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ABSTRACT
In support of the Next Generation Global Prediction System (NGGPS) project, two
severe weather cases (28 April 2014 and 6 May 2015) are simulated using the North American
Mesoscale Forecast System (NAM) 1.33-km Fire Weather nest and 4-km CONUS nest, each
with 5-min output. On 28 April 2014, convection along and ahead of a cold front traversing
the southeast U.S. was responsible for 359 storm reports (121 of which were tornado reports).
On 6 May 2015, convection that initiated ahead of a dryline resulted in 144 storm reports (59
of which were tornado reports) in the central Great Plains region. Comparisons are made
between the simulations and observations to explore how convection evolves differently on the
two model grids. The analysis focuses on the models’ representations of the environment (e.g.,
instability and vertical wind shear), storm attributes (e.g., cold pools, storm motion, and
mesocyclones), and dynamical processes within the storms (e.g., the baroclinic generation of
vorticity.) The results suggest that the increased resolution of the Fire Weather nest promotes
the simulation of convective storms with more realistic sizes and structures. The Fire Weather
simulations also tend to perform better with the timing and location of convection initiation.
However, as time progresses in the model simulations, the Fire Weather nest seems to lose
some of its advantages over the CONUS nest. In the 28 April 2014 case, cold pools in the Fire
Weather simulation ultimately became too cold and large and the convection moved faster than
in the observations. Among other factors, the relative decrease in benefits of the Fire Weather
nest late in the simulations may be related to its limited domain, its tendency to produce
spurious convection patterns, and parameterizations which are not optimally calibrated for
simulations at 1.33-km grid spacing.

iv

TABLE OF CONTENTS
List of Figures...................................................................................................................................v
List of Tables....................................................................................................................................x
Acknowledgments...........................................................................................................................xi
Chapter 1 Introduction......................................................................................................................1
Chapter 2 Data and Methods ............................................................................................................4
2.1. Severe weather cases.....................................................................................................4
2.1.1. 28 April 2014................................................................................................7
2.1.2. 6 May 2015.................................................................................................10
2.2. Model description.......................................................................................................14
2.3. Analysis methods........................................................................................................19
Chapter 3 Results............................................................................................................................20
3.1. 28 April 2014..............................................................................................................20
3.1.1. Analysis of overall prediction of the severe weather outbreak...................20
3.1.2. Storm-scale analysis of two supercells and their near environments.........42
3.1.2.1. Analysis of near-storm environments.........................................43
3.1.2.2. Analysis of storm characteristics and dynamics.........................47
3.2. 6 May 2015.................................................................................................................76
3.2.1. Analysis of overall prediction of the severe weather outbreak...................76
Chapter 4 Discussion......................................................................................................................84
Chapter 5 Conclusions....................................................................................................................93
References.......................................................................................................................................95

v

LIST OF FIGURES
Figure 2-1. Summary of U.S. filtered storm reports for (a) 28 Apr 2014 and (b) 6 May 2015. The
geographical extent of the Fire Weather output is outlined in magenta for both cases. Severe
wind and severe hail are defined by the National Weather Service: severe wind is wind that is
greater than or equal to 50 kt (25.72 m s–1); severe hail is hail with a diameter greater than or
equal to 1 in (2.54 cm). “HI” winds are wind reports in excess of 65 kt (33.44 m s–1 ), and
“LG” hail is hail with a diameter of at least 2 in (5.08 cm). Source: Storm Prediction Center
(SPC), adapted to include the Fire Weather output domains.....................................................5
Figure 2-2. (left) Simulated 1 km AGL reflectivity valid 2000 UTC 28 Apr 2014 from the 4-km
NSSL-WRF simulations initialized (a) 0000 UTC and (b) 1200 UTC 28 Apr 2014. (c)
Observed composite reflectivity at 2000 UTC 28 Apr 2014. (right) Simulated 1 km AGL
reflectivity valid 2300 UTC 6 May 2015 from the 4-km NSSL-WRF simulations initialized
(d) 0000 UTC and (e) 1200 UTC 6 May 2015. (f) Observed composite reflectivity at 2300
UTC 6 May 2015. Source: hwt.nssl.noaa.gov............................................................................6
Figure 2-3. (a) The Weather Prediction Center (WPC) surface analysis valid 1800 UTC 28 Apr
2014 (Source: http://www.wpc.ncep.noaa.gov). (b) Visible satellite imagery valid 1825 UTC
28 Apr 2014 showing the cloud tops associated with two lines of supercellular convection. (c)
Visible satellite imagery valid 2002 UTC 28 Apr showing new convection initiating along
and immediately ahead of the cold front, to the west and southwest of the pre-existing line of
supercells....................................................................................................................................9
Figure 2-4. (a) WPC surface analysis valid 1800 UTC 6 May 2015 (Source:
http://www.wpc.ncep.noaa.gov). (b) Visible satellite imagery valid 1515 UTC 6 May
showing the widespread low-level cloud cover east of the dryline. (c) Visible satellite
imagery valid 1815 UTC 6 May showing convection initiating near the Wichita Mountains in
southwestern Oklahoma. (d) Visible satellite imagery valid 2030 UTC 6 May showing new
convection developing along a boundary near 98.5°W. (e) Visible satellite imagery valid
0015 UTC 7 May showing convection developing near 99°W as a westward-moving
boundary merges with the eastward-moving dryline...............................................................13
Figure 2-5. NAM integration domains for the 12-km parent domain, 4-km CONUS nest, and the
1.33-km Fire Weather nests used in this study. The Fire Weather nest over the southern Great
Plains was used in the simulation of the 6 May 2015 case, whereas the Fire Weather nest over
the Southeast was used in the simulation of the 28 Apr 2014 case. Figure adapted from Eric
Rogers (personal communication, 2016).................................................................................16
Figure 3-1. Left, the 1 km AGL model reflectivity (dBZ) valid at 0200 UTC 28 Apr 2014 from
(a) the CONUS and (b) the Fire Weather simulations. A mask is applied to the CONUS
output to make comparisons easier for the reader. (c) The 0.5° KDGX reflectivity scan valid
at 0200 UTC 28 Apr. (d,e,f) As in (a,b,c) but valid at 0500 UTC 28 Apr 2014......................23
Figure 3-2. As in Figure 3-1, but valid at (a,b,c) 0700 UTC and (d,e,f) 1200 UTC 28 Apr
2014..........................................................................................................................................24

vi
Figure 3-3. As in Figure 3-1, but valid at (a,b,c) 1500 UTC and (d,e,f) 1700 UTC 28 Apr
2014..........................................................................................................................................25
Figure 3-4. 1800 UTC 28 Apr 2014 KJAN observed sounding (black) and model soundings (red)
from the (a) CONUS and (b) Fire Weather simulations...........................................................28
Figure 3-5. As in Figure 3-1, but valid at (a,b,c) 1800 UTC and (d,e,f) 1900 UTC 28 Apr
2014..........................................................................................................................................29

Figure 3-6. The 2-m temperature (°C) valid at 1800 UTC 28 Apr 2014 from (a) the CONUS and
(b) the Fire Weather simulations. (c) The 2-m temperature from the RTMA valid 1800 UTC
28 Apr. (d,e,f) As in (a,b,c) but valid at 1900 UTC 28 Apr 2014. A mask is applied to the
CONUS and RTMA output to make comparisons easier for the reader..................................30
Figure 3-7. As in Figure 3-1, but valid at (a,b,c) 2100 UTC 28 Apr 2014, and (d,e,f) 2300 UTC
28 Apr 2014..............................................................................................................................33
Figure 3-8. As in Figure 3-6, but valid at (a,b,c) 2100 UTC 28 Apr 2014, and (d,e,f) 2300 UTC
28 Apr 2014..............................................................................................................................34

Figure 3-9. As in Figure 3-1, but valid at (a,b,c) 0300 UTC 29 Apr 2014, and (d,e,f) 0600
UTC 29 Apr 2014........................................................................................................35
Figure 3-10. As in Figure 3-6, but valid at (a,b,c) 0300 UTC 29 Apr 2014, and (d,e,f) 0600 UTC
29 Apr 2014..............................................................................................................................36
Figure 3-11. 2-5 km UH swaths (blue-purple) from the (a) CONUS and (b) Fire Weather
simulations during the period from 0000 UTC 28 Apr to 1200 UTC 29 Apr 2014. SPC
observed tornado paths for the same period are overlaid (red)................................................39
Figure 3-12. The 6-hour precipitation totals ending 1800 UTC 28 Apr 2014 from (a) the CONUS
and (b) the Fire Weather simulations. (c) The 6-hour precipitation totals ending 1800 UTC 28
Apr from the Stage IV analysis. (d,e,f) As in (a,b,c) but valid at 0000 UTC 29 Apr 2014. A
mask is applied to the CONUS and Stage IV output...............................................................40

Figure 3-13. As in Figure 3-12, but valid at (a,b,c) 0600 UTC 29 Apr 2014, and (d,e,f) 1200
UTC 29 Apr 2014.....................................................................................................................41
Figure 3-14. The 2–5 km UH swaths associated with Storm A and Storm B are outlined (red) in
the (a) CONUS and (b) Fire Weather simulations...................................................................44
Figure 3-15. Environmental (a) skewT and (b) hodograph for Storm A at 2240 UTC 28 Apr 2014
in the CONUS nest. (c,d) As in (a,b) but for the Fire Weather simulation. Select mean
dynamic and thermodynamic variables are also presented. Mean storm motion in each
simulation is marked by the ⨂ symbol....................................................................................45
Figure 3-16. As in Figure 3-15 but for Storm B at 2155 UTC 28 Apr 2014.................................46

vii

Figure 3-17. A sequence of 1 km AGL reflectivity and 900 hPa storm-relative streamlines for
Storm A in the (left) CONUS and (middle) Fire Weather simulations. (right) Observed 0.5°
KGWX radar imagery of a supercell analogous to Storm A in the model simulations. Each
panel is 100 × 100 km2. Model reflectivity plots are centered on the UHmax. KGWX
reflectivity plots are centered on the storm’s mesocyclone, estimated manually....................50
Figure 3-18. As in Figure 3-17, but valid for Storm B..................................................................51
Figure 3-19. Time series of Storm A’s (a) 2–5 km UHmax (m2 s–2), (b) 900 hPa ζmax (s–1), and (c)
10 m ζmax (s–1) from the CONUS simulation. (d,e,f) As in (a,b,c) but from the Fire Weather
simulation. Results from the (black) Max50, (blue) Max10, and (red) MaxUHmax methods are
shown........................................................................................................................................55
Figure 3-20. As in Figure 3-19, but for Storm B...........................................................................56

Figure 3-21. The UHmax-relative position of the (left) 900 hPa ζmax and (right) 10 m ζmax using
data from Storm A and Storm B in the (top) CONUS and (bottom) Fire Weather simulations.
The colors represent the magnitude of ζmax at each point.........................................................57

Figure 3-22. Scatter plots of Storm A and Storm B ζmax magnitude and separation between ζmax
and UHmax using (left) 10 m ζmax and (right) 900 hPa ζmax in the (top) CONUS and (bottom)
Fire Weather simulations. Values of R2 are printed in the top right corner of each scatter plot.
..................................................................................................................................................58
Figure 3-23. (a) 975 hPa horizontal and (b) 1000–200 hPa vertical cross sections of 𝜃𝜌 ′ . Stormrelative winds in the X-Z direction are overlaid in (b). (c) Horizontal cross section of
θ ′
̂ magnitude (shaded) and direction (arrow) at 975 hPa. (a,b,c) Valid at the time
𝛁 × ( 𝜌 𝑔) 𝒌
̅̅̅̅
θ𝜌

of maximum UHmax for Storm A in the CONUS simulation. (d,e,f) As in (a,b,c) but valid at
the time of maximum UHmax for Storm A in the Fire Weather simulation. Each plot is
centered on the storm’s UHmax.................................................................................................62
Figure 3-24. As in Figure 3-23, but valid for the maxima in Storm B’s UHmax at (a,b,c) 2240
UTC in the CONUS simulation and (d,e,f) 2225 UTC in the Fire Weather simulation..........63
Figure 3-25. Plots of the CONUS simulation of Storm A at 2200 UTC 28 Apr 2014. (a)
Simulated reflectivity and 900 hPa storm-relative streamlines. (b) 975 hPa horizontal cross
section of 𝜃𝜌 ′. (c) Lowest-level 𝜃′ (shaded) and storm-relative material circuits ending in a 4km-radius ring around the 900 hPa ζmax at 2200 UTC. (d) Horizontal cross section of
θ ′
̂ magnitude (shaded) and direction (arrow) at 975 hPa. The 900 hPa ζmax is
𝛁 × ( 𝜌 𝑔) 𝒌
̅̅̅̅
θ𝜌

located at the origin of each plot..............................................................................................67

viii
Figure 3-26. Results from a 100-minute material circuit analysis for a low-level mesocyclone in
the CONUS simulation of Storm A, ending at 2200 UTC. Time series of (a) calculated
circulation (m2 s–1), (b) instantaneous values of 𝐷𝐶/𝐷𝑡 due to baroclinic forcing (m2 s–2), and
(c) cumulative effects of baroclinic forcing on total circulation (m2 s–1) are shown. The
material circuit analyses are performed (blue) with and (orange) without the impacts of rain
water mixing ratio. The cumulative effects of baroclinic forcing on total circulation from (c)
are also overlaid in (a) to assist in interpreting the results of the analysis...............................68

Figure 3-27. As in Figure 3-25, but for the Fire Weather simulation of Storm A at 2245
UTC 28 Apr 2014........................................................................................................69
Figure 3-28. As in Figure 3-26, but from a 100-minute material circuit analysis for a
low-level mesocyclone in the Fire Weather simulation of Storm A, ending at 2245
UTC 28 Apr 2014.........................................................................................................70
Figure 3-29. As in Figure 3-25, but for the CONUS simulation of Storm B at 0045 UTC
29 Apr 2014.................................................................................................................72
Figure 3-30. As in Figure 3-26, but from a 60-minute material circuit analysis for a lowlevel mesocyclone in the CONUS simulation of Storm B, ending at 0045 UTC 29 Apr
2014................................................................................................................................73
Figure 3-31. As in Figure 3-25, but for the Fire Weather simulation of Storm B at 2100 UTC 28
Apr 2014...................................................................................................................................74

Figure 3-32. As in Figure 3-26, but from a 60-minute material circuit analysis for a lowlevel mesocyclone in the Fire Weather simulation of Storm B, ending at 2100 UTC.
......................................................................................................................................75
Figure 3-33. Left, the 1 km AGL model reflectivity (dBZ) valid at 0300 UTC 6 May 2015 from
(a) the CONUS and (b) the Fire Weather simulations. A mask is applied to the CONUS
output to make comparisons easier for the reader. (c) A mosaic of 0.5° KTLX (south of 36°N)
and KVNX (north of 36°N) radar imagery valid at 0300 6 May 2015. (d,e,f) As in (a,b,c) but
valid at 0500 UTC 6 May 2015................................................................................................79
Figure 3-34. The 2-m temperature (°C) valid at 0300 UTC 6 May 2015 from (a) the CONUS and
(b) the Fire Weather simulations. (c) The 2-m temperature from the RTMA valid 0300 UTC 6
May. (d,e,f) As in (a,b,c) but valid at 0500 UTC 6 May 2015. A mask is applied to the
CONUS and RTMA output to make comparisons easier for the reader..................................80
Figure 3-35. 1900 UTC 6 May 2015 KOUN observed sounding (black) and model soundings
(red) from the (a) CONUS and (b) Fire Weather simulations..................................................81
Figure 3-36. As in Figure 3-33, but valid at (a,b,c) 1800 UTC 6 May, and (d,e,f) 2200 UTC 6
May 2015..................................................................................................................................82

ix
Figure 3-37. 2–5 km UH swaths from (a) the CONUS simulation and (b) the Fire Weather
simulation from 1500 UTC 6 May to 0500 UTC 7 May 2015. Red lines denote observed SPC
tornado tracks during the same period......................................................................................83
Figure 4-1. Horizontal and vertical cross sections and soundings through spurious wave patterns
ahead of and behind the leading edge of a cold pool in the CONUS simulation valid 2240
UTC 28 April 2014. The leading edge of the cold pool is represented by the black line in (a)
and the “cold pool” label in (b). A cross section of vertical velocity from points A to B is
shown in (b). Sounding S1, located outside of the cold pool, is presented in (c). Sounding S2,
located within the cold pool, is presented in (d). Both soundings exhibit MAULs.................89
Figure 4-2. As in Figure 4-1, but for the Fire Weather simulation valid 2000 UTC 28 Apr 2014.
Spurious patterns of updrafts and downdrafts are evident in (a) the reflectivity and (b) the
vertical velocity fields. These spurious patterns occur at the same height as the MAULs
shown in (c) and (d)..................................................................................................................90

x

LIST OF TABLES

Table 2-1. Summary of model configurations used in the NAM simulations...............................18

xi

ACKNOWLEDGMENTS
The author acknowledges Drs. Paul Markowski, David Stensrud, Yvette
Richardson, and Mr. Eli Dennis for their contributions to this research project. The author
also acknowledges Drs. Eric Rogers, Geoff DiMego, Brad Ferrier, Eric Aligo, and others
too numerous to mention at the NOAA Environmental Modeling Center, for running the
NAM simulations and working closely with the author in the summer of 2016. Lastly, the
author acknowledges Mr. Glenn Rolph, Dr. Ariel Stein, and Ms. Barbara Stunder from the
NOAA Air Resources Lab, and Dr. Charles Pavloski and Mr. Chad Bahrmann from the
Department of Meteorology and Atmospheric Science at Pennsylvania State University,
for their help configuring and compiling HYSPLIT. This work was done in support of the
NOAA Next Generation Global Prediction System (NGGPS) project, award number
NA15NWS4680012.

1

Chapter 1
Introduction
In the last decade, convection-allowing models (CAMs) have become essential
tools in operational meteorology. Unlike lower-resolution models, which rely on
convective parameterization schemes to represent deep moist convection (DMC), CAMs
are run with a horizontal grid spacing less than 5 km in order to explicitly resolve DMC.
Explicit representation of DMC in CAMs has many advantages over parameterized
convection, including better representation of precipitation accumulation and the ability to
discern convective mode (Done et al. 2004).
At the time of this writing, CAMs run operationally by the National Weather
Service have horizontal grid spacings of 3–4 km. Despite the advantages of CAMs over
models that must rely on convective parameterizations, 3-km grid spacing is still much
coarser than the O(100 m) grid spacing that some have argued to be necessary to reproduce
the spectral kinetic energy distribution of DMC (Bryan et al. 2003). It is common nowadays
for research scientists to use grid spacings of just 50–250 m in simulations designed to
examine the internal dynamics of DMC (e.g., Schenkman et al. 2012; Markowski and
Richardson 2014; Coffer and Parker 2017). Although such high-resolution, limited-domain
CAMs are well-suited for a research setting, it is not yet feasible to run them operationally
on larger domains.
There is ongoing discussion in the weather prediction community about the costs
and benefits of upgrading operational CAMs with higher resolution. Amid the discussion
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are conflicting ideas about how model simulations of convection change as grid spacing is
reduced from 4 km to 1 km. Schwartz et al. (2009) evaluated patterns of convection
initiation, evolution, and organization in 2- and 4-km output from Advanced Research
Weather Research and Forecasting (ARW-WRF) and North American Mesoscale Forecast
System (NAM) simulations. They found that the 2-km simulations provided little added
value to next-day guidance for heavy rain and severe weather forecasts. Yet, VandenBerg
et al. (2014) showed that storm motion can be better simulated using 1-km grid spacing
instead of 4-km grid spacing, suggesting that storm-scale dynamics might be better
simulated at 1 km. Bryan and Morrison (2012) compared simulations from CAMs with 4, 1-, and 0.25-km grid spacing and found that surface precipitation decreases as grid spacing
decreases, especially from 1 km to 0.25 km. These differences in precipitation amount were
caused by the explicit resolution of turbulence and dry air entrainment in the higherresolution simulations.
The goal of this study is to assess the impact of grid spacing on DMC evolution in
convection-allowing NAM simulations. Two case studies, each characterized by numerous
storm reports and a variety of storm modes, are simulated on the 4-km NAM Contiguous
United States (CONUS) nest and the 1.33-km NAM Fire Weather nest. For each
simulation, output is saved at 5-min intervals. Each simulation is compared with the other
and with observations to investigate the impacts of horizontal grid spacing. This work
builds upon the existing literature by examining the attributes and dynamics of convective
storms in pseudo-operational model runs.
The meteorology of each of the two case studies, as well as the methods used to
analyze the model simulations, are described in Chapter 2. The results of the simulations
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are presented in Chapter 3, focusing specifically on the overall prediction of the severe
weather outbreaks, the simulation of near-storm environments, and the simulation of the
severe storms themselves. The results are discussed in Chapter 4. A summary and
concluding remarks are presented in Chapter 5.
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Chapter 2
Data and Methods

2.1. Severe weather cases
This study analyzes NAM simulations of two severe weather outbreaks in different
regions of the CONUS with two different forcing mechanisms. Storm Prediction Center
(SPC) filtered storm reports were used to identify cases in which numerous severe storms
occurred (Figure 2-1). SPC filtered storm reports (herein “storm reports”) are filtered in
time and space to reduce duplicate reports (Storm Prediction Center 2017). Duplicate
reports are removed by SPC when the reports come from the same county, report the same
number of injuries and fatalities, and, if they are tornado reports, are located within 5
minutes and 5 miles of each other (within 10 miles and 15 minutes of each other if they are
wind or hail reports). WSR-88D imagery was used to identify cases in which a variety of
storm modes were evident. Output from the National Severe Storms Laboratory (NSSL) 4km WRF archives was reviewed to gauge the predictability of the prospective events
(Figure 2-2). Ultimately, a severe weather outbreak in the vicinity of a dryline on the Great
Plains on 6 May 2015, and another in the warm sector ahead of a strong cold front in the
southeastern U.S. on 28 April 2014, were chosen for the study. SPC hourly mesoscale
analysis, visible satellite imagery, and radar data are used to characterize the synoptic and
mesoscale environments present during each of the cases.
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(a)

Fire Weather
Nest

(b)

Fire Weather
Nest

Figure 2-1. Summary of U.S. filtered storm reports for (a) 28 Apr 2014 and (b) 6 May 2015.
The geographical extent of the Fire Weather output is outlined in magenta for both cases. Severe
wind and severe hail are defined by the National Weather Service: severe wind is wind that is
greater than or equal to 50 kt (25.72 m s–1); severe hail is hail with a diameter greater than or
equal to 1 in (2.54 cm). “HI” winds are wind reports in excess of 65 kt (33.44 m s–1 ), and “LG”
hail is hail with a diameter of at least 2 in (5.08 cm). Source: Storm Prediction Center (SPC),
adapted to include the Fire Weather output domains.
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Figure 2-2. (left) Simulated 1 km AGL reflectivity valid 2000 UTC 28 Apr 2014 from the
4-km NSSL-WRF simulations initialized (a) 0000 UTC and (b) 1200 UTC 28 Apr 2014.
(c) Observed composite reflectivity at 2000 UTC 28 Apr 2014. (right) Simulated 1 km AGL
reflectivity valid 2300 UTC 6 May 2015 from the 4-km NSSL-WRF simulations initialized
(d) 0000 UTC and (e) 1200 UTC 6 May 2015. (f) Observed composite reflectivity at 2300
UTC 6 May 2015. Source: hwt.nssl.noaa.gov.
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2.1.1. 28 April 2014
At 1800 UTC 28 April 2014, a large, negatively tilted upper-level trough was
present over the western and central U.S., with an axis extending from southwestern
Canada southeastward toward the central Great Plains. An associated wind maximum at
500 hPa with winds in excess of 50 m s–1 was evident over northern Texas and southwestern
Arkansas. A surface cyclone with a minimum mean sea level pressure (MSLP) near 988
hPa was located over eastern Nebraska, with a cold front extending southward through
central Missouri, central Arkansas, western Louisiana, and eastern Texas. A warm front
extended from the surface cyclone eastward into the Ohio Valley region and southward
across the Appalachian Mountains (Figure 2-3a).
Between 1200 UTC 28 April and 1000 UTC 29 April, there were 359 SPC storm
reports across the Southeast and Midwest. Convection developed in an environment with
a favorable combination of convective available potential energy (CAPE), low-level and
deep-layer wind shear, and numerous boundary-layer convergence lines, which are thought
to be associated with horizontal convective rolls, remnants of pre-existing convection, and
a pre-frontal trough.
The worst part of the 28 April severe weather outbreak was in Mississippi and
Alabama between 1900 UTC 28 April and 0900 UTC 29 April. During this period, the
environment was characterized by surface-based CAPE in excess of 3000 J kg–1,
southwesterly 0–6 km bulk shear of 30 m s–1, and 0–3 km storm-relative helicity (SRH)
which increased from 200 m2 s–2 over Louisiana, Mississippi, and Alabama at 1800 UTC
on 28 April, to as much as 600 m2 s–2 in northeastern Alabama by 0200 UTC on 29 April.
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Several convective storms were initiated along multiple SW-NE oriented convergence
lines in northeastern Louisiana and northwest Mississippi between 1525 UTC and 1700
UTC on 28 April, and remained organized in lines as they translated northeastward through
1900 UTC (Figure 2-3b).
Mesocyclones apparent on the Jackson, Mississippi radar (KDGX) after 1730 UTC
indicate the transition of cells within the lines to supercells. The first tornado occurred with
the southernmost supercell as it moved across west-central Mississippi at 1900 UTC.
During the subsequent hour, the supercells within the line became more discrete, becoming
aligned from SSW to NNE in central Mississippi by 2000 UTC. Additional supercells
formed on the southern end of the line. At 2000 UTC, convection initiation was also
ongoing along the cold front in north-central Louisiana and southeastern Arkansas, and
along another pre-frontal convergence boundary in northeastern Louisiana (Figure 2-3c).
The southern portion of the cold front merged with the pre-frontal convergence boundary
by 2015 UTC, leading to enhanced convection initiation in northeastern Louisiana and
western Mississippi. By 2200 UTC, new supercells had developed and evolved into a line
stretching from the cold front in northeastern Louisiana into northwestern Alabama.
Supercells along this line continued to produce tornadoes until 0430 UTC on 29 April.
Between 0400 UTC and 0600 UTC, the convection lost its supercell characteristics and a
mesoscale convective system (MCS) developed.
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Figure 2-3. (a) The Weather Prediction Center (WPC) surface analysis valid 1800 UTC 28
Apr 2014 (Source: http://www.wpc.ncep.noaa.gov). (b) Visible satellite imagery valid 1825
UTC 28 Apr 2014 showing the cloud tops associated with two lines of supercellular
convection. (c) Visible satellite imagery valid 2002 UTC 28 Apr showing new convection
initiating along and immediately ahead of the cold front, to the west and southwest of the
pre-existing line of supercells.
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2.1.2. 6 May 2015
Severe convection occurred during two periods in the 6 May 2015 case. The first
period lasted from 0000–0845 UTC 6 May, when convection in the state of Oklahoma
resulted in 11 severe wind reports, 2 severe hail reports, and 1 report of an EF-0 tornado.
Though stratiform and convective precipitation was widespread over Oklahoma during
much of the period, most of the severe weather was associated with an MCS that developed
in southwestern Oklahoma around 0300 UTC and subsequently moved northeastward,
arriving at Oklahoma City, OK by 0610 UTC and Tulsa, OK by 0830 UTC. After 0830
UTC, the southern part of the MCS slowed and remained southeast of Oklahoma City,
where embedded cells, including at least one supercell, continued to develop. The
convection moved northeastward and gradually weakened, decaying by 1500 UTC.
The overnight severe convection developed in an environment characterized by low
CAPE and moderate low-level SRH. The sounding from Norman, OK at 0000 UTC 6 May
shows surface-based CAPE of 1351 J kg–1, southwesterly 0–6 km bulk wind shear of 23 m
s–1, and 0–1 km SRH of 228 m2 s–2. From 0000 UTC to 0600 UTC, SPC hourly
mesoanalysis suggests that surface-based CAPE in central Oklahoma gradually decreased
to less than 250 J kg–1, 0–6 km bulk wind shear remained approximately constant, and 0–
1 km SRH increased to more than 300 m2 s–2.
As the MCS moved eastward, the environment in its wake quickly began to
destabilize again from south to north after 0900 UTC. The 1200 UTC sounding from
Norman, OK shows that the surface-based CAPE recovered to 2063 J kg–1. Rapid
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destabilization continued into the afternoon, even in the presence of widespread low-level
cloud cover as seen in visible satellite imagery (Figure 2-4).
At 1800 UTC 6 May 2015, a small, negatively tilted upper-level shortwave trough
was located over the central Great Plains region. At the surface, a broad area of low
pressure, with MSLP around 1000 hPa, was centered in eastern Colorado. A dryline
extended southward from southwestern Kansas into Oklahoma and western Texas along
the 100°W meridian, and from there, bent southwestward toward the Texas-Mexico border
(Figure 2-4a).
The second, more significant period of severe weather began shortly after 1800
UTC, when convection developed along a line of cumulus near the Wichita Mountains, a
small cluster of mountains in southwestern Oklahoma ranging from 300–700 m tall (Figure
2-4c). The convection developed in an environment with 3000–4000 J kg–1 of surfacebased CAPE, west-southwesterly 0–6 km wind shear of 20 m s–1, and 0–3 km SRH of
approximately 200 m2 s–2, as per the SPC mesoanalysis and a special sounding launched in
Norman, OK, at 1900 UTC. In addition to the line upon which convection was developing,
several other lines of cumulus were evident east of the dryline in visible satellite imagery.
These lines are thought to be associated with convergence lines between HCRs, or residual
outflow boundaries left behind from the previous night’s convection.
Between 1918 UTC 6 May and 0612 UTC 7 May, there were 144 storm reports in
Texas, Oklahoma, Kansas, and Nebraska (Figure 2-1). Of particular interest was a longlived supercell which produced its first tornado at 1942 UTC near Apache, OK, and
additional tornadoes between Newcastle and Norman, OK, from 2230–2300 UTC. As the
supercell moved northeastward toward central Oklahoma, the development of a 15–20 m
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s–1 low-level jet near 1 km AGL made the environment increasingly favorable for
tornadoes, with 0–3 km SRH increasing to 357 m2 s–2, and 0–1 km SRH reaching 262 m2
s–2 in the 0000 UTC 7 May sounding from Norman, OK. Around 2300 UTC, the original
supercell decayed and two supercells developed immediately to its southwest. The new
supercells intensified and produced tornadoes impacting areas near Tuttle and Oklahoma
City, OK between 0100 and 0200 UTC 07 May. Among the damages were reports of 5-cm
diameter hail and several tornadoes, including an EF-3 tornado that injured 12 people. After
0200 UTC 7 May, the supercells merged over Oklahoma City, OK, and transitioned into a
bow echo and then into a supercell once more by 0415 UTC. Although there were no
additional severe wind or tornado reports, there were seven reports of severe hail with the
storm after 0200 UTC.
Between 1930 and 0300 UTC, convection also developed along a roughly southnorth-oriented convergence line initially near 98.5°W (Figure 2-4d). As the line moved
westward, it merged with the eastward-moving dryline near 99°W by 0000 UTC 7 May.
Several storms developed along this area of enhanced convergence in northern Oklahoma
and southern Kansas. Many of the storms split into left- and right-moving supercells
(Figure 2-4e). There were six EF-0 and one EF-3 tornadoes associated these supercells.
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Figure 2-4.

(a) WPC surface analysis valid 1800 UTC 6 May 2015 (Source:

http://www.wpc.ncep.noaa.gov). (b) Visible satellite imagery valid 1515 UTC 6 May showing
the widespread low-level cloud cover east of the dryline. (c) Visible satellite imagery valid
1815 UTC 6 May showing convection initiating near the Wichita Mountains in southwestern
Oklahoma. (d) Visible satellite imagery valid 2030 UTC 6 May showing new convection
developing along a boundary near 98.5°W. (e) Visible satellite imagery valid 0015 UTC 7
May showing convection developing near 99°W as a westward-moving boundary merges with
the eastward-moving dryline.
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2.2. Model description

The NAM is an operational numerical weather prediction system that is run four
times daily by the National Weather Service. The NAM assimilates observations using the
NAM Data Assimilation System (NDAS; Rogers et al. 2009) and uses the National Centers
for Environmental Prediction (NCEP) Nonhydrostatic Multi-scale Model on the B Grid
(NMMB) as its dynamic core (for technical details, refer to Janjic and Gall (2012) and the
Community NEMS-NMMB Users’ Guide V1.0). The NAM is run with 60 hybrid sigmapressure (σ-p) vertical levels that are terrain-following near the ground and gradually
transition to hydrostatic pressure surfaces in the upper atmosphere, as described by
Eckermann (2008). The NAM parent domain has 12-km horizontal grid spacing and
extends from northern South America to the North Pole south-north, and eastern Asia to
western Europe west-east (Figure 2-5).
Nested within the 12-km parent domain are the 4-km CONUS nest and the 1.33km Fire Weather nest (Figure 2-5). Both the CONUS nest and the Fire Weather nest are
one-way nested. The 4-km CONUS nest is a fixed grid that covers the CONUS, southern
Canada, northern Mexico, and the coastal waters surrounding North America. The CONUS
nest receives its boundary conditions from the 12-km NAM parent grid. Operationally, the
CONUS nest is often used by forecasters when predicting severe weather.1 The 1.33-km
Fire Weather nest, which receives its lateral boundary conditions from the 4-km CONUS
nest, is a 497 × 497 km2 grid that can be placed over any part of the CONUS. As the name

1

As of March 2017, the horizontal grid spacing of the operational CONUS nest was upgraded
from 4 km to 3 km. The grid spacing of the operational Fire Weather nest was upgraded from 1.33 km to 1
km.
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implies, the Fire Weather nest is typically placed in critical fire weather areas and used by
forecasters to predict fire hazards. However, the National Weather Service sometimes
places the grid in areas with other types of hazardous weather, such as winter storms and
severe convection.
The 12-km parent NMMB model integration domain is a rotated latitude-longitude
grid with a center longitude of 106°W. Each nested child domain is grid-associated with
the parent domain, such that the CONUS and Fire Weather integration domains are also on
rotated latitude-longitude grids with a reference longitude of 106°W, regardless of where
the Fire Weather domains are placed. Model output is interpolated to Lambert Conformal
grids centered at the mean longitude of the model integration domain. Because of the
differences between rotated latitude-longitude projections and Lambert Conformal
projections, Fire Weather nests displaced from 106° W require Lambert Conformal grids
that are larger than the model integration domain to ensure that the full integration domain
fits on the output grid. As a result, the output files for the Fire Weather nest contain missing
values around the peripheries of the model integration domain (Eric Rogers 2016, personal
communication). Standard NCEP NAM output grids are used, which have 5.079-km and
1.27-km grid spacing for the CONUS and Fire Weather nests, respectively.
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Figure 2-5. NAM integration domains for the 12-km parent domain, 4-km CONUS nest, and
the 1.33-km Fire Weather nests used in this study. The Fire Weather nest over the southern
Great Plains was used in the simulation of the 6 May 2015 case, whereas the Fire Weather
nest over the Southeast was used in the simulation of the 28 Apr 2014 case. Figure adapted
from Eric Rogers (2016, personal communication).
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This study uses the two case studies described in Section 2.1 to assess the capability
of the NAM to simulate severe convective storms using the 4-km CONUS and the 1.33km Fire Weather nests. Each case is simulated for 36 hours starting at 0000 UTC on the
day of the severe weather outbreak, such that the most severe convection develops 15–18
hours into the model integration. The Fire Weather nests are strategically placed to capture
both the initiation and evolution of convection by ensuring that the features of interest are
within the nest domains and well displaced from the lateral boundaries. Although the
operational NAM normally writes hourly output, 5-minute output is written for this study
so that storm dynamics could be better assessed.
To isolate the impacts of horizontal grid spacing on convection evolution, the only
model parameters that differ between the Fire Weather and CONUS simulations are the
horizontal grid spacing, the integration time step (8 8⁄9 s in the CONUS simulation and 2 2⁄9
s in the Fire Weather simulation) and the frequency at which land surface, turbulence, and
microphysics schemes are called (every 5 time steps in the CONUS simulation and every
9 time steps in the Fire Weather simulation). All other parameters are held constant as
described in Table 2-1.
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Table 2-1. Summary of model configurations used in the NAM simulations.

Scheme Used
Microphysics

Ferrier Aligo (Aligo et al. 2014)

Land-surface

Noah (Pan and Mahrt 1987)

Turbulence / Surface
Layer

Mellor-Yamada-Janjic (Chen et al. 1997)

Dynamical Core

Nonhydrostatic Multiscale Model on the B-grid
(NMMB) (Janjic and Gall 2012)

Convection

Explicitly resolved
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2.3. Analysis methods
WSR-88D radar data and visible satellite imagery are used to verify the timing and
placement of convection initiation. Radar data are also used to verify the evolution of
convective storm intensity, storm mode, and the presence of low-level and midlevel
mesocyclones. Surface observations and reanalysis from the 5-km Real Time Mesoscale
Analysis (RTMA; De Pondeca et al. 2011), which uses 2DVAR to create an analysis from
observations combined with a first guess from the NCEP Rapid Refresh (RAP) model, are
used to verify the NAM’s predictions of the pre-storm environmental temperature and the
strength of cold pools associated with convection. Model accumulated precipitation is
compared with 4-km NCEP Stage IV reanalysis, a quality controlled multi-sensor
precipitation analysis which incorporates radar estimates and precipitation gauge
observations (Lin and Mitchell 2005; Nelson et al. 2016).
Model back-trajectories, which are used in Chapter 3 for material circuit analyses,
are calculated using the Air Resources Laboratory (ARL) Hybrid Single-Particle
Lagrangian Integrated Trajectory Model (HYSPLIT; Draxler 1992). To prepare the model
data for HYSPLIT, grib2 model output is trimmed to remove peripheral missing values
which result from interpolating to the Lambert Conformal grids. Trimmed grib2 files are
converted from grib2 to ARL packed format. The HYSPLIT integration time step and
output frequency are both set to 1 minute, the shortest time step possible in HYSPLITVersion 4. Output includes trajectory latitude, longitude, height above ground level,
temperature, pressure, rain water mixing ratio, and the height of the terrain beneath the
trajectory. For more details regarding HYSPLIT, see Draxler et al. (2016).
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Chapter 3
Results

3.1. 28 April 2014

3.1.1. Analysis of overall prediction of the severe weather outbreak
At 0000 UTC 28 April 2014, radar observations show that the majority of the Fire
Weather domain was clear of convection, with the exception of a small cluster of severe
storms in northern Arkansas. Although the convection in Arkansas produced three
tornadoes before exiting the Fire Weather domain at 0230 UTC, these storms are absent
from the simulations. Instead, only stratiform and weakly convective precipitation is found
in the CONUS and Fire Weather simulations, with 1 km AGL reflectivity values remaining
below 35 dBZ in the CONUS nest and 45 dBZ in the Fire Weather nest through 0100 UTC.
We speculate that the model’s failure to simulate the severe convection in Arkansas is due
to the lack of model spin-up time. Although the convection was located just 50 km from
the northern and western lateral boundaries of the Fire Weather domain, the development
and evolution of this precipitation in the Fire Weather simulation is qualitatively similar to
the development in the CONUS simulation.
Between 0100 and 0200 UTC, simulated reflectivity in Arkansas increases and the
precipitation transitions from stratiform to weakly convective in both model simulations
(Figure 3-1). The model reflectivity fields also begin to exhibit wave-like structures,
becoming apparent first in the Fire Weather simulation, and in the CONUS simulation 20
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minutes later. The pattern of reflectivity maxima and minima appears to be proportional to
the horizontal grid spacing of the model domains, with the physical wavelength
approximately three times shorter in the Fire Weather simulation than in the CONUS
simulation. These spurious patterns are ubiquitous throughout each of the model runs in
this study, and will be further discussed in Chapter 4.
By 0200 UTC, the Fire Weather and CONUS simulations also develop precipitation
in western Mississippi (Figure 3-1). In the CONUS simulation, the precipitation is depicted
by 1 km AGL reflectivity less than 30 dBZ, whereas in the Fire Weather simulation,
isolated convective cells with 1 km AGL reflectivity in the range of 50–55 dBZ develop.
In the radar observations, however, precipitation is not detected in this region until 0325
UTC and covers a much smaller area than in either of the model runs. Observed reflectivity
from 0.5° KDGX radar scans reaches a maximum between 50 and 60 dBZ as the small
convective cells approach the Mississippi-Tennessee border around 0500 UTC, 2 hours
after the reflectivity maxima in the simulations (Figure 3-1).
Between 0715 and 0800 UTC, KDGX radar observations exhibit the development
of convective showers with 0.5° reflectivity as great as 50 dBZ along two lines in western
and eastern Mississippi. In contrast, the Fire Weather simulation produces just one line of
precipitation, which forms between 0500 and 0700 UTC, about two hours earlier than
observed (Figure 3-2). The line of precipitation forms farther east in the Fire Weather
simulation compared to the CONUS simulation. The precipitation in the Fire Weather
simulation is also heavier than the precipitation in the CONUS simulation, producing
model reflectivity greater than 50 dBZ in the Fire Weather simulation compared to just 40
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dBZ in the CONUS simulation. The showers in both simulations decay sooner than those
in the observations.
The first line of observed, organized convection moved into the Fire Weather nest
between 0800 and 0900 UTC, and is simulated by both the Fire Weather and CONUS nests.
Over the subsequent two hours, however, the simulations and observations diverge. In
particular, the northern portion of the line of convection weakens too soon in both the Fire
Weather and CONUS simulations (Figure 3-2). Nonetheless, both the CONUS and the Fire
Weather simulations accurately depict the decay of the remainder of the convective line
into remnant low-intensity rain showers between 1430 and 1530 UTC (Figure 3-3).
Radar observations indicate that convection developed in northeastern Louisiana
between 1530 and 1600 UTC and moved into Mississippi by 1700 UTC. Convection
initiation in both the Fire Weather and CONUS simulations is delayed until about 1600
UTC. Although the Fire Weather simulation performs well with the placement of initial
convection initiation, convection forms approximately 50 km farther northeast in the
CONUS simulation compared to observations at 1700 UTC (Figure 3-3). Between 1630
and 1700 UTC, observed convection developed along another SW-NE oriented line
segment in northern Louisiana, approximately 125 km southwest of the initial convection.
Both model simulations fail to simulate this convection, but they do have spurious rain
showers along the northern Louisiana-Mississippi border, south of the other convective
segment (Figure 3-3).
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0200 UTC 28 Apr 2014

0500 UTC 28 Apr 2014

Figure 3-1. Left, the 1 km AGL model reflectivity (dBZ) valid at 0200 UTC 28 Apr 2014
from (a) the CONUS and (b) the Fire Weather simulations. A mask is applied to the CONUS
output to make comparisons easier for the reader. (c) The 0.5° KDGX reflectivity scan valid
at 0200 UTC 28 Apr. (d,e,f) As in (a,b,c) but valid at 0500 UTC 28 Apr 2014.

24

0700 UTC 28 Apr 2014

1200 UTC 28 Apr 2014

Figure 3-2. As in Figure 3-1, but valid at (a,b,c) 0700 UTC and (d,e,f) 1200 UTC 28 Apr
2014.
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1500 UTC 28 Apr 2014

1700 UTC 28 Apr 2014

Figure 3-3. As in Figure 3-1, but valid at (a,b,c) 1500 UTC and (d,e,f) 1700 UTC 28 Apr
2014.
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At 1800 UTC, soundings launched in Jackson, Mississippi (KJAN) and New
Orleans, Louisiana measured surface-based CAPE of 4500 and 4700 J kg–1, respectively.
The CONUS simulation had only about 3000 J kg–1 of CAPE in Jackson, MS, whereas the
Fire Weather simulation, which better represented a higher LCL height and greater
warming at low levels, simulated 4000–4500 J kg-1 of CAPE (Figure 3-4). Environmental
2-m temperatures in central Mississippi were 1°–3°C less in the CONUS simulation than
in the RTMA analysis, but temperatures in the Fire Weather simulation were within 1°C
of the RTMA (Figure 3-6). Deep layer (975–500 hPa) west-southwesterly wind shear of
25 m s–1 compared similarly in both simulations and the observations. Low-level (975–900
hPa) southwesterly shear of 10 to 15 m s–1 in the CONUS simulation compared more
similarly to observations than the 5 to 10 m s–1 of shear in the Fire Weather simulation.
Additional convection developed between the two pre-existing line segments by
1800 UTC (Figure 3-5). Some cells within the segments began to develop mesocyclones
and transition into supercells between 1730 and 1800 UTC, with hook echoes in western
Mississippi evident on KDGX radar. Although the Fire Weather and CONUS simulations
fail to initiate convection in northern Louisiana between 1630 and 1700 UTC, convection
does develop in the spurious rain showers near the Louisiana-Mississippi border, and by
1800 UTC, the convection is within 50 km of the observed cells.
At 1800 UTC, the aforementioned spurious wave patterns in model reflectivity are
again evident, especially to the southeast of the convection in the Fire Weather simulation
(Figure 3-5). These patterns are associated with east-west segments of 30–35 dBZ
reflectivity values in the Fire Weather simulation, and 25–30 dBZ in the CONUS
simulation. In the observations, there are no radar echoes greater than 5 dBZ immediately
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to the southeast of the convection. However, visible satellite imagery does show cumulus
organized along southwest-northeast oriented HCRs in this area.
By 1900 UTC, the model solutions continue to remain different from the
observations (Figure 3-5). In the observations, the southern convective line segment was
broken into three discrete supercells, the southernmost of which produced a tornado. This
tornado formed slightly west of the models’ depiction of a broken line of convection. The
line of convection is much longer in both model simulations, stretching from northern
Mississippi into central Louisiana, compared to the observed line of convection which was
confined to Mississippi. Both simulations also fail to produce the observed precipitation in
eastern Arkansas and northern Louisiana along and ahead of the cold front at 1900 UTC
(Figure 3-5).
As a result of the strong, misplaced convection in the models south of 32.5°N, 2-m
temperatures are significantly reduced—by more than 7°C in the CONUS simulation and
10°C in the Fire Weather simulation (Figure 3-6). This essentially eliminates all of the
CAPE in northeastern Louisiana by 1900 UTC. As such, it is not surprising that the severe
convection that was observed in northeastern Louisiana after 1900 UTC did not form in
the model simulations.
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Figure 3-4. 1800 UTC 28 Apr 2014 KJAN observed sounding (black) and model soundings
(red) from the (a) CONUS and (b) Fire Weather simulations.
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1800 UTC 28 Apr 2014

1900 UTC 28 Apr 2014

Figure 3-5. As in Figure 3-1, but valid at (a,b,c) 1800 UTC and (d,e,f) 1900 UTC 28 Apr
2014.
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Figure 3-6. The 2-m temperature (°C) valid at 1800 UTC 28 Apr 2014 from (a) the
CONUS and (b) the Fire Weather simulations. (c) The 2-m temperature from the RTMA
valid 1800 UTC 28 Apr. (d,e,f) As in (a,b,c) but valid at 1900 UTC 28 Apr 2014. A mask
is applied to the CONUS and RTMA output to make comparisons easier for the reader.
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Convection continues to intensify in both the Fire Weather and CONUS
simulations after 2000 UTC. Multiple hook echoes are evident in both simulations. By
2100 UTC, observed convection was organized into three different convective groups—
the group that initiated earliest, which extended as far east as northwestern Alabama; the
group that initiated second, which contained three SSW-NNE oriented supercells in
Mississippi; and the group that initiated last, which extended from central Louisiana
northeastward into eastern Mississippi (Figure 3-7). In the CONUS simulation, the
convection appears to be organized into one discontinuous line. The northern part of the
line is well to the west of the observed pre-frontal convection, and the southern part of the
line is well to the east of the observed convection along the cold front. In the Fire Weather
simulation, however, the timing and position of the northern part of the line is better
predicted. There is simulated convection within 25 km of both of the ongoing tornadoes at
2100 UTC, which are located in northwestern Alabama and central Mississippi. The
southern part of the line, however, is misplaced even farther to the east than in the CONUS
simulation. The faster forward motion of the cold pool and associated convection in the
Fire Weather simulation is likely related to its colder temperatures (Figure 3-8).
Between 2200 and 2300 UTC, the observed thunderstorms associated with the cold
front exhibited an increase in forward motion and merged with the leading line of
convection (Figure 3-7). The convection along the cold front also became supercellular and
produced several tornadoes. The original supercells to the southeast of the convective line
moved slower than, and also merged with, the newer line. By 2300 UTC, the convection
in the CONUS simulation still appears to be organized into one discontinuous line, which
compares favorably with the placement of the merged line of convection in the
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observations (Figure 3-7). In the Fire Weather simulation, two lines of convection are
noted—a leading line with embedded supercells, and a trailing line with weaker
convection. Several of the supercells on the leading line appear to be attached to strong
lines of convection which extend southwestward from the supercells’ flanking lines. These
convective features develop along the leading edge of large cold pools (Figure 3-8), and
are not evident in the observations. The Fire Weather simulation continues to struggle with
the timing and placement of the convection at 2300 UTC. Both lines in the Fire Weather
simulation, especially the leading line, are well to the east of the observed convection and
the CONUS convection.
After 0000 UTC 29 April, observed convection along the cold front merged with
additional convection forming in southern Louisiana and Mississippi, initially displaced
southeast of the cold front. Between 0300 and 0900 UTC, the convection progressed as an
MCS towards the southeast and ultimately moved over the Gulf of Mexico (Figure 3-9). In
the model simulations, however, the convective line moves more slowly than in the
observations after 0000 UTC 29 April. The cold pool associated with the advancing MCS
is still located at 32.5°N in the CONUS nest and 32°N in the Fire Weather nest at 0600
UTC, whereas in the RTMA analysis, the leading edge of the cold pool had already pushed
further south than 31°N (Figure 3-10). It is also noteworthy that in contrast to previous
times in the model solutions, at 0600 UTC 29 April, the cold pool in the CONUS simulation
is 1°–3°C colder than the cold pool in the Fire Weather simulation.
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2100 UTC 28 Apr 2014

2300 UTC 28 Apr 2014

Figure 3-7. As in Figure 3-1, but valid at (a,b,c) 2100 UTC 28 Apr 2014, and (d,e,f) 2300
UTC 28 Apr 2014.
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2100 UTC 28 Apr 2014

2300 UTC 28 Apr 2014

Figure 3-8. As in Figure 3-6, but valid at (a,b,c) 2100 UTC 28 Apr 2014, and (d,e,f) 2300
UTC 28 Apr 2014.
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Figure 3-9. As in Figure 3-1, but valid at (a,b,c) 0300 UTC 29 Apr 2014, and (d,e,f) 0600
UTC 29 Apr 2014.
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0300 UTC 29 Apr 2014

0600 UTC 29 Apr 2014

Figure 3-10. As in Figure 3-6, but valid at (a,b,c) 0300 UTC 29 Apr 2014, and (d,e,f) 0600
UTC 29 Apr 2014.
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The 2–5 km updraft helicity (UH) swaths from both the Fire Weather and CONUS
simulations highlight the northern half of Mississippi and the western part of Alabama as
areas where numerous rotating updrafts pass through. Indeed, that is the area where the
most tornadoes were observed (Figure 3-11). In contrast to the UH swaths in the CONUS
simulation, UH swaths in the Fire Weather simulation are narrower and spaced more
closely together. Magnitudes of 2–5 km UH are roughly an order of magnitude smaller in
the CONUS simulation due to the combined impacts of grid spacing on updraft velocity
and vertical vorticity. In predicting tracks of rotating updrafts, the Fire Weather nest shows
no clear advantage over the CONUS nest in this case. Simulations on each nest domain
handle some rotation swaths well and others poorly.
When comparing 6-hour quantitative precipitation forecasts (QPF) from the model
with Stage IV analysis, in general, the 1.33-km horizontal grid spacing of the Fire Weather
nest helps to reduce the high precipitation bias of the 4-km CONUS nest. From 1200–1800
UTC, differences in total precipitation remain small between the Fire Weather and CONUS
simulations, in part due to the convection developing in the latter part of that period (Figure
3-12). Between 1800 UTC 28 April and 0000 UTC 29 April, the CONUS simulation
produces rainfall totals as high as 120 mm in central Mississippi, compared to 90 mm in
the Fire Weather simulation and the Stage IV analysis (Figure 3-12). Compared to the Fire
Weather simulation and the Stage IV analysis, the CONUS simulation also predicts that a
greater area would receive 6-hour rainfall totals in excess of 90 mm.
From 0000–0600 UTC on 29 April, both the Fire Weather and CONUS simulations
produce more than 150 mm of rain in eastern Mississippi and western Alabama (Figure 313). Once again, the CONUS simulation depicts a greater area of excessive rainfall. In the
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Stage IV analysis, however, 0000–0600 UTC rainfall totals remained under 110 mm. The
lesser rainfall totals in the observations were due to the combined effects of a more
progressive southward-moving MCS and smaller areas of large rainfall rates. The impacts
of the slow-moving convection in the models are also seen in the 6-hour precipitation totals
ending at 1200 UTC 29 April (Figure 3-13).
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Figure 3-11. 2-5 km UH swaths (blue-purple) from the (a) CONUS and (b) Fire Weather
simulations during the period from 0000 UTC 28 Apr to 1200 UTC 29 Apr 2014. SPC
observed tornado paths for the same period are overlaid (red).
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Figure 3-12. The 6-hour precipitation totals ending 1800 UTC 28 Apr 2014 from (a) the
CONUS and (b) the Fire Weather simulations. (c) The 6-hour precipitation totals ending 1800
UTC 28 Apr from the Stage IV analysis. (d,e,f) As in (a,b,c) but valid at 0000 UTC 29 Apr
2014. A mask is applied to the CONUS and Stage IV output.
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Figure 3-13. As in Figure 3-12, but valid at (a,b,c) 0600 UTC 29 Apr 2014, and (d,e,f)
1200 UTC 29 Apr 2014.
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3.1.2. Storm-scale analysis of two supercells and their near environments
To analyze the impact of horizontal grid spacing on convective storm
characteristics and dynamics, two simulated supercells in the CONUS simulation are
compared to analogous storms in the Fire Weather simulation. What are referred to as
Storm A and Storm B, highlighted in the 2–5 km UH fields in Figure 3-14, are considered
analogous because they occur in the same general location at roughly the same time. Both
exhibit supercell characteristics.
Storm A is tracked from 2135–2320 UTC in the Fire Weather simulation and from
2115–2330 UTC in the CONUS simulation. Storm B is tracked from 2100–2255 UTC in
the Fire Weather simulation and from 2145–0135 UTC in the CONUS simulation. To track
the storms, 2–5 km UH maxima (UHmax) at the start and end times were identified as start
and end points, and “first guess” storm positions were linearly interpolated between those
points. Next, an automated procedure searched within 25 km of each first guess point at
each time step to record the latitude, longitude, and magnitude of the actual UHmax. In this
study, each storm is considered “positioned” at its 2–5 km UHmax. Storm motion for each
storm is estimated using a linear regression of all points comprising the UHmax track. The
estimated storm motion for Storm A is 19 m s–1 with a heading of 63° in the CONUS
simulation and 16 m s–1 with a heading of 72° in the Fire Weather simulation. For Storm
B, the estimated storm motion is 16 m s–1 with a heading of 63° in the CONUS simulation
and 14 m s–1 with a heading of 66° in the Fire Weather simulation. To analyze the storm
environments in each model run, environmental soundings are calculated by averaging 3-
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dimensional fields over 20 × 20 km2 areas centered 50 km southeast of each storm’s
position at each time step.

3.1.2.1. Analysis of near-storm environments
Environmental soundings and hodographs for Storm A and Storm B, as well as
select mean dynamic and thermodynamic variables for each environment, are presented in
Figure 3-15 and Figure 3-16, respectively. One of the differences between the CONUS and
Fire Weather environments is the presence of a dry layer between 850 and 700 hPa in the
Fire Weather simulation. Dewpoint temperatures in the 850–700 hPa layer are about 10°C
greater in the CONUS simulation. Temperatures in this layer are also greater in the Fire
Weather simulation, resulting in less surface-based CAPE and nonzero CIN. Differences
in the hodographs are subtle, but potentially nontrivial. In the environments of Storm A
and Storm B, the wind speed at the lowest model level is slower in the Fire Weather
simulation. The resultant 0–1 km wind shear magnitude is about 2 m s-1 greater in the Fire
Weather environments. The greater wind shear is associated with 0–1 km SRH which is
also slightly greater in the Fire Weather environments. The environmental soundings also
have differing LCLs, especially ahead of Storm B, where the LCL is closer to the ground
in the CONUS environment (942 hPa) compared to the Fire Weather environment (928
hPa), as a result of more moisture in the low levels of the CONUS simulation. The
difference in mixed-layer LCLs in the environments ahead of Storm B is even more
apparent.
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Figure 3-14. The 2–5 km UH swaths associated with Storm A and Storm B are outlined
(red) in the (a) CONUS and (b) Fire Weather simulations.
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Figure 3-15. Environmental (a) skewT and (b) hodograph for Storm A at 2240 UTC 28
Apr 2014 in the CONUS nest. (c,d) As in (a,b) but for the Fire Weather simulation. Select
mean dynamic and thermodynamic variables are also presented. Mean storm motion in each
simulation is marked by the ⨂ symbol.
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Figure 3-16. As in Figure 3-15 but for Storm B at 2155 UTC 28 Apr 2014.
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3.1.2.2. Analysis of storm characteristics and dynamics
Reflectivity fields and storm-relative winds associated with each of the model
supercells are compared between the CONUS and Fire Weather simulations. Storm A and
Storm B are also compared with the two supercells evident in the Columbus, Mississippi
(KGWX) radar imagery which most closely match the model supercells in space and time.
In general, Storm A has larger areas of high reflectivity (i.e., 45–60 dBZ) in the
CONUS simulation than in the Fire Weather simulation (Figure 3-17). This is not
surprising, considering the presence of a dry layer in the low levels of the environment in
the Fire Weather simulation, as well as the likely reduction in accumulated precipitation in
the Fire Weather nest because of its better resolution of dry-air-entrainment. However, the
maximum reflectivity values are greater in the Fire Weather simulation than in the CONUS
simulation, as noted by the areas of reflectivity greater than 60 dBZ at 2220 and 2320 UTC.
This is likely a result of greater rainwater and ice concentrations in the Fire Weather
simulation, owing to better resolution of updraft velocity at smaller grid spacing.
The Fire Weather simulation also appears to better resolve the storm-scale features
of Storm A, such as the forward-flank downdraft (FFD), rear-flank downdraft (RFD), and
mesocyclone. However, the orientation of the precipitation associated with the FFD
appears to be more S-N oriented in the Fire Weather simulation compared to the observed
orientation which is more W-E. This is most evident at 2250 UTC and earlier—between
2150 and 2320 UTC, the precipitation associated with the FFD appears to rotate
counterclockwise in both the Fire Weather simulation and the observed radar imagery. The
Fire Weather simulation, and to a lesser extent, the CONUS simulation, also develop a
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strong line of convection which extends more than 70 km to the southwest of Storm A’s
mesocyclone beginning at 2220 UTC. No such feature is evident in the KGWX radar
imagery. This linear feature occurs along the leading edge of an erroneously cold and large
cold pool that extends beyond the typical extent of an RFD, as previously discussed in
Section 3.1.1 (Figure 3-8).
The 900 hPa storm-relative wind field of Storm A shows evidence of a mesocyclone
in both the Fire Weather and CONUS simulations (Figure 3-17). The most vortical features
in the Fire Weather simulation are well-collocated with notches in the reflectivity field,
which look similar to the hook echoes evident in the radar imagery of the observed
supercell. In the CONUS simulation, however, we found that the area of greatest vorticity
is often to the southwest of the reflectivity notch, as evident at 2320 UTC (Figure 3-17).
Furthermore, the mesocyclone of Storm A appears to be broader in the CONUS simulation.
Many of the same things can be said about the model representation of Storm B as
were said about the model representation of Storm A. The Fire Weather simulation
produces a smaller storm with features that look more like those that are observed,
including a FFD, RFD, and mesocyclone (Figure 3-18). In the case of Storm B, the 1 km
AGL reflectivity from the Fire Weather simulation is remarkably similar to the 0.5°
reflectivity from the KGWX radar, especially at 2145 UTC. Although the placement of the
model storm differs from the observations, the Fire Weather simulation does well in
representing the size and shape of Storm B, more than 21 hours into the model integration.
The Fire Weather simulation also depicts additional convection to the southwest of Storm
B, which is similar to observations at 2145 UTC, but thereafter, is too intense. Interestingly,
this convection is associated with an area of anticyclonic flow in the 900 hPa storm-relative
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winds. As was the case with Storm A, the line of convection extending to the southwest of
Storm B may also be related to the cold pools being too cold and large on the RFD side of
the storm in the Fire Weather simulation.
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Figure 3-17. A sequence of 1 km AGL reflectivity and 900 hPa storm-relative streamlines
for Storm A in the (left) CONUS and (middle) Fire Weather simulations. (right) Observed
0.5° KGWX radar imagery of a supercell analogous to Storm A in the model simulations.
Each panel is 100 × 100 km2. Model reflectivity plots are centered on the UHmax. KGWX
reflectivity plots are centered on the storm’s mesocyclone, estimated manually.

51

Figure 3-18. As in Figure 3-17, but valid for Storm B.
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Time series of 2–5 km UHmax, maximum vertical vorticity (ζmax) at 900 hPa, and
ζmax at 10 m AGL for Storm A and Storm B are presented in Figures 3-19 and 3-20,
respectively. To discern between vorticity maxima located near the supercell’s updraft and
those which exist at great distances from the updraft, maximum values of ζ are calculated
in three ways—in a 50 × 50 km2 box centered on UHmax (Max50), in a 10 × 10 km2 box
centered on UHmax (Max10), and at the grid point where UHmax was found (MaxUHmax).
Although large differences in 2–5 km UH magnitude are expected between the CONUS
and Fire Weather simulations—because vertical velocity, and especially ζ, are sensitive to
model grid spacing—it is interesting that the temporal evolution of 2–5 km UHmax, 900
hPa ζmax, and 10 m AGL ζmax also differs between the Fire Weather and CONUS
simulations.
In the CONUS simulation, UHmax for Storm A is initially 117 m2 s–2 at 2115 UTC
and remains relatively unchanged until it suddenly increases to 183 m2 s–2 between 2230
and 2250 UTC. In the Fire Weather simulation, UHmax steadily increases from 300 m2 s–2
at 2135 UTC to 1150 m2 s–2 at 2225 UTC (Figure 3-19). For Storm B, the magnitude of
UHmax in the CONUS simulation oscillates about an increasing trend from 82 m2 s–2 at
2145 UTC to 230 m2 s–2 at 0020 UTC (Figure 3-20). In the Fire Weather simulation of
Storm B, UHmax increases from 775 m2 s–2 at 2125 UTC to 1250 m2 s–2 at 2155 UTC,
decreases to 860 m2 s–2 at 2210 UTC, and increases to a secondary maximum at 2125 UTC
(1200 m2 s–2). Thereafter, UHmax decreases, about 2 hours sooner than in the CONUS
simulation. This may be related to the storm nearing the northern and eastern lateral
boundaries of the Fire Weather nest.
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Analysis of Figures 3-19 and 3-20 also reveals that UHmax and ζmax, at 900 hPa and
at 10 m AGL, are only weakly correlated in time and intensity. For instance, the maximum
UHmax for Storm A in the CONUS simulation occurs 15 minutes earlier than the maximum
ζmax using the Max50 and Max10 methods at 900 hPa and at 10 m AGL. In the Fire Weather
simulation, the maximum UHmax occurs 45 minutes earlier than the maximum 900 hPa
ζmax, regardless of the method used to calculate ζmax. For Storm B, the maximum UHmax in
the CONUS simulation occurs 25 minutes sooner than the maximum 900 hPa ζmax.
Similarly, the maximum 900 hPa and 10 m AGL ζmax in the Fire Weather simulation of
Storm B do not occur at the same time as the maximum 2–5 km UHmax.
This study also finds that 2–5 km UHmax is not exactly collocated with the ζmax at
900 hPa or 10 m AGL. Using data points from both Storm A and Storm B, relative positions
of the 10 m ζmax and the 900 hPa ζmax, using the Max50 method, are plotted with respect to
the UHmax in Figure 3-21. The 900 hPa ζmax and 10 m ζmax can be displaced from the 2–5
km UHmax by as many as 28 km in the CONUS simulations and 18 km in the Fire Weather
simulations. In general, the vorticity maxima are located southwest of the UH maxima by
1–3 grid points, not at the same point as the UHmax. This is further supported by the
discrepancies in ζmax magnitude between the Max10 an MaxUHmax methods. In fact, Figures
3-19 and 3-20 show that the grid point at which UHmax occurs can have weakly cyclonic or
even anticyclonic vorticity at 10 m AGL.
The magnitudes of ζmax using the Max50 method at 900 hPa and at 10 m are plotted
as a function of distance from 2–5 km UHmax in Figure 3-22. In general, the magnitude of
ζmax decreases as ζmax is displaced further from the UHmax, although the correlation is quite
weak. Linear regressions are plotted to represent the negative correlation between ζmax
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magnitude and its distance from the UHmax. This trend is more evident for the 900 hPa ζmax
than for the 10 m ζmax, with the linear regression from the Fire Weather data yielding R2
values of 0.27 and 0.05, respectively. The negative correlation between ζmax magnitude and
its distance from the UHmax is also stronger in the Fire Weather simulation than in the
CONUS simulation, with the linear regression from the 900 hPa ζmax data yielding R2
values of 0.27 and 0.08, respectively. Although the magnitude of ζmax generally decreases
as ζmax is displaced further from the UHmax, Figure 3-22 also shows that it is relatively
uncommon for ζmax and UHmax to occur at the same point.
The magnitude of ζmax at the 900 hPa level was also analyzed as a function of
distance from the 900 hPa maximum updraft velocity (wmax; not shown). In general, the
magnitude of the 900 hPa ζmax decreases as ζmax is displaced further from wmax. Again, this
correlation is most evident in the data from the Fire Weather simulation.
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Figure 3-19. Time series of Storm A’s (a) 2–5 km UHmax (m2 s–2), (b) 900 hPa ζmax (s–1),
and (c) 10 m ζmax (s–1) from the CONUS simulation. (d,e,f) As in (a,b,c) but from the Fire
Weather simulation. Results from the (black) Max50, (blue) Max10, and (red) MaxUHmax
methods are shown.
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Figure 3-20. As in Figure 3-19, but for Storm B.
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Figure 3-21. The UHmax-relative position of the (left) 900 hPa ζmax and (right) 10 m ζmax
using data from Storm A and Storm B in the (top) CONUS and (bottom) Fire Weather
simulations. The colors represent the magnitude of ζmax at each point.
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Figure 3-22. Scatter plots of Storm A and Storm B ζmax magnitude and separation between
ζmax and UHmax using (left) 10 m ζmax and (right) 900 hPa ζmax in the (top) CONUS and
(bottom) Fire Weather simulations. Values of R2 are printed in the top right corner of each
scatter plot.
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Next, we examine the storm dynamics which may contribute to the development of
vertical vorticity at low levels. To analyze the cumulative impacts of temperature, water
vapor, and hydrometeors on buoyancy in model cold pools, perturbation density potential
temperature (𝜃𝜌 ′) is calculated. Density potential temperature (𝜃𝜌 ) is calculated within each
̅̅̅
storm and compared to the average value (𝜃
𝜌 ) in the environmental sounding to the
southeast of the supercell, such that 𝜃𝜌 ′ is given by
̅̅̅
θ𝜌 ′ = θ𝜌 − θ
𝜌
θρ ≈ θ (1 + 0.61𝑟𝑣 − 𝑟ℎ ),

(3.1)
(3.2)

where rv and rh are the water vapor mixing ratio and rainwater mixing ratio, respectively,
and 𝜃 is the potential temperature.
Baroclinic generation of horizontal vorticity by horizontal buoyancy gradients is
well-recognized as being important for the development of low-level mesocyclones within
supercells (e.g., Klemp and Rotunno 1983; Rotunno and Klemp 1985; Davies-Jones and
Brooks 1993; Adlerman et al. 1999; Markowski and Richardson 2014; Dahl et al. 2014).
Baroclinic vorticity generation is calculated via
θ𝜌 ′

̂,
𝛁 × ( ̅̅̅̅
𝑔) 𝒌
θ
𝜌

(3.3)

where g is the acceleration due to gravity. Horizontal cross sections of 975 hPa 𝜃𝜌 ′
𝜃𝜌 ′

̂ from the simulations of Storm A and Storm B during times of peak
and 𝛁 × ( ̅̅̅̅
𝑔) 𝒌
𝜃
𝜌

UHmax are presented in Figure 3-23 and Figure 3-24, respectively. West-east vertical cross
sections of 𝜃𝜌 ′ and storm-relative winds through the UHmax are also shown.
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At the time of maximum UHmax, the parts of the cold pool closer to the UHmax in
the Fire Weather simulation of Storm A are colder than the same areas in the CONUS
simulation (Figure 3-23). Immediately to the west and southwest of the UHmax, 𝜃𝜌 ′ ranges
from –8 to –10°C in the Fire Weather simulation, compared to just –4 to –8°C in the
CONUS simulation. In the CONUS simulation, the coldest cold perturbations are displaced
from the UHmax by at least 25 km.
West-east cross sections of 𝜃𝜌 ′ through the UHmax of Storm A reveal that the cold
pool extends up to about 600 hPa in both simulations. The Fire Weather simulation does
develop a more pronounced “head” at the leading edge of the cold pool, where 𝜃𝜌 ′ as low
as –6 °C penetrates up above the 700 hPa level. No such head is found at the leading edge
of the cold pool in the CONUS simulation. Thus, like the horizontal cross sections, these
vertical cross sections reveal that the coldest part of the cold pool is closer to the UHmax in
the Fire Weather simulation compared to the CONUS simulation.
Because the strongest parts of Storm A’s cold pool are located near the UHmax in
the Fire Weather simulation, they create large gradients in 𝜃𝜌 ′. As shown in Eqn. 3.3,
baroclinic vorticity generation is proportional to the magnitude of the gradient in 𝜃𝜌 ′. In
θ𝜌 ′

̂ are located to the southwest of
both simulations, the greatest magnitudes of 𝛁 × ( ̅̅̅̅
𝑔) 𝒌
θ
𝜌

the UHmax, but again they are closer to the UHmax in the Fire Weather simulation. A
θ𝜌 ′

̂ exists northeast of the UHmax in both simulations.
secondary maximum in 𝛁 × ( ̅̅̅̅
𝑔) 𝒌
θ
𝜌

θ𝜌 ′

̂ are generally 6 times larger for the Fire Weather simulation
Magnitudes of 𝛁 × ( ̅̅̅̅
𝑔) 𝒌
θ
𝜌
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compared to the CONUS simulation, which is perhaps unsurprising given the sensitivity
of horizontal gradients to horizontal grid spacing.
Since Storm B exhibited several peaks in UHmax and lasted longer in the CONUS
simulation than in the Fire Weather simulation, the relative maxima in UHmax at 2240 UTC
in the CONUS simulation and 2225 UTC in the Fire Weather simulation are chosen for
comparison (Figure 3-24). Many of the characteristic differences described with respect to
Storm A are also true for Storm B. The cold pool is again colder in the Fire Weather
simulation, with the coldest parts located closer to the UHmax. The Fire Weather simulation
produces a more distinct “head” at the leading edge of the cold pool, which is deeper than
that of the CONUS simulation. Large values of horizontal vorticity are generated
baroclinically at the leading edge of the cold pool in the Fire Weather simulation, especially
to the southwest of the UHmax.
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Figure 3-23. (a) 975 hPa horizontal and (b) 1000–200 hPa vertical cross sections of 𝜃𝜌 ′ . Stormrelative winds in the X-Z direction are overlaid in (b). (c) Horizontal cross section of
θ ′

𝜌
̂ magnitude (shaded) and direction (arrow) at 975 hPa. (a,b,c) Valid at the time
𝛁 × ( ̅̅̅̅
𝑔) 𝒌
θ
𝜌

of maximum UHmax for Storm A in the CONUS simulation. (d,e,f) As in (a,b,c) but valid at the
time of maximum UHmax for Storm A in the Fire Weather simulation. Each plot is centered on
the storm’s UHmax.
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Figure 3-24. As in Figure 3-23, but valid for the maxima in Storm B’s UHmax at (a,b,c)
2240 UTC in the CONUS simulation and (d,e,f) 2225 UTC in the Fire Weather simulation.
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To learn more about the origins of low-level rotation in model supercells, this study
follows the approach of several others (e.g., Rotunno and Klemp 1985; Markowski et al.
2012) and material circuit analyses are performed. HYSPLIT was used to compute
backward-trajectories for 10,000 parcels comprising a 4-km-radius ring around the
maximum 900 hPa vorticity. These parcels were tracked back as far as 100 minutes using
a trajectory time step of 1 minute. Output from HYSPLIT includes parcel latitude,
longitude, height above ground level, temperature, pressure, rain water mixing ratio, and
height of the terrain beneath the trajectory. Velocity (v = ui + vj + wk) was interpolated to
each parcel at every time step using the horizontal and vertical distance a parcel travelled
in 1 minute. Circulation (C) was then computed at each time step using
𝐶 = ∮ 𝐯 ∙ 𝐝𝐥,

(3.4)

where dl is the line segment between two adjacent parcels as the integral is computed
(counterclockwise) about the circuit. From the inviscid form of the momentum equations,
acceleration is given by
𝐷𝐯
𝐷𝑡

1

= − 𝜌 𝛁𝑃 − 𝑔𝐤,

(3.5)

where P is air pressure, ρ is air density, and g is the acceleration due to gravity. Using this
form, Bjerknes’ theorem can then be written as
𝐷𝐶
𝐷𝑡

1

= − ∮ 𝜌 𝑑𝑃.

(3.6)

In the analysis, ρ is computed using model temperature, pressure, and rain water mixing
ratio from the HYSPLIT output. To diagnose the cumulative effects of baroclinic forcing
on circulation over the course of the back-trajectories, 𝐷𝐶/𝐷𝑡 is integrated over time.
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Neglecting viscous effects, this diagnosed change in circulation due to baroclinic forcing
should match the actual change in circulation about the circuit.
Material circuit analysis is performed for the CONUS simulation of Storm A,
ending at 2200 UTC. Trajectories are seen rising up in the warm inflow to the east and
descending down in the cold downdrafts to the northwest of the center of circulation
(Figure 3-25). If one assumes that the storm is quasi-steady in time, then baroclinic
generation of vorticity at 975 hPa to the northwest and east of the ζmax is minimal. However,
the benefit of material circuit analysis is that it captures the cumulative effects of buoyancy
at every point along the circuit. This is important to do because the gradient of 𝜃𝜌 ′ is a
three-dimensional field. Material circuit analysis also accounts for changes in the structure
of the baroclinic field in time.
In the 100 minutes leading up to 2200 UTC 28 April 2014, circulation around the
circuit increases by about 1.85 × 105 m2 s–1 (Figure 3-26). This change in circulation
matches well with the diagnosed change in circulation due to baroclinic forcing, around
2.0 × 105 m2 s–1. In this material circuit analysis, baroclinic effects cause circulation to
increase most rapidly 95 to 40 minutes prior to arriving at the low-level mesocyclone, and
decrease thereafter. To measure the impacts of rainwater on baroclinic generation of
circulation, the integral

𝐷𝐶
𝐷𝑡

1

= − ∮ 𝑑𝑃 is also calculated where rainwater is neglected. In
𝜌

this analysis, the effects of rainwater on total baroclinic generation of circulation are
insignificant compared to the buoyancy effects from temperature differences.
A material circuit analysis for Storm A in the Fire Weather simulation is presented
in Figures 3-27 and Figure 3-28. Backward trajectories are again computed for parcels
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comprising a 4-km-radius ring encircling ζmax at 900 hPa at 2245 UTC 28 April 2014. As
discussed previously, Storm A is characterized by a strong cold pool with large baroclinic
vorticity generation immediately to the southwest and northeast of the UHmax. In this
analysis, total circulation increases by 5.7 × 105 m2 s–1. The diagnosed change in circulation
due to baroclinic forcing, just 5 × 104 m2 s–1 considering rainwater and 6 × 104 m2 s–1
neglecting rainwater, does not match the observed change in circulation. If the analysis is
done using a ring with a radius of 2 km instead of 4 km (not shown), the observed change
in circulation of +1.0 × 105 m2 s–1 disagrees even more starkly with the estimated change
of –6 × 104 m2 s–1 neglecting rainwater and –8 × 104 m2 s–1 including rainwater. This could
be due to either the exclusion of the effects of implicit and explicit model diffusion or errors
in the analysis. Sources of error will be discussed further in the Chapter 4.
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Figure 3-25. Plots of the CONUS simulation of Storm A at 2200 UTC 28 Apr 2014. (a)
Simulated reflectivity and 900 hPa storm-relative streamlines. (b) 975 hPa horizontal cross
section of 𝜃𝜌 ′. (c) Lowest-level 𝜃′ (shaded) and storm-relative material circuits ending in a
4-km-radius ring around the 900 hPa ζmax at 2200 UTC. (d) Horizontal cross section of
θ ′

𝜌
̂ magnitude (shaded) and direction (arrow) at 975 hPa. The 900 hPa ζmax is
𝛁 × ( ̅̅̅̅
𝑔) 𝒌
θ
𝜌

located at the origin of each plot.
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Figure 3-26. Results from a 100-minute material circuit analysis for a low-level mesocyclone
in the CONUS simulation of Storm A, ending at 2200 UTC. Time series of (a) calculated
circulation (m2 s–1), (b) instantaneous values of 𝐷𝐶/𝐷𝑡 due to baroclinic forcing (m2 s–2), and
(c) cumulative effects of baroclinic forcing on total circulation (m2 s–1) are shown. The material
circuit analyses are performed (blue) with and (orange) without the impacts of rain water mixing
ratio. The cumulative effects of baroclinic forcing on total circulation from (c) are also overlaid
in (a) to assist in interpreting the results of the analysis.
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Figure 3-27. As in Figure 3-25, but for the Fire Weather simulation of Storm A at 2245 UTC
28 Apr 2014.
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Figure 3-28. As in Figure 3-26, but from a 100-minute material circuit analysis for a lowlevel mesocyclone in the Fire Weather simulation of Storm A, ending at 2245 UTC 28 Apr
2014.
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The material circuit analysis for the 60 minutes leading up to 0045 UTC 29 April
2014 for Storm B in the CONUS simulation is presented in Figure 3-29 and Figure 3-30.
At 0045 UTC, Storm B in the CONUS simulation is characterized by a cold pool with
𝜃𝜌 ′ as low as –12°C, but the coldest parts of the cold pool are again displaced about 35 km
southeast of the UHmax. Back trajectories are computed using a ring of 10,000 parcels
forming a 4-km-radius ring that encircles the ζmax at 900 hPa. Total circulation is found to
change by –1.7 × 105 m2 s–1, compared to a diagnosed change in circulation due to
baroclinic forcing of –6.0 × 104 m2 s–1. Hydrometeors play a large role in baroclinic effects
on circulation in this case, as the diagnosed change in circulation due to baroclinic forcing
neglecting rainwater is only –2.0 × 104 m2 s–1. Although the trends are qualitatively similar
between the calculated circulation and the diagnosed changes in circulation due to
baroclinic forcing, the magnitude of the baroclinic contribution is too small to account for
all of the changes in circulation.
In the final analysis, 10,000 parcels comprising a 4 km-radius-ring encircling ζmax
at 900 hPa in the Fire Weather simulation of Storm B are tracked back for 60 minutes prior
to 2100 UTC 28 April 2014 (Figures 3-31 and 3-32). Compared to the Fire Weather
simulation of Storm A at 2245 UTC, the cold pool in Storm B at 2100 is about 4°C warmer.
The total change in circulation for this circuit is about +1.8 × 105 m2 s–1, which compares
well with the diagnosed change in circulation due to baroclinic forcing of +1.6 × 105 m2 s–
1

. If rainwater is neglected, the total diagnosed change due to baroclinic forcing is only

about +1.0 × 105 m2 s–1.
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Figure 3-29. As in Figure 3-25, but for the CONUS simulation of Storm B at 0045 UTC
29 Apr 2014.
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Figure 3-30. As in Figure 3-26, but from a 60-minute material circuit analysis for a low-level
mesocyclone in the CONUS simulation of Storm B, ending at 0045 UTC 29 Apr 2014.
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Figure 3-31. As in Figure 3-25, but for the Fire Weather simulation of Storm B at 2100
UTC 28 Apr 2014.
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Figure 3-32. As in Figure 3-26, but from a 60-minute material circuit analysis for a low-level
mesocyclone in the Fire Weather simulation of Storm B, ending at 2100 UTC.
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3.2. 6 May 2015

3.2.1. Analysis of overall prediction of the severe weather outbreak
At 0000 UTC 6 May 2015, widespread stratiform precipitation with embedded
convection was ongoing across central Oklahoma. It took both the CONUS and Fire
Weather simulations about one hour to spin up this precipitation. By 0200 UTC, radar
observations from Norman, Oklahoma (KTLX) and Vance Air Force Base, Oklahoma
(KVNX) indicate a line of convection moving northeastward through the Texas panhandle.
The CONUS and Fire Weather simulations develop weak convection along this line
between 0200 and 0300 UTC (Figure 3-33).
The observed convection intensified and grew upscale into an MCS by 0500 UTC
6 May (Figure 3-33). The Fire Weather simulation performs particularly well depicting the
evolution of the MCS, whereas the CONUS simulation fails to produce a large, bowing
line of convection like that seen in the observations. However, the evolution of the MCS
in the Fire Weather simulation does not perfectly match the observations either. In
particular, the Fire Weather simulation produces a cold pool that is about 3°C colder than
the observed cold pool by 0500 UTC (Figure 3-34). Unlike the 28 April 2014 case, the
colder temperatures in the Fire Weather cold pool are not associated with a faster moving
cold pool compared to the observations. Instead, data from the Oklahoma Mesonet show
that the observed cold pool arrived at Mesonet stations in central Oklahoma about two
hours sooner than the cold pool in the Fire Weather simulation. The reason for this is
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unknown, but may be related to stronger model headwinds, a shallower model cold pool,
or the influence of downward-sloping terrain that was poorly handled by the model.
Beginning at 1800 UTC, the second round of convection developed within an area
of convergence in southern Oklahoma between 98.5° and 99°W. This boundary was
located east of the dryline, and extended northward form the Wichita Mountains (Figure 24). The model simulations, however, did not develop convection in this area. Lighter
precipitation, with reflectivity up to 30 dBZ, developed in the CONUS simulation around
99.5°W, closer to the dryline. In the Fire Weather simulation, precipitation is limited to the
eastern half of the domain, where again, spurious patterns appear in the simulated
reflectivity. These patterns seem to develop in a statically stable layer at the top of the
model boundary layer.
The same stable layer which promotes the spurious patterns in precipitation also
keeps the environment from destabilizing. At 1700 UTC, both the Fire Weather and
CONUS simulations are about 2°C warmer than the observations at 850 hPa in the vicinity
of Norman, OK. The model soundings are also saturated around this level, producing
clouds that inhibit warming which would otherwise occur due to solar radiation. Values of
surface-based CAPE (mixed-layer CAPE) in vicinity of Norman, Oklahoma (KOUN) were
near 3500 J kg–1 (1400 J kg–1) in the 1900 UTC 6 May sounding, but just 1500 J kg–1 (950
J kg–1) in the CONUS simulation and 1400 J kg–1 (850 J kg–1) in the Fire Weather
simulation as the stable layer between 900 and 750 hPa persisted (Figure 3-35). The
CONUS and Fire Weather simulations also depict 30–40 J kg–1 more mixed-layer CIN than
was observed. The resulting stability may account for some of the weakening that occurs
in the model simulations as convection that develops near the dryline moves eastward
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(Figure 3-36). The observed supercells which produce dozens of storm reports simply do
not exist in the model simulations. To highlight this, 2–5 km UH swaths are presented in
Figure 3-37. The color bar thresholds are the same as those used in the analysis of the 29
Apr 2014 case. Since the model simulations fail to produce storms because of a systemic
issue with the prediction of the environment, this study does not investigate any stormscale features from the 6 May 2015 case.
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Figure 3-33. Left, the 1 km AGL model reflectivity (dBZ) valid at 0300 UTC 6 May 2015 from
(a) the CONUS and (b) the Fire Weather simulations. A mask is applied to the CONUS output
to make comparisons easier for the reader. (c) A mosaic of 0.5° KTLX (south of 36°N) and
KVNX (north of 36°N) radar imagery valid at 0300 6 May 2015. (d,e,f) As in (a,b,c) but valid
at 0500 UTC 6 May 2015.
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Figure 3-34. The 2-m temperature (°C) valid at 0300 UTC 6 May 2015 from (a) the CONUS
and (b) the Fire Weather simulations. (c) The 2-m temperature from the RTMA valid 0300 UTC
6 May. (d,e,f) As in (a,b,c) but valid at 0500 UTC 6 May 2015. A mask is applied to the CONUS
and RTMA output to make comparisons easier for the reader.
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Figure 3-35. 1900 UTC 6 May 2015 KOUN observed sounding (black) and model soundings
(red) from the (a) CONUS and (b) Fire Weather simulations.
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Figure 3-36. As in Figure 3-33, but valid at (a,b,c) 1800 UTC 6 May, and (d,e,f) 2200 UTC 6
May 2015.
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Figure 3-37. 2–5 km UH swaths from (a) the CONUS simulation and (b) the Fire Weather
simulation from 1500 UTC 6 May to 0500 UTC 7 May 2015. Red lines denote observed SPC
tornado tracks during the same period.
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Chapter 4
Discussion
In comparing the simulations of convection from the Fire Weather and CONUS
nests, there are a few recurring themes. Convection is initiated sooner and in a more
accurate location in the Fire Weather simulations. This is likely due to the effects of
increased resolution on the placement of convergence lines and the magnitude of vertical
velocity which, when increased, pools moisture and can reduce convective inhibition.
Convective storms in the Fire Weather simulation ultimately develop cold pools
that are not only substantially larger than in the CONUS nest, but also colder. At times,
cold pools in the Fire Weather simulation appear unrealistically cold and large—especially
in the southwest quadrant of supercells, where they seem to extend beyond the typical
extent of an RFD. A possible reason for this may be that the Ferrier-Aligo microphysics
scheme, in its current form, may not be ideally tuned for convective microphysics at 1.33km grid spacing. The Fire Weather simulations’ stronger updrafts may result in larger
hydrometeor concentrations, and at higher resolution, enhanced entrainment of dry air can
lead to colder cold pools through evaporative processes. It is also noteworthy that in this
study, the microphysics scheme is called every 5 time steps (44 4⁄9 s) in the CONUS
simulation and every 9 time steps (20 s) in the Fire Weather simulation. Perhaps the cold
pool temperatures would be better predicted if this time step and/or parameters internal to
the microphysics scheme are adjusted for the Fire Weather nest.
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The cold bias in cold pool temperatures in the Fire Weather simulations also seems
to be related to the overprediction of the propagation speed of the associated storms. As a
result, cold pools in the Fire Weather simulation of 28 April 2014 arrived in central
Mississippi approximately two hours earlier than observed. Faster propagation of
convective storms is likely a confounding factor in the Fire Weather nest producing less
precipitation than the CONUS nest. Though it is encouraging that the Fire Weather nest
produced rainfall totals that were closer to the Stage IV estimates, the reader is reminded
to consider the effects of propagation speed.
The increased propagation of cold pools may also be related to spurious convection
patterns. The Fire Weather and CONUS simulations both exhibit wave-like patterns in the
reflectivity fields. These patterns are found in the 1 km AGL reflectivity and the composite
reflectivity, as well as in the thermodynamic and momentum fields. In these features,
updrafts and downdrafts are regularly spaced, similar to the spurious updraft patterns found
in simulations of squall lines discussed by Bryan (2005). Bryan found that spurious patterns
of convection with updrafts spaced every 3–6Δ, where Δ is the horizontal grid spacing,
develop in the presence of large moist absolutely unstable layers (MAULs) in numerical
model simulations. Spurious perturbations introduced by numerical models amplify within
MAULs due to static instability. Bryan (2005) found that these spurious patterns occur in
environments with weak shear or in environments which promote upshear-tilted convective
systems. Bryan also showed that the spacing between updrafts increases as wind shear
increases.
The wave-like patterns in the CONUS and Fire Weather simulations are indeed
proportional to the grid spacing, generally in the range of 3–5Δ. Vertical cross sections
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through the features reveal regular patterns of updrafts and downdrafts like those discussed
by Bryan (2005). The spurious patterns are seen at almost all times in the model integration,
and develop in a variety of environments.
At 2240 UTC 28 April 2014, spurious patterns are found in the CONUS simulation
ahead of and behind the leading edge of a cold pool (Figure 4-1). South of the cold pool,
model soundings depict an environment characterized by a convective boundary layer
beneath a nearly-saturated layer from 900–820 hPa. The lapse rates in portions of the
nearly-saturated layer are at least as large as the moist adiabatic lapse rate. A shallow
MAUL is also present near 600 hPa. A vertical cross section reveals spurious patterns of
updrafts and downdrafts in the 900–820 hPa layer and in a layer centered at 600 hPa. The
spacing is approximately 3Δ. Interestingly, these patterns seem to be 180° out of phase
with eachother—updrafts (downdrafts) in the 900–820 hPa layer are found to be collocated
with downdrafts (updrafts) near 600 hPa. This may be related to wind shear or some other
dynamical explanation, or it may merely be coincidence.
Within the cold pool, the lower troposphere beneath the 600 hPa level is saturated
or nearly-saturated. The 650–620 hPa layer is also slightly supersaturated. MAULs are
found in the 850–800 hPa, 770–725 hPa, 690–670 hPa, and 650–620 hPa layers. It is more
difficult to find evenly spaced updrafts or downdrafts in the part of the vertical cross section
within the cold pool. However, wavelike patterns are noticed in the 1 km AGL reflectivity
plot, especially to the northeast of sounding S2, a model sounding within the cold pool
(Figure 4-1). There, updrafts are spaced 4Δ apart.
Compared to the spurious patterns of convection in the CONUS simulation, the
patterns are even more evident in the Fire Weather simulation. At 2000 UTC, a model
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sounding south of the cold pool in the Fire Weather simulation shows a convective
boundary layer topped by a nearly-saturated layer between 900 and 820 hPa (Figure 4-2).
As in the CONUS simulation, much of the nearly-saturated layer in the Fire Weather
simulation is characterized by a lapse rate at least as great as the moist adiabatic lapse rate,
making this layer a MAUL. A vertical cross section shows a spurious pattern of updrafts
and downdrafts centered around the 850 hPa level in the vicinity of the MAUL south of
the cold pool. These updrafts have a spacing of 3Δ.
A sounding within the Fire Weather simulation cold pool shows saturation or nearsaturation in the 900–600 hPa layer. As in the CONUS nest, there are several MAULs
within this layer, centered near 850, 775, and 700 hPa, as well as small layers of
supersaturation. Vertical cross sections through the spurious pattern show that the depth of
the updrafts and downdrafts increases suddenly, by about 100 hPa, immediately north of
the leading edge of the cold pool. The spacing of the updrafts also broadens to 4Δ in the
cold pool. The maximum 1 km AGL reflectivity associated with the spurious convection
inside the cold pool is approximately 45 dBZ, about 10 dBZ greater than that associated
with the spurious convection south of the cold pool.
Although the spurious convection patterns in the NAM simulations are similar to
those found in numerical simulations of squall lines discussed by Bryan (2005), they differ
in that they are also observed well ahead of the leading edge of a squall line. This may arise
form a tendency for the NAM to readily produces MAULs (really near-MAULs because
the layers are slightly subsaturated) at the top of convective boundary layers in moist
environments that support the development of convection. Although the patterns are
shallow ahead of the cold pools, they still produce reflectivity in excess 35 dBZ, which is
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possibly a result of a number of known issues with the NAM microphysics. One such issue
was the lack of a drizzle parameterization, which was added in the 2017 NAM upgrade.
The 2017 upgrade also includes the advection of specific humidity and calculation of cloud
condensation at every time step, which reduces supersaturated layers, and the mixing out
of superadiabatic layers, which improves model stability.
The spurious updraft patterns outside of the cold pool seem to have little impact on
the model solutions. They produce small amounts of drizzle and lower the air temperature
by less than 1°C. However, the spurious convection patterns observed atop cold pools have
potentially more significant impacts on the evolution of convection. There seems to be a
positive feedback between the development of the cold pools and the spurious convection
patterns. In the Fire Weather simulation, cellular convection develops first, then cold pools
develop, and then spurious convection patterns develop on the leading edge of the cold
pools. As the spurious convection patterns develop, they produce more precipitation and
further strengthen the cold pool ahead of the cellular convection. As a result, the leading
edge of the cold pool ends up propagating well to the east of the cellular convection, as
shown in Figure 4-2. This undoubtedly has implications for the updraft velocity of the
cellular convection, as static stability is increased immediately ahead of the cells. The
spurious propagation of cold pools ahead of the cellular convection also has implications
on the development of low-level rotation within the cells, which, as discussed in the
material circuit results in Chapter 3, largely depends on the baroclinic generation of
circulation.
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Figure 4-1. Horizontal and vertical cross sections and soundings through spurious wave patterns
ahead of and behind the leading edge of a cold pool in the CONUS simulation valid 2240 UTC 28
April 2014. The leading edge of the cold pool is represented by the black line in (a) and the “cold
pool” label in (b). A cross section of vertical velocity from points A to B is shown in (b). Sounding
S1, located outside of the cold pool, is presented in (c). Sounding S2, located within the cold pool,
is presented in (d). Both soundings exhibit MAULs.
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Figure 4-2. As in Figure 4-1, but for the Fire Weather simulation valid 2000 UTC 28 Apr
2014. Spurious patterns of updrafts and downdrafts are evident in (a) the reflectivity and (b)
the vertical velocity fields. These spurious patterns occur at the same height as the MAULs
shown in (c) and (d).
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When considering the results of the material circuit analysis, it is important to
remember that the space and time resolution used is considerably worse than those used in
prior studies (e.g., Markowski et al. 2012). Although HYSPLIT was used with a time step
of 1 minute to compute trajectories, it was interpolating between model output written
every 5 minutes. Ideally, both the trajectory time step and model output would be 30
seconds or less for computing material circuits within convection. The ideal spatial
resolution to resolve accurate trajectories is also considerably less than the 1.27-km and
5.08-km horizontal grid spacing available in the Fire Weather and CONUS output,
respectively. There was also no way to quantify the effects of model diffusion on
circulation in our analysis. Although three fairly successful circulation budgets are
presented in Chapter 3, there were also many unreconciled budgets that are not shown.
The finding that the 2–5 km UHmax is not always collocated with the low-level ζmax
is potentially useful for predicting where strong low-level vortices may be observed. The
results from this study show that in general, the low-level ζmax is found to the southwest of
the 2–5 km UHmax, and that low-level ζmax is generally strongest when it is close to the 2–
5 km UHmax and close to the 900 hPa wmax.
The reader is also reminded that this study only looked at two case studies, and only
one of them produced long-lived convection. Therefore, the analysis of the CONUS and
Fire Weather simulations’ handling of storm-scale features comes from just one case study,
and any findings from this study should be checked against other case studies or idealized
simulations. Nevertheless, simulations on the Fire Weather nest produced storms that
looked more realistic, but in many cases, were in the same general area at approximately
the same time as the strongest storms in the CONUS nest. Updraft helicity swaths were
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also similar. However, the Fire Weather nest seemed not to suffer from a high precipitation
bias like that of the CONUS nest. Regarding the timing and placement of convection, the
Fire Weather simulation outperformed the CONUS simulation early in the model
integration, but as time went on, both simulations diverged from each other and from the
observations and it is difficult to determine which did better.
When evaluating any benefits of 1.33-km over 4-km grid spacing, it is important to
remember that the 1.33-km Fire Weather nest does get its lateral boundary conditions from
the 4-km CONUS nest. Considering the limited area of the Fire Weather nest, it is no
surprise that it didn’t perform very differently from simulations on its parent nest,
especially in the May 2015 case, where the environment played a vital role in the failed
maintenance of convection. The reader is also reminded that the parameterizations used in
the Fire Weather simulation are the same as those in the CONUS nest, and were not tuned
for 1.33-km grid spacing. Lastly, the reader is reminded that in these case studies, the
convection of interest initiates at least 14 hours into the model simulation and continues
evolving beyond 24 hours. It is certainly possible that the Fire Weather nest would offer
more benefits over the CONUS nest if the run was initialized closer to the time of
convection initiation. This is especially important in these two cases because of the ongoing
convection the night before the severe weather outbreaks. When the 6 May 2015 case was
selected, we had seen that the WRF-NSSL4 initialized at 1200 UTC 6 May 2015 was
actually successful initiating and maintaining long lived convection (Figure 2-2), but our
simulation initialized with 0000 UTC data was unsuccessful.
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Chapter 5
Conclusions

This study examines the simulations of two severe weather outbreaks, using the 4km NAM CONUS nest and the 1.33-km NAM Fire Weather nest, to determine whether
the Fire Weather nest offers any benefits over the CONUS nest with regards to the
prediction of severe convection. The severe weather outbreaks occurring ahead of a cold
front in the Southeast on 28 April 2014 and ahead of a dryline on the Great Plains on 6
May 2015 were both simulated for 36 hours beginning at 0000 UTC. Model output was
saved every 5 minutes so that storm-scale processes could be assessed.
Early in the model runs, the Fire Weather simulations perform better with
convection initiation and evolution. As the simulations progress, however, benefits from
the Fire Weather nest are more difficult to find. For example, the Fire Weather simulation
accurately depicts an MCS in the first 6 hours of the 6 May 2015 case, whereas the CONUS
simulation did not develop such a feature. Later in the 6 May case, the Fire Weather
simulation again better handles the initiation of afternoon convection in Oklahoma.
However, the convection in the Fire Weather simulation quickly decays, whereas the
convection in the observations was long-lived and produced numerous tornado and storm
wind reports. In that case, both the Fire Weather and CONUS simulations produced an
environment that was too strongly capped compared to the observations.
Both the Fire Weather and CONUS simulations initiated convection in the 28 April
2014 case, but the Fire Weather simulation better predicted the timing and placement of
initiating storms. As time went on, however, the cold pools in the Fire Weather nest became
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too large and too strong. This cold bias is likely due to a combination of a microphysics
parameterization scheme that is not optimized for 1.33-km horizontal grid spacing, and the
development of spurious patterns of convection atop cold pools which seem to cause the
cold pools to intensify and propagate ahead of the convective storms. Such erroneously
cold and large cold pools cause the convection to propagate too quickly, deplete the CAPE
ahead of the convection, and can potentially disrupt the baroclinic generation of vorticity
for any supercells that should have developed behind the spurious convection patterns.
The prediction of 2–5 km UH swaths did not seem to benefit from 1.33-km grid
spacing, as both the Fire Weather and CONUS simulations performed similarly with the
placement of UH swaths. However, the Fire Weather nest does seem to improve a known
high-precipitation bias in the CONUS nest. This is likely due to the resolution of smaller
updrafts and better resolution of dry-air-entrainment on the Fire Weather nest.
Although this study finds just a few benefits of the Fire Weather nest over the
CONUS nest, there may actually be additional benefits to running convective storm
simulations on 1.33-km grids instead of 4-km grids that were not seen in this limited case
study. In the future, work should be done to examine the sensitivity to parameters in the
microphysics schemes, the size of the 1.33-km nest, and the time of model initialization.
The work should also be extended to look at other severe weather outbreak cases.
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