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ABSTRACT
Convective storms regularly occur in complex topography, yet relatively little is known
about how topography affects convective environments and storms. The first step toward
understanding topographic effects on storms is to investigate how topography affects storm
environments. Unfortunately, topographic effects on storm environments are not easily observed
directly given the spatial-resolution of the current rawinsonde network. Instead, we resort to
output from the High-Resolution Rapid Refresh (HRRR). The HRRR’s 3-km grid spacing can
resolve larger-scale topographic effects. Widely used convective storm forecasting parameters
obtained from the High-Resolution Rapid Refresh model are averaged during convective days
from 2013–2015. Most of the day-to-day variability due to synoptic- and mesoscale influences is
removed by the averaging. The remaining variability is attributable to hemispheric-scale
meridional temperature and pressure gradients along with topographical influences where mesoβ-scale anomalies exist. The anomalies, especially those related to low-level wind shear, are
sensitive to low-level wind direction, which dictates where local winds blow upslope or
downslope. Tornado tracks from 1950–2015 are compared with anomalies within the mean fields
of the convective forecasting parameters. Several anomalies are examined with mean soundings
or hodographs at points within and just outside of the anomaly of interest to investigate their
dynamic or thermodynamic origins. Statistical significance of local maxima and minima is
demonstrated by comparing the amplitudes of the anomalies to bootstrapped estimates of the
standard errors.
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Chapter 1

Introduction
Severe convection regularly occurs in regions of complex topography, yet our
understanding of how topography affects storms remains limited. Most meteorologists would
acknowledge that topography has an influence on storms, but it is difficult to say how, partly
because it is impossible to know how an observed storm would have evolved in the absence of
topography. The vast majority of observational and modeling studies that serve as the current
basis of our knowledge of storms have utilized a flat or relatively flat (in the case of observational
studies) lower boundary. The current understanding of how topography affects storms has been
derived from a limited set of observational studies along with modeling studies that have
measured the influence of idealized topography on idealized storms. In order to more fully
understand how topography affects storms, there is an obvious need to (1) understand how
realistic topography modifies the environments of convective storms and (2) understand how
these topographically induced perturbations influence real storms. This thesis deals with (1).

Section 1.1: Observations of topographic influences on convective storms and tornadoes
Case studies of severe convection occurring over complex topography have speculated
that topography can influence the behavior of the observed storms. A number of tornadoproducing supercells occurring over complex topography in the Mohawk and Hudson Valleys
have been analyzed using a combination of conventional surface and upper-air observations,
Doppler radar, and numerical model output (LaPenta et al. 2005; Bosart et al. 2006; Tang et al.
2016). Flow channeling in the vicinity of the Hudson Valley can act to locally increase 0–1-km
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wind shear and can locally increase convective available potential energy (CAPE) via enhanced
moisture advection in the valley (LaPenta et al. 2005; Bosart et al. 2006; Tang et al. 2016).
However, the observed tornadic supercells in two of these cases either merged with a squall line
(LaPenta et al. 2005) or interacted with cold outflow from nearby convection (Bosart et al. 2006)
just prior to tornadogenesis. These interactions limit the conclusions that can be drawn about the
role of topography on both supercell strength and tornadogenesis. The above studies suggest the
potential importance of topographically induced flow channeling acting to locally strengthen and
back near-surface winds and enhance moisture flux, which locally increase both low-level wind
shear and instability (and increase the likelihood of tornadogenesis for a supercell residing in such
an environment).
Topography may also influence the internal dynamics of squall lines and tornadoes. A
case study of a squall line from the Taiwan Area Mesoscale Experiment (TAMEX; Kuo and Chen
1990) demonstrated that topography orographically lifted the system-relative rear-to-front flow
into the buoyant inflow, causing the system to dissipate (Teng et al. 2000). Tornadoes have
routinely been observed in regions of complex topography (Fujita 1989; Forbes 1998; Bluestein
2000; Lyza and Knupp 2014) and some of those observations focus on how topography may
influence tornado strength and motion (Forbes 1998; Lyza and Knupp 2014).
Drawing conclusions from case studies on how topographic configurations affect
convective storms and tornadoes can be difficult because it is impossible to know how a
particular storm would evolve in the absence of the underlying topography. Many factors other
than topography play a role in storm strength and tornadogenesis. Because of this limitation,
numerical simulations in which the role of topography can be isolated are necessary to make
more generalized conclusions as to how topography affects storms.
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Section 1.2: Modeling topographic influences on convective storms and tornadoes
Modification of the convective environment, caused by airflow around idealized
topography configurations, has a leading-order effect on the strength of simulated supercells
traversing complex topography. Markowski and Dotzek (2011) investigated how topography
affects simulated storms in an initially horizontally homogeneous environment. Horizontal
heterogeneities in the environment were primarily produced by gravity waves excited by the
topographical features (e.g., ridge, escarpment, and valley). The locations of the heterogeneities
relative to the topography were sensitive to the topography-relative wind direction [as opposed to
storm dynamics, which are primarily dependent on storm-relative wind direction (Markowski and
Richardson 2006)]. The perturbations were found on the lee side of two dimensional topography
configurations (e.g. east of a ridge under westerly topography-relative flow). In the simulations,
it took about one hour of model integration for the topography to create standing perturbations to
the convective environment. The airflow over the topography excites standing gravity waves,
which depress isentropes lee of the topography. The depression of the isentropes leads to a
decrease in convective inhibition (CIN) and relative humidity while leading to a slight increase in
CAPE and storm-relative helicity (SRH) on the downwind side of the topography. The relative
increase in CIN had more of an effect on the simulated supercell strength than the relative
increase in CAPE. When the supercells that encountered the areas of increased CIN, the lowlevel updrafts and mesoscyclones temporarily weakened. The supercells then strengthened back
to their original strength after encountering the decrease in CIN. The patterns of horizontal
heterogeneities become more complex for three dimensional topography configurations (hill and
ridge with a gap). Such three-dimensional tropographical configurations can generate small
vertical vorticity anomalies, which briefly enhance low-level rotation in the simulated storms, in
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addition to the previous effects due to topography already described. The primary mechanism by
which topography affects is by the convective environment encountered by the storm.
Simulations have shown that topography also influences the internal dynamics of storms
and tornadoes. A squall line crossing complex topography is dependent on the amount of
blocking the squall line’s cold pool experiences as it traverses a mountain ridge (Frame and
Markowski 2006; Reeves and Lin 2007). Ćurić et al. (2007) simulated an isolated storm over
mountainous regions of Serbia. The simulation with topography generated a storm that took
longer to split and had weaker counter rotating vortices than the simulation without the
topography. Homar et al. (2003) simulated storms in a mountainous region of Spain and found
that the topography resolution (2-km resolution vs. 20-km resolution) influenced mesocyclone
strength and development in the simulated storms. Modeled steady-state tornado vortices not
attached to a parent supercell are affected by local topography (Lewellen 2012). In general, these
tornado vortices are deflected toward the left while ascending a hill and are deflected back to the
right during descent. These dynamical changes in storms and tornadoes caused by topographical
configurations were described as being associated with topographical modifications to the
convective environment.
Storms traversing complex topography are primarily affected by modifications to the
convective environment caused by low-level flow around topography. In order to determine if
topography systematically influences convective environments, averages of instability and wind
shear parameters commonly used to forecast convective storms are created from High-Resolution
Rapid Refresh model forecasts (HRRR; Smith et al. 2008, Benjamin et al. 2016). The synoptic
and mesoscale variability not related to topography ought to be diminished significantly in the
mean fields, leaving behind variability both topographically generated and from hemisphericscale mean meridional temperature and pressure gradients, along with any systematic errors
present in the HRRR. Although it is impractical to comment on each of the numerous
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perturbations present in these mean fields, some select features will be discussed with several
investigated in more detail using composite hodographs and soundings.
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Chapter 2

Data and Methods
It is not possible to attain the horizontal resolution necessary to resolve topographic
influences on convective environments from the current network of surface-based and upper-air
observations. Climatologies of popular convective storm forecasting parameters on convective
storm days (to be defined below) in the Northeast and Southeast United States (Fig. 2.1 a,b) were
constructed from the HRRR model of NOAA’s Earth System Research Laboratory. The HRRR
utilizes a 3-km horizontal grid spacing, which is expected to be adequate to resolve the largestscale influences of topography on convective storm environments.
It is necessary to construct the climatologies from a sufficiently large sample of
convective environments to ensure that day-to-day synoptic- and mesoscale variability not due to
topography mostly vanishes. CAPE and shear parameters generally have synoptic and mesoscale
variations even in the absence of topography. Averaging environmental parameters from a large
sample of cases is expected to retain variability that represents topographically induced changes
as well as the influence of hemispheric-scale pressure/temperature gradient.
Climatologies of mixed-layer convective potential energy (MLCAPE), 0–1-km stormrelative helicity (SRH01; Davies-Jones et al. 1990), and fixed-layer significant tornado parameter
(STP; Thompson et al. 2003) from two-dimensional HRRR output grids are presented. CAPE
measures the vertically integrated buoyancy that can be realized by an updraft and is related to
maximum theoretical updraft speeds as
𝑤!"# = 2𝐶𝐴𝑃𝐸

(2.1).

MLCAPE is calculated using the average equivalent potential temperature (θe) of the three lowest
30 hPa-deep layers. SRH01 is the vertically integrated product of streamwise vorticity and storm-
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relative wind speed (as calculated using the predicted storm motion from Bunkers et al. 2000) in
the lowest kilometer. SRH01 has been shown to be a good predictor of both updraft rotation and
tornado formation (assuming adequate CAPE is present; e.g. Thompson et al. 2003). STP
combines CAPE, SRH01, cloud-base height, and 0–6-km shear and has been shown to be a better
discriminator than SRH01 between nontornadic supercells and supercells that produce significant
(EF2+) tornadoes (Thompson et al. 2003). STP is calculated using a formula from the Storm
Prediction Center (SPC) that is slightly modified from the one from Thompson et al. (2003):
𝑆𝑇𝑃 =   

!"#$%&
!"""  !  !"–!

×

!!!  !"  !!!"#
!"  !  ! –!

×

!"#!"
!""  !! ! –!

×

!"""  !!!"#$#
!"##  !

(2.2),

where SBCAPE is the surface-based CAPE and SBLCL is the surface-based lifted-condensation
level (or cloud-base height). STP is set to 0 when SBLCL > 2000 m or when 0–6 km shear is <
12.5 m s–1.
The climatologies were created using 2-h HRRR forecasts of the parameters rather than
0-h forecasts (analyses). Averaging 2-h forecasts from the HRRR instead of 0-h analyses ensures
physical consistency within the three-dimensional model dynamics and parameterizations, and
minimizes the effects of systematically biased surface station observations while minimizing
forecast error. Mean fields of convective parameters generated from 0- and 2-h forecasts, valid
at 2100 UTC, are presented in Figs. 2.2–2.4 to determine the how forecast length impacts the
mean fields. The decision to use a 2-h forecast rather than a 0-h analysis was motivated by
MLCAPE values that seemed unrealistically large in the 0-h mean fields (Fig. 2.2a,c).
Systematically biased moisture measurements from surface mesonets likely resulted in large
mean MLCAPE values. The model physics reduce specific humidity values between 0.5–1.5 g
kg–1 over the 2-h model integration (Figs. 2.5, 2.6), resulting in mean MLCAPE decreases of up
to 500 J kg–1 in areas near the biased moisture measurements (e.g., west of Washington, D.C.)
while generally reducing mean MLCAPE by 100-200 J kg–1 elsewhere. The use of 2-h forecasts
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instead of 0-h forecasts also reduces mean STP (Fig. 2.4), which is CAPE-dependent, and slightly
reduces SRH01 (Fig. 2.3). While the model integration cannot completely remove the effects of
the systematically biased measurements, the 2-h forecast likely produces more representative
moisture values in the affected regions, and subsequently more realistic-looking MLCAPE
averages in the long-term.
The effects of topography on low-level flow, and subsequently on convective storm
forecasting parameters, depend on stratification. For this reason, only stratifications capable of
supporting surface-based convection are included in the climatologies. A given day is included in
the climatologies if MLCAPE exceeds a threshold value of 500 J kg–1 in ten percent of the
region’s grid points over land. All grid points within a region are included in the climatology on
a “convective day.” The Northeast region (Fig. 2.1a) climatology contains 282 convective days
and the Southeast region (Fig. 2.1b) climatology contains 395 convective days. Sensitivity tests
demonstrated that varying the percentage of the grids exceeding the MLCAPE threshold value
(Figs. 2.7 and 2.8) and the MLCAPE threshold itself (Figs. 2.9 and 2.10) did not spatial
distribution of the parameters, only their magnitudes. The number of convective days included in
the mean fields changes as these parameters change. Only including grid points where MLCAPE
> 0 J kg–1 in the averages also does not change the spatial patterns of the convective parameters
(Figs. 2.11, 2.12). In fact, only averaging at points where MLCAPE > 0 J kg–1 presents
limitations. It is difficult to obtain sufficiently large sample sizes at grids that do not frequently
experience CAPE (like those in the northern portion of the Northeast region).
While most aspects of convective storm dynamics depend only on storm-relative winds
(Markwoski and Richardson 2006), ground-relative winds are important for determining the
impact of topography on storms. The direction of the ground-relative wind determines where
upslope and downslope flow occurs, which dictates modifications to the convective environment
(Markowski and Dotzek 2011). The magnitude (and perhaps sign) of the topographically induced
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perturbations likely depends on the low-level wind direction. For this reason, convective days
were separated into southeasterly (SE) and southwesterly (SW) low-level flow bins, with lowlevel flow wind direction being defined by the mean 10-m wind direction in areas of positive
MLCAPE. In the Northeast region, the southeast bin contains 210 convective days and the
southwest bin contains 72 convective days. The Southeast region southeast flow bin contains 331
convective days and the southwest flow bin contains 64 convective days. Using 10-m winds
instead of 925 hPa or 850 hPa does not qualitatively change the results (not shown). SE and SW
flow is determined relative to the topography so that each bin contains days in which the lowlevel flow impinges on the topography from the same side. The orientation of the Appalachian
Mountains is roughly 210°, so the threshold wind direction of 210°, rather than 180°, is used to
place convective days into their respective bins. Other factors (such as ground-relative wind
speed and stratification) also likely affect how topography influences convective storm
environments. However, the sample size is not large enough to draw meaningful conclusions
about the anomalies that would be present in the mean fields of smaller subsets.
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Figure 2.1: Geopotential height in meters of the HRRR lower boundary (a) the northeastern
region and (b) the southeastern region. Capital letters represent Lake Huron (A), Lake Erie (B),
Lake Ontario (C; A-C are collectively the Great Lakes), Washington, D.C. (D), Atlanta, GA (E),
the Appalachian Mountains (F), the Chesapeake Bay (G), the Mohawk Valley (H), the Hudson
Valley (I), Mississippi (J), and Georgia (K).
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Figure 2.2: Mean MLCAPE resulting from averaging 0-h and 2-h HRRR forecasts on all
convective days. The 0-h forecasts (a,c) have MLCAPE bullseye features around regions where
systematically biased surface measurement observations are being assimilated into the HRRR.
The 2-h forecasts (b,d) show substantial reductions in MLCAPE in regions near the bullseye
features while experiencing smaller reductions in MLCAPE elsewhere.
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Figure 2.3: Mean SRH01 from 0-h and 2-h HRRR forecasts on all convective days. The 0-h
forecast SRH01 values are 5–10 m2 s–2 larger than the 2-h forecast values in most areas, but the
spatial patterns of SRH01 remain largely unchanged.
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Figure 2.4: Mean STP from 0-h and 2-h forecasts. Since STP depends on both CAPE and
SRH01, it decreases from the 0-h forecast to the 2-h forecast as both other variables do.
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Figure 2.5: Mean (a) 0-h and (b) 2-h forecast of specific humidity on all convective days in the
Northeast region, valid at 2100 UTC.
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Figure 2.6: Mean (a) 0-h forecast and (b) 2-h forecast of specific humidity on all convective days
in the Southeast region, valid at 2100 UTC.
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Figure 2.7: Mean 2-h forecasts of MLCAPE (a,b), SRH01 (c,d), and STP (e,f) for two different
methods of defining convective days in the Northeast region. Parameters are shown on days in
which 5% (a,c,e) and 50% (b,d,f) of grids over land experience MLCAPE > 500 J kg–1. By
lowering the requirement of how many grid points need to experience the MLCAPE threshold,
the number of convective days included in the mean changes. There are 311 convective days in
(a,c,e) and 96 convective days in (b,d,f).
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Figure 2.8: Mean 2-h forecasts of MLCAPE (a,b), SRH01 (c,d), and STP (e,f) for two different
methods of defining convective days in the Southeast region. Parameters are shown on days in
which 5% (a,c,e) and 50% (b,d,f) of grids over land experience MLCAPE > 500 J kg–1. By
lowering the requirement of how many grid points need to experience the MLCAPE threshold,
the number of convective days included in the mean changes. There are 424 convective days in
(a,c,e) and 260 convective days in (b,d,f).

18

a)

b)

10% > 100 J kg–1

10% > 1000 J kg–1

MLCAPE

J kg–1

c)

d)

10% > 100 J kg–1

10% > 1000 J kg–1
m2 s–2

SRH
e)

f)

10% > 100 J kg–1

10% > 1000 J kg–1

STP
Figure 2.9: Mean 2-h forecasts of MLCAPE (a,b), SRH01 (c,d), and STP (e,f) for two different
methods of defining convective days in the Northeast region. Parameters are shown on days in
which 10% of grids over land experience MLCAPE >100 J kg–1 (a,c,e) and >1000 J kg–1 (b,d,f).
By lowering the MLCAPE threshold that 10% of grid points need to experience the MLCAPE
threshold, the number of convective days included in the mean changes. There are 353 convective
days in (a,c,e) and 198 convective days in (b,d,f).
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Figure 2.10: Mean 2-h forecasts of MLCAPE (a,b), SRH01 (c,d), and STP (e,f) for two different
methods of defining convective days in the Southeast region. Parameters are shown on days in
which 10% of grids over land experience MLCAPE >100 J kg–1 (a,c,e) and >1000 J kg–1 (b,d,f).
By lowering the MLCAPE threshold that 10% of grid points need to experience the MLCAPE
threshold, the number of convective days included in the mean changes. There are 444 convective
days in (a,c,e) and 350 convective days in (b,d,f).
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Figure 2.11: Mean 2-h forecasts of MLCAPE (a,b), SRH01 (c,d), and STP (e,f) for two different
methods of defining convective days in the Northeast region. Parameters are averaged on
convective days only at grid points where MLCAPE > 0 J kg–1 in (a,c,e) and in all grid points
regardless of the stratification in (b,d,f). Spatial patterns remain largely unchanged and the
magnitudes change slightly. Each grid in (a,c,e) contains a different number of convective days
while grids in (b,d,f) contain the same number of convective days.
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Figure 2.12: Mean 2-h forecasts of MLCAPE (a,b), SRH01 (c,d), and STP (e,f) for two different
methods of defining convective days in the Southeast region. Parameters are averaged on
convective days only at grid points where MLCAPE > 0 J kg–1 in (a,c,e) and in all grid points
regardless of the stratification in (b,d,f). Spatial patterns remain largely unchanged and the
magnitudes change slightly. Each grid in (a,c,e) contains a different number of convective days
while grids in (b,d,f) contain the same number of convective days.
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Chapter 3

Results and Discussion
Mean fields of MLCAPE, SRH01, and STP on convective days in the Northeast and
Southeast regions are shown in Figures 3.1-3.3. The climatologies are valid at 2100 UTC, during
the late afternoon when convective storms typically are initiating or maturing. Climatologies
constructed at 1800 UTC and 0000 UTC (Figs. 3.4, 3.5) are qualitatively similar. The general
patterns of most anomalies are the same among the forecasts valid at 1800 UTC, 2100 UTC, and
0000 UTC, but the magnitudes change and the locations of some local maxima and minima shift
slightly. The change in magnitudes of SRH01 and STP (a function of SRH01) are likely
attributable to an increase in low-level winds associated with the decoupling of the boundary
layer during the nocturnal transition. Section 3.1 describes general features of the climatologies
and points out several prominent perturbations to the analyzed parameters. Section 3.2 examines
the mean convective fields with overlaid tornado tracks from 1950–2015 to determine if the
spatial pattern of tornado tracks matches the spatial patterns of the convective parameters.
Min/max dipoles of MLCAPE and SRH01 are examined with mean soundings and hodographs in
Section 3.3. Section 3.4 details the calculation and use of standard errors of the mean fields
estimated using bootstrap resampling (Efron 1982; Efron and Tibshirani 1993).

Section 3.1: Discussion of the mean fields
Synoptic-scale variation in MLCAPE and SRH01 is evident in both the Northeast and
Southeast regions. MLCAPE generally decreases with latitude (Fig. 3.1a,d) and SRH01 generally
increases with latitude (Fig. 3.2a,d). The decrease in MLCAPE is associated with the northward
decrease of boundary-layer moisture (as seen in Figs. 2.5, 2.6). The northward increase in SRH01
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is attributable to the northward increase of deep-layer tropospheric wind shear, which is
positively correlated with SRH01 (not shown). There is no apparent synoptic-scale variation in
STP (Fig. 3.3a,d).
The anomalies that are most likely attributable to topographic variations are smaller-scale
anomalies present in the mean fields. Many such anomalies are present in the mean fields (Figs.
3.1–3.3) but it is cumbersome to identify them all and difficult to determine exactly which ones
are attributable to topographic influences. However, several of the most prominent anomalies are
discussed below.
Prominent MLCAPE anomalies exist in both the Northeast and Southeast regions. Some
of the most obvious anomalies exist over large bodies of water. MLCAPE over Lakes Huron,
Erie, and Ontario is ~200 J kg–1 less than adjacent areas over land (Fig. 3.1a-c). This result is
expected, as the Great Lakes typically remain cooler than adjacent land areas during most of the
convective days used. Over the warm waters of the Gulf Stream, MLCAPE is 400–700 J kg–1
greater than adjacent cooler waters just off the Eastern Seaboard (Fig. 3.1). The spatial patterns
of anomalies associated large bodies of water are not flow-dependent (Fig. 3.1b,c,e,f). MLCAPE
anomalies over land exist along the higher elevations along the spine of the Appalachian
Mountains (MLCAPE is 200–400 J kg–1 lower than nearby lower altitudes; Fig. 3.1a,d), just west
of Washington, D.C. (MLCAPE is ~200 J kg–1 higher than adjacent areas, although this may be a
remnant of the effects of biased surface moisture measuerments; Fig. 3.1a-c), and southeast of
Atlanta (where MLCAPE is 200-400 J kg–1 less than adjacent areas; Fig. 3.1d).
SRH01 anomalies are found on the coasts of large bodies of water. The southern coasts
of Lakes Erie and Ontario, and the western coast of Lake Huron (Fig. 3.1a), the western shore of
the Chesapeake Bay (Fig. 3.1a), and the southern Atlantic coast (especially under SW low-level
flow; Fig. 3.1e) experience SRH01 values that are ~30 m2 s–2 greater than areas farther onshore.
Local minima in SRH01 can are found on the opposing shores of the Great Lakes as the maxima

24
(Fig. 3.1a). The increase in SRH01 along these particular shores of bodies of water is due to the
baroclinic generation of horizontal vorticity along these shores that has a component aligned with
the low-level inflow of a potential storm. The minima on the opposite shore result from the
baroclinically generated horizontal voriticy having a component opposing the storm-relative
inflow of a potential storm.
Patterns of SRH01 anomalies are sensitive to low-level flow direction. SRH01 in parts of
the Mohawk Valley is 10–15 m2 s–2 lower than adjacent higher altitudes in SW low-level flow
(Fig. 3.2b) and becomes 10–15 m2 s–2 greater than adjacent higher altitudes in SE low-level flow
(Fig. 3.2c). The location of SRH01 anomalies on the coasts of the Great Lakes also depends on
low-level flow direction (Figs. 3.2b,c).
With respect to the mean fields of STP, horizontal heterogeneity is larger on the SW-flow
days than SE-flow days (though the sample size is smaller for SW-flow days), especially in the
southeastern domain (Fig. 3.6e,f; note especially the heterogeneity in SW-flow from Mississippi
to Georgia). Among the most obvious regions where STP is enhanced are along and offshore of
the southeastern coastline in SW low-level flow (Fig. 3.3e), and in the western portion of the
southeastern U.S. domain, particularly in SE low-level flow (Fig. 3.3d,f). More subtle local
enhancements of STP are present in the flat topography east of Lake Ontario and within the
Hudson and Mohawk Valleys, especially on SE-flow days (Fig. 3.3a,c). This part of Ontario is
known to be a local “hotspot” for tornadoes (Etkin et al. 2001), and the Hudson and Mohawk
Valleys have been speculated in some prior studies as being a region favorable for tornadoes
owing to a topographic influence (LaPenta et al. 2005; Bosart et al. 2006; Tang et al. 2016).
Many other pockets of enhanced STP are evident in Fig. 3.3. However, it is not practical to
identify every anomaly, nor say whether any of the anomalies would have a noticeable influence
on a convective storm.
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Several locations of small-scale anomalies relative to topographic features match those
seen in an idealized numerical modeling study. Direction of ground-relative low-level flow has
been shown to determine the spatial orientation of anomalies within fields of convective
parameters relative to idealized topographic configurations (Markowski and Dotzek 2011). For
an idealized ridge, easterly ground-relative winds yield an increase in SRH on the top of the ridge
while increasing CIN west (downslope) of the ridge. Westerly ground-relative winds also
produced a SRH maximum on top of the ridge and an increase in both CAPE and CIN east
(downslope) of the mountain, while decreasing CIN on the upslope side. The spatial patterns of
convective parameters become more complex around isolated hills and ridges with gaps. In order
to determine if actual topographic features systematically induce similar patterns, localized plots
in central Pennsylvania were created using smaller contour intervals that highlight small-scale
gradients in the convective parameters (Fig. 3.6a,b). The ridges marked by the dashed lines are
on the order of several tens of kilometers wide and about 300-400 m in height, matching loosely
with those used by Markowski and Dotzek (2011). SRH01 is maximized on ridge tops,
particularly those that are oriented WSW-ENE, which stand perpendicular to a component of the
ground-relative wind (~75% of days have flow < 210°; Fig. 3.6b). Changes to CAPE and CIN in
Markowski and Dotzek (2011) were primarily due to the generation of standing gravity waves by
the topographic configurations. MLCAPE minima primarily occur along ridge axes, not displaced
from them (Fig. 3.6a). It is unlikely to see any CAPE patterns relative to the topography caused
by standing gravity waves, due to slight day-to-day variations in wavelength that smear the
signal. The perturbations of the convective environment in a horizontally homogeneous
simulation are not always observed in the mean fields of convective parameters, since the
averaging process smears some of the signals and the topography in the HRRR is much more
complex than a bell-shaped ridge.
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Section 3.2: Occurrences of tornadoes relative to anomalies within the mean fields
It is nearly impossible to say what, if any, systematic influence anomalies in mean
convective fields have on real storms over a long period of time. Tornado tracks are plotted on
top of the climatologies in order to determine if clusters of tornadoes tend to coincide with
perturbations to any of the mean fields. Start and end points for all tornadoes that occurred from
1950–2015 were obtained from a database maintained by the National Weather Service’s Storm
Prediction Center (http://www.spc.noaa.gov/wcm/). Only using tornadoes from FebruarySeptember, 2013–2015, to coincide with the date range used in the averaging process produces
too few tornado tracks to form discernable patterns.
Tornado tracks have noted to have a variety of problems, which somewhat limit their
usefulness. Identified problems in using tornado reports include the reporting of damage not
caused by tornadoes as a tornado, the F-scale being used as a measure of intensity instead of
damage, and a bias toward population centers, although recent analysis suggests that this
population bias has lessened in recent years (Forbes and Wakimoto 1983; Doswell and Burgess
1988; Doswell et al. 1999; Anderson et al. 2007; Elsner et al. 2013). The bias toward population
centers is most relevant to the use of tornado tracks in this work, as most regions of complex
topography have low population densities and the recorded number of tornadoes in these regions
may be lower than it should be.
At first glance, there is an apparent association between tornado occurrence and
topography height. Substantial spatial variability of tornado tracks is evident in Figs. 3.7 and
3.11. It is difficult to say how much of this variability is due to topographic influences on
convective environments versus other factors, such as a limited sample size and population bias.
Dotzek (2001) described tornado distribution in hilly regions of Germany as having “a more
localized distribution,” meaning historical tornado reports formed clusters, and speculated that
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regional topography configurations may influence tornadogenesis. Tornadoes occur infrequently
over regions of higher elevations (Figs. 3.7, 3.11). In particular, the higher elevations over the
Appalachian Mountains in West Virginia, Virginia, and North Carolina, the Allegheny Mountains
and Allegheny Plateau in central and northern Pennsylvania, and the Smokey Mountains in
Tennessee all have fewer tornado tracks than surrounding areas of lower elevation. The lack of
tornado tracks in higher elevations may be due to the lower population density in these areas,
increased difficulty in spotting tornadoes in regions of higher topography, less favorable
meteorological conditions (lower values of mean MLCAPE, STP), or some combination of the
above.
Tornado tracks are overlaid on top of mean fields of convective parameters in order to
visualize where observed tornadoes tend to occur relative to topographically generated anomalies
within the mean fields (Figs. 3.8–3.10, 3.12–3.14). As discussed above, both tornado tracks and
mean MLCAPE are minimized over the highest topography of the Appalachian Mountains from
North Carolina through Pennsylvania (Figs. 3.1, 3.7, and 3.11). At smaller scales where
topography influences on the convective environment are most likely, it is difficult to ascribe
tornado track clusters to any anomalies in MLCAPE, as tornado tracks clusters occur in both
mean MLCAPE maxima (Virginia; Fig. 3.8) and minima (northern Mississippi and Alabama; Fig.
3.12). On large scales, higher mean STP values coincide with a large majority of tornado tracks
in the Northeast region (Fig. 3.9), but not in the Southeast region (Fig. 3.13); areas in low mean
STP regions in the Northeast (below 0.06) contain very few tornadoes while the same is not true
in the Southeast. No obvious pattern exists between tornado tracks and SRH01 anomalies (Figs.
3.10 and 3.14). While high SRH01 values are correlated with an increased likelihood of
tornadogenesis, it does not appear that local topographically generated anomalies in a long-term
average of SRH01 affect where tornado occurrence is highest. While some anomalies in mean
STP and MLCAPE fields are co-located with clusters of tornado tracks, a cause and effect
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relationship does not necessarily exist between the two. A generic relationship between mean
STP, MLCAPE, or SRH01 and tornado tracks is not apparent by plotting tornado tracks on the
mean fields. One way to determine the correlation between the tornado tracks and the anomalies
in the mean convective fields is to use kernel density estimation to estimate the density of tornado
tracks. These densities could be then correlated to the mean convective fields.

Section 3.3: Investigating small scale anomalies using composite soundings and hodographs
Mean wind hodographs and soundings were constructed to examine the origins of
localized anomalies. The soundings and hodographs use 0-h forecasts on convective days from 1
April – 30 September 2014, due to burden of storing a large amount of high-resolution, threedimensional model data. It is important to note that soundings and wind hodographs generated
from 0-h data and a limited temporal range are being used to analyze anomalies in 2-h forecasts
of convective fields. In order to determine differences between the soundings using 0-h forecasts
and data from only 2014 to the data used to compute the mean MLCAPE values in Fig. 3.1, mean
sounding surface values of mixing ratio and potential temperature are compared to mean 2-h
forecasts 2-m specific humidity (assuming mixing ratio ≈ specific humidity; Figs. 2.5, 2.6) and
potential temperature (Figs. 3.15, 3.16) calculated on convective days over the same time period
as the mean MLCAPE field. Additionally, CAPE is computed differently between the twodimensional fields (using a mean-layer parcel) and soundings (using a surface-based parcel, as
calculated by the NCAR command language sounding package). The CAPE and SRH01 values
plotted on the mean soundings and wind hodographs differ from the values from the mean fields.
The MLCAPE anomaly just west of Washington, D.C., was investigated using mean
soundings. The soundings were obtained from just outside of the anomaly (Fig. 3.17a), where
mean MLCAPE on is < 300 J kg–1 (Fig. 3.17c), and within it (Fig. 3.17b), where mean MLCAPE
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is ~700 J kg–1 (Fig. 3.17c). The calculated CAPE values on the soundings are lower than those
from Fig. 3.17c, as averaging over many different cases tends to smooth out features of a
sounding that may yield positive MLCAPE values on a given day. Both soundings have
comparable mid- and upper-layer structures in addition to well-mixed boundary layers. In the
sounding from outside the anomaly (Fig. 3.17a), surface potential temperature is ~0.5 K lower
than the mean 2-m potential temperature (303.5K vs. 304 K; Fig. 3.15b) and the surface mixing
ratio is approximately the same value as the mean 2-m specific humidity (10.5 g kg–1; Fig. 2.5b).
Potential temperature from the sounding within the anomaly (Fig. 3.17b) approximates the mean
2-m potential temperature in Fig. 2.15b (301K) while surface mixing ratio is 1 g kg–1 lower than
the mean specific humidity (12 vs. 13 g kg–1; Fig. 2.5b). While the mean soundings encompass
many fewer convective days than the mean MLCAPE fields, the boundary layer values of
potential temperature and moisture within the sounding are fairly representative of those from the
2-m mean fields on over a longer period of time. The main difference between the two soundings
is that the sounding with higher CAPE (Fig. 3.17b) contains about 1.5 g kg–1 more moisture than
the sounding outside of the anomaly (Fig. 3.17a). This result is consistent with the mean 2-m
specific humidity (Fig. 2.5b) differing between the two point locations by ~2.5 g kg–1. It is not
clear how much of this moisture difference results from the effects of biased moisture
measurements assimilated into the HRRR. The long-term difference in MLCAPE between the
local maximum and minimum is driven by differences in boundary layer moisture.
An MLCAPE anomaly east of Atlanta was also examined using mean soundings. The
relief between the two points is ~150 m compared to the ~800 m difference in elevation between
the two points examined above. The two soundings exhibit similar structures, including having a
well-mixed boundary layer and identical 500 hPa temperatures (Figs. 3.18a,b). The soundings
have similar moisture and potential temperature values as the 2-m specific humidity (Fig. 2.6b)
and potential temperature (Fig. 3.16b) at their respective point locations and can are not
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significantly different from the longer-term means calculated over more convective days. The
difference in CAPE between the two soundings, again, results from the sounding with higher
CAPE values having ~1 g kg–1 higher mixing ratios in the boundary layer. CAPE values
calculated in the mean soundings are larger than the mean 2-h forecast MLCAPE values in Fig.
16c. The differences may stem from the different methods of calculating CAPE between the
soundings and the mean fields (mean-layer vs. surface-based. It is nearly impossible to tell if the
difference in moisture resulting in changes in magnitude of MLCAPE result from a physical
process or is a residual of a low-biased moisture sensor(s) in the region whose effects are not
completely removed by 2-h model integration. Subtle differences in moisture in the mean
sounding’s boundary layer can yield significant differences in calculated CAPE in the sounding,
especially in a long-term mean.
Mean wind hodographs inside and just outside of the SRH01 enhancement within the
Mohawk Valley in New York are presented in Fig. 3.19. While predicted storm motion is similar
in both hodographs, a decrease in surface wind speed and an increase in 0–1-km winds within the
anomaly (Fig. 3.19b) lengthens the hodograph and increases SRH01, whereas this 0–1-km wind
speed enhancement is absent in the immediate surroundings (Fig. 3.19c). The SRH01 values
displayed on each hodograph (Fig. 3.19b,c) are derived from the mean wind values and are not
the same as those from the mean SRH01 field (Fig. 3.19a); the difference between SRH01
calculated from the hodograph versus the mean field is large. The differences between the mean
hodographs are extremely subtle. It is important to recognize that a topographically generated
anomaly that might be observed on a specific day is virtually guaranteed to be larger in amplitude
than the anomalies present in the mean fields, given that an anomaly’s position relative to a
topographic feature would likely shift slightly from day to day, depending on the mean wind
speed and direction (and perhaps other factors as well, such as stratification). The averaging
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undertaken creates anomalies in the mean fields are broader and weaker than topographically
generated anomalies on a specific day.
Mean hodographs from inside and just outside of a SRH01 anomaly from the Southeast
region reveal similarly subtle features as those above. Predicted storm motion is similar in both
mean hodographs (Figs. 3.20b,c). Weaker surface winds in the mean hodograph taken from
within the anomaly (Fig. 3.20b) account for nearly all of the difference in SRH01 between the
two mean hodographs. The SRH01 values derived from the mean hodograph are much less than
those from the mean two-dimensional field of SRH01 (Fig. 18a). The mean hodograph averages
many different combinations storm motions and 0–1-km wind profiles that can individually yield
larger values of SRH01, but, when averaged together, create a hodograph with little SRH01. The
differences seen in the above composite soundings and hodographs are small, but are likely
amplified on any given day under different combinations of stratifications and flow directions.

Section 3.4: Assessing the statistical significance of anomalies within the mean fields
In order to assess the statistical significance of anomalies within the mean fields, standard
errors are estimated using bootstrap resampling (Efron 1982; Efron and Tibshirani 1993). Each
region contains a set of n convective days. From this set of convective days, n random samples
are drawn with replacement. The mean of each convective parameter from this new set is then
calculated. The process is repeated 10,000 times, and the standard deviation of the 10,000 new
means is interpreted as the bootstrapped standard error (Fig. 3.21). A particular anomaly in a
mean field can be regarded as statistically significant if it differs from neighboring values (within
a reasonable distance) by more than the bootstrapped standard error at the location of the anomaly
in question. For example, the anomalous region of MLCAPE present just west of Washington,
D.C., is ~200 J kg–1 higher than immediate surroundings. The bootstrapped standard error within

32
this anomaly is ~65 J kg–1. Since the anomaly exceeds the bootstrapped standard error, this
anomaly can be considered statistically significant. In fact, many of the meso-β scale anomalies
can be regarded as statistically significant.
Bootstrapped standard errors for different wind regimes are plotted in Figs. 3.22 and
3.23. The southwest flow regimes contain substantially more variability than the southeast flow
regimes. Southeast flow days constitute 75% of convective days in the Northeast region and 84%
of convective days in the Southeast region. This disparity leads to standard errors that are much
higher for southwesterly flow. The category with substantially more convective days should have
a lower standard error, as standard error is proportional to

!
!

. The higher standard errors for bins

with smaller numbers of convective days serves as a motivation to refrain from separating the
convective days into further categories, as the ability to draw conclusions about the significance
of the results in each bin would decrease.
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Figure 3.1: Mean MLCAPE on convective days between 1 February – 30 September, 2013–2015.
(a), (b), (c) all days, southeast-flow days, and southwest-flow days, respectively, in the
northeastern region. (d), (e), (f) all days, southeast-flow days, and southwest-flow days,
respectively, in the southeastern region.
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Figure 3.2: Mean SRH01 on convective days between 1 February – 30 September, 2013–2015.
(a), (b), (c) all days, southeast-flow days, and southwest-flow days, respectively, in the
northeastern region. (d), (e), (f) all days, southeast-flow days, and southwest-flow days,
respectively, in the southeastern region.
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Figure 3.3: Mean STP on convective days between 1 February – 30 September, 2013–2015. (a),
(b), (c) all days, southeast-flow days, and southwest-flow days, respectively, in the northeastern
region. (d), (e), (f) all days, southeast-flow days, and southwest-flow days, respectively, in the
southeastern region.
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Figure 3.4: Mean MLCAPE (a,b), SRH01 (c,d), and STP (e,f) on all convective days from 1
February – 30 September, 2013–2015 in Northeast region. (a,c,e) are 2-h forecasts initialized at
1600 UTC and valid at 1800 UTC while (b,d,f) are 2-h forecasts initialized at 2200 UTC and
valid at 0000 UTC. The qualitative patterns of topographic enhancement remain mostly
unchanged between those at 1800 UTC and at 0000 UTC.
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Figure 3.5: Mean MLCAPE (a,b), SRH01 (c,d), and STP (e,f) on all convective days from 1
February – 30 September, 2013–2015 in Southeast region. (a,c,e) are 2-h forecasts initialized at
1600 UTC and valid at 1800 UTC while (b,d,f) are 2-h forecasts initialized at 2200 UTC and
valid at 0000 UTC. The qualitative patterns of topographic enhancement remain mostly
unchanged between those at 1800 UTC and at 0000 UTC.
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Figure 3.6: Mean (a) MLCAPE and (b) SRH01 on all convective days from 1 February – 30
September, 2013–2015 in Central Pennsylvania. Dashed lines show the approximate position of
local ridge axes.
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Figure 3.7: Geopotential height of the HRRR lower boundary in the Northeast region. Tornadoes
occurring in the Northeast region between 1950–2015 are plotted in magenta.

40

Figure 3.8: Mean MLCAPE (J kg–1) on all convective days in the Northeast region with tornadoes
from 1950–2015 plotted in black.
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Figure 3.9: Mean SRH01 (m2 s–2) on all convective days in the Northeast region with tornadoes
from 1950–2015 plotted in black.
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Figure 3.10: Mean STP on all convective days in the Northeast region with tornadoes from 1950–
2015 plotted in black.
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Figure 3.11: Geopotential height of the HRRR lower boundary in the Southeast region.
Tornadoes occurring in the Northeast region between 1950–2015 are plotted in magenta.
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Figure 3.12: Mean MLCAPE (J kg–1) on all convective days in the Southeast region with
tornadoes from 1950–2015 plotted in black.
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Figure 3.13: Mean SRH01 (m2 s–2) on all convective days in the Southeast region with tornadoes
from 1950–2015 plotted in black.
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Figure 3.14: Mean STP on all convective days in the Southeast region with tornadoes from 1950–
2015 plotted in black.

47

a)

b)

K

θ
288

290 292

294

296

298

300

302

304

Figure 3.15: Mean 2-m potential temperature on all convective days in the Northeast region for
(a) 0-h forecasts and (b) 2-h forecasts.
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Figure 3.16: Mean 2-m potential temperature on all convective days in the Southeast region for
(a) 0-h forecasts and (b) 2-h forecasts.
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Figure 3.17: (a) and (b) Mean soundings at a local minimum and maximum within the mean
MLCAPE field in Virginia and West Virginia shown in (c). Note the color scale differs from that
used in Fig. 3.1a) [a pair of lines are drawn from the soundings to their respective locations in
(c)]. The first level plotted is the first pressure level available that is above the mean surface
pressure. The plotted parcel and CAPE value result from the NCAR Command Language’s
skew-t function. The function to calculate CAPE is not publically documented and the parcel and
calculated CAPE should be regarded as approximate values. Note the subtle changes in boundary
layer mixing ratio that result in different CAPE values for each sounding.
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Figure 3.18: (a) and (b) Mean soundings at a local minimum and maximum within the mean
MLCAPE field in Georgia shown in (c). Note the color scale differs from that used in Fig. 3.1d)
[a pair of lines are drawn from the soundings to their respective locations in (c)]. The first level
plotted is the first pressure level available that is above the mean surface pressure. The plotted
parcel and CAPE value result from the NCAR Command Language’s skew-t function. The
function to calculate CAPE is not publically documented and the parcel and calculated CAPE
should be regarded as approximate values.
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Figure 3.19: (a) Mean SRH in New York state on all convective days (the color scale differs from
that used in Fig. 3a). (b) and (c) Mean hodographs at locations within the SRH maximum and
minimum identified in (a) [a pair of lines are drawn from the hodographs to their respective
locations in (a)]. Numerals along the hodographs indicate altitudes above ground in kilometers.
The "x" in each panel indicates the storm motion predicted using the Bunkers et al. (2000)
algorithm. The SRH01 values on each hodograph are calculated from the hodograph, which
differs slightly from the value of the two-dimensional mean field.
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Figure 3.20: (a) Mean SRH in northeastern Alabama on all convective days (the color scale
differs from that used in Fig. 3a). (b) and (c) Mean hodographs at locations within the SRH
maximum and minimum identified in (a) [a pair of lines are drawn from the hodographs to their
respective locations in (a)]. Numerals along the hodographs indicate altitudes above ground in
kilometers. The "x" in each panel indicates the storm motion predicted using the Bunkers et al.
(2000) algorithm. The SRH01 values on each hodograph are calculated from the hodograph,
which differs slightly from the value of the two-dimensional mean field.
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Figure 3.21: Bootstrapped standard errors for each of the convective parameters in both regions
for all convective days.
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Figure 3.22: Bootstrapped standard errors for each of the convective parameters in the Northeast
region for the southeast and southwest flow bins. Southwest flow days contain substantially larger
amounts of variability than the southeast flow days. This is at least partly related to SE flow days
constituting ~75% of all convective days.
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Figure 3.23: Bootstrapped standard errors for each of the convective parameters in the Northeast
region for the southeast and southwest flow bins. Southwest flow days contain substantially larger
amounts of variability than the southeast flow days. This is at least partly related to SE flow days
constituting ~75% of all convective days.
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Chapter 4

Summary and Conclusions
The above results demonstrate that topography produces a systematic change to the
convective environment. While hemispheric-scale variations are prominent in the mean
convective parameter fields, many smaller-scale anomalies exist that indicate the existence of
topographically generated changes to convective environments. Most of these anomalies are
statistically significant in the sense that the magnitude of the difference between the anomaly and
its immediate surroundings is larger than the standard error estimate. Statistically significant
anomalies exist in the climatologies of convective parameters, but it remains difficult to say
exactly how these anomalies affect convective storms occurring on any given day as well as over
a long-time frame (i.e., are there areas where storms climatologically strengthen or weaken based
on these anomalies?).
Use of such techniques does not need to be limited to the regions we have outlined.
There are many regions in which large and subtle variations in topography may influence storms
under certain conditions. This type of analysis could easily be applied to regions in the Ozarks in
Arkansas, the Black Hills of South Dakota, or even regions in north-central Italy that are
characterized by complex and experience severe convection on a regular basis.
Composite soundings and hodographs indicate that extremely subtle differences in
moisture amounts and low-level flow strength and direction. Such differences are likely
magnified on any given convective day. However, the climatologies alone cannot determine if
such systematic changes to convective environments result in climatologically preferred areas for
storm strengthening or weakening. Plotting tornado tracks on top of the climatologies creates a
nice visual, but the issues involved with the tornado record and the fact that correlation does not
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necessarily imply causation both prevent any conclusions from being made about the patterns
between tornado tracks and anomalies within the climatologies.
The next step in this work involves using high-resolution numerical models to simulate
how storms are affected by realistic topography. First, more work should be done to understand
the origins of the dynamic and thermodynamic changes made by topography to convective
environments. Such experiments could also employ variations in stratification and wind speed
and direction to measure the response of anomalies in instability and low-level shear under
varying conditions. Additionally, high-resolution numerical modeling should be employed in
order to determine the storm’s response to topographically generated environmental
heterogeneity. Although the HRRR can resolve some of the modifications made to convective
environments, the 3-km horizontal grid sizes are likely too small to resolve the responses of
storms to these modifications. Measuring the responses of storms in both idealized and realistic
high-resolution simulations, coupled with observations from field campaigns designed to study
the effects of topography on convective environments (like VORTEX-SE), will greatly increase
our understanding of how topography influences convective storms.
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