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1 INTRODUCTION 

During the Bow Echo and MCV Experiment of 2003 
(Davis et al. 2003), warm season bow echoes were 
directly sampled over the central U.S.  A Lear jet 
released several dozen dropsondes and mobile surface 
units released many rawinsondes ahead of, within and 
behind the convective lines.  By combining these 
temperature, moisture, pressure and wind observations 
in a system-relative composite, we obtain a three-
dimensional analysis of thermodynamic fields in a 
mature bow echo with unprecedented resolution.  Both 
non-severe and severe bow echoes are included in this 
composite. 

Sounding positions are remapped in terms of 
distance from the convective line along the bow echo 
path and distance right or left of the apex.  The system 
motion vector is subtracted from the wind observations, 
and wind direction is relative to the system motion 
vector.  The average thermodynamic profile ahead of 
each bow echo is subtracted from the observed 
soundings, so we are left with deviations from the 
environmental mean. 

The structure of the composite bow echo is 
consistent with conclusions drawn from previous 
numerical modeling studies, such as the importance of 
low-level environmental wind shear perpendicular to the 
convective line (Rotunno et al., 1988) and an elevated 
rear inflow jet (Weisman, 1992).  Distinctive aspects of 
the composite bow echo include its deep cold pool (4 
km) and the double minimum in temperature 
perturbation in the vertical.  Additionally, the 
environment ahead of the convective line exhibits a 
weak baroclinic zone with enhanced vertical wind shear 
along and slightly to the right of the system path. 

2 METHODOLOGY 

2.1 Dataset 

We begin with the BaMEX sounding composite 
dataset provided by the EOL at NCAR.  All available 
sounding platforms are combined and interpolated every 
5-hPa.  Most suspicious data are flagged by the 
automated procedure described in (JOSS, 2006), but a 
small fraction is flagged only after visual inspection.  
Bad and suspicious data are ignored.  

 
 
 
 
 
 
 
 
 
 

To be included, a sounding must reside in the 
swath of a bow echo or in the undisturbed environment 
ahead of the convective line within 350 km of the apex.  
See Fig. 2 for an illustration of these criteria.  After 
removing extraneous soundings, we are left with 137 
dropsonde, 30 MGLASS, six national weather service 
(NWS), and one ARM profile. 

We also include 204 hourly wind profiles from the 
NOAA profiler network (NPN; Weber et al., 1993).  NPN 
data are only used if they pass all quality control checks 
described in FSL (2006) and are within 300 km of the 
bow echo apex.  The hourly wind profiles have been 
produced from 6-min averages and we use the midpoint 
of the one-hour averaging window as the observation 
time.  

2.2 Bow echo identification and tracking 

To be considered a bow echo, the horizontal radar 
reflectivity pattern must exhibit a quasi-continuous 
convective line at least 20 km long and over 35 dBZ.  In 
all, we sampled 19 different systems in this mature 
stage (Fig. 1).  For the compositing method to be valid, 
we need steady-state conditions, so we ignore the 
growth and dissipation stages of the bow echo.  The 
mature phases lasted from 1.5 to 7.75 h in our 
population, with a mean duration of 4.2 h. 

 
Fig. 1. Bow echo tracks from BAMEX following the 
path of the bow echo apex as observed in radar loops. 

Bow echoes exhibit a variety of shapes and sizes 
(Przybylinski, 1995; Klimowski et al., 2004), but they 
also have common features tied to important physical 
processes.  Our coordinate system is designed around 
this principle.  In this spirit, the anchor of our coordinate 
system is the convective line.  In a gross sense, this line 
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separates the bow echo downdraft from the large scale 
environment.  It is the most objectively defined feature 
and identifiable by tracking a quasi-continuous arc-
shaped segment of high reflectivity in radar loops. 

2.2.1 Distance ahead of convective line 

In our bow-echo relative coordinate system, the x-
dimension is distance ahead of the convective line.  It is 
measured parallel to the motion vector of the bow echo 
(at the time of sounding launch or the midpoint of the 
wind profiler’s 1-h averaging window).  Displacement 
ahead of the convective line is defined as positive and 
displacement behind the convective line is negative 
(Fig. 2). 

2.2.2 Distance right or left of bow apex track 

The y–dimension is distance measured 
perpendicular from the track of the bow echo.  The track 
of the bow echo is the path of its apex.  The apex is the 
point on the convective line with greatest curvature and 
is subjectively determined from radar composites.   
Positive y-values are to the left and negative y-values to 
the right of the track, looking in the direction of motion 
(Fig. 2). 

 
Fig. 2. Schematic reflectivity pattern for a bow echo 
with hypothetical positions of thermodynamic soundings 
(pink triangles with enclosed numbers).  Soundings 
within the convective line swath (such as 1 and 2) are 
automatically included in the bow echo composite.  
Sounding 3 is also included, despite being outside the 
swath, since it precedes the convective line and is within 
350 km of the apex.  Sounding 4 is discarded because it 
is behind the convective line and outside the swath.  
Bow echo-relative coordinates (xn, yn) are proportional 
to the lengths of the perpendicular dashed lines shown 
emanating from the triangles.  For sounding 3, since it is 
outside the bow echo swath, x-distance must be 
estimated by using an imaginary extension of the actual 
bow echo convective line. 

2.3 Removing environmental mean 

To obtain bow echo-relative winds, we first subtract 
the motion of the bow echo.  This is allowed to vary over 
the course of the bow echo.  The remaining wind 
vectors are then rotated by –φ, where φ is the angular 
difference between the bow echo motion vector and due 
east.  In this manner, the positive x-axis always points in 
the direction of bow echo movement.   

To obtain temperature, pressure, and mixing ratio 
perturbations associated with the composite bow echo, 
we subtract an environmental profile from each 
sounding.  Individual soundings are first interpolated to 
every 50-m MSL and then the variables are averaged at 
each level.  All soundings at least 20 km ahead of the 
convective line (x > 20 km) are used to obtain the 
environmental profile.  Soundings closer to the line 
might intersect the bow echo cold pool, so we ignore 
them.  Once the average profile is calculated, it is 
subtracted from each sounding.  This is repeated for 
each intensive observation period or IOP. 

2.4 Objective analysis 

We use GEMPAK software (version 5.9) to perform 
a two-pass Barnes objective analysis (Barnes, 1964; 
Koch et al. 1983) of upper air data onto a 0.1 x 0.1 deg 
latitude-longitude grid centered on 0 deg N, 0 deg E.  
This analysis is performed at 32 vertical levels.  Their 
vertical separation ranges from 150 m near the surface 
to 1000 m above 6 km MSL.  Height above ground level 
(AGL) differs from height MSL due to topography 
variation across the BAMEX domain, but the standard 
deviation is relatively small (170 m).  On average, the 
surface is 300 m MSL, and for simplicity, when we refer 
to height AGL, we have simply subtracted 300 m from 
height MSL. 

2.5 System-relative sonde distribution 

a)

 
b)  Behind Ahead  

Left 86 11 56% 
Right 46 31 44% 

 76% 24%  



Fig. 3. a) Sonde launch origins relative to bow echo 
apex (0, 0).  In this coordinate system, x=0 represents 
the convective line, and bow echo motion is toward 
higher x.  Locations beyond 150 km in x or y are omitted 
for clarity.  Diamonds are NWS (and ARM), plus signs 
are dropsonde, and triangles are MGLASS launch 
locations.  Symbols are color-coded by bow echo 
according to the legend on the right.  Part b) 
summarizes the number of sondes by quadrant.  These 
charts do not include the 204 locations of wind profiles 
from the NOAA Profiler Network (NPN) 

The composite sounding distribution relative to the 
bow echo is not uniform (Fig. 3), but the density is 
adequate in most regions for an analysis.  The only 
exception is the region ahead of the convective line to 
the far left of the bow echo apex (x>0km and y>100km) 
where no soundings were taken.  Notably, only six out 
of the 174 soundings came from operational NWS 
balloons, which is a testament to the importance of 
BAMEX special field observations.  Three out of four 
soundings (76%) were behind the convective line in a 
historically under-sampled region of the bow echo.  
Although the total number of dropsonde soundings far 
exceeds the surface-based soundings, a substantial 
fraction near the convective line is due to surface-based 
sondes.  This is because MGLASS could launch close 
to the convective line in locations too risky for the Lear 
jet to fly. 

3 BOW ECHO ENVIRONMENT 

Soundings ahead of the bow echo show ample 
convective instability.  For the 34 complete soundings at 
least 20 km ahead of the convective line, not touching 
the cold pool, the median value of CAPE is 1581 J kg-1 
and the median lifted index (LI) is -5.7 K.  The most 
unstable sounding has extreme values of 5858 J kg-1 
and -16.3 K.  To calculate CAPE and LI, we use virtual 
temperature and lift the low-level parcel with the highest 
theta-e.  The complete histogram of environmental 
CAPE values is shown in Fig. 4.  Although the instability 
is significant, it is not extremely high, as with the indices 
cited in previous studies based on derechos, severe 
wind producing storm complexes that are often made up 
of bow echoes (Johns and Hirt, 1987).  This is probably 
because our sample is not limited to severe bow echoes 
and includes marginal bow echoes with less unstable 
environments. 

 
Fig. 4. Histogram of environmental CAPE values for 
composite bow echo. 

Most of the soundings to the left of the bow echo 
track have a shallow temperature inversion near the 
surface, while the soundings to the right have a well-
mixed surface layer.  Reminiscent of the warm-season 
progressive derecho pattern described in Johns (1993), 
this suggests a weak thermal boundary is ahead of the 
bow echo and parallel to the bow echo motion vector.  
This is illustrated in a low-level horizontal cross section 
of temperature anomaly (Fig. 5). 

 
Fig. 5. Temperature anomaly at 150 m AGL.  A strong 
cold pool (< -5 K) exists behind the convective line.  
Ahead of the line, there is a north-south temperature 
gradient.  This gradient is apparent in cross sections up 
to 1 km AGL (not shown). 



a) low-level wind shear (150m-3 km AGL) 

 
b) deep layer wind shear (150m-6 km AGL) 

 
c) upper-level wind shear (5-10 km AGL) 

 
Fig. 6. Vertical wind shear vectors and magnitude 
(shaded; m s-1) a) 150m-3km b) 150m-6 km and c) 5 
km-10 km AGL. 

Numerical studies have demonstrated the 
importance of low-level shear in maintaining strong 
updrafts along the leading edge of an advancing cold 

pool (Rotunno et al. 1998; Weisman 1993).  The low-
level and deep layer shear ahead of the composite bow 
echo (Fig. 6a, b) is consistent with these findings.  For 
the low-level and deep wind shear, we select 150 m 
AGL as the lowest level because many soundings have 
no data below 150 m AGL.  The shear vectors are 
oriented perpendicular to the convective line and 
enhanced along a narrow corridor that conveniently 
intersects the apex of the composite bow. 

Observational studies have suggested it is not just 
the low-level shear that is vital for long-lived convective 
wind storms, but also the deep layer shear (Coniglio et 
al. 2004; Burke and Schultz 2004).  Although the deep 
layer shear is greater than the low-level shear in the 
composite bow echo, much of the shear resides in the 
lower layer (150m-3km layer).   

The deep layer wind shear vectors (Fig. 6b) show 
some evidence of partial thermal wind balance near the 
convective line.  The counter-clockwise turning of the 
shear vectors may be in response to the baroclinic zone 
caused by the cold pool behind the bow echo.  

Upper-level shear (5-10 km AGL; Fig. 6c) is 
relatively weak but not negligible.  Recent numerical 
studies have shown that 5-10 m s-1 of shear in this layer 
can lift parcels to greater heights than identical 
environments without upper-level shear (Coniglio et al. 
2006).  The upper-level shear ahead of our composite 
bow echo is strongest in the forward left quadrant where 
values exceed 14 m s-1.  System-scale anti-cyclonic 
shear circumscribes the whole domain in response to 
sustained upper-level diabatic heating behind the 
convective line.  

4 COMPOSITE BOW ECHO 

 
Fig. 7. Vertical cross section of temperature anomaly 
(shaded) through the bow echo apex along the path of 
the bow echo.  Low-level potential temperature (Kelvin) 
contours are overlaid in black.  A dashed line denotes 
the 0 deg C level. 

The broad low-level temperature perturbation 
behind the convective line (Fig. 7) is essentially the bow 
echo cold pool.  Assuming its depth is defined by the 
height of zero temperature perturbation, it extends about 
4 km AGL, just below the 0 deg C level.  The cold pool 
is strongest at the surface, with a secondary 



temperature minimum about 2-3 km AGL.  The 
secondary minimum is likely maintained by melting and 
evaporation of stratiform precipitation into subsaturated 
air.  This is hypothesis is consistent with the relative 
humidity cross section shown in Fig. 8.  After 
precipitation is depleted, the downdrafts continue to 
warm dry-adiabatically, eroding the cold anomaly in a 
layer 1-2 km AGL.  The subsiding air apparently cannot 
penetrate the very strong surface inversion. 

 
Fig. 8. Same as Fig. 7 but relative humidity. 

The deep positive temperature perturbation aloft, 
just behind the convective line is from latent heat 
release within the convective and mesoscale updrafts. 

Several authors (Fovell, 2002; Mapes, 1993; 
Nicholls et al; 1991) showed how low-frequency 
buoyancy waves from the parent MCS can propagate 
ahead of the system and destabilize the environment.  
Fovell (2002) simulated lower tropospheric changes of 
about 2 K and ~1 g kg-1 associated with these waves.  
These would be difficult to detect in our composite due 
to their small amplitude and due to destructive 
interference among waves at different locations relative 
to the convective line. 

 
Fig. 9. Wind component perpendicular to the 
convective line. 

One clearly sees the rear inflow jet (RIJ) in the 
cross section of bow echo–relative horizontal wind 

normal to the line (u; Fig. 9).  From a maximum speed of 
~3 m s-1 situated about 120-150 km behind the 
convective line, the RIJ slows and descends as it 
approaches the convective line.  The enhanced flow 
associated with the RIJ projects towards the surface, 
but it is slower than the actual bow echo by the time it 
reaches the surface.  The bow echo-relative values in 
the RIJ may appear low, but they are significant 
considering that the bow echo speeds (~20 m s-1, on 
average) have already been subtracted.  It is noteworthy 
that in their recent radar and damage analysis of severe 
BAMEX bow echoes Wheatley et al. (2006) found low-
level mesovortices within the bows were responsible for 
the most damaging surface winds, not the descending 
rear inflow jet.  

Weisman (1992) showed that an elevated rear 
inflow jet can help sustain erect updrafts ahead of a 
growing cold pool in a simulated mature bow echo.  The 
tendency for the cold pool to overwhelm the 
environmental shear may be offset by the vertical shear 
beneath the elevated jet, allowing the system to persist 
in a quasi-balanced state.  This may be what is 
happening in our bow echo composite, but there may 
also be some sampling issues near the surface along 
the convective line.  Small-scale convective downdrafts 
near the convective line (with their attendant downward 
transfer of positive u momentum) are probably not 
resolved by our observation network.  

The composite bow echo moves at about the same 
speed as the line-normal wind at 2-4 km elevation MSL 
just behind the line.  Strong low level inflow is present in 
advance of the convective line. 

5 SUMMARY 

Using a high density soundings and wind profiles 
taken around and within bow echoes during BAMEX, a 
composite bow echo has been produced.  Both 
kinematic and thermodynamic quantities are directly 
observed and assimilated into the composite.  

The mean CAPE of soundings ahead of the bow 
echo is 1581 J kg-1.  A near-surface inversion is found in 
most soundings on the left side ahead of the bow echo, 
while the right side has predominantly well-mixed layers 
near the surface which is consistent with propagation 
along a low-level thermal boundary.  There is strong 
storm-relative (20+ m s-1) low-level inflow.  

A deep cold pool is evident in the bow echo 
composite, with a negative temperature perturbation 
extending from the surface to 4 km AGL. The cold 
anomaly is strongest below 100 m AGL, with a 
secondary temperature minimum observed 2-3 km AGL. 

Wind shear normal to the leading convective line is 
about 15 m s-1, primarily below 3 km AGL.  Moderate 
upper-level shear (5-10 km AGL) exists in the forward 
left quadrant ahead of the bow echo apex. 

The composite rear inflow jet starts out near the 
melting level around 5 km AGL, 200 km behind the line 
and descends to 2 km AGL.  It is not clear how it 
interacts with surface flow just behind the convective 
line.  



It is important to note the composite is a mixture of 
several bow echoes and does not represent any 
particular event.  Any particular event will have higher 
amplitude anomalies associated with it, since the 
averaging process will smooth out the peaks due to 
variation of storm structure among different events.   
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