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ABSTRACT
Forecasting the maintenance of mesoscale convective systems (MCSs) is a unique problem in the eastern
United States due to the influence of the Appalachian Mountains. At times these systems are able to traverse
the terrain and produce severe weather in the lee, while at other times they instead dissipate upon encountering the mountains. To differentiate between crossing and noncrossing MCS environments, 20 crossing and
20 noncrossing MCS cases were examined. The cases were largely similar in terms of their 500-hPa patterns,
MCS archetypes, and orientations with respect to the barrier. Analysis of radiosonde data, however, revealed
that the environment east of the mountains discriminated between case types very well. The thermodynamic
and kinematic variables that had the most discriminatory power included those associated with instability,
several different bulk shear vector magnitudes, and also the mean tropospheric wind. Crossing cases were
characterized by higher instability, which was found to be partially attributable to the diurnal cycle. However,
these cases also tended to occur in environments with weaker shear and a smaller mean wind. The potential
reasons for these results, and their forecasting implications, are discussed.

1. Introduction
Mesoscale convective systems (MCSs) are well known
for their potential hazards, including flooding, severe
winds, hail, and even tornadoes (Maddox 1983; Johns and
Hirt 1987; Houze et al. 1990; Doswell et al. 1996; Fritsch
and Forbes 2001). To better anticipate and forecast these
impacts, past studies have emphasized understanding the
most fundamental dynamics of these systems, often neglecting other higher-order complications such as environmental heterogeneity or terrain. However, MCSs are
not limited to areas of negligible topography, and research has recently begun examining the impacts of
orography on organized convective systems (Frame and
Markowski 2006; Reeves and Lin 2007; Keighton et al.
2007).
One of the regions of interest has been the Appalachian
Mountains, where warm season (and occasionally cold
season) cold fronts are commonly associated with quasilinear convective systems. Keighton et al. (2007) examined 52 severe MCSs encountering the Appalachians and
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defined convective systems that continued to produce
severe storm reports1 in the lee as ‘‘crossing’’ and those
that did not produce severe reports east of the mountains
as ‘‘noncrossing.’’ Often, these noncrossing systems were
unable to survive even as nonsevere convection in the lee.
In fact, Parker and Ahijevych (2007) noted that only
approximately 10%–30% of the convective episodes
(their cases were not necessarily severe) initiated west of
the Appalachians were able to survive as they crossed
over to the eastern side (see their Table 1). However,
Keighton et al. (2007) found that a large fraction of MCSs
that do survive go on to produce severe weather in the lee.
Forecasting the maintenance of MCSs (in any region)
is an important operational issue that is known to have
a few key ingredients. Coniglio et al. (2007) and Cohen
et al. (2007) noted the importance of instability (i.e.,
CAPE) in terms of its ability to distinguish between mature and dissipating as well as severe and weak convective
systems. They found that environments with higher instability favor the maintenance of MCSs and have a
higher probability that an MCS will be severe. The wind
profile has also been shown to impact the maintenance

1
Defined as hail at least 0.75 in. (1.9 cm) in diameter, wind gusts
of at least 50 kt (25.7 m s21), and/or a tornado.
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and severity of convective systems. Coniglio et al. (2007)
and Cohen et al. (2007) found that stronger shear is
usually associated with mature and severe MCSs, while
weaker shear generally corresponds to weak and dissipating convective systems. Given the inherent correlation
of wind speed and shear, it goes hand in hand that mature
and severe MCS environments are also characterized
by a stronger mean wind (Coniglio et al. 2007; Cohen
et al. 2007), particularly in the 3–12-km layer (Coniglio
et al. 2007).
The present study examined MCSs as they encountered the terrain of the Appalachian Mountains. Thus,
orographic effects such as slope flows (both diurnally
and mechanically driven), orogenic gravity waves, and
flow blocking also should be considered in terms of their
impacts on maintenance. Flow blocking has often been
discussed in reference to topographically induced convection and the impacts of different flow regimes on
precipitation patterns (Chu and Lin 2000; Chen and
Lin 2005; Miglietta and Rotunno 2009), but it also has
been shown to influence preexisting convection impinging upon terrain (Reeves and Lin 2007). Frame and
Markowski (2006) found evidence of many orographicrelated phenomena in their idealized modeling study of
preexisting convection and orography, concluding that
the evolution of a squall line’s cold pool (as influenced
by the terrain) plays a key role in the maintenance of the
convective system. Results of their study showed that
MCSs undergo a cycle of orographic enhancement, followed by suppression, and then lee reinvigoration as
they traverse a barrier. As the system ascends the barrier, it undergoes orographic enhancement due to the
upslope component of flow near the gust front. Then, as
the system descends the terrain, the cold pool thins and
weakens, adding to the lee suppression induced by ambient downslope flow and the sinking branch of a gravity
wave. When the cold pool reaches the base of the barrier in the lee, it slows and suddenly deepens in a hydraulic jump, leading to subsequent restrengthening of
the convection. These kinds of orographic effects can
likely modify (and perhaps overwhelm) the impacts of
the fundamental environmental ingredients discussed
by Coniglio et al. (2007) and Cohen et al. (2007). An
additional factor that should be taken into consideration is the diurnal cycle. Keighton et al. (2007) found
a strong preference for observed crossing cases to reach
the Appalachians during the peak of daytime heating
and for noncrossing cases to encounter the terrain
during the evening and overnight hours. The time of
day is relevant to environmental instability, but may
also play a role via diurnally driven slope flows, which
would help convection during the day and inhibit it at
night.
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Given the wide variety of the processes at work in
maintaining (or dissipating) these systems, the goal of this
study is to aid forecasters by identifying the most useful
environmental ingredients for separating crossing from
noncrossing MCSs. This will be accomplished through the
analysis of the environments of 20 crossing and 20 noncrossing cases. Section 2 reviews the data and methods
employed for this study. In section 3 we discuss general
differences between case types and discuss the environmental parameters that discriminate crossing events
from noncrossing events. The paper concludes with a summary of key findings and suggestions for forecasters in
section 4.

2. Data and methods
A random sampling of 20 crossing and 20 noncrossing
cases were chosen from the Keighton et al. (2007) database of severe MCSs in the Appalachian region that occurred between 2000 and 2006. These systems were
categorized based on whether or not they were able to
produce severe weather reports in the lee of the Appalachians. ‘‘Crossing’’ cases produced severe reports on
the eastern side of the barrier while ‘‘noncrossing’’ cases
did not produce any severe reports east of the Blue
Ridge. All of the cases were severe west of the Appalachians. Further subcategories were also created by
Keighton et al. (2007), but for the purposes of this
study we dealt with the simple crossing and noncrossing
categories.
The guiding philosophy for this study was to evaluate
the conventional data that forecasters routinely inspect
and use; thus, in order to analyze the environments of
these cases, operational radiosonde data were utilized.
Two soundings were chosen for each case: one to represent the upstream environment west of the mountains
and one to represent the downstream environment east of
the mountains. The selection was based on the sounding that best represented the MCS’s inflow environment.
All soundings in our database were launched at either
1200 or 0000 UTC, and the sounding launched immediately before the MCS passed through was assigned to
each case. The radiosonde location was chosen by determining which launch site would be located in the approximate center of the MCS inflow as the convection
moved downstream. Despite the well-known temporal
and spatial limitations of operational sounding data,
suitable soundings were found for each case (Fig. 1).
The surface conditions of each sounding (temperature,
dewpoint, wind speed and direction) were modified using a nearby surface observation from within the hour
before MCS passage in order to obtain as accurate a
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be found in the appendix. Statistical analysis was performed in order to determine the extent to which crossing and noncrossing environments were different. The
Monte Carlo method was used to repeatedly (100 000
realizations) randomly sample and group the data into
two populations and then compare their differences of
means to that between the crossing and noncrossing
categories. The results were summarized via p values,
with a p value of 0.05 meaning that only 5% of the random draws resulted in a difference between groups that
was at least as large as what was observed between
the crossers and noncrossers. The subsequent analyses of
the soundings were focused on the parameters with the
lowest p values.

3. Results
a. General characteristics and comparisons

FIG. 1. Map detailing the locations of operational radiosonde
sites used for this study, with the number of times they were used in
parentheses.

representation of the low-level inflow environment as
possible.2 This modification was particularly important
for the 1200 UTC morning soundings, because appreciable surface heating had usually occurred by the time of
an MCS passage later in the day. To determine a downstream observation time for noncrossing cases, one of two
procedures was followed. If light precipitation associated
with the original MCS was present, an appropriate observation time was chosen based on the movement of the
remnant radar echo. If no precipitation was evident in the
lee, an observation time was extrapolated based on when
the system would have been located near the appropriate
radiosonde site given its original propagation speed and
direction.
After the soundings were modified, numerous thermodynamic and kinematic parameters were calculated,
the details of which (including the list of parameters) can

2
For simplicity, no modification of the sounding data above the
surface occurred. Additional changes to the data above the surface
would slightly alter the mixed layer parcel properties, but otherwise have little impact on the low-level thermodynamic indices.

Before discussing the specifics of local crossing and
noncrossing MCS environments, it is important to assess
first whether there are general large-scale similarities
or differences between the groups. For some forecast
problems, operational meteorologists use synoptic-scale
pattern recognition as a tool. However, comparison of
500-hPa composite maps revealed only subtle differences between case types (Figs. 2b and 2d). Noncrossing
cases contained a more noticeable short wave near the
Great Lakes (with heights that were up to 70 m lower;
Fig. 2f) and also a slightly tighter height gradient over
the Appalachian Mountains, entailing faster flow and
potentially more inhibitive downslope flow in the lee.
However, there is a large degree of case-to-case variability, and the large-scale flow pattern is on average
similar for both crossing and noncrossing events. The
cases were further broken down into the flow-pattern
subcategories of Keighton et al. (2007); however, the
very small sample size in each pattern category precludes their usefulness here. The subtle differences aloft
translated to more noticeable differences at the surface,
where noncrossing cases on average contained a deeper
low pressure system over the Great Lakes and crossing
cases tended to have weaker parent systems (Figs. 2a
and 2c). Synoptic-scale pattern recognition by itself may
not be especially operationally useful, but the observed
differences still may hold the key to distinguishing between the regional environments that typify crossing
versus noncrossing events.
Next, we examined the mechanisms that initiated convection in each of our cases, since the presence of strong
frontal lifting may help to sustain a system as it crosses the
mountains. After reviewing the mechanisms that triggered each case, it appears that there is some dependence
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FIG. 2. (a),(c),(e) Averaged surface pressure reduced to mean sea level (hPa) and (b),(d),(f) 500-hPa geopotential height (m) charts for the
observed (a),(b) crossing and (c),(d) noncrossing cases. (e),(f) Averaged difference (crossing 2 noncrossing) fields.

on the type of forcing (Table 1). We found that all of the
crossing cases were initiated by either a cold front or a
stationary front, whereas noncrossing cases were initiated
by a wider variety of features, such as remnant outflow
boundaries from Great Plains MCSs and mesoscale convective vortices. However, many crossing and noncrossing
cases were able to propagate away from their initiating

mechanism (probably a result of becoming driven by their
cold pools), and nearly all of them moved into warm
sector air masses (18 crossing and 17 noncrossing). While
it is clear that fronts are linked to the development of
these systems, the degree to which they influence the
maintenance of these systems is less clear. The influence
of fronts on MCSs as they traverse the terrain is further
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TABLE 1. Number of cases initiated by different forcing mechanisms, and their subsequent movement over time. These systems moved
either ‘‘with’’ the initial feature, ‘‘away from’’ it, or ‘‘along’’ it after being initiated.

Category

Cold front
(with)

Cold front
(away from)

Stationary
front (along)

Stationary front
(away from)

Warm
front

Other

Crossing
Noncrossing

6
4

8
3

2
0

4
6

0
1

0
6

complicated by the fact that synoptic-scale boundaries are
also modified by their interaction with the terrain
(O’Handley and Bosart 1996; Schumacher et al. 1996).
Since many crossers and noncrossers propagated away
from their initiating mechanism, the presence of a front
itself does not cleanly indicate whether an approaching
MCS will maintain its intensity over the mountains.
Rather, the dynamics of the convective system, as well
as mesoscale orographic effects and environmental inhomogeneities, must also be important.
Since many of the MCSs in our dataset were associated
with frontal systems, they tended to take on a linear organization. Linear MCSs normally fall within one of three
archetypes: convective lines with trailing stratiform (TS),
leading stratiform (LS), and parallel stratiform (PS) precipitation (Parker and Johnson 2000). Since there is some
dependence of the number and category of severe reports
on convective mode (Gallus et al. 2008), we binned our
cases by MCS archetype by qualitatively examining the

radar reflectivity structure of each system before it encountered the mountains, following the general guidelines of Parker and Johnson (2000, their Fig. 4). The
predominant mode for over 80% of the cases was TS, and
there was no useful signal for discriminating crossers from
noncrossers (not shown).
Next, we considered the orientation of these systems
with respect to the mountains. We hypothesized that an
MCS approaching the Appalachians at an angle generally
would be less likely to cross because these systems would
tend to contain outflow whose winds have a smaller
component perpendicular to the mountain, resulting in
a more blocked flow (i.e., a smaller Froude number, F 5
U/Nh, where U refers to the barrier-normal wind speed,
N is the Brunt–Väisälä frequency, and h is the height of
the mountain). Thus, the cases were categorized by determining whether the line orientation was at a significant
angle to the Appalachians (greater than 308; Fig. 3a) or
nearly parallel to them (less than 308; Fig. 3b). Overall,

FIG. 3. Regional composite radar reflectivity snapshots illustrating an MCS that approaches the Appalachian
Mountains (a) at a significant angle vs (b) nearly parallel to them. The solid line represents the axis of the Appalachians and the dashed line represents the approximate axis of the MCS. The angle between the two lines is labeled
in each example.
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FIG. 4. (a) Skew T–logp diagram of the mean unmodified soundings in the upstream environment for crossing (black) and noncrossing (gray) cases. Modified surface temperature
values are also included, with a hypothetical daytime mixed boundary layer depicted (dashed
lines) for reference. Modified surface moisture values are not shown.

there were fewer cases at a significant angle to the barrier (12 out of 40) and this large angle did not discriminate between crossers (5 out of 20) and noncrossers
(7 out of 20).
To summarize the preceding findings, neither the largescale pattern nor the radar presentation of approaching
MCSs appears to be operationally useful in separating
crossers from noncrossers. We therefore proceeded with
an examination of the radiosonde data, which proved to
be much more informative. Composite soundings of both
the unmodified and modified environments were calculated by taking a straight average of the sounding variables, which were interpolated onto a high-resolution
(10 m) grid in terms of heights above ground level in
order to preserve features of interest among different
surface elevations.
The upstream environment showed a few subtle differences between crossing and noncrossing cases on average, particularly in the moisture profile (Fig. 4). Crossing
cases tended to have a higher low-level moisture content

west of the Appalachians, which would largely act to increase the amount of instability in the environment. A
wider spread in moisture values in the midlevels (not
shown) makes the small observed differences aloft comparatively less robust.
The upstream wind profiles also showed very few
differences between case types (Fig. 5). The mountainperpendicular component of the wind is specifically
addressed here, since this is the component that directly
interacts with the terrain; also, for most cases, this
component of the wind is nearly perpendicular to the
squall line [which is relevant to squall-line dynamics as
discussed by Rotunno et al. (1988) and many others].
Figure 5 shows a number of overlapping crossing and
noncrossing wind profiles, with the mean wind profiles
containing very comparable mean wind and shear magnitudes, particularly in the lowest 4 km. Above 4 km, noncrossing cases had slightly stronger flow, although the mean
was shifted mainly by the few outliers with large magnitudes. Overall, however, the kinematic environments were
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FIG. 5. Spaghetti plot of the observed crossing (black) and noncrossing (gray) mountain-perpendicular wind profiles in the upstream
environment. The mean wind profile is indicated by the boldface line with markers.

largely similar, a result that is rather intuitive given that all
cases in the Keighton et al. (2007) database were severe
upstream of the barrier.
The downstream environment exhibited greater differences between crossing and noncrossing cases. Figure 6
shows that crossing cases were on average warmer and
moister in the low levels. The combination of these factors thus allowed for a much more unstable environment
for crossing MCSs to move into. Additionally, crossing
cases on average had slightly drier midlevels, which could
favor the reinvigoration of outflow in the lee. However,
the net effect of dry air at midlevels is complex as it also
inhibits the development and vigor of new convective
updrafts. Possibly due to these competing effects, a wider
distribution of dewpoint values was found in the midlevels (not shown), and not all of the crossers contained
dry air aloft. Thus, there may be some case-to-case dependency in terms of the impacts of dry air aloft.
Downstream of the mountains, significant overlap of
crossing and noncrossing mountain-perpendicular wind
profiles is still evident, yet greater separation of the
means is also apparent, especially as altitude increases
(Fig. 7). On average, crossing cases contained weaker
shear and a weaker mean wind, while noncrossing cases
tended to have stronger shear and mean wind. Given the
large spread among some of the profiles (Figs. 4–7), we

performed a statistical analysis of their bulk parameters.
We provide additional interpretation of the wind profiles within that context in the following section.

b. Most discriminatory parameters
The visible differences between the soundings and wind
profiles translated into numerous environmental parameters (see the appendix) that were useful in differentiating
crossing from noncrossing MCSs. Table 2 ranks the parameters based on their discriminatory power for the
upstream and downstream environments.
A clear distinction is that the downstream environment
is much more discriminatory than the upstream environment; there are a number of downstream variables with
a low p value, compared to zero upstream parameters
with p values of less than 0.05. This finding makes sense
since all of the cases in our dataset were severe west of the
mountains and thus should have comparable environments (as previously confirmed by Figs. 4 and 5). In short,
the environment that the MCS is moving into is more
important for its maintenance than the one in which it
originally developed. Nonetheless, downdraft CAPE
(DCAPE) was the parameter that best separated crossing
from noncrossing MCSs west of the Appalachians.
Crossing cases on average contained higher amounts of
DCAPE, which can be associated with the potential for
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FIG. 6. As in Fig. 4, but for the downstream environment.

stronger (i.e., deeper) outflow, due to more evaporational
cooling. This in turn might provide a higher probability
that the MCS’s cold pool could flow over the barrier and
retrigger convection in the lee. Forecasters should still
be somewhat wary of using DCAPE, however, because of
the large spread of midlevel moisture values observed in
the cases, as noted in the previous section. Despite a visible difference in low-level moisture in the upstream environment (Fig. 4), the surface mixing ratio was not
discriminatory ( p value 5 0.4733), as the two distributions
had large overlap. Calculating a mean mixing ratio within
the lowest 1 km (approximately 100 hPa) resulted in
a lower p value (0.1621) but was still not highly discriminatory. The upstream kinematic parameter that best
separated case types was the 0–1-km shear, and was on
average smaller for crossing cases. A physical explanation
for the benefit of weaker 0–1-km shear is not immediately
clear, but we note that the mountain-perpendicular
component (which is presumably most relevant) is not
itself discriminatory (e.g., Fig. 5).
In the downstream environment, many of the discriminatory parameters were linked to the ambient stability.

East of the Appalachians the environment tended to be
quite a bit more unstable for crossing cases than noncrossing cases, with over 1500 J kg21 more CAPE for the
surface-based (SBCAPE) and most unstable parcels
(MUCAPE). This is unsurprising, given the large lowlevel difference in temperature and moisture between
case types in Fig. 6. Surface differences in u, ue, and qy
were highly discriminatory (Table 2), in addition to the
mean qy in the lowest kilometer. Strong correlations existed between surface and low-level properties (u, ue,
surface and 0–1-km mean qy) as well as both SBCAPE
(r 5 0.77, 0.85, 0.81, and 0.53, respectively) and MUCAPE
(r 5 0.65, 0.74, 0.70, and 0.60, respectively). Additionally,
the surface to 500-hPa ue difference’s significance is
mainly attributable to the surface ue value, given their
near-perfect correlation of 0.93. The steeper 0–3-km lapse
rate separating crossing cases from noncrossing cases also
contains a robust link to both SBCAPE (r 5 0.62) and
MUCAPE (r 5 0.61). Among these highly correlated
parameters, we recommend the operational assessment of
MUCAPE because (a) it is the most fundamental ingredient for deep convection (i.e., elevated storms are still
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FIG. 7. As in Fig. 5, but for the downstream environment.

possible when SBCAPE 5 0 J kg21) and (b) because it is
highly discriminatory and is well correlated to other relevant low-level thermodynamic ingredients.
The other noteworthy, and largely independent (i.e.,
uncorrelated), thermodynamic parameter was MUCIN,
which was on average smaller (i.e., less inhibition) for
crossing MCSs. Small MUCIN is necessary for convective

retriggering, and it adds skill because it is not strongly
correlated to any of the other discriminatory variables
(MUCAPE and MUCIN have a correlation of only r 5
0.30). The relationship between MUCAPE and MUCIN is
illustrated in Fig. 8, showing that their poor correlation
is due to a wide range of MUCAPE values when MUCIN
is near zero and a wide range of MUCIN values when

TABLE 2. Parameter averages and p values for the upstream and downstream environments. All strongly discriminatory parameters (i.e.,
those with a p value #0.05) are listed, as well as a few that are potentially useful and are discussed in the text (in italics).
Location

Parameter
21

Upstream

DCAPE (J kg )
0–1 km shear (m s21)

Downstream

SBCAPE (J kg21)
MUCAPE (J kg21)
Surface–500-hPa ue difference (K)
0–3-km lapse rate (K km21)
0–3-km shear (m s21)
Surface u (K)
Surface ue (K)
0–6-km shear (m s21)
Max bulk shear (m s21)
3–12-km mean wind speed (m s21)
Surface mixing ratio (g kg21)
LCL height (m AGL)
Mountain-perpendicular 0–3-km shear (m s21)
MLCAPE (J kg21)
MUCIN (J kg21)
0–1-km mean mixing ratio (g kg21)
Mountain-perpendicular 3–12-km mean wind speed (m s21)
Mountain-perpendicular max bulk shear (m s21)

Crossing avg

Noncrossing avg

p value

2611.6
9.1

2509.6
12.0

0.0692
0.0737

2371.2
2660.3
18.1
7.3
8.8
301.6
344.8
12.3
21.5
12.9
15.3
903.0
5.4
513.0
218.4
12.3
9.4
14.5

518.9
903.3
6.1
5.5
15.7
296.8
331.9
19.6
30.2
21.1
12.6
521.5
9.3
317.7
262.8
10.9
13.3
19.4

0.0001
0.0002
0.0003
0.0008
0.0016
0.0034
0.0037
0.0054
0.0057
0.0065
0.0075
0.0111
0.0122
0.0355
0.0473
0.0499
0.0830
0.0903
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FIG. 8. Scatterplot of observed downstream MUCIN and MUCAPE (J kg21) values. Crossing case values are
denoted as black diamonds and noncrossing case values as gray circles.

MUCAPE is small. If a forecaster were to use a MUCAPE
threshold of 1000 J kg21, then 16 of the 20 cases with
values in excess of the threshold would be correctly diagnosed as crossers. Furthermore, if a forecaster were to
also impose a MUCIN threshold of 250 J kg21, six of the
seven cases with more than 250 J kg21 of MUCIN and
less than 1000 J kg21 of MUCAPE would be correctly
forecasted as noncrossers. As noted by a reviewer, higher
MUCAPE cutoffs applied to our dataset would better
exclude noncrossers, but at the cost of missing more of the
marginal crossing events (e.g., a threshold of 2500 J kg21
MUCAPE excludes 19 of 20 noncrossers, but also misdiagnoses 10 crossers). While these thresholds have been
applied to a small number of cases, they at least serve as
a starting point for the operational community and demonstrate their usefulness in forecasting lee MCS maintenance. Overall, we found that crossing cases tended
to have thermodynamic environments in the lee of the
mountains that were more favorable for convection, where
MUCAPE and MUCIN are recommended as the most
important operational ingredients.
There were also several wind speed and shear vector
magnitude parameters that separated crossing and noncrossing cases well. These included 0–3- and 0–6-km
shear, maximum bulk shear (see the appendix for its
definition), 3–12-km mean wind speed, and the mountainperpendicular component of 0–3-km shear. Other parameters that may have physical relevance but are not as
strongly discriminatory include the mountain-perpendicular
component of the 3–12-km mean wind speed and maximum bulk shear. As shown in Fig. 7 and Table 2, the
average of each of these parameters was smaller for

crossers than noncrossers. Higher shear is generally associated with better convective organization [from
a single cell to a multicell or supercell; e.g., Newton and
Newton (1959); Weisman and Klemp (1982)] and MCS
maintenance, to an extent (Rotunno et al. 1988; Coniglio
et al. 2007). Thus, it is surprising to find the opposite
tendency for crossing cases. This result could be explained if crossing events dominated in the warm season,
which climatologically has weaker shear due to less
baroclinicity. Yet, a comparison of maximum bulk shear
values between case types reveals that crossing cases
have weaker shear throughout the year (Fig. 9a). However, the difference is most noticeable in May, which
also coincides with when MUCAPE is the smallest (Fig.
9b). It is possible that shear has a larger negative impact
when MUCAPE is smaller, or that shear is simply less
important when MUCAPE and MUCIN strongly favor
convective redevelopment. In the future, various combinations of shear and instability could be tested with
a numerical model in order to better understand this
sensitivity of MCS maintenance.
Previous idealized model simulations (Frame and
Markowski 2006) and anecdotal observations have noted
that MCSs weaken while traversing the barrier, in part
because their cold pools are partially blocked. Thus, it
may be that smaller observed shear values downstream
provide enhanced gust front lifting via a better balance
with the weakened cold pool [i.e., weaker baroclinic
vorticity generated from the cold pool balanced with the
weaker vorticity from the environmental shear, following
the theory of Rotunno et al. (1988)]. While there is the
potential to see this effect in radar data by examining the
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FIG. 9. Downstream values of the (a) maximum bulk shear vector magnitude and (b) MUCAPE (J kg21) for crossing
(black) and noncrossing (gray) cases based on their month of occurrence.

extent to which cells near and ahead of the cold pool are
sheared, limitations in radar data near topography (e.g.,
beam blockage), as well as a lack of precipitation echoes
in the lee for noncrossers, make this hypothesis difficult to
confirm. Higher shear also entails greater entrainment
and weaker updrafts (notably, an effect that would be
more prominent in environments with lower CAPE, as
above), making it more difficult to regenerate convection
in the lee. Limitations in the observations necessitate
modeling studies that investigate whether or not the shear

magnitude is operationally useful, and what are the predominant physical processes.
Not surprisingly, the mean wind and shear are correlated
with one another, particularly the mean 3–12-km wind
speed with the following shear parameters: 0–3-km shear
(r 5 0.71), 0–6-km shear (r 5 0.86), and maximum bulk
shear (r 5 0.90). Additionally, the mountain-perpendicular
mean 3–12-km wind speed and the mountain-perpendicular
0–3-km shear were also well correlated (r 5 0.70). The
finding that crossing cases had a weaker mean wind
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FIG. 10. Histogram of the downstream surface wind direction in degrees. Cases with a calm wind are not shown. Crossers
are shown in black and noncrossers in gray. The average MUCAPE (J kg21) for each bin is indicated above its bar.

could be explained by considering slope flows induced
by the ambient wind. In a westerly wind regime, upslope
flow is located on the western side of the mountains (acting
to enhance the convection), while downslope flow is found
on the eastern side of the mountains, leading to convection being suppressed. A weaker mean wind could thus be
beneficial for minimizing the ambient sinking motion
downstream of the barrier (where convection must be regenerated). Additionally, Miglietta and Rotunno (2009)
explain that higher wind speeds do not allow enough time
for convective cells to generate significant outflow; thus,
during the period of lee suppression, weaker winds in the
lee may allow more time for the cold pool to become reestablished. It may be either the vertical shear or mean
wind that is more dynamically relevant, or they may both
contribute in the hypothesized manners. This question
cannot be readily answered with the observations. In a
forthcoming companion study, we will attempt to separate
the effects of shear and mean wind through controlled
numerical experiments.
Interestingly, a strong anticorrelation was found between the maximum bulk shear and SBCAPE (r 5 20.59)
and MUCAPE (r 5 20.59), as well as between the mean
3–12-km wind speed and SBCAPE (r 5 20.50) and
MUCAPE (r 5 20.60). In part this is seasonal, with
higher CAPE values tending to occur in July and August
when the shear is lowest (Fig. 9). We also wondered if
the surface wind direction may be significant, with
higher CAPE days often being characterized by surface
southwesterlies in the lee (flow originating from the Gulf

of Mexico); this more veered low-level flow could entail
small shear vector magnitudes. Crossing cases did indeed occur preferentially in southerly to southwesterly
downstream surface flow (Fig. 10), whereas noncrossers
occurred under a wider range of directions (including six
cases with calm surface winds). Even so, neither the north–
south, east–west, mountain-perpendicular, or mountainparallel components of the surface wind were statistically
discriminatory parameters. Anecdotally, forecasters have
not noticed any trends to account for the anticorrelation,
nor have they been able to offer an alternative explanation
(S. Keighton 2008, personal communication). Further investigation of this finding should be considered in future
research.
Given that there is some diurnal and seasonal variability in the dataset, it is also of interest to know how
the environment on each day changes across the barrier
and to what extent those differences can discriminate
between case types. This aspect was explored by subtracting the upstream value from the downstream value
of each parameter for every case and then performing
the Monte Carlo analysis on those differences. Our results showed that many of the discriminatory parameters
in the downstream environment also separated the cases
well based on cross-barrier differences (Table 3). In short,
crossing cases tended to move into environments that
become more favorable thermodynamically for convection and noncrossing cases tended to move into less favorable environments. In other words, it is not simply that
a favorable upstream environment was perpetuated in
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TABLE 3. As in Table 2, but for the cross-barrier (downstream–upstream) differences.

Downstream–upstream
21

SBCAPE (J kg )
Surface ue (K)
Surface–500-hPa ue difference (K)
0–3-km lapse rate (K km21)
Surface mixing ratio (g kg21)
MUCAPE (J kg21)
Surface u (K)
Surface V Wind (m s21)
LCL height (m AGL)
3–12-km mean wind speed (m s21)

Crossing average

Noncrossing average

p value

727.89
7.06
8.25
1.12
1.43
652.00
2.38
0.77
194.50
24.30

2740.29
22.77
23.18
20.84
20.53
2624.90
21.76
21.67
2223.50
20.21

0.0002
0.0006
0.0007
0.0016
0.0025
0.0045
0.0127
0.0335
0.0473
0.0529

the lee for crossing cases, but rather that the environment
became more favorable for convection. Table 3 shows
that crossing cases on average moved into higher CAPE
environments, with accordingly higher u, ue, and mixing
ratio values, and also tended to encounter a weaker mean
wind. The crossing cases’ higher CAPE environments
coincide with a stronger southerly surface wind, compared
to noncrossing cases, which encounter more northerly
surface winds (Table 3). Noncrossing cases tended to move
into environments that contained less instability (with attendant lower u, ue, mixing ratio values, and weaker lapse
rates), with almost no change in the environmental mean
wind. Additional wind and shear parameters that were
discriminatory in the lee (e.g., 0–3-km shear, maximum
bulk shear) did not separate the cases well based on their
cross-barrier differences due to the wide spread of the
values in the upstream environment. Consequently, no
shear parameters appear in Table 3 as being strongly discriminatory. Even so, by and large, the noncrossing cases
again tended to have very small changes in their observed
shear values, whereas crossing cases had larger changes
(usually decreases).

c. Diurnal signal
One of the main findings of Keighton et al. (2007) was
that the time of day at which the MCS reached the
western slopes of the Appalachians appeared to be an
important factor, since a large number of crossing cases
encountered the terrain during midday and late afternoon, the period of time when daytime heating (and
instability) is greatest. The diurnal signal remained quite
evident in our subset of cases, and Fig. 11 shows a clear
dominance of crossing cases encountering the ridgeline
earlier in the day and noncrossing cases later in the day.
While the diurnal cycle is an important signal in the data,
it is important to note that MUCAPE clearly separates
case types regardless of time of day (Fig. 12), notwithstanding the diurnal dependency of MUCAPE. Cases
with downstream MUCAPE in excess of 2000 J kg21
were almost exclusively crossers no matter what the time

of day (Fig. 12). Thus, the diurnal signal is important, but
the direct convective ingredients (such as the observed
values of instability, wind, and shear) are physically relevant and should be the primary operational concern.
Interestingly, the downstream 0–3-km shear vector magnitude appeared to contain a diurnal signal as well, particularly for noncrossing cases (Fig. 13). The peak in wind
speeds for cases occurring between 0000 and 0759
UTC is potentially indicative of the influence of the midAtlantic low-level jet (LLJ). Zhang et al. (2006) compiled a warm season climatology of this phenomenon and
discovered that its occurrence peaked between 0400
and 1000 UTC and had a magnitude ranging from 8 to
23 m s21. While the impacts of the mid-Atlantic LLJ on
MCSs in the Appalachian region are not known, we
speculate that the stronger winds in the lee increase the
low-level shear in a way that is less favorable for the redevelopment of convection, as discussed in the previous
subsection. It is also possible that the increased nocturnal
shear, coupled with inherently weaker instability at night,
could partly explain the observed anticorrelation between
shear and instability. The details of how the mid-Atlantic
LLJ influences convection in this region are not well
known and are beyond the scope of the current study; such
impacts would be an interesting topic for future research.

4. Discussion and conclusions
This study sought to identify typical crossing and noncrossing MCS environments in hopes of providing guidance for forecasters dealing with this phenomenon.
Through analysis of 20 crossing and 20 noncrossing
MCSs that encountered the Appalachian Mountains, it
was found that aspects of the downstream thermodynamic and kinematic environment best discriminated
between crossing and noncrossing cases. Examination of
radiosonde data revealed that crossing cases tended to
move into more favorable thermodynamic environments in the lee, typified by much higher instability and
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FIG. 11. Histogram displaying the diurnal distribution of cases based on the time of day in
UTC (subtract 5 h to convert to local standard time) when the MCS reached the ridgeline.
Crossers are shaded in black and noncrossers in gray.

less convective inhibition. Given the results of other
studies of convective maintenance (e.g., Coniglio et al.
2007; Cohen et al. 2007), this was an expected finding.
Furthermore, it was consistent with the observation that
crossing cases tended to encounter the mountains during
peak daytime heating (Keighton et al. 2007; Fig. 11),
thus providing greater instability. However, despite the
diurnal dependence of the instability, MUCAPE still separated the cases well no matter the time of day (Fig. 12).
Operationally, MUCAPE is recommended because it is

the most general requirement for storms (including elevated storms), because when paired with MUCIN it
correctly diagnoses a majority of the cases in our dataset
(Fig. 8).
Previous research has also pointed to the discriminatory
power of the wind profile as it distinguishes well between
environments that support MCS maintenance (strong
mean wind and shear) versus MCS dissipation (weaker
mean wind and shear; e.g., Coniglio et al. 2007; Cohen
et al. 2007). Shear is also known to be important for

FIG. 12. Diurnal distribution of values of MUCAPE (J kg21) in the downstream environment. Times
are given in UTC; subtract 5 h to convert to local standard time. Crossing case values are denoted as black
diamonds, and noncrossing case values as gray circles.
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FIG. 13. As in Fig. 12, but for values of 0–3-km shear vector magnitude (m s21).

convective maintenance via cold pool–shear interactions
(Rotunno et al. 1988). However, contrary to these expectations, the present study found that downstream crossing
MCS environments tended to be characterized by weaker
shear and a slower mean wind. These parameters were
notably inversely correlated with CAPE but positively
correlated with one another. These weaker flow parameters are theorized to be advantageous in a few ways. One
working hypothesis is that a weaker mean wind would
benefit convection by inducing weaker downslope flows in
the lee of the mountains. As a result, the system would be
subject to less suppression during the key stage when
retriggering must occur downstream of the barrier (e.g.,
Frame and Markowski 2006). A smaller mean wind would
additionally allow more time for evaporation to reestablish a cold pool in the lee (e.g., Miglietta and Rotunno
2009). Alternatively, because of the terrain’s ability to
partially block the system’s cold pool, less shear may be
beneficial in the lee due to a better balance with the orographically weakened cold pool (e.g., Rotunno et al. 1988).
Finally, it may simply be that stronger shear promotes
greater entrainment, thus suppressing redevelopment of
convection in the lee, an effect that is potentially more
profound in smaller CAPE environments (e.g., Fig. 9).
However, the wide spread of observed wind profiles
makes it unclear as to the true predictive capability of the
wind profile. Testing of these hypotheses is on going, using
idealized modeling, the results of which will be presented
in a future publication.

Given the overall importance of instability for convective maintenance, forecasters are encouraged to take
into account the thermodynamic environment (i.e.,
CAPE and CIN) in the lee of the mountains first and
foremost. The predictive capabilities of the wind profile
are promising, but unclear, so forecasters should use it
with caution. Future research is needed both to understand the relevant mesoscale processes that maintain
the MCSs, and to establish the robustness and physical
relevance of the most discriminatory environmental parameters. Toward these ends, both detailed case studies and numerical experiments are likely to provide
additional insight and guidance for the operational
community.
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APPENDIX
Sounding Parameters Calculations
Parameters computed for this study were chosen based
upon past research (e.g., Coniglio et al. 2007) and personal communication with forecasters from the Raleigh
and Blacksburg National Weather Service (NWS) forecast offices and also the Storm Prediction Center. These
parameters include the following: convective available
potential energy (CAPE) and convective inhibition (CIN)
of the surface parcel (SBCAPE and SBCIN), the most
unstable parcel (MUCAPE and MUCIN), the 0–1-km
mixed layer parcel (MLCAPE and MLCIN), and downdraft CAPE (DCAPE); heights of the lifting condensation
level (LCL) and level of free convection (LFC); shear
vector magnitudes over the 0–1-, 0–3-, 0–6-, 3–12-, and 2–
8-km layers; maximum bulk shear (defined as the maximum shear vector magnitude between 0–1 and 6–10 km);
1-km wind speed, 3–12-km mean wind speed, 0–3- and 3–
8-km lapse rate, 850-hPa dewpoint, u, and ue, surface to
500-hPa difference in ue, precipitable water; and surface
properties such as u, ue, mixing ratio; and the north–south,
east–west, mountain-perpendicular, and mountain-parallel
components of the wind.
CIN values were only averaged if they were accompanied by CAPE values greater than zero. Each shear
and wind variable was calculated for both the total wind
and the mountain-perpendicular component of the wind.
For the calculation of these parameters, the surface
conditions of each sounding were first modified using
a nearby surface observation within the hour before MCS
passage. Next, the sounding data were read in and interpolated onto a high-resolution (10 m) grid. CAPE and
CIN were computed using the virtual potential temperature uy. The most unstable (MU) parcel values used the
environmental level with the highest ue. The mixed layer
(ML) parcel represented the average parcel properties in
the lowest 100 hPa of the sounding. DCAPE was computed using the parcel from the environmental level with
the lowest ue. While this method is typically used for
storms found in the Great Plains, we found it applicable
for our dataset. The average ue minimum heights were 3.2
and 3.1 km for crossing and noncrossing cases, respectively. These averages were also similar for soundings on
either side of the barrier and agree with previous studies
illustrating that air in the cold pool commonly originates
from around 3 km (e.g., Newton 1950). Shear parameters
were calculated by taking the vector difference between
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the upper and lower levels, while mean wind values
were computed via a straight average of the velocity
components at every level from within the desired layer.
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