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1. Introduction

Convective outflow comprises many of the extreme
wind events in the inland midlatitudes and for several
regions is the dominant extreme wind type (Letch-
ford et al. 2002). Despite the importance of thun-
derstorm outflow in understanding the wind loading
on structures, current design standards utilize bound-
ary layer wind profiles which do not account for the
unique vertical profiles and turbulence characteristics
of convective outflow (ASCE-7-05 2006). One reason
for the lack of representation of convective outflow
characteristics in design standards is the difficulty in
acquiring research grade, full-scale data within rare
and transient extreme outflow events, which is limited
to fortuitous passages over fixed instrumented tow-
ers and prior field campaigns (Orwig and Schroeder
2007; Holmes et al. 2008). Given the difficulty in
sampling extreme convective outflow with fixed in-
strumentation, the growing fleet of mobile Doppler
radars represents a potentially valuable source for
full-scale convective outflow data to be utilized by
the wind engineering community.

This study will assess the ability of the two Texas
Tech University Ka-band (TTUKa) mobile Doppler
radars (Weiss et al. 2009; Hirth et al. 2012) to re-
motely sense the turbulence characteristics, given
herein by the turbulence intensity, which is the ra-
tio of the standard deviation of the wind speed to
the mean wind speed over a given period (I, = o, /
1) in two convective outflow events:

i. The passage of a nonsevere mesoscale convective
system (MCS) over the Texas Tech Wind Sci-
ence and Engineering Field Site on 15 June 2012
during the Severe Convective Outflow experi-
ment (SCOUT) (Gunter and Schroeder 2012).
The representativeness of TTUKa dual Doppler-
derived turbulence intensities in the 15 June case
will be assessed by comparing them to UVW
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anemometry installed on a 200 m instrumented
tower located near the 90° beam crossing angle
of the TTUKa radars.

ii. A series of four internal rear-flank downdraft
(RFD) surges occurring within the 18 May 2010
Dumas, Texas supercell intercepted by the sec-
ond Verification of the Origin of Rotation in Tor-
nadoes Experiment (VORTEX2). The impact of
surface interaction on the evolution of turbulence
within the RFD surges and turbulence charac-
teristics unique to RFD outflow will be examined
using the TTUKa-derived turbulence intensities.

2. Methodology

The radial velocity and spectrum width returned
by the TTUKa radars are utilized for the calcula-
tion of turbulence intensity (Fig. 1). As the spec-
trum width represents the variance of radial veloc-
ities returned by scatterers within a given volume
and the radial velocity the mean of those returns,
they are suitable for the calculation of turbulence in-
tensity. However, as turbulence intensity is typically
calculated using the standard deviation of the lateral
and longitudinal turbulent components of the wind
and the mean wind speed, manipulation of the re-
turned TTUKa radial velocity and spectrum width
is required to produce a turbulence intensity esti-
mate comparable to those measured by anemometers.
The mean wind speed is calculated through objective
analysis and dual-Doppler synthesis of radial veloc-
ity plan-position indicator (PPI) scans collected at a
single elevation angle, providing the two dimensional
wind vectors for each grid space (Fig. 2). In order to
use spectrum width as an estimate of the variance of
the wind the turbulent contribution to the spectrum
width has to be separated from competing effects.
The returned spectrum width to a Doppler radar is
impacted by several phenomena besides the turbulent
variation of the radial wind within each gate (Doviak
and Zrnic 1993):
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where o2 represents the returned spectrum width and
the terms on the right-hand side of the equation rep-
resent, contributions by the wind shear, antenna rota-
tion, differences in hydrometeor fall speed, changes in
hydrometeor orientation and turbulence to the total
spectrum width. The contributions of antenna ro-
tation, hydrometeor fall speed and hydrometeor ori-
entation to spectrum width may be neglected for low
elevation angles and slowly scanning antennas (Brew-
ster and Zrnic 1986; Istok and Doviak 1986). The
turbulent contribution to spectrum width can then
be retrieved by subtracting an estimation of the spec-
trum width due to wind shear from the total. The
horizontal wind shear is estimated for each grid space
in objectively analyzed radial velocity data using cen-
tered finite differencing. The vertical wind shear is
estimated for the 15 June case by applying a linear
interpolation of the 200 m instrumented tower ver-
tical wind profile to the dual-Doppler domain and
calculating the vertical wind shear across each radar
gate. No method for the estimation of vertical wind
shear is available for the 18 May case, however, it
is noted that the vertical wind shear contribution
to spectrum width in the 15 June case is typically
much smaller than the contribution of the horizontal
wind shear and that TTUKa-derived turbulence in-
tensities in the 18 May case are smaller than those
found in past thunderstorm outflow events, suggest-
ing that neglecting the contribution of the vertical
wind shear to spectrum width is not significantly in-
fluencing the results. Once the turbulent component
of spectrum width has been retrieved, the turbulence
intensity is calculated for components of the wind ra-
dial to TTUKa-1 and TTUKa-2 as:
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where I, represents the TTUKa-derived turbulence
intensity and pg, is the dual-Doppler synthesis of
TTUKa data at a given grid point.

Prior to the calculation of turbulence intensity,
TTUKa data are manually edited to remove regions
of aliasing, ground clutter, speckling and incoherency.
Data are then objectively analyzed to a Cartesian
grid with 25 m grid spacing according to the method
outlined by Majcen et al. (2008) using a first-pass
smoothing parameter (k) of 0.013(0.005) for the 15
June(18 May) case calculated according the to coars-
est available gate spacing in the dual-Doppler do-
main. Both radial velocity and spectrum width
sweeps are objectively analyzed. It is noted that ob-
jectively analyzing the spectrum width will introduce

IKa =

unwanted smoothing to the TTUKa-derived turbu-
lence intensities (Fig. 3). This objective analysis
is currently employed to facilitate the calculation of
turbulence intensity by having spectrum widths and
dual-Doppler syntheses interpolated to the same grid.
However, future work will reinterpolate the two di-
mensional dual-Doppler winds to the original radar
coordinates, allowing TTUKa-derived turbulence in-
tensities to utilize the unsmoothed spectrum width
data.

For the 15 June case, turbulence intensities are cal-
culated from UVW anemometer data collected by the
200 m instrumented tower. The data are collected at
ten vertical levels, including at approximately 74 m
above ground level (AGL), which is similar to the
center-beam height of 1° TTUKa scans at the loca-
tion of the tower (Fig. 2), allowing tower turbulence
intensities to be compared to TTUKa-derived turbu-
lence intensities immediately upstream of the tower
(Figs. 2a, 3). In order for the values to be com-
pared the turbulent component of the 74 m tower
wind is split into components radial to the location of
TTUKa-1 and TTUKa-2 rather than the lateral and
longitudinal components of the wind. A 20 s moving
average is applied to 50 Hz UVW observations from
the tower to calculate the mean and standard devia-
tion of the wind. The averaging period is shorter than
in past studies, however, it is the longest averaging
period that results in a mean turbulent component of
nearly zero, as recommended by Holmes et al. (2008)
and UVW turbulence intensities are similar to those
calculated with different averaging periods.

3. Results
a. 15 June 2012 Reese Center, Texas MCS

The MCS crossing the Wind Science and Engi-
neering field site on 15 June produced an extended
period of nearly 90 minutes of northwersterly out-
flow winds. Wind speeds during this period varied
between approximately 12 and 25 m s~! in 74 m
UVW anemometer data, however, rapid, large fluc-
tuations in the wind speed were not observed and the
wind direction remained nearly constant. During the
outflow event the TTUKa radars collected 28 dual-
Doppler PPI sweeps' from which turbulence intensi-
ties were calculated for regions of the dual-Doppler
domain where the center-beam height difference be-
tween the two radars was less than 25 m (Fig. 2). As
would be expected in mature thunderstorm outflow,

IThe primary TTUKa scanning strategy during the event
was the collection of dual-Doppler RHI scans immediately
downstream of the tower (Gunter and Schroeder 2012).



the wind speed generally increases and turbulence in-
tensity decreases with increasing height AGL.

TTUKa-derived turbulence intensities within a 150
x 400 m rectangle upstream of the 200 m tower gen-
erally compare well with UVW turbulence intensi-
ties at 74 m (Fig. 3). However, it is apparent
that TTUKa turbulence intensities vary less than
those calculated from UVW data and are typically
lower (higher) during periods of relatively large(small)
UVW turbulence intensity. This is likely a result
of objectively analyzing the spectrum width returns,
which will result in the smoothing of small-scale vari-
ations of the turbulence intensity. Differences be-
tween the UVW- and TTUKa-derived turbulence in-
tensities can also be attributed to temporal differ-
ences between the TTUKa-1 and TTUKa-2 PPIs
used in the dual-Doppler synthesis (Fig. 1). The two
radars became unsynched shortly after the passage of
the initial gust front and exhibit an offset between 30
and 60 seconds throughout the deployment, though
this effect is likely mitigated by the relative homo-
geneity of the outflow, it will damp small-scale varia-
tions in the dual-Doppler syntheses, which will then
carry over to the calculated turbulence intensities.
The TTUKa-derived turbulence intensities in Fig. 3
have been plotted as a box and whisker of each grid
point in the 150 x 400 m rectangle in order to assess
their variation. Generally, the box and whisker plots
exhibit greater variation during periods of larger fluc-
tuation in UVW turbulence intensity, which suggests
some small-scale variability in turbulence intensity is
being captured by the radars.

b. 18 May 2010 Dumas, Texas Supercell

Dual-Doppler TTUKa data were collected during
the passage of the low-level mesocyclone of the Du-
mas supercell and reveal the evolution of four inter-
nal RFD momentum surges which at times exhibited
wind speeds greater than 40 m s~! (Skinner et al.
2012) (Figs. 4, 5). The turbulence intensities within
the surges are very low, typically less than 0.06 and
in some regions below 0.02, which is far below val-
ues expected in synoptic-scale high wind events and
below values found in past observations of rear-flank
downdrafts (Holmes et al. 2008). The low turbulence
intensities may in part be attributed to the sampling
of RFD surge winds near the time they first impact
the surface. It can be seen that turbulence intensi-
ties are at a minimum when RFD surges are first cap-
tured by the dual-Doppler synthesis and increase with
time as the surge wraps cyclonically around the near-
surface circulation (Fig. 4). This increase in turbu-
lence intensity with time is due to both deceleration

of the mean wind speed and an increase in spectrum
width, which is consistent with the mechanical gen-
eration of turbulent eddies as air parcels within the
RFD surges interact with the surface. However, the
turbulence intensities within “mature” RFD surges
which have been present in the dual-Doppler syn-
theses for nearly three minutes remain below values
found in past experiments despite ample time to ad-
just to the surface roughness. Several additional fac-
tors may contribute to these low turbulence intensi-
ties, including variation in the center-beam height of
the TTUKa-2 data?, which varies between approx-
imately 15 and 25 m AGL across the dual-Doppler
domain. Though turbulence intensity is expected to
decrease with height and these center-beam heights
are further aloft than heights at which turbulence in-
tensity is typically considered for wind engineering
(10 m AGL) it is difficult to quantify the representa-
tive height of TTUKa spectrum widths due to the
volumetric sample provided by the Doppler radar,
which will include returns from very near the sur-
face as well as further aloft. Additionally, the small
resolution volumes achieved by the TTUKa radars
will fail to represent turbulent eddies greater than the
resolution volume in the spectrum width. Turbulent
eddies larger than TTUKa bins will be represented
as horizontal wind shear across the grid space being
considered and removed in the calculation of the tur-
bulence intensity, likely resulting in TTUKa-derived
turbulence intensities lower than what would be mea-
sured from an anemometer. A low bias to TTUKa-
derived turbulence intensities may also be introduced
due to the mass of the hydrometeors from which the
spectrum width values are derived. As hydromete-
ors will be imperfect tracers of turbulent motion, the
spectrum width will likely slightly underestimate the
turbulent component of the wind within each resolu-
tion volume (Brewster and Zrnic 1986).

4. Summary and Future Work

Turbulence intensities have been calculated from
dual-Doppler synthesized wind speed and objectively
analyzed spectrum width for two convective out-
flow events sampled by the TTUKa mobile Doppler
radars. Comparison of TTUKa-derived turbulence
intensities to those measured by UVW anemome-
try at a similar height and location in nonsevere
MCS outflow reveal that turbulence intensities de-
rived from volumetric radar dara are similar to those
from point data anemometer data (Fig. 3). Radar-
derived turbulence intensities within a succession of

2Turbulence intensities derived from TTUKa-1 spectrum
width are similar to those from TTUKa-2



internal RFD momentum surges are small compared
to values from prior events. This is in part due to
the sampling of “immature” outflow shortly after it
has impacted the surface and turbulence intensities
within RFD surges increase with time and may addi-
tionally be influenced by turbulent eddy sized larger
than the resolution volume of TTUKa data and the
use of hydrometeors as tracers of turbulent motion.

For turbulence intensities derived from Doppler
radar PPI scans to be of the most use to the wind en-
gineering community, efforts should be made to col-
lect synchronized dual-Doppler data very near the
surface and with radial components to each radar
from regions with beam crossing angles near 90°
nearly representing the lateral and longitudinal com-
ponents of the flow. Additionally, interpolation of
dual-Doppler synthesized winds to native radar coor-
dinates would allow unsmoothed spectrum widths to
be used in the calculation of turbulence intensity and
result in more accurate values.
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Fic. 1. Objectively analyzed TTUKa radial velocity (m s™1) (A, C) and spectrum width (m s=!) (B, D)
1.0° elevation angle PPIs from 15 June 2012. Bold “T” represents location of the 200 m instrumented tower.
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Fic. 2. (A) Dual-Doppler synthesis of radial velocity scans in Fig. 1, (B) TTUKa-1 derived turbulence
intensities and (C) TTUKa-2 derived turbulence intensities. Thin rectangle, solid(dashed) contours and T
denote region used for 200m tower comparison in Fig. 3, center beam height of TTUKa-1(TTUKa-2) and
location of 200 m instrumented tower.
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F1G. 3. (top) Time series of 74 m tower UVW turbulence intensity of the TTUKa-1 radial component of the
wind with box and whisker plots of TTUKa-1 derived turbulence intensities within a 150 x 400 m rectangle
upstream of the tower (Fig. 2a). (bottom) As in the top panel but for the TTUKa-2 radial component of
the wind.
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Fia. 5. (Continued from Fig. 4) (A, C, E, G, I) TTUKa dual-Doppler syntheses of the 18 May 2010 Dumas,
TX supercell. (B, D, F, H, J) Corresponding TTUKa-2 derived turbulence intensities. Dashed lines indicate
subjectively analyzed position of internal RFD surge gust fronts.
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Fia. 6. Photograph looking north towards the Dumas supercell taken during the TTUKa dual-Doppler
deployment from a location south of TTUKa-2 by the Lyndon State College and National Center for Atmo-
spheric Research photogrammetry team A. Estimated position of internal RFD surge gust fronts are labeled
with dashed lines and “V” denotes a wall cloud associated with a brief, intense circulation north of the apex
of surge D.
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