed for the majority of the model domain.
Radiation accounts for the majority of the differences in the surface temperatures.
The erroneous cloud forms at the top of the boundary layer because the LCL is too
low. The cloud is possibly due to the microphysics scheme producing stratiform
clouds too readily, but it is difficult to definitively assert cause and effect without
running sensitivity tests; however, there is another signature that also proves
detrimental to convective development, and it is also related to a combination of
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both the boundary layer mixing and microphysics. While it is plausible that cloud
can form due to boundary layer convective updrafts, and it is frequently observed
in nature, these low, thin, clouds rarely produce precipitation as they do in the
model.
Precipitation occurs below 1 km in the model boundary layer, and exists for
multiple hours. It has been noted, on occasion, that erroneous precipitation exists
in the boundary layer in some of NCEP’s operational models. The low level
precipitation can have significant impacts on the surface temperature and surface
moisture fields, which had adverse effects on the realistic simulation of CI. Based
on the value of rain water mixing ratio, qr , the precipitation is classified as drizzle,
with transient values on the order of 0.01 g kg−1 . The shafts of precipitation appear
sporadically throughout the afternoon hours in the model and produce hourly
accumulations as high as 0.5 mm.
Figure 4.14 shows a representative hour of the simulation (1700–1800 UTC,
noon–1:00 pm Local Time). The blue line in Figure 4.14b traces the western extent
of the reflectivity in Figure 4.14a. West of that blue line, there are accumulated
precipitation values that do not show up in the 1-km reflectivity in Figure 4.14a.
This could occur for a few reasons, including: 1) the reflectivity values are too
low for the chosen legend, 2) the rain is forming and falling out between 5-min
intervals, and the maximum reflectivity variable is just a collection of the 5-min
values, or 3) the precipitation is occurring below 1-km. First, the color axes are
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admittedly chosen for consistency with earlier figures, but the range was extended
to -20 dBz, a value more classically related to drizzle, and there were only a few
minor differences. Secondly, the variable, max reflectivity, could be just a collection
of 5-min output files, but this is highly unlikely. Even so, if it was just a collection
of 5-min output, the chances that none of the transient rain shafts overlap any of
the 5-min file output west of the blue line are very low. Third, a 3-dimensional
analysis showed that the rain shafts are very close to the ground, and the saturation
suggested by the sounding in Figure 4.14c, also supports the existence of a shallow
precipitating cloud layer, making this the most plausible choice. Reflectivity at 500
m would be useful, but 1-km is the lowest vertical level that reflectivity was given
in the model output.
A shallow cloud layer at the top of the boundary layer can have negative
effects on boundary layer development, as shown. When that shallow cloud layer
starts producing precipitation in the boundary layer, the problem grows. The
precipitation falls and evaporates in the layer beneath the cloud, which causes
decreased temperatures and increased stability.
A decrease in solar radiation at the surface and the presence of unrealistic
precipitation in the boundary layer are not conducive to initiating deep moist
convection because both increase CIN and contribute to the strength of the capping
inversion, and, thus, are the main contributors to suppressing convection in this
simulated case. There is, at least, one other instance of a factor that does not
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contribute to a more realistic solution — the PBL parameterization scheme.
The PBL scheme in the operational NAM is the MYJ. This 1.5-order closure,
local boundary-layer parameterization scheme has a documented bias in producing
surface variables that are too cool and too moist, especially during springtime
convective events, (Coniglio et al., 2013; Cohen et al., 2015). There is no perfect
boundary-layer parameterization scheme — each has trade-offs. The choice to
use the MYJ makes sense for the majority of the NAM’s operational use. The
impacts of the boundary-layer scheme biases are likely tertiary effects in this case
compared to the implications of the cloud layer, but compounded with the limited
solar radiation and the erroneous precipitation in the boundary layer, an additional
cool and moist bias is not ideal for CI.

4.2.4 Additional Model Artifacts
Both cases offered a unique perspective on model performance in convective environments. Certain aspects of the model performance can be gleaned from studying
the storm structure and the heterogeneity of the environment leading to convection. However, the high temporal resolution of the model runs also allowed for
the uncovering of certain model artifacts that would otherwise go unnoticed. For
example, an intriguing feature that developed from the frequency of the model’s
call to the physics schemes was also discovered. Lastly, thermodynamic soundings
plotted within storm environments showed a preference for the model to develop
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artificial MAULs. The last two of these findings led directly to changes in the
current version of the operational NAM.
First, the operational NAM runs using hybrid vertical levels on the native, sigma,
terrain-following coordinates near the surface, which transition to constant pressure
surfaces after some vertical distance (usually, a few hundred hPa). Figure 4.15
shows vertical velocity, w, plotted on a terrain-following level that varies in height
between 470 m and 540 m above ground level. The main feature in Figure 4.15a is
the dryline at 0000 UTC 7 May producing values of w > 0.5 m/s consistently for
its length in the 1.33-km nest. Figure 4.15b shows a similar pattern for the 4-km
nest, but with a smaller magnitude of w over a wider zonal distance.
The magnitude of the vertical motion associated with the dryline in the 1.33-km
nest is roughly three times as strong as it is in the 4-km nest. We would expect the
1.33-km nest to produce stronger vertical motions than the 4-km nest for multiple
reasons. First, there is a vertical perturbation pressure gradient force (VPPGF)
associated with lifting. In a model, vertical motion cannot exist in less area than a
single grid cell. The 4-km nest’s grid cells are much larger than the 1.33-km nest,
and thus have a stronger VPPGF resisting the vertical motion. Secondly, we expect
the 4-km nest to have smaller w because the updrafts are under-resolved at that
grid spacing. Under-resolved features lose part of their amplitude, and therefore,
in terms of an updraft, it loses part of the magnitude of w.
The vertical motion at the dryline in the 1.33-km nest is not only stronger (>1
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m s−1 compared to 0.3 m s−1 ), but it is also twice as deep. Vertical motion in the
1.33-km nest is about 3 km deep, while in the 4-km nest, it is only about 1 km
deep. At the dryline, the environment is only slightly capped, which allows the
1.33-km nest to easily initiate new cells, while the shallow weak vertical motion in
the 4-km nest cannot initiate new cells as easily.
The second interesting aspect of Figure 4.15a is the wave patterns. Time
animation shows that between 2130 UTC (not shown) and 0000 UTC 7 May (shown
in figure), the wave patterns stay connected to the dryline, and cells that initiate
along the waves propagate to the NE. Most cells exhibit a disorganized, single-cell
mode, and are short-lived. The short life span is possibly because the cells travel
eastward after initiation and encounter the high CIN environment that is present
east of the dryline, and then are cutoff from surface-based energy.
A final interesting aspect that is not usually observed in an operational framework is the influence of terrain at low levels. There is one small mountain complex
in the domain, the Wichita Mountains in SW Oklahoma, and other minor features.
At roughly 101◦ W, 36◦ N, for example, the textured vertical velocity couplet is
actually the Canadian River Basin. The flow is mainly out of the south, and it
first descends and then rises out of the river basin on the lee side. These vertical
motions are present for the entire simulation during the day, and produce consistent
vertical motions of about 0.2–0.3 m/s at 500 m above the ground. No clouds are
associated with this feature.
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A land feature that did have an impact on the cloud field was the Wichita
Mountains. This grouping of elevated rock protrudes less than 300 m above
the surrounding land located in northern Comanche County, OK. The persistent
southerly flow over the mountains led to a standing wave pattern that existed for
the majority of the simulation, and the subsidence on the lee side of the mountain
was enough to clear a hole in the cloud layer. Figure 4.16 shows back trajectories
calculated at 1-min intervals for 4 hours starting at 10 different heights within the
cloud hole. These levels are within, and just above, the boundary layer. Clearly,
the cloud hole is in an area of subsidence on the lee side of the mountains.
The hole in the cloud layer led to a small area that experienced increased solar
heating and subsequently increased surface temperature more consistent with nearby
observations, (Figure 4.17). In the absence of the strong, dry capping inversion,
it is conceivable that the vertical motion shown in the trajectories in Figure 4.16
at 1400 m above sea level could provide enough uplift to initiate convection if the
LFC was lower than it is in this simulation (here, the LFC is about 2500 m AGL).
The surface variables shown in Figure 4.17 would, also, provide a more favorable
location for CI, had they not been located in a region of terrain-induced subsidence.
Additionally, two irregularities in the model output were discovered as a byproduct of using the 5-min model output. First, we found a signature in composite
reflectivity related to infrequent calls to the radiation parameterization scheme.
When these simulations were created, the model setup specified a call to radiation
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every 20 min. This call was coincident with a decrease in areal coverage of low-value
(0–15 dBZ) composite reflectivity as shown in Figure 4.18. The figure shows three
consecutive model output files from the 4-km nest in the April case. Within the
circle annotations, low-value composite reflectivity is present in (a), then decreases
in (b), and subsequently enhances again in (c). This process was referred to as a
“pulse”. Figure 4.18d shows a time series of the areal coverage, and indicates the
steady, periodic pulses in the first 3 hours. This effect was present for the entire
simulation. While it is not intuitive why this is linked to the radiation call, a more
frequent call seemed to remedy the issue. The documentation of this update was
released in March 2017.
The second, seemingly non-physical, model artifact was the development of
jagged thermodynamic profiles in the presence of strong vertical motion(as seen
in Figure 4.19). The jagged nature of the soundings alternates between stable
layers and MAULs in mid-to-low levels, near 1000-500 hPa. These are thought
to be related to a combination of the Crank-Nicolson vertical advection scheme
and the microphysics scheme. These signatures, along with extreme, anomalous
super-saturation values (also, visible at 480 hPa in the left sounding of Figure 4.19)
at mid- and low-levels are similar to those that caused poor model performance
during Hurricane Joaquin in Fall 2015 (Ferrier, personal communication). While
MAULs can, and do, occur in nature, the model produces them too readily. These
soundings, along with other evidence, encouraged a decision to suppress artificial

56

MAUL development in the model solutions, a change that was also implemented in
the latest March 2017 update.
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a)

b)

1.33
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3km

4km

Figure 4.1. Comparison of (a) observed WSR-88D 0.5◦ radar reflectivity, from KDGX
near Jackson, MS, and model-derived 1-km reflectivity from (b) the 1.33-km nest, (c) the
June 2016 upgrade to the operational NAM at 3-km horizontal resolution, and (d) the
4-km nest and at 1200 UTC 28 April 2014. The black star indicates the location of the
WSR-88D.
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Figure 4.2. Same as 4.1, but at 1600 UTC. The red circles indicate the groupings of
young cells that evolve into the main supercells. The black circle shows parallel convective
structures in the boundary layer.
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Figure 4.3. Same as 3.1, but at 2000 UTC.
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MAULs

Figure 4.4. Modeled 2-m dewpoint (color) from the 1.33-km nest to show the position
of the cold pool (left). The sounding (right) is calculated from model variables located at
the black star in the left map.
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3km

4km

Figure 4.5. Same as 3.1, but at 0000 UTC, 29 April.
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1.33 km:
2000 UTC
2400 UTC
4 km:
2000 UTC
May Ranch
2400 UTC
OBS:
Woodward
2000 UTC
2400 UTC
Cheyenne

Figure 4.6. The location of the dryline at 2000 UTC 6 May (dashed lines) and at 0000
UTC 7 May (solid lines) is shown for the 1.33 km nest (purple) the 4-km nest (green)
and the observations (orange). The three stars represent locations of observed soundings
at Amarillo, TX, Dodge City, KS, and Norman, OK, from west to east, respectively. The
red squares are the locations of mesonet stations.
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Amarillo, TX

Dodge City, KS

Norman, OK
4km
OBS

4km
OBS

1.33
OBS

1.33
OBS

1.33
OBS

1.33 km

4 km

4km
OBS

Figure 4.7. Sounding comparisons between each nest and the observed soundings. The
soundings are compared at 0000 UTC 7 May at the three locations indicated on Figure
3.4.
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1.33-km nest

May Ranch, OK

Woodward, OK

Obs

Cheyenne, OK

Figure 4.8. Time-series of data from Oklahoma Mesonet stations (May Ranch, Woodward, and Cheyenne, from left to right, respectively) and the 1.33-km model at locations
indicated in Figure 3.6.
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6 MAY 2015
1.33 km nest

OBS

4 km nest

b)

c)

d)

e)

f)

g)

h)

i)

j)

k)

l)

m)

n)

o)

0000 UTC 7 MAY

2200 UTC

2000 UTC

1800 UTC

1600 UTC

a)

Figure 4.9. Comparison of reflectivity from the WSR-88D at Fredrick, OK (left column),
and the 1-km AGL simulated reflectivity from the 1.33- and 4-km nests (center column
and right column, respectively).
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Figure 4.10. Time-series of reflectivity contours comparing the observations (orange)
to the 1.33 km nest (purple). The dotted lines are 50 dBz contours, and the solid lines
are 30 dBz contours. Note that the blue lines are raw WSR-88D data, therefore, they
increase in height away from the radar location (SW of 1843Z contour). The 4-km nest
(not shown) did not produce any reflectivity structure above this threshold that would
serve as a viable analog. The hodographs are all from the 1.33-km nest at locations
indicated by the arrows. The magenta section of the hodographs is 0–1 km, the green
section is 1–3 km, the red section is 3-6 km, and the blue section is above 6 km.
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a)
1.33-km
OBS

a) Lamont, OK 1700 UTC

b)

b) Norman,OK 1900 UTC

1.33-km
OBS

Figure 4.11. Special soundings on 6 May at 1700 UTC in Lamont, OK (a), and at
1900 UTC in Norman, OK (b) are compared to model soundings at the same times and
locations. The model is plotted in red, and the observations are plotted in black. The
associated locations are shown in the map above with locations indicated by the stars.
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Figure 4.12. A thermodynamic sounding comparison, between the observed sounding
(red) and a sounding derived from the 1.33-km nest (black) at 2400 UTC located in
Norman, OK.
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Figure 4.13. Visible satellite imagery from GOES-13, centered over the Oklahoma
domain at 2000 UTC 6 May (top), and a map of solar radiation differences (Model –
OBS) at 2000 UTC (bottom). The observed down-welling solar radiation is a variable
collected by the Oklahoma Mesonet. Each of the values plotted represents a mesonet
station where the observed down-welling solar radiation is subtracted from the model
calculated solar radiation at the same point. The red outlines indicate areas of positive
values that are co-located with clouds in the VIS imagery.

70

a) 1-hour Max Reflectivity at 1 km AGL

b) 1-hour Accumulated Precipitation

c) Sounding Located at star in (b)

Figure 4.14. The maximum calculated 1-km AGL reflectivity over a 1-hour period
(1700–1800 UTC) from the 1.33-km nest is shown (a) along with the 1-hour accumulated
precipitation (mm) from the same hour (b). The dark blue line in (b) is the western
extent of the reflectivity shown in (a). The non-zero values in (b) on the western side of
the dark blue line result from rain shafts below 1-km in the boundary layer, thus they do
not show up in 1-km AGL reflectivity. A representative sounding (c) is shown from that
hour with the location indicated by the star in (b).
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a)

b)

Figure 4.15. Warm and cool colors indicate positive and negative vertical velocity (in
m/s), respectively, shown here from the 1.33-km nest (a), and the 4-km nest (b) at 0000
UTC 7 May. The prominent linear feature is the dryline.
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Figure 4.16. Four-hour back trajectories run using HYSPLIT from a location on the lee
side of the Wichita Mountains at 10 different heights (lines), and the height of the terrain
above sea level (color surface). The black rectangle is the location of the cloud hole.
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a)

b)

Figure 4.17. (a) Sensible heat flux leading to a relative maximum in (b) θe within the
box. The box is co-located with the cloud hole on the lee side of the Wichita Mountains.
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a)

b)

d)

Area of Composite Ref 0-15 dBz

c)

Figure 4.18. Consecutive composite reflectivity plots are shown at 0155 UTC (a), 0200
UTC (b), and 0205 UTC(c) on 28 April 2014 from the 4-km nest. Also, a time series of
the total areal areal coverage of 0-15 dBz composite reflectivity for the beginning of the
April case (d). The circles in a-c encompass an example of the decrease and enhancement
(pulse) in low values of composite reflectivity.
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Figure 4.19. Thermodynamic soundings chosen within enhanced vertical motion regions
to illustrate the “zig-zag” nature of the sounding in the modeled lower troposphere during
intense vertical velocity. The left is from the April Case at 2155 UTC, and the right is
from the May Case at 0510 UTC.
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Chapter 5 |
Conclusions
In conclusion, two severe weather outbreaks were simulated using the operational,
convection-allowing NAM at two different horizontal resolutions. The results were
compared to each other and to observations to see if there were any added benefits
from the finer grid. The model output was produced at 5-min intervals, which
offered a unique perspective into operational model performance, and allowed for
the analysis of fields that are not normally viewed in the continuous and demanding
world of operational forecasting.
In general, the models performed very similarly in the timing, motion and
orientation of the large features, such as the squall line in the April case. This could
be a result of the size of the fine grid and the nature of the one-way nesting system.
To some extent, the 1.33-km nest is constrained by the 4-km boundary conditions.
When features extend beyond the 1.33-km domain boundary, the exterior conditions
are the same as the 4-km nest, especially in cases like these two, when the dryline
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and the cold front extended through the entirety of the 1.33 km domain. The
sensitivity of the model forecast to the proximity of the domain boundaries should
be considered for future work.
With regard to smaller-scale features such as storm structure, the finer grid
produced a more realistic simulation. The structure of the modeled supercells, in
particular, had similar sizes when compared to observations, while the 4-km nest
produced storms that were too big—a conclusion that is echoed in the previous
literature. Also, the production of storm-scale features such as rotating updrafts,
and reflectivity patterns resembling classic hook echos were apparent in the 1.33-km
nest, more so than the 4-km nest. These results are promising, but still a lot of
work needs to be done before a shift to finer-resolution is made.
From an events-based forecast perspective, the model cannot produce the timing
and location of a single storm accurately, but rather, it is usually proficient at
replicating an environment conducive to severe weather with a likely delineation
between storm mode and impact based on certain field variables (i.e., CAPE,
CIN, 0–6 km shear, helicity). In this regard, in the April case, both the 1.33-km
forecast and the 4-km forecast showed the passage of a line of storms, potentially
supercellular, at a specific time. The storm structure is still too transient and
unrealistic for direct storm-based operational usage, but both resolutions were
able to capture the main threat. The improvements in storm mode and storm
structure with the finer nest in the April case are intriguing, but may not warrant
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the computational cost, as the timing and possible intensity of the main threat was
handled similarly in the 4-km.
With regard to CI in the May case, neither of the resolutions produced adequate
representations of the pre-storm environment. To the model’s credit, this was a
difficult case. A dryline traditionally offers high forecast failure percentages due to
the often high CAPE, high CIN environment. That being said, the main failure
here was rooted in the physics parameterizations. It is difficult to untangle the
main cause-effect relationships between the various physics schemes. They often
all interact simultaneously. Future work should include changing parameterization
schemes, as well as evaluating the sensitivity to changes to the physics settings
within the parameterization schemes themselves. In particular: 1) sensitivity studies
that vary the threshold for autoconversion in the microphysics scheme should be
conducted to investigate boundary layer precipitation, 2) tests switching between
local and non-local boundary layer schemes, especially in springtime convective
environments, should be considered, as well as varying the mixing coefficient
within the scheme itself. Also, there lies a unique sensitivity in the interactions
between microphysics and the PBL scheme; some PBL schemes only advect certain
hydrometeor species. Lastly, 3) within the model framework, there seems to be
energy aliasing to scales in the 2∆x – 6∆x range. It is apparent in both cases on
both grids. There may be a relation to the PBL scheme, as similar signals have
been previously shown with the MYJ (Cohen et al., 2015), but maybe the answer
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could involve the magnitude of the artificial diffusion coefficient.
The unique 5-min data was helpful in analyzing the storm structure and evolution, and in seeing the detailed heterogeneity of the pre-storm environment. It led
to the discovery of two newly remedied model artifacts—the pulsing in composite
reflectivity, and the production of MAULs within strong updrafts.

80

Bibliography
Aligo, E., B. S. Ferrier, J. Carley, E. Rogers, M. Pyle, S. J. Weiss, and I. L.
Jirak, 2014: Modified microphysics for use in high-resolution nam forecasts. 27th
Conference on Severe Local Storms, Madison, WI.
Atkinson, B. W. and J. W. Zhang, 1996: Mesoscale shallow convection in the
atmosphere. Rev. Geophys., 34, 403–431.
Bluestein, H. B. and S. S. Parker, 1993: Modes of isolated, severe convective storm
formation along the dryline. Mon. Wea. Rev., 121, 1352–1374.
Browning, K. A., et al., 2007: The convective storm initiation project. Bull. Amer.
Meteor. Soc., 88, 1939–1955.
Bryan, G. H., 2005: Spurious convective organization in simulated squall lines
owing to moist absolutely unstable layers. Mon. Wea. Rev., 133, 1978–1997.
Bryan, G. H. and M. D. Parker, 2010: Observations of a squall line and its near
environment using high-frequency rawinsonde launches during VORTEX2. Mon.
Wea. Rev., 138, 4076–4097.
Bryan, G. H., J. C. Wyngaard, and J. M. Fritsch, 2003: Resolution requirements
for the simulation of deep moist convection. Mon. Wea. Rev., 131, 2394–2416.

81

Buban, M. S., C. L. Zeigler, E. N. Rasmussen, and Y. P. Richardson, 2007: The
dryline on 22 May 2002 during IHOP: Ground-radar and in situ data analyses of
the dryline and boundary layer evolution. Mon. Wea. Rev., 135, 2473–2505.
Buizza, R., 2010: Horizontal resolution impact on short- and long-range forecast
error. Quart. J. Roy. Meteor. Soc., 136, 1020–1035.
Bunkers, M. J., B. A. Klimowski, J. W. Zeitler, R. L. Thompson, and M. L.
Weisman, 2000: Predicting supercell motion using a new hodograph technique.
Wea. Forecasting, 1, 61–79.
Bunkers, M. J., B. A. Klimowski, J. W. Zeitler, R. L. Thompson, and M. L.
Weisman, 2006b: An observational examination of long-lived supercells. Part II:
Environmental conditions and forecasting. Wea. Forecasting, 21, 689–714.
Carley, J. R., B. R. J. Schwedler, M. E. Baldwin, R. J. Trapp, J. Kwiatkowski,
J. Logsdon, and S. J. Weiss, 2011: A proposed model-based methodology for
feature-specific prediction for high-impact weather. Wea. Forecasting, 26, 243–
249.
Carlson, T. N., S. G. Benjamin, G. S. Forbes, and Y.-F. Li, 1983: Elevated mixed
layers in the regional severe storm environment: Conceptual model and case
studies. Mon. Wea. Rev., 111, 1453–1474.
Carlson, T. N. and F. H. Ludlam, 1968: Conditions for occurrence of severe local
storms. Tellus, 20, 203–227.
Ching, J., R. Rotunno, M. LeMone, A. MArtilli, B. Kosovic, P. A. Jimenez,
and J. Dudhia, 2014: Convectively induced secondary circulations in fine-grid
mesoscale numerical weather prediction models. Mon. Wea. Rev., 142, 3284–3302.
82

Clark, A. J., M. C. Coniglio, B. E. Coffer, G. Thompson, M. Xue, and F. Kong,
2015: Sensitivity of 24-hr forecast dryline position and structure t boundary layer
parameterizations in convection-allowing wrf model simulations. Wea. Forecasting,
30, 613–638.
Clark, P., N. Roberts, H. Lean, S. P. Ballard, and C. Charlton-Perez, 2016:
Convection-permitting models: a step-change in rainfall forecasting. Meteor.
Appl., 23, 165–181.
Coffer, B. E., L. C. Maudelin, P. G. Veals, and A. J. Clark, 2013: Dryline positions
errors in experimental convection-allowing nssl-wrf model forecats and operational
nam. Wea. Forecasting, 28, 746–761.
Cohen, A. E., S. M. Cavallo, M. C. Coniglio, and H. E. Brooks, 2015: A review
of planetary boundary layer parameterization schemes and their sensitivity
in simulating southeastern US cold season severe weather environments. Wea.
Forecasting, 30, 591–612.
Coniglio, M. J., J. Correia, P. T. Marsh, and F. Kong, 2013: Verification of
convection-allowing wrf model forecasts of the planetary boundary layer using
sounding observations. Wea. Forecasting, 28, 842–862.
Crook, N. A., 1996: Sensitivity of moist convection forced by boundary layer
processes to low-level thermodynamic fields. Mon. Wea. Rev., 124, 1767–1785.
Dial, G. L., J. P. Racy, and R. L. Thompson, 2010: Short-term convective mode
evolution along synoptic boundaries. Wea. Forecasting, 25, 1430–1446.
Done, J., C. A. Davis, and M. Weisman, 2004: The next generation of NWP: Explicit

83

forecasts of convection using the weather research and forecasting (WRF) model.
Atmos. Sci. Lett., 5, 110–117.
Emanuel, K., 1994: Atmospheric Convection. 1st ed., Oxford University Press, 580
pp.
Emanuel, K., et al., 1995: Report of the first propsectus develpment team of the
us weather research-program to noaa and nsf. Bull. Amer. Meteor. Soc., 76,
1194–1208.
Engerer, N. A., D. J. Stensrud, and M. C. Coniglio, 2008: Surface characteristics
of observed cold pools. Mon. Wea. Rev., 136, 4839–4849.
Fujita, T. T., 1958: Structure and movement of a dry front. Bull. Amer. Meteor.
Soc., 32, 1–9.
Iacono, M. J., J. S. Delamere, E. J. Mlawar, M. W. Shepard, S. A. Clough, and W. D.
Collins, 2008: Radiative forcing by long-lived greenhouse gases: Calculations
with the aer radiative transfer. J. Geophys. Res., 113.
Janjic, Z. I., 2003: A nonhydrostatic model based on a new apporach. Meteor.
Atmos. Phys., 82, 271–285.
Kain, J. S., et al., 2008: Some practical considertions regarding horizontal resolution
in the first generation of operational convection-allowing nwp. Wea. Forecasting,
23, 931–951.
Kain, J. S., et al., 2013: A feasibility study for probabilistic convection initiation
forecasts based on explicit numerical guidance. Bull. Amer. Meteor. Soc., 94,
1213–1225.

84

Koch, S. E., 1984: The role of apparent mesoscale frontogenetic circulation in sqall
line formation. Mon. Wea. Rev., 112, 2090–2111.
Markowski, P. and Y. Richardson, 2010: Mesoscale Meteorology in the Midlatitudes.
1st ed., Wiley-Blackwell.
Marquis, J., Y. P. Richardson, and J. M. Wurman, 2007: Kinematic observations
of misocyclones along boundaries during ihop. Mon. Wea. Rev., 135, 1749–1768.
McCarthy, J. and S. E. Koch, 1982: The evolution of an oklahoma dryline. 1. a
meso-scale and sub-synoptic-scale analysis. J. Atmos. Sci., 39, 225–236.
Mellor, G. L. and T. Yamada, 1974: Hierarchy of turbulence closure models for
planetary boundary-layers. J. Atmos. Sci., 31, 1791–1806.
Ogura, Y. and Y. L. Chen, 1977: Life-history of an intense mesoscale convective
storm in oklahoma. J. Atmos. Sci., 34, 1458–1477.
Pan, H. L. and L. Mahrt, 1987: Interaction between soil hydrology and boundarylayer development. Bound.-Layer Meteor., 38, 185–202.
Rhea, J. O., 1966: A study of thunderstorm formation along dry lines. J. Appl.
Meteor., 5, 59–63.
Soderholm, B., B. Ronalds, and D. J. Kirshbaum, 2014: The evolution of convective
storms initiate by an isolated mountain ridge. Mon. Wea. Rev., 142, 1430–1451.
Stensrud, D. J., G. S. Manikin, E. Rogers, and K. E.Mitchell, 1999: Importance of
cold pools to ncep mesoscale eta model forecasts. Wea. Forecasting, 14, 650–670.
Uccellini, C. W., 1975: A case study of apparent gravity wave initiation of severe
convective storms. Mon. Wea. Rev., 103, 497–513.
85

Weckwerth, T. M. and D. B. Parsons, 2006: A review of convection initiation and
motivation for ihop 2002. Mon. Wea. Rev., 134, 5–22.
Weckwerth, T. M. and R. M. Wakimoto, 1992: The initiation and organization
of convective cells atop a cold-air outflow boundary. Mon. Wea. Rev., 120,
2169–2187.
Weisman, M. L., C. D. andW. Wang, K. W. MAnning, and J. B. Klemp, 2008: Experiences with 0–36-h explicit forecsts with the wrf-arw model. Wea. Forecasting,
23, 407–437.
Weisman, M. L. and J. B. Klemp, 1982: The dependence of numerically simulated
convective storms on vertical wind shear and buoyancy. Mon. Wea. Rev., 110,
504–520.
Wilson, J. W., G. Foote, N. A. Crook, J. C. Fankhauser, C. G. Wade, J. D. Tuttle,
C. K. Mueller, and S. K. Krueger, 1992: The role of boundary-layer convergence
zones and horizontal convective rolls in the initiation of thunderstorms: a case
study. Mon. Wea. Rev., 120, 1785–1815.
Wilson, J. W. and W. E. Schreiber, 1986: Initiation of convective storms at radarobserved boundary layer convergence lines. Mon. Wea. Rev., 114, 2516–2536.
Wyngaard, J. C., 2004: Toward numerical modeling in the "terra incognita". J.
Atmos. Sci., 61, 1816–1826.
Ziegler, C. L., T. J. Lee, and R. A. Pielke, 1997: Convection initiation at the
dryline: a modeling study. Mon. Wea. Rev., 125, 1001–1025.
Ziegler, C. L. and E. N. Rasmussen, 1998: The initiation of moist convection at

86

the dryline: Forecasting issues from a case study perspective. Wea. Forecasting,
13, 1106–1131.

87

