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1. 	 Introduction
Fujita (1978) first documented the kine-

matic structure and time evolution of the radar 
echo of a mesoscale convective system (MCS) 
that he referred to as a bow echo.  He showed 
that bow echoes were frequently associated with 
straight-line wind damage or downbursts at the 
surface.  Although bow echoes have been known 
to produce damaging winds at the surface for a 
number of years, it is surprising that there is a 
relative dearth of detailed observational studies 
that have documented these events.  In particu-
lar, there are no known comprehensive studies 
that have captured a significant portion of the life 
cycle of a bow echo.  To the authors' knowledge, 
only Fujita (1981) has presented a multi-Doppler 
radar study of a severe bow echo while it pro-
duced destructive winds and a tornado; however, 
it was only for only analysis time and was con-
fined to a single height.  

The prevailing hypothesis for the genera-
tion of damaging winds at the surface has been 
the descent of the rear-inflow jet (e.g., Weisman 
1993, and Przybylinski 1995).  Extensive aeri-
al and ground surveys in the aftermath of bow 
echoes have revealed large regions of destruction 
that could be attributed to a descending rear-in-
flow jet; however, there were pockets or swaths 
of more concentrated damage that occurred on a 
much smaller scale as shown by Forbes and Wa-
kimoto (1983).  Recently, Weisman and Trapp 

(2003) and Trapp and Weisman (2003) hypoth-
esized, based on numerical simulations, that 
microburst damage was induced by strong low-
level mesovortices.  The intense low levels winds 
appeared to be accelerated by the large horizontal 
pressure gradients generated by these mesovorti-
ces.

A squall line developed over eastern Ne-
braska in the evening of 5 July 2003 during BA-
MEX (Bow echo and MCV Experiment; Davis et 
al. 2004).  The radar echo associated with the line 
assumed a bow-shape near Omaha, NE during 
the time that numerous high wind reports were 
received by the NWS.  Airborne radar measure-
ments were made of the bow echo during the time 
is was creating damage rated F1 in intensity.

2. 	 Storm movement and damage survey
An isochrone analysis of the radar re-

flectivity pattern associated with the storm dur-
ing the period from 0200 to 0700 UTC (hereaf-
ter, all times are UTC) is shown in Fig. 1.  The 
echo assumed a bow shape at ~0400.  The echo 
maintained a convex shape for several hours until 
there was a rapid dissipation of the storm com-
plex around 0700.  Also plotted on Fig. 1 is the 
flight track of the NRL P-3 equipped with EL-
DORA.  

The strong winds accompanying the bow 
echo led to widespread reports of damage in east-
ern Nebraska and western Iowa.  Numerous tress 
were blow down and a number of structures were 
damaged.  The result of detailed aerial and ground 
surveys over a 2.5-day period is presented in Fig. 
2.  The Omaha bow echo created an east-west 
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Fig. 1.  Isochrone analysis of the Omaha bow echo.  The 40 dBZ contour is drawn at 1-h intervals.  The 
flight track of the NRL P-3 is shown.

Fig. 2.  Map of the surface damage.  The location of the map shown in a) is indicated by the hatched 
box in the inset.  The flow lines represent the direction of fallen trees or structural damage. An enlarge-
ment of the boxed-in region on the east side of a) is shown in b).  The outer extent of the damage as well 
as the regions rated F0 and F1 in damage intensity are indicated in the figures.
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swath of damage in eastern Nebraska and west-
ern Iowa that was ~50 km wide and 200 km long.  
The dotted line in Fig. 2 represents the region be-
yond which no damage was documented.  There 
were several areas rated greater than F0 and one 
region of significant damage rated greater than 
F1 located ~20 km southwest of Harlan, Iowa.

An enlargement of the area experiencing 
the greatest damage in western Iowa is shown in 
Fig. 2b.  The individual vectors of fallen trees/
limbs and structural damage are shown.  The 
classical depiction of a divergent wind pattern is 
apparent in the figure.

3. 	 Doppler radar analyses
The Doppler radar data collected during 

the last five flight legs shown in Fig. 1 captured 
the entire evolution of the bowing process and 
are the focus of the present study.  The third pass 
by the Omaha bow echo is shown in Fig. 3 and 
represents the time when the damage rated >F1 
was occurring in western Iowa.  There is a pro-
nounced convex shape to the convective line as 
the apex of the bow echo surges to the east.  A 
mesovortex, that was first detected during the 
early passes by the storm, is clearly evident in the 
vertical vorticity field at this time.  

Vertical cross sections through the mesov-
ortex during the previous two passes are shown in 
Fig. 4.  The vertical cross section at 0510 - 0522 
(Fig. 4a) shows that the strongest vertical vortic-
ity is near the surface.  The circulation tilts west-
ward with increasing height but only extends a 
few kilometers above the surface.  The quasi-lin-
ear convective line had begun to "bow out" dur-

Fig. 3.  Dual-Doppler wind synthesis at 0538:00 
- 0548:26 UTC at 400 m AGL.  Storm-relative 
winds are superposed onto radar reflectivity.  
Vertical vorticity (dashed lines) and vertical ve-
locity (solid black lines) are plotted.  The damage 
at the surface is based on the results in Fig. 2.  
The dotted gray, solid gray and dashed gray lines 
represent the damage/no damage boundary, F0 
contour, and F1 contour, respectively.
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Fig. 4.  West-East vertical cross sections through the mesovortex at a) 0510:01 - 0522:20 and b) 
0524:20 - 0536:21 UTC.  Gray lines are radar reflectivity.  Black and dashed lines are positive and 
negative vertical vorticity values.  The storm-relative winds in the plane of the cross section are plot-
ted.



ing the second pass in response to an intensifying 
and descending rear-inflow jet.  The mesovortex 
in Fig. 4b is embedded within an updraft and now 
appears to extend to 7-8 km AGL (hereafter, all 
heights are AGL).  The intense outflow that has 
developed is evident by the pronounced tilt in the 
mesovortex with height.

A feature that resembles a hook echo 
has developed at the apex is collocated with the 
mesovortex (Fig. 3).  This represents clear evi-
dence that a relationship exists between the stron-
gest surface damage and mesovortices.

An enlargement of the bow apex at 0538 
- 0548 is shown in Fig. 5.  The relationship be-
tween the mesovortex and the region of damage 
rated >F1 is shown (Fig. 5b).  The hook echo 
noted in Fig. 3 is clearly evident and is approxi-
mately 9 km in diameter.  The mesovortex has 
entered its most intense phase and a pronounced 
circulation can be identified in the storm-relative 
wind field.  The mesovortex is not centered within 
the F1 contour but is displaced to the north.  The 
30 m s-1 isotach outlines a pronounced tongue 
of high wind speeds that is wrapping around the 
western and southern periphery of the mesovor-
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Fig. 5. Dual-Doppler wind syntheses at 0538:00 - 0548:26 UTC at 300 m AGL.  Radar reflectivity is 
shown on both panels. a) Storm-relative winds, perturbation pressure (gray and dashed gray lines), 
and isotachs of horizontal velocity (black lines).  b) Ground-relative winds, vertical vorticity (black 
lines), and F-scale analyses of the damage survey (gray and dashed gray lines).  The trajectory of a 
parcel that is associated with the strongest winds at 300 m AGL is shown on both panels.

tex in Fig. 5a.  Peak speeds > 40 m s-1 are close to 
the leading edge of the gust front and within the 
F1 contour.

4. 	 The origin of strong surface winds
Trapp and Weisman (2003) hypothesize 

that the horizontal pressure gradients produced 
by the mesovortices in their simulations are im-
portant in creating regions of high speeds.  In or-
der to test this hypothesis, the perturbation pres-
sure field was retrieved from the Doppler wind 
syntheses (Fig. 5a).  The gust front, except at the 
location of the mesovortex, is characterized by a 
ridge of high perturbation pressure owing to the 
fluid extension term in the diagnostic pressure 
equation (i.e., strong horizontal convergence at 
the frontal boundary).  The mesovortex was ac-
companied by a mesolow with a minimum pres-
sure <-2 mb that was positioned near the tip of 
the hook echo.  

Backward trajectories for a number of air 
parcels that terminated near the tip of the tongue 
of high wind speeds in Fig. 5a were calculated in 
order to isolate the possible forcing mechanisms.  
A representative trajectory is drawn in the figure.  
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Fig. 6.  Doppler wind syntheses at 0538:00 - 0548:26 UTC at 400 m AGL superimposed onto vertical 
vorticity, isotachs, and the ground-relative Doppler wind synthesis for a) the original analysis and b) 
with the circulation associated with the mesovortex removed.  Black lines and vertical vorticity and 
isotachs, respectively.  Areas shaded gray are > 35 m s-1.

A plot of the forces that create high winds along 
the trajectory (not shown) strongly suggest that 
the perturbation pressure gradient force is impor-
tant in generating damaging wind speeds in bow 
echoes.  This appears to substantiate the hypoth-
esis advanced by Trapp and Weisman (2003).  

A closer examination of the wind field, 
however, suggests that the pressure forces alone 
do not fully explain the observed pattern of 
high winds near the surface.  The parcel trajec-
tory would be expected to terminate closer to the 
center of the mesolow if the pressure gradients 
created by the circulation dominated.  Instead, 
the parcel skirts around the periphery of the me-
solow.  Further evidence is the tongue-shaped 
structure of the 30 m s-1 isotach in Fig. 5 which 
wraps around the mesovortex and mesolow.

The displacement of the high wind speeds 
(and damage) to the southern flank of the mesov-
ortex is reminiscent of the superposition of a vor-
tex and the flow in which it is embedded.  This 
type of asymmetry is commonly observed dur-
ing post-storm surveys of tornado and hurricane 
damage.  The strongest winds typically occur on 
the side of the vortex where translational and ro-
tational effects are in the same direction.

An attempt was made to determine 
whether a vortex superposition onto the flow 
could explain the wind field shown in Fig. 5.  The 
Poisson equation for the perturbation stream-
function ( ' )∇ =2ψ ζ was solved assuming that 
the vertical vorticity was zero everywhere out-
side of the mesovortex and that the perturbation 
streamfunction was equal to zero on the lateral 
boundaries.  The retrieved streamfunction was 
used to compute the non-divergent component of 
the wind field.  These winds were subsequently 
subtracted from the Doppler wind syntheses to 
create a modified wind field without the effect of 
the mesovortex (Fig. 6).

The impact of the mesovortex is illus-
trated by comparing the two plots shown in the 
figure.  The pocket of high winds (> 35 m s-1) 
responsible for the F1 damage on the southern 
periphery of the mesovortex has been removed in 
Fig. 6b.  The strongest postfrontal winds are now 
displaced much farther to the north and appear 
to be a result of the descending rear-inflow jet as 
would be expected.
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5. 	 Summary and discussion

The entire evolution of a quasi-linear 
convective line that evolves into a bow-shaped 
echo was presented.  The precise locations of the 
damaging surface winds was determined by a de-
tailed aerial and ground survey.  The regions of 
most intense, damaging straight-line winds were 
near mesovortices that developed along the gust 
front.  The preferred regions of intense surface 
winds can best be described as a superposition of 
the vortex and the flow in which it is embedded.

This finding supports the damage survey 
presented by Forbes and Wakimoto (1983).  Sev-
eral tornadoes documented in their study were 
accompanied by microburst damage located im-
mediately to the south of the tracks.  The stron-
gest winds would be expected at that location 
since it is the side where translation and rotation 
effects are in the same direction.  A key question 
that remains unanswered is the relationship be-
tween intense mesovortices and bow-echo torna-
does.  Unfortunately, no multi-Doppler data was 
collected on a tornado spawned by a bow echo 
during BAMEX.
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