
MECHANISMS FOR THE PRODUCTION OF SEVERE SURFACE WINDS 7.5 
IN A SIMULATION OF AN ELEVATED CONVECTIVE SYSTEM 

 
George H. Bryan and Morris L. Weisman 

National Center for Atmospheric Research∗, Boulder, Colorado 
 

1.  INTRODUCTION 
 
The production of severe surface winds by ele-
vated convection remains poorly understood.  By 
"elevated," we mean convection in environments 
with stable layers near the surface, such that the 
highest equivalent potential temperature (θe) is 
above the surface.  Among the outstanding ques-
tions are:  under what environmental conditions is 
elevated convection likely to produce severe 
winds?;  what are the mechanisms that produce 
severe winds in elevated convection, and are 
these mechanisms different from surface-based 
convection?;  and, can elevated convection pro-
duce severe surface winds in the absence of a 
surface cold pool? 
 
Using data from the Bow Echo and MCV Experi-
ment (BAMEX;  Davis et al. 2004), and using ide-
alized numerical simulations, we have been inves-
tigating these questions.  In this paper, we present 
soundings that were collected in the environment 
of elevated mesoscale convective systems during 
BAMEX to identify common thermodynamic char-
acteristics.  Then, using idealized numerical simu-
lation, we present some preliminary conclusions 
about the mechanisms for the production of strong 
surface winds from elevated convective systems.  
 
2.  OBSERVATIONS 
 
Several examples of elevated convective systems 
(including bow echoes) were observed during 
BAMEX.  Some of these cases produced severe 
surface winds, while others did not.  We have ana-
lyzed the cases collectively to understand the 
thermodynamic environments that are characteris-
tic of elevated convective systems.  
 
Three examples that have stable layers near the 
surface are shown in Fig. 1.  The details of these 

stable layers are different for all three cases.  
However, the important point is that none of these 
soundings exhibit the nearly mixed low-level ther-
modynamic profile that normally characterizes 
late-afternoon severe convection, which is most 
often studied in severe storm research. 
 
The first case (Fig. 1a) occurred near a warm front 
in southeast Nebraska.  The sounding was re-
leased ahead of the prominent bow echo that was 
observed during IOP7 (see, e.g., Fig. 5 by Davis et 
al. 2004).  There is complex thermodynamic struc-
ture in the lowest several km, but overall the pro-
file is stable, with a mean environmental lapse rate 
(Γ) of 5 K km-1.  The most unstable parcel (i.e., the 
parcel with the highest θe) is located 1.5 km above 
ground;  a parcel raised psuedoadiabatically from 
this point has CAPE of 2,745 J kg-1, whereas the 
surface parcel has negligible CAPE. 
 
The second case (Fig. 1b) occurred in the early 
morning in eastern Iowa.  In this case, we present 
an operational sounding from DVN, just after the 
completion of IOP12, at which time a strong squall 
line was beginning to produce severe winds as it 
crossed into southwest Wisconsin.  This sounding 
has a shallow (~500 m) stable layer, which is 
probably related to nighttime radiative cooling.  
Similar to the previous case, the LFC from the 
most unstable parcel occurs at a rather high height 
above ground (at a pressure of roughly 700 mb).  
Most unstable CAPE for this sounding is 1,832  
J kg-1.  
 
The third sounding (Fig. 1c) was taken to the 
south of a fast-moving squall line that was produc-
ing severe winds in eastern North Dakota.  In this 
case, maximum θe is located ~100 mb above the 
surface, although the surface parcel has nearly the 
same θe.  CAPE for the most unstable parcel is 
1,363 J kg-1, whereas CAPE for the surface parcel 
is 1,267 J kg-1.  Thus, technically this may not be 
an elevated convective system, depending on how 
the term “elevated” is defined.  We include this 
case because of the notable stable layer in the 
lowest few km;  mean Γ in this layer is only 4.4 K 
km-1.  Thus, in common with the other cases, there 
is a deep layer of stable air in the environment of 
this convective system. 
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Another common feature among all three cases is 
the near-neutral (i.e., nearly dry adiabatic) ther-
modynamic profile that is just above the stable 
layer.  Elevated near-neutral layers are especially 
prominent over deep layers in Figs. 1a and 1c.  
Certainly, these elevated near-neutral layers help

 
Fig. 1.  Observed soundings from the near-environment 
of mesoscale convective systems during BAMEX.  Red 
lines are psuedoadiabatic parcel paths that originate 
from the surface and from the parcel with the highest θe.    
 
provide significant CAPE, which is important for 
the generation of strong updrafts;  this feature, 
alone, may explain the significance of these ele-
vated near-neutral layers.  On the other hand, they 
may help the production of deep (> 3 km) cold 
pools, as discussed by Bryan et al. (2005) and 
Bukovsky et al. (2006). 
 
Based on our observational review of BAMEX 
cases, we choose to investigate thermodynamic 
profiles that have stable layers from roughly z = 0 
to 2 km, and then near-neutral layers from roughly 
z = 2 to 4 km.  Using idealized numerical simula-
tions, we plan to systematically vary the depth of 
these layers, as well as the magnitude of stability 
in these layers.  One example is presented in the 
next section. 
 
Before proceeding, we note that the low-level 
shear is rather strong in all three examples.  In the 
first two examples, there is 20 m s-1 of cross-line 
shear in the 0-2 km layer, and there is 15 m s-1 of 
shear from 0-2 km in the third example.  Such low-
level shear has been found to be favorable for the 
development of strong convective systems in sev-
eral idealized numerical modeling studies.  In 
other cases during BAMEX, we found similar re-



gions of intense low-level shear that were isolated, 
and were typically associated with low-level baro-
clinic zones, such as warm fronts.  We surmise 
that studies based on proximity soundings that 
primarily use operational soundings (e.g., Coniglio 
et al. 2004) may be missing these localized re-
gions of strong low-level shear.   
 
3.  NUMERICAL SIMULATION 
 
In this section, we present preliminary results from 
an idealized numerical simulation.  We use an 
idealized framework in order to explore systemati-
cally the effects on convective systems of envi-
ronmental parameters such as the depth of the 
stable layer and the magnitude of instability. 
 
3.1  Methodology 
 
The simulation is conducted with the numerical 
model of Bryan and Fritsch (2002).  The model 
domain is 400 km × 80 km × 20 km, using 500 m 
horizontal grid spacing and variable vertical grid 
spacing (Δz), wherein Δz is a constant 200 m be-
low z = 5.5 km, and is a constant 500 m above 8.5 
km.  The simulation uses the ice microphysics 
scheme of Lin et al. (1983) with modifications by 
Braun and Tao (2000).  
 
The initial environment is horizontally homogene-
ous.  The thermodynamical sounding is an ideal-
ized profile in which the static stability in several 
layers has been specified (Fig. 2).  Similar to the 
observed cases, the near-surface profile is stable, 
with an average Γ of 4.5 K km-1, which is signifi-
cantly more stable than the near-surface profile in 
the famous Weisman-Klemp analytic sounding, 
which has an average lapse rate of ~7.5 K km-1 in 
the lowest 2 km.  In the sounding used herein, the 
most unstable parcel is at z = 1 km.  However, θe 
decreases by ~22 K from this point to z = 4 km, 
which is similar to that found in other idealized 
soundings (such as in the Weisman-Klemp sound-
ing), and indicates the potential for strong cold 
pool development.  The initial cross-line wind pro-
file has 20 m s-1 of shear over the lowest 2.5 km. 
 
Convection is initiated with a line thermal placed at 
the center of the domain.  We find that convection 
is difficult to initiate in idealized (i.e., horizontally 
homogeneous) simulations with stable surface 
layers;  hence, we had to use a rather intense po-
tential temperature perturbation of +4 K for this 
simulation.  To allow the development of three-
dimensional motions, small-amplitude random per-
turbations are placed into the line thermal. 

 
Fig. 2.  Idealized sounding used for the numerical simu-
lation.  The red line is the psuedoadiabatic parcel path 
for the most unstable parcel. 
 
3.2  Results 
 
A persistent squall line is maintained throughout 
the entire 6 h simulation.  However, for the first 
several hours there is no cold pool at the surface.  
For example, at t = 3 h (Fig. 3a), there is signifi-
cant rainfall reaching the surface (estimated reflec-
tivity > 40 dBZ);  however, surface potential tem-
perature perturbation is near zero throughout this 
line.  Vertical cross sections of buoyancy (Fig. 4a, 
wherein buoyancy is defined in the standard man-
ner, as a perturbation from the initial sounding) 
reveal that a cold pool exists only in the elevated 
near-neutral layer at z = 2–4 km.  Evidently, this 
cold pool plays a role in triggering new cell devel-
opment for the first several hours of the simulation.  
In fact, this cold pool may be dynamically similar to 
cold pools in environments with near-neutral lay-
ers at the surface.  Thus, the significance of the 
elevated near-neutral layers may be that they 
promote elevated density currents. 
 
Between t = 3–5 h, the central portion of the squall 
line bows forward (Fig. 3b).  At this time, the low θe 
air from mid-levels finally descends to the surface 
(Fig. 4b), which allows for strong diabatic cooling 
between z = 0–2 km.  Consequently, the cold pool 
extends downward, and by t = 5 h the cold pool 
occupies the 0–4 km layer (Fig. 4b).  By this time, 



 

 
Fig. 3.  Output at the surface from the numerical simula-
tion at (a) t = 3 h, and (b) t = 5 h.  Estimated reflectivity 
is shaded, the black contour is -2 K potential tempera-
ture perturbation, and the white contour is wind speed of 
26 m s-1. 
 
severe winds (u > 26 m s-1) are occurring at the 
surface (white contour in Fig. 3b).  Thus, elevated 
convective environments are quite capable of pro-
ducing surface-based cold pools if low θe air de-
scends to the surface.  However, we have not yet 
tested this conclusion in a broader range of simu-
lations, which use deeper or stronger near-surface 
stable layers.  On the other hand, analysis of ob-
servations from BAMEX supports our conclusion;  
for example, the analysis of the IOP7 bow echo by 
Bryan et al. (2005, their Figs. 2 and 3) reveals that 
low θe air (presumably from mid-levels) exists in 
the cold pool, which is roughly 4 km deep. 
 
We have been analyzing passive tracers and tra-
jectories from the simulation to diagnose the 
source of the strong surface winds in the simula-
tion.  In this case, there is no evidence for an "up-
down" trajectory during the bow echo phase (e.g., 
Bernardet and Cotton 1998), whereby it is hy-
pothesized that near-surface parcels enter the 

 

 
Fig. 4.  Vertical cross sections through the simulated 
squall line, wherein (a) the cross-section is of line-
averaged conditions at t = 3 h, and (b) the cross section 
is at y = 34 km at t = 5 h.  Shading is θe (K), the white 
contour is buoyancy of -0.05 m s-2, and vectors are sys-
tem-relative with a vector length of 5 km equivalent to a 
vector magnitude of 25 m s-1. 
 
system from the front and subsequently descend 
into the cold pool to create strong surface winds.  
Rather, in this case, flow is accelerated into the 
back edge of the near-surface cold pool as it forms 
in the 0-2 km layer.  Thus, our preliminary conclu-
sion is that the severe surface winds are created 
by the same mechanism as described by Weis-
man (1992, 1993) – i.e., by acceleration of flow 
into the back edge of the system by horizontal 
pressure gradients associated with the negative 
buoyancy within the cold pool – although, the evo-
lution and details of the cold pool are clearly dif-
ferent in elevated environments. 
 
There are other similarities between this bow echo 
and ones simulated in other idealized simulations.  
For example, this bow echo has an elevated rear-



inflow jet that extends all the way to the convective 
line, as well as bookend vortices.  Hence, it may 
be the case that severe elevated convective sys-
tems are nearly the same dynamically as severe 
surface-based convective systems.  Based on this 
preliminary work, it appears that the production of 
a surface-based cold pool may be a key factor in 
whether or not elevated convection produces se-
vere surface winds.  The process by which mid-
level low θe air can descend to the surface in envi-
ronments with surface-based stable layers is 
therefore an important topic for future research. 
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