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A B S T R A C T

This article focuses on experimental investigation of the interaction between downburst (DB) and near-surface
atmospheric boundary layer (ABL) winds. The flow field of DB immersed into ABL winds (DBABL) is compared
against the outflow produced by an isolated DB without ABL winds. The diameter of investigated downdrafts was
3.2 m. The study demonstrates that there is a profound difference between the radial velocity components in the
DBABL and DB outflows in terms of peak and mean velocities, vertical profile of radial velocity, as well as the
overall temporal signature of the velocity records. The asymmetry of the DBABL outflow in the along-ABL wind
direction is similar to that observed in real traveling downbursts. The turbulence intensity in the near-surface
DBABL winds can exceed 40% in some parts of the outflow where the downburst propagates against ABL winds.
The DBABL wind profile is characterized by smaller nose-shape curvature than the DB winds in the part of the
outflow where downburst and ABL winds have the same direction. The steady-state ABL wind segments and tran-
sient downburst segments in the DBABL velocity records are similar to anemometer records of real downbursts.
The paper also shows that the velocity addition throughout the outflow.

1. Introduction

Downbursts are severe weather phenomena typically associated with
thunderstorm clouds. Rain, hail, and graupel falling through and under-
neath a thunderstorm produce a downdraft of cold air that descends to-
wards the ground. If the cloud base is high, the evaporation and melt-
ing of hydrometeors in the non-saturated environment additionally de-
crease the temperature of the falling air. Upon reaching the ground, the
downdraft spreads horizontally and forms a starburst outflow pattern.
This outflow plays an essential role in the structure, precipitation forma-
tion, and lifecycle of thunderstorms (Lompar et al., 2018), but can also
produce damaging near-surface winds. For example, Fujita (1990) re-
ported velocities as high as 75 m s−1 in intense microbursts (downbursts
with the diameter of outflow below 4 km).

Using multi-Doppler radar observations from the Joint Airport
Weather Studies (JAWS; Fujita, 1981), Wilson et al. (1984) and
Hjelmfelt (1988) demonstrated that the thunderstorm cloud and the
spawned downburst are not an isolated system, but instead both are em-
bedded into the background atmospheric boundary layer (ABL) winds.
In comparison to the thunderstorm cloud that is of the order of meso-γ
scales (2–20 km), a background ABL wind is a larger scale phe

nomenon associated with, for instance, a cyclone or pressure depres-
sion. As a result, the thunderstorm cloud, as well as the resulting down-
burst, are constantly interacting with the ABL winds, as well as the wind
aloft. The translating velocity of thunderstorm clouds is governed by
the winds above the ABL and the winds in the upper portions of ABL
(Bunkers et al., 2000).

The interaction between near-surface ABL winds and a downburst
results in a more complex outflow than it would be if the downburst
was an isolated phenomenon taking place in a calm environment (Ma-
honey, 1988). This complexity is observed after comparing radar im-
ages of full-scale downbursts (Wakimoto, 1982; Wilson et al., 1984;
Hjelmfelt, 1988; Gunter and Schroeder, 2015) against flow fields
of laboratory-produced gravity currents or impinging jets (Fairweather
and Hargrave, 2002; Sengupta and Sarkar, 2008; Junayed et al.,
2019). The complicated dynamics and environmental conditions as-
sociated with real downbursts makes it extremely challenging to es-
timate the contributions that an isolated downdraft, background ABL
winds, and cloud translation have on the measured velocity at a given
point in the outflow. Currently, there is no analytical formulation that
in a satisfactory manner combines these three flow components, while
the numerical simulations and physical experiments
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are often overly idealized to properly capture the complex dynamics of
real downburst outflows. The Doppler radar measurements by Hjelm-
felt (1988) depict an asymmetric, nonhomogeneous and anisotropic
wind field in the real downburst. However, these features are absent in
downburst outflows produced without ABL winds in physical wind sim-
ulators (Sengupta and Sarkar, 2008; Junayed et al., 2019).

The interaction between downbursts and the environment has al-
ready been investigated in many numerical studies. Droegemeier and
Wilhelmson (1987) analyzed the dynamics of thunderstorm outflows
as a function of (1) the vertical temperature deficit profile, (2) the mag-
nitude of the temperature deficit, and (3) the cold-air depth. Their nu-
merical results showed that the outflow head depth and its propagation
speed are mainly governed by the vertical temperature distribution in
the atmosphere. Proctor (1988) modelled an isolated and stationary
microburst in a three-dimensional (3D) and axisymmetric model. His
comprehensive parametric study analyzed the sensitivity of microbursts
to the environment and several other factors. In addition to some of
the parameters previously examined in Droegemeier and Wilhelmson
(1987), their study also analyzed the influence of precipitation charac-
teristics on microburst outflows. A complex dynamics of colliding mi-
crobursts was studied in Anderson et al. (1992) using a 3D numeri-
cal model. Mason et al. (2009) and Mason et al. (2010) developed
a sub-cloud model to analyze the sensitivity of downburst outflows to
cooling source shape and its elevation, intensity, and topography. In par-
ticular, Mason et al. (2010) studied stationary and translating down-
drafts in calm and sheared wind environments. Their results are in good
agreement with the previous numerical work and full-scale data. The
simulations of downdrafts embedded into ABL winds in Mason et al.
(2010) were performed for two different ratios of ABL-to-downburst
wind speed strengths. More discussion on Mason et al. (2010) is pro-
vided later in Section 4.1 when the present physical experiments are
compared against their numerical results.

Most of the current wind simulators (e.g., Chay and Letchford,
2002; Sengupta and Sarkar, 2008; Xu and Hangan, 2008; Mc-
Conville et al., 2009; Asano et al., 2019) are capable of physically
simulating inclined downdrafts, pulsed jets, translating downdrafts, dif-
ferent downdraft diameters, and different nozzle heights above the im-
pingement plane, but they are not designed to produce ABL winds and
downburst-like impinging jets simultaneously. Two wind simulators that
are presently capable of concurrently generating ABL winds and down-
bursts are the Wind Engineering, Energy and Environment (WindEEE)
Dome (Hangan et al., 2017) at Western University in Canada, and the
Laboratory of Building- and Environmental Aerodynamics at the Karl-
sruhe Institute of Technology in Germany.

When it comes to the latter of the two laboratories, Richter et
al. (2018) investigated the interaction of impinging jets with the am-
bient flow in a street canyon using Particle Image Velocimetry (PIV).
Their study was primarily focused on the influence of canyon orienta-
tion on a spread of the combined flows, and therefore the measured
flow fields were highly influenced by the simulated buildings. More-
over, the diameter of their impinging jet upon reaching the canyon level
was only 0.15–0.20 m, which at 1:200 geometric scale of their experi-
ments, corresponds to a full-scale downdraft of 30–40 m. Moreover, the
jet diameter at the nozzle exit was only 0.01 m. All considered, their
study is more applicable to small-scale gusts than it is to thunderstorm
downbursts whose diameters are above 400 m (Sengupta and Sarkar,
2008), and typically around 1500 m (Wilson et al., 1984; Hjelmfelt,
1988). Gromke and Ruck (2015) investigated the momentum transfer
of the combined flows over the forest edge region. Two different forest
edge configurations and several gusts of different durations were exam-
ined using PIV. Their study infers that the research targeted small scale
downdraft-like gusts with a duration of 4–12 s, which is significantly be-
low the time extent of real downbursts (Burlando et al., 2018; Zhang
et al., 2018; Romanic et al., 2020a).

The WindEEE Dome is a large-scale wind simulator specifically de-
signed to simulate downbursts and tornadoes (Hangan, 2010). The fa-
cility is also fully capable of producing ABL winds at different scales
(Hangan et al., 2017). Junayed et al. (2019) characterized the mean
and turbulence velocity fields of WindEEE Dome downbursts (without
ABL winds) using point velocity measurements as well as PIV. A unique
capability of the WindEEE Dome, however, is its ability to produce ABL
and downburst winds at large scales simultaneously. Recently, Romanic
et al. (2019) demonstrated this mode of the WindEEE Dome opera-
tion by analyzing the strength and momenta of nine different down-
burst-ABL combinations. Their work was focused on quantifying the
strengths of two flows at their sources in the closed-circuit configuration
of the WindEEE Dome simulator. Therefore, the near-surface interaction
between downburst outflows and ABL winds was not addressed. The
present study adopts one of the nine investigated configurations from
Romanic et al. (2019) to investigate the near-surface downburst-ABL
wind interaction.

The interplay between downbursts and ABL winds is similar to the
classical fluid dynamics studies on the behavior of an impinging jet or a
gravity current in a crossflow. Mahesh (2013) and Karagozian (2014)
provide two recent reviews on this subject. The engineering research on
impinging jets in crossflows showed that their interaction creates three
distinct flow regions: (1) The potential core zone; (2) the zone of max-
imum deflection; and (3) the far-field zone. The potential core zone is
the flow region that is closest to the nozzle, and the interaction between
the flows is minimal (Kamotani and Greber, 1972). For instance, Ro-
manic et al. (2019) investigated the potential core zone of down-
burst-like downdrafts in the WindEEE Dome. Strong pressure gradients
across the jet and pronounced entrainment make the flow field inside
the zone of maximum deflection most difficult to model analytically or
numerically (Demuren, 1994). Regardless of jet and crossflow configu-
rations, the dominant feature in this region of the flow is the shear that
exists in the zone of maximum deflection and a couple of counter-ro-
tating vortices that form in the jet and propagate downwards (Mup-
pidi and Mahesh, 2005). Krothapalli et al. (1990) and Kelso and
Smits (1995), among others, found the formation of horseshoe vortices
upstream of the jet and their subsequent propagation downstream. The
wake vortices behind the jet were reported in Wu et al. (1988) and
Fric and Roshko (1994). Most of the above studies investigated the
jets released into the crossflow without their impingement on the sur-
face. Therefore, some of the above flow regions are difficult to identify
in the case when the jet altered by crossflow hits the underlaying sur-
face. In addition, most of the jets investigated in their work were steady,
whereas downbursts are transient phenomena characterized by a sud-
den increase of wind speed, the velocity peak, and the subsequent de-
crease of velocity to the value of ABL winds that where present before
the downburst event (Romanic et al., 2020a).

1.1. Experiments setup

The WindEEE Dome is a hexagonal wind simulator designed to re-
produce downbursts, tornadoes, and ABL winds at a variety of geo-
metric and velocity scales (Hangan et al., 2017). The test chamber
is 25 m in diameter with the height and the side length of 3.8 m and
14.8 m, respectively. The isolated downburst mode, as well as the com-
bined mode of downburst and ABL winds, are shown in Fig. 1. Isolated
downbursts in the WindEEE Dome (Fig. 1a and b) are created by pres-
surizing the upper plenum using six large fans (2 m in diameter) and
by closing the bell mouth louvers that connect the upper plenum and
test chamber. When the pressure difference between the upper plenum
and test chamber reaches a target value (~3.4 hPa), the bell mouth
louvers are opened, thereby creating an impinging jet that is released
into the test chamber. Various downdraft intensities and diameters in
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Fig. 1. (a,b) Isolated downburst and (c,d) downburst combined with ABL winds in the WindEEE Dome simulator. Downburst and ABL winds and their associate fans are depicted with red
and cyan colors, respectively. The closed and opened positions of bell mouth louvers in (b) and (d) are indicated with grey and magenta colors, respectively. Schematics are not to scale.
(For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

the WindEEE Dome were investigated in Romanic et al. (2019), Ju-
nayed et al. (2019), Jubayer et al. (2019), and Romanic et al.
(2020). Hereafter, the isolated downburst without ABL winds and the
downburst combined with the ABL winds are abbreviated as DB and
DBABL, respectively.

In the DBABL mode (Fig. 1c and d), the downdrafts in the WindEEE
Dome are released into already developed ABL winds. The 60-fan wall
was used to generate ABL winds with the bell mouth louvers being ini-
tially closed. Each of the 60 fans is 0.8 m in diameter, and the nomi-
nal power of each fan is 8.8 times smaller than the maximum power
output of the six overhead fans (220 kW each). While the ABL winds
were running in the testing chamber, the six fans situated in the upper
plenum were used to build up the pressure difference between these two
chambers. Then, similar to an isolated downburst, the bell mouth lou-
vers were opened and the downdraft was released into the ABL winds.
This mode of the WindEEE Dome is also described in detail in Romanic
et al. (2019). While the generation of downdraft and ABL winds in
the WindEEE Dome does not resemble the physical processes that trig-
ger this interaction in the real atmosphere, the dynamics of combined
DBABL outflow near the surface is similar to the real downburst out-
flows. The similarity will be demonstrated in this paper by compar

ing the DBABL results against field measurements and numerical simu-
lations of this interaction.

The momentum ratio of downdraft to ABL winds used in this study
is adopted from Romanic et al. (2019). In their work, downdraft mo-
mentum was calculated at the bell mouth exit, while the momentum of
the crossflow was derived from ABL wind measurements close to the
60-fan wall. The six fans in the upper chamber were operated at 20%
of their nominal revolution per minute (rpm), while the 60 fans in the
testing chamber were set up at 30% of their nominal rpm. In this con-
figuration, the mean center line jet velocity ( ) at the bell mouth exit
was 8.87 m s−1 in the DB case and 6.88 m s−1 in the DBABL experiment
(Fig. 2). The asymmetry of the jet velocity profile at the bell mouth
exit is observed in both DB and DBABL experiments, but it is larger in
the latter case. The weakening of the DBABL downdraft in respect to
the DB case is also observed in both along- and cross-ABL wind direc-
tions. These asymmetries in the DB downdraft might explain some of
the asymmetries of the produced outflow that will be discussed later
in Section 4. Romanic et al. (2019) further found that this configu-
ration of the two flows—out of nine different configurations that they
investigated—results in the largest downdraft weakening in compari-
son to the equivalent DB downdraft. The weakening of downdraft oc-
curs due to the closed-circuit design of the simulator in which the inclu
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Fig. 2. Jet velocity profiles at the bell mouth exit extracted from Romanic et al. (2019)
in the cross-ABL wind direction (a) and the along-ABL wind direction (b). The direction of
the ABL winds in the DBABL case is indicated above each plot.

sion of ABL winds inevitably deteriorates the strength of downdrafts
(Romanic et al., 2019). The investigated downdraft diameter in our
study was = 3.2 m (Romanic et al. 2019, 2020b; Junayed et al.,
2019) (Fig. 1b). The other eight DB-to-ABL wind configurations from
Romanic et al. (2019) will be investigated in future studies.

The ABL wind profile used in the DBABL experiments (Fig. 3) does
not follow the standard Engineering Science Data Unit (ESDU) velocity
profile for a specific type of terrain (ESDU, 2002). Thunderstorms usu-
ally occur in unstable or conditionally unstable atmosphere that does
not follow the ESDU wind profiles for the neutral atmosphere expressed
via:

(1)

Here, is the friction velocity, is the roughness height,
is the Coriolis parameter, and and are the Earth's

angular velocity and latitude, respectively. By assuming = 39°N

Fig. 3. The mean ABL wind (a) and turbulence intensity (b) profiles in the current experi-
ment (squares) and the ESDU standard for the thermally neutral (black line) and unstable
atmosphere (grey shaded region). The profiles are measured at the turntable center.

to match the field campaign from Hjelmfelt (1988), = 0.134 m s−1

and = 0.0004 m were estimated by fitting the log-law wind profile to
the measured ABL wind profile in the WindEEE Dome (Fig. 2a). Here,
the geometric scale of ABL is taken to be the same as the mean geomet-
ric scale of downbursts in the WindEEE Dome (1:220) (Romanic et al.,
2020b). Fig. 2a shows that the ESDU profile for neutral atmosphere
does not match the wind tunnel measurements.

To account for atmospheric stability, Eq. (1) is altered by adding the
stability term via:

(1)

where is the stability term derived from the Monin-Obukhov sim-
ilarity theory and is the Obukhov length. The stability function for un-
stable atmosphere was taken from Businger et al. (1971) and Nieuw-
stadt (1978) as:

(2)

where

(3)

Markowski et al. (2019) reported that the range of values dur-
ing thunderstorm days, but before the arrival of the cold outflow is in
the range between −50 and −500 (mean around −200). Using this inter-
val of , Fig. 2a shows that the mechanically generated ABL wind pro-
file in the WindEEE Dome resembles more closely the unstable atmos-
phere than the neutral stratification. The emphasis here is on the phrase
“mechanically generated ABL wind profile” because the WindEEE Dome
chamber is isothermal and the shape of the profile is governed by rpm
configuration of 60 fans.

Because the profile is mechanically created, the turbulence proper-
ties are not necessarily following the turbulence in an unstable atmos-
phere (Fig. 2b). Instead, the turbulence intensity ( ) profile in the pre-
sent experiments follows the ESDU standard for the neutral atmosphere
up to the height of approximately 60 m above the ground. The matching
of ESDU turbulence is probably due to the isothermal properties of the
chamber and the fact that the mean profile is mechanically created using
a system of fans, rather than through a combination of mean flow shear
and mixing due to heat fluxes (thermal effects) that exist in a stratified
atmosphere.

All velocity measurements in this research were performed using
four-hole Cobra probes developed by the Turbulent Flow Instrumenta-
tion Pty. Inc. Their output sampling frequency was set at 2500 Hz, and
the sampling time was 120 s. Guo and Wood (2001) compared Cobra
probes against hot-wire anemometers and demonstrated their capability
to measure mean velocities and fluctuations in highly turbulent flows re-
liably. The Cobras were designed to measure the incoming flow within a
cone of 45°, but the uncertainty of measurements increases as the inflow
angle approaches 45°.

The Cobra probes setup is portrayed in Fig. 4. In total, six probes
were used for downburst outflow measurements, while one Cobra probe
was employed for ABL wind measurements. The ABL probe (cyan probe
in Fig. 4) was always located at the same non-dimensional radial
distance ( ; is the radial distance in polar coordinates) and az-
imuth angle ( ) as the rake with downburst Cobra probes (red probes),
but the ABL wind probe was positioned on the opposite side of the
symmetry line concerning the incoming direction of ABL winds (see
Fig. 4a). This setup enabled the simultaneous measurements of down-
burst outflow and the streamwise ABL wind component at the same lo

4



UN
CO

RR
EC

TE
D

PR
OO

F

D. Romanic and H. Hangan Journal of Wind Engineering & Industrial Aerodynamics xxx (xxxx) xxx-xxx

Fig. 4. Top (a) and side (b) views of the experiment setup. The red Cobra probes were always pointing to the center of the turntable, and they were used to measure the radially outward
component of downburst outflow. The cyan Cobra probe was always oriented towards the direction of ABL winds. (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)

cation, assuming the above-invoked flow symmetry. For and
, the ABL probe was in the opposite and the same direction as the down-
burst probes, respectively. For , the two sets of probes were per-
pendicular. The heights of the downburst probes were 4, 10, 15, 20, 27
and 42 cm above the floor, while the ABL probe was positioned at 13 cm
above the floor. The investigated azimuth angles in respect to the incom-
ing ABL winds were from 0° to 180° with an angle increment of 30° (Fig.
4a). Four different radial distances ( ) from the isolated downdraft
center were considered: 0.5, 1.0, 1.5 and 2.0, as well as one additional
set of measurements performed in the center of isolated downdraft im-
pingement, i.e., . Here, the distances are measured from
the center line of the DB downdraft and the potential deflection of the
DBABL downdraft is not accounted for in the present analysis. Since the
Cobra probe measurements are not suitable for an estimation of down-
draft deflections from the vertical jet, all radial distances are referenced
to the isolated DB case. This referencing to DB case introduces a level of
uncertainty of the reported values in the DBABL outflow.

The percentage of valid DB velocity readings (velocity threshold
at 2 m s−1) at different s and s was very high (Table 1). In the
DBABL case, however, the percentage of valid data is highly depen-
dent on both and . No valid data were recorded by the DB Co-
bra probes for > 1 and due to their orientation into the
DBABL outflow propagation (Fig. 4). The measurements were con-
ducted for a given and location and then the Cobra probe

Table 1
Percentage of accurate velocity readings at different radial locations r/D (rows) and dif-
ferent azimuths θ (columns). The values outside and inside the brackets correspond to DB
and DBABL cases, respectively. The reported figures are for all heights because the per-
centages difference of valid data between different heights was <1% (not shown). The
velocity threshold for the Cobra probes was set at 2 m s −1.

0° 30° 60° 90° 120° 150° 180°

0.5 100
(98)

99
(92)

99
(86)

100
(81)

99
(88)

100 (99) 100
(100)

1.0 99 (76) 97
(88)

97
(95)

99 (98) 98
(99)

100
(100)

100
(100)

1.5 92 (0) 88 (0) 90
(74)

93 (93) 89
(99)

95 (99) 97 (99)

2.0 92 (0) 87 (0) 88 (2) 89 (83) 89
(98)

89 (96) 93 (95)

masts were moved to another location. All experiments were repeated
four times to assess the uncertainty and variability of the obtained re-
sults. Throughout this paper, and stand for the time aver-

ages and ensemble means of ( ), respectively, whereas is used
for peak values.

2. Downburst records segmentation

While the velocity sampling time was 120 s, transient segments of
the DB and DBABL outflows in the present experiments are in the or-
der of seconds and below (Fig. 5a). Therefore, a procedure was devel-
oped to systematically and objectively extract the transient segments
from the entire time series of the radial velocities ( ). Instead of termi-
nating downdrafts after a few seconds and only generate the transient
portion of the signal, the sampling time was set at 120 s to model both
the transient and stationary states of the outflows. The separation be-
tween transient and stationary segments was performed objectively due
in no small number of tested cases and the removal of possible subjec-
tive biases. The methodology to isolate transient segments from the rest
of the time series is as follows.

(1) A moving mean filter, , with the averaging window of 0.05 s
(Junayed et al., 2019; Romanic et al., 2020b), is applied to the
instantaneous velocity (Fig. 5a) for the removal of the highest-fre-
quency fluctuations (Fig. 5b).

(2) If :
a. A changepoint detection method (Lavielle, 2005; Killick et al.,

2012) is applied to the smoothed velocity record as proposed by
Romanic et al. (2019, 2020a) (Fig. 5b). In this step, the method
seeks to determine two changepoints ( ) that isolate downburst
segments from the entire velocity record. This segment is enclosed
by the two dash-dotted lines in Fig. 5b.

2.1. Otherwise (i.e., )

b. The changepoint method is not required due to the absence of ABL
winds in the velocity records from the downburst Cobra probes that
are pointing into the DBABL outflow propagation (see Fig. 4). In
this case, the first valid velocity reading and the end of the record
are used instead of and .
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Fig. 5. DBABL velocity measurements at , , cm. (a) Instantaneous velocity (black line) with the transient segments included between the dashed (blue) lines.
(b) Moving mean (red line) of the instantaneous data together with the locations of two changepoints ( ; the magenta dash-dotted lines). The black and cyan ( ) dots show the
intersection points between the mean velocity in the [ ] interval and the moving mean record (see text for details). (c) The extracted DBABL velocity record (black; instantaneous
velocity), the associated moving mean record (red) and real downburst velocity record from Finland (Järvi et al., 2007). The DBABL velocity record in (c) is the merge of two transient
segments in (a). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

(3) Then, find the intersection points between the mean, , of the iso-
lated segment in Step (2) and the smoothed velocity record in Step
(1). The obtained intersections are shown as black dots, including
the highlighted cyan dot, in Fig. 5b.

(4) The seventh intersection point ( ; the cyan dot in Fig. 5b) is
selected as the end of the initial transient part of velocity signals.
This portion of the record contains velocity ramp-up, first velocity
peak, and velocity slowdown after the peak. The choice of is
empirical and based on numerous sensitivity tests. However, since
the crossing frequency of and ( is the time) is high due to
the high sampling frequency of the Cobra probes, a change of
does not significantly influence the lengths of isolated segments.

(5) The velocity segments between and the second changepoint
(if ) or the end of the record (if ) are deemed as sta-
tionary.

The effectiveness of this methodology at extracting downburst-like
segments from the instantaneous velocity data is demonstrated in Figs.
5 and 6 for two different locations in the outflow. The isolated DBABL
segments are shown in Figs. 5c and 6c together with two anemometer
records of real downbursts from Finland (Järvi et al., 2007) and Italy
(Romanic et al., 2020b). The two real events are included for qualita-
tive comparison against the experimental data. The proposed methodol-
ogy provides flexibility on isolating DB-like portions of different lengths
from the entire velocity record. This tuning can be archived by changing
the reference intersection point, , to another value, as well as by
changing the length of the moving average window. This method pro-
vides an objective separation of the initial peak in the experimentally
produced downburst records from the rest of the steady-state time se-
ries.

All DBABL records are segmented into ABL winds, transient and
steady-state segments, and the velocity dissipation portions (Fig. 7a).
This study is mainly concerned with the transient and stationary seg-
ments. The transient part, in turn, can further be subdivided into the
ramp-up, the peak, and the ramp-down segments in most cases (

Fig. 7b). A single dominant peak and the ramp-down segments were not
always observed in the DBABL winds (Fig. 5) depending on the location
in the outflow. The initial transient segment in velocity records charac-
terize the passage of the first (primary) vortex in the DB-like outflows.
The stationary segments are the product of a continuous and steady-state
impingement of the downdraft onto the surface that is established af-
ter the initial, transient stage. The similar DBABL records are not ob-
served in physical experiments without ABL winds (e.g., Letchford et
al., 2002; Hangan et al., 2019; Junayed et al., 2019; Romanic et
al., 2020b). Visually, the isolated DBABL segments in Figs. 5 and 7
nicely resemble some of the observed downbursts in nature (De Gae-
tano et al., 2014; Burlando et al., 2017; Romanic et al., 2020a).
This similarity is also shown in Figs. 5 and 6 in the qualitative com-
parison between the extracted DBABL records and the real events from
Europe. While both full-scale events are transient, the peak duration and
ramp-up are different between the two records. The similar observations
can be made for the two DBABL velocity records that are acquired in dif-
ferent parts of the outflow. However, the similar transient signatures are
observed in both sets of velocity records. Moreover, Fig. 5 shows that
the ratio of the mean peak velocity in the transient portion of the records
to the mean ABL wind speed before the downburst is similar between
the Finland downburst and DBABL record from the current experiments.
The mean peak velocities in downbursts are typically 2–4 times higher
than the mean wind ABL wind speed before the event (Romanic et al.,
2020a).

Another feature worth discussing here is the pattern observed in dis-
sipation segments of DBABL records. Depending on the location in the
outflow, the return to ABL winds after the termination of the down-
draft is not immediate. Instead, the wind speeds first deteriorate be-
low the mean velocity of ABL winds before reaching the intensity of
the ABL winds that was observed prior to the downburst (Fig. 7).
This feature is often observed in real downburst outflows (Burlando
et al., 2017), and it is likely associated with remnants of the down-
burst degrading the ABL winds in the dissipation stages of thunderstorm
outflows (Wakimoto, 1982). Once the downburst-related flow struc
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Fig. 6. DBABL velocity measurement at , , cm. The ABL wind prior to the downdraft release is not observed in the record due to the orientation of the downburst
Cobra probes at (see Fig. 4). Interpretation of different lines and symbols as in Fig. 5. In (c), the embedded figure in the top-right shows a real downburst from Italy (Romanic
et al., 2020b).

Fig. 7. Identification of different segments in DBABL outflows achieved using the proposed segmentation methodology. The transient and dissipation (shaded) regions in (a) are shown in
(b). The time axis in both subplots is relative to the length of the record and always starts from zero. The dotted line in (b) shows the location of the primary velocity peak. The velocity
records correspond to , and z cm.

tures entirely dissipate due to the absence of their forcing from the par-
ent cloud (i.e., the downdraft is extinguished), the flow field returns to
the ABL winds. This feature of velocity records is not observed in the
physical simulations of downbursts that do not account for the existence
of ABL winds.

3. Results

3.1. Peak and mean velocity profiles

Vertical profiles of enveloped peaks of radial velocity component (
) are different in the DB and DBABL outflows (Fig. 8). The shown

profiles are an ensemble average of four experiment repetitions. All
peaks in this study are the maximum values in moving-mean velocity

records obtained using a 0.3-s averaging window (Romanic et al.,
2020b). Depending on the size and intensity of full-scale downbursts,
the geometric scales of the WindEEE Dome downbursts are in the range
between 1:100 to over 1:500 (mean geometric scale is 1:220). The ve-
locity scales are usually around 1:2 to 1:3. Scaling of the WindEEE
Dome downbursts to full-scale events is discussed comprehensively in
Romanic et al. (2020).

The differences between the enveloped peak profiles in DB and
DBABL winds (Fig. 8) depend on location in the outflow because of
the asymmetric nature of the DBABL flow field. The enveloped peaks
in the two outflows are similar at the lowest few heights at
and (Fig. 8b and c), but the spread between the profiles increases
with height. At —when the DBABL outflow is propagating against
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Fig. 8. Enveloped peak radial velocity profiles in the transient segment (primary vortex) of the DB and DBABL outflows at three different azimuth locations (a to c) and . Velocity
is normalized to the maximum value, and the height is normalized to downdraft diameter.

ABL winds (Fig. 4)—the DB and DBABL profiles significantly differ from
each other at all heights (Fig. 8b and c). The nose-like curvature in the
DBABL enveloped peak profile is the most pronounced at and

. The complexity of the DBABL outflow in this region is much
higher than for where the downburst outflow propagates in the
same direction as the ABL winds. The DB-ABL wind interaction hinders
the full development of the primary vortex in the DBABL outflow at

(Mason et al., 2010). The vortex modifications in DBABL out-
flow in comparison to an isolated DB are different from one location in
the outflow to another due to different wind directions of DB outflow
and ABL winds.

The mean velocity profiles in the steady-state segments of the two
outflows (Fig. 9) resemble similar trends to those observed in the en-
veloped velocity peaks in Fig. 8. The smallest discrepancies between
the two profiles are observed when the outflow is propagating perpen-
dicular to the ABL winds ( In this case, the maximum velocity
is observed at the lowest elevation, and the spread between the pro

files is constant throughout the height. The nose-like curvature in the
DBABL profile at is pronounced to the extent that the entire pro-
file is symmetric around ( is the downdraft di-
ameter). A few of the analyzed profiles (e.g., Fig. 9b) indicate that ve-
locity measurements below 4 cm ( ) are needed to properly
characterize the flow region closest to the surface.

It is worth mentioning that in an ideal downburst simulator, the DB
profiles measured without ABL winds (i.e., isolated downburst) should
be independent of due to the circular symmetry of the outflow (Fig.
1). However, slight dependency on is observed in the present ex-
periments. These imperfections are due to the observed asymmetry of
the downdraft at its source (Fig. 2) and due to boundary conditions
in the testing chamber (e.g., existence to the sidewalls in the cham-
ber and possible floor irregularities). With the large sizes of down-
drafts ( = 3.2 m), the testing chamber of 25 m in diameter and cham-
ber ceiling height ( ) of 3.8 m in height, it is extremely challenging
to entirely remove all potential factors that can slightly contaminate

Fig. 9. Mean radial velocity profiles in the steady segment of the DB and DBABL outflows at three different azimuth locations (a to c) and .
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the flow field. The dependency of the DB flow field on in the
WindEEE Dome was recently discussed in Junayed et al. (2019). The
velocity profiles from the downdrafts with —such are the ones in
this study—have stronger nose-shape curvature and better resemblance
of full-scale downbursts than the outflows with . The influence
of boundary conditions on DB velocity profiles was also addressed in Xu
and Hangan (2008). Also, the downdrafts in the WindEEE Dome are
created by utilizing six powerful fans in the upper chamber (Fig. 1) and
a small rpm difference between the fans, as well as any geometric imper-
fection of the blades, can result in the skew of the downdraft that was
observed in Fig. 2. This asymmetry can further cause the observed dif-
ferences in peak and mean velocity profiles in the near-surface regions of
the DB outflows. The presence of louvers inside the bell mouth can ad-
ditionally influence the symmetry of downdrafts. Thus, the velocity pro-
files across the impinging jet in Fig. 1 are measured downstream from
the louvers (Romanic et al., 2019) in order to assess the final level of
asymmetry of the downdrafts before their impingement onto the floor.
Later in Section 4.2, the study further demonstrates the high fidelity of
isolated DB outflows in the WindEEE Dome chamber.

The produced DBABL outflow corroborates well with the numerical
simulations of tilted downdraft in Mason et al. (2010) (Fig. 10). Two
ratios between the ABL winds and the strength of the negatively buoy-
ant downdraft ( ) in Mason et al. (2010) were
and In their work a wind speed at 2 km above the surface
was used as an estimate for the ABL wind strength ( ), whereas

was estimated as the downdraft velocity in the absence of the
ABL winds. The same approach applied to the DBABL case in our study
yields the ratio of , which is reasonably close to in Ma-
son et al. (2010). However, it should be noted that our ABL wind
measurements were conducted at a much lower elevation than 2 km
(full-scale equivalent). Regardless of these differences, there is a defi-
nite similarity between their Computational Fluid Dynamics (CFD) re-
sults for the E37 case and the current physical experiments (E44) at

and (Fig. 10). The matching is higher for the en-
veloped peaks than instantaneous profiles. The uncertainty of peak val-
ues due to turbulent fluctuations that is found from four experiment rep-
etitions, however, demonstrates an advantage of physical experiments
over numerical simulations in this respect. The physical experiments
show that the spread around the ensemble mean from the four repe-
titions increases with the height throughout the flow. The higher el-
evations in the outflow are in the strong shear region characterized
by Kelvin-Helmholtz instability (Charba, 1974; Kim and Hangan,
2007) that amplifies turbulence, thus producing more variable

peaks between different test repetitions. This natural variability is not
present in the Unsteady Reynolds Averaged Navier-Stokes (URANS) sim-
ulations that only resolve large-scale features in the flows (Kim and
Hangan, 2007; Mason et al., 2010; Skote et al., 2018) However,
the similarity between the physical experiments and the URANS is high
(Kim and Hangan, 2007; Mason et al., 2010) in terms of the general
features observed in the moving-mean of transient flows.

The present physical experiments fall within the envelope of ob-
served peak velocity profiles from the JAWS field study (Hjelmfelt,
1988) (Figs. 10 and 11). Due to the slow scanning periods and other
limitations of Doppler radars deployed in the JAWS campaign, the ob-
tain profiles cannot be considered as either instantaneous or the real
enveloped peaks, but they are likely a closer resemblance of enveloped
peak values (Mason et al., 2010). The downburst diameters in the
JAWS data from Hjelmfelt (1988) are between 1.2 and 3.1 km with
the mean diameter of 1.8 km. On average, the JAWS downdrafts are
about 550 times the WindEEE Dome downdraft used in this study
(3.2 m). The maximum velocities in the JAWS data are up to two times
higher than the peak velocities in the present DB-like experiments. This
range of geometric and velocity scales is in the interval of established
WindEEE Dome downburst scales in Romanic et al. (2020b).

A large portion of the enveloped peak velocity profiles from the
current experiments also falls outside of the JAWS region (Fig. 10).
The nose-shaped velocity profile that is usually associated with down-
burst winds is, in fact, not always observed in real thunderstorm out-
flows (Choi, 2004; Gunter and Schroeder, 2015). The DBABL ex-
periments show that the nose-like curvature reduces with moving away
from the downdraft center, as the outflow diminishes and the flow field
approaches the state of surrounding ABL winds. However, there is also
a strong dependency of velocity profile's curvature on . The nose-like
curvature in the DBABL outflow is the most pronounced at and
the least pronounced at .

In the region around , the DBABL outflow caused by the in-
clined downdraft is propagating into the oppositely blowing ABL winds.
The downdraft inclination that is towards elongates the pri-
mary vortex that is in the forward region of the outflow in the direction
of ABL winds (i.e., towards ; forward region) (Mason et al.,
2010), and contracts the vortex that is in the rear part of the outflow
in the streamwise direction (i.e., rear region). That is, the interaction
between the ABL winds and the downburst outflow in the rear and for-
ward regions of the outflow is profoundly different. This interaction is
observed in three different ways in the present experiments, as described
below.

Fig. 10. (a) Instantaneous maximum and (b) enveloped peak velocity profiles during the transient portion of velocity records and their comparison against literature. See text for the
interpretation of E44, E37, and E21. The error bars show one standard deviation of the obtained values from four experiment repetitions.
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Fig. 11. Comparison of all enveloped peak profiles in the DBABL outflow during the tran-
sient portion of velocity records against the full-scale data from the JAWS project. As in
Hjelmfelt (1988), the height is normalized to the height of the maximum velocity.

The more pronounced nose-like curvature in the rear region indi-
cates a strong vertical shear in the outflow (Figs. 8 and 9). Because
of the weak shear in the ABL winds above approximately
(Fig. 3), the opposite vorticity in the ABL winds at these heights
does not entirely deteriorate the vortex. Instead, the return flow in
the upper regions of the vortex is likely intensified by the ABL winds
(Fig. 12). These high winds are brought down to near the surface and
back into the vortex due to the circulation pattern in the rear outflow
(Fig. 12). Indeed, around and , the DBABL outflow is

Fig. 12. Conceptual model of the DBABL outflow. The symbol “S” in the rear region indi-
cates the stagnation point in the flow due to the opposite vorticity in the DBABL outflow
and ABL winds. The frontal line made of the star symbols in the rear region indicates the
maximum radial distance to which the primary vortex can advance.

stronger than the DB winds. On the other side, the ABL winds that are
passing around the downdraft in our experiments gain the downward
momentum that hinders the full development of primary vortex in the
forward region (Mason et al., 2010).

Secondly, the vortex in the rear side of the downdraft is at a higher
elevation than in the isolated DB case (Orf and Anderson, 1999;
Barata and Durão, 2004), which further contributes to the develop-
ment of the strong nose-like curvature in the DBABL profiles at
(Figs. 8 and 9). The higher elevation of the rear DBABL primary vortex
in respect to the DB case is caused by the oblique downdraft impinge-
ment and the opposite vorticity of the ABL winds and the primary vor-
tex close to the surface (Fig. 12). The opposite vorticity between the
near-surface ABL winds and DBABL outflow at creates a stagna-
tion region close to the surface that acts to elevate the radially propa-
gating primary vortex. Fig. 8 demonstrates that the maximum velocity
in the primary vortex of DBABL outflow is observed at higher elevations
than in the DB case.

Thirdly, the ABL winds prevent radial propagation of the rear pri-
mary vortex beyond approximately at . Similar findings
were also reported by Barata and Durão (2004), who demonstrated
that the radial distance to which the vortex propagates depends on the
strength of downdraft and crossflow. The numerical simulations of Orf
and Anderson (1999) also corroborate well with their finding and the
pressent results of DBABL experiments. The current experiments further
demonstrate this observation in the following section that shows high
DBABL velocities at and , but, at the same time, the
complete absence of the DBABL outflow for (at ). There-
fore, the vortex never propagated beyond around . Moreover,
the velocity records at lack a single, dominant, and transient
peak (Fig. 13), which also indicates that the vortex never traversed that
measurement point. Instead, the velocity records are made out of a se-
ries of intermittent peaks of different magnitudes that indicate highly
turbulent flow that is characterized with profoundly different dynamics
than the flow field in the forward region of the outflow (Fig. 5). The
larger standard deviation of enveloped peaks obtained from multiple ex-
periment repetitions in the rear side of the outflow (for ) also
demonstrates the high complexity of the outflow in this region.

We further benchmark our results against two thunderstorm wind
measurements from the United States (US; Gunter and Schroeder,
2015) (Fig. 14) and a field campaign from Australia (Sherman, 1987)
(Fig. 15). In both cases, the DBABL enveloped peak profiles follow
the field measurements better than in the case of instantaneous pro-
files of maximum velocity. This analysis suggests that the

Fig. 13. Instantaneous radial velocity record in the DBABL outflow at and
.
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Fig. 14. The enveloped peaks (a, b) and the instantaneous maximum velocity profiles (c, d) in the Syracuse (a, c) and Pep (b, d) thunderstorm events (in the US) from Gunter and
Schroeder (2015) and in the present DBABL tests. The maximum instantaneous velocity profile is extracted at the instant of the enveloped peak velocity at during the transient
portion of velocity records.

Fig. 15. The enveloped peaks (a) and the instantaneous maximum velocity profiles (b) in downburst close to Brisbane (Australia) from (Sherman, 1987) and in the present DBABL tests.
The maximum instantaneous velocity profile is extracted at the instant of the enveloped peak velocity at during the transient portion of velocity records.

DBABL simulations can be used as a tool to estimate the overall ve-
locity peaks in downburst outflows, but not necessarily the instanta-
neous velocity profiles. However, since the current DBABL experiments
were not conducted with the goal to match any particular case study
of a full-scale downburst, the better matching of instantaneous profiles
would likely be observed if that was the main goal of this research.

The present results also demonstrate that multiple repetitions of ex-
periments provide an assessment of the uncertainty of obtained ve-
locity peaks (Fig. 10). The enveloped peaks are more relevant than
the instantaneous velocity profiles for wind engineering applications
and downburst wind loading codification. In this context, the current
DBABL experiments have shown that the enveloped peaks are better
simulated than the instantaneous velocity profiles. The overestimation
of velocity peaks close to the surface in the physical experiments (Fig.
14) is probably due to the experiments being conducted over a bare
floor that resembles the low surface roughness (Section 2). Lastly, mul

ticellular thunderstorms analyzed in Gunter and Schroeder (2015)
and Sherman (1987) represent the most common type of thunderstorm
systems in mid-latitudes (Markowski and Richardson, 2010, p. 209),
which additionally highlights the importance of the good agreement of
enveloped peaks profiles in DBABL experiments and full-scale data in
Figs. 14 and 15.

The evolution of DB and DBABL radial velocity profiles throughout
the transient segment (i.e., the primary vortex passage) of the veloc-
ity records at and is plotted in Fig. 16. The profiles
evolve similarly around the time of peak velocity, but the DBABL pro-
file is characterized by a less pronounced nose-shaped curvature. Dur-
ing the initial stages of the ramp-up, the DB profile does not resem-
ble the typical nose-like curvature that is usually associated with down-
burst winds. This evolution of DB profiles corroborates with the results
in Junayed et al. (2019) that showed the absence of the nose-like
curvature in the DB outflows during the ramp-up portion of the veloc
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Fig. 16. Evolution of DB and DBABL radial velocity profiles at for at and
obtained from moving mean velocity records using a 0.3 s averaging window.

Velocities are normalized with the maximum velocity, while the height (in cm) and time
(in s) are not normalized.

ity records. Also, the time evolution of the heights of the maximum
velocity is different between the DB and DBABL winds. The strongest
winds in the DBABL outflow are closer to the surface than in the DB case
during the ramp-up segment. Around the peak time, both wind systems
have the maximum winds around the lowest measuring height or below.
This height gradually increases during the ramp-down segment in both
outflows. The smaller nose-shaped curvature in the DBABL winds during
the ramp-down segment agrees with the numerical results in Mason et
al. (2010) and the proposed conceptual model of the DBABL flow field
(Fig. 12), in which the ABL winds hinder the full development of the
primary vortex in the forward region of the outflow.

3.2. Spatial analysis of the DB and DBABL flow fields

Mean values of radial velocities ( ) in the steady-state segments of
the DB and DBABL records at each measuring height were normalized
against their respective downdraft center line velocities ( ) and plot

ted in Fig. 17 and Fig. 18, respectively. Linear interpolation was used
to smooth the measurements on the rest of the polar plot. The DB out-
flow in the WindEEE Dome is symmetric around the downdraft center
with the highest velocities occurring around . At this radial
distance, the azimuthally averaged radial velocity in the DB outflow is

at the height of . The empirical model of Rajarat-
nam (1976, p. 235) predicts the value of based on the experimen-
tal results from Poreh et al. (1967). However, a slight asymmetry in
the isolated DB outflow is also noticeable and already discussed in the
previous section. Radial velocities at are slightly higher when
compared to the rest of the outflow; particularly at . How-
ever, the azimuthal differences of mean radial velocity at this height are
below 7.7% everywhere in the measured outflow. This discrepancy is
lower at the other five heights. The slight asymmetry in the near-surface
DB outflow might be due to the observed irregularity of the downdraft
velocity profiles in Fig. 2 that shows the slightly higher downdraft ve-
locities in the region towards . Notice in Fig. 2 that the DBABL
downdrafts are more symmetric than DB jets along the cross-ABL wind
direction.

When compared to the symmetric DB outflow with acknowledged ir-
regularities in Fig. 17, the DBABL outflow is highly asymmetric around

(Fig. 18). As expected, the high radial velocities are found in the for-
ward region, while the weaker (outward) radial velocities are in the rear
region of the outflow. At , the radial velocities are like those ob-
served in the DB case, but still slightly higher. The smallest decline of
radial velocities with height is found in the forward region of the out-
flow, which is in accordance with the proposed outflow model in Fig.
12. The DBABL flow field at the height in Fig. 18

Fig. 17. The normalized ensemble mean radial (outward) velocities in the DB outflow during the steady impingement segment of velocity records. Radial distances ( ) from the down-
draft center and azimuth angles around the downdraft indicated in each plot. The grey region in the center indicates the absence of outward radial velocity measurements. The plots (a)
to (f) indicate different measurement heights in the outflow.
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Fig. 18. The normalized ensemble mean radial (outward) velocities in the DBABL outflow during the steady impingement segment of velocity records. The grey region indicates the
absence of reliable outward radial velocity measurements. The direction of ABL winds also included in each plot and the rest of notation as in Fig. 17.

agrees well with the reconstructed flow field of the New Orleans
(Louisiana, US) microburst on July 9, 1982 from Fujita and Wakimoto
(1983). Namely, in addition to the bean-shaped zone of the maximum
velocities in the forward region—if the current observations are mir-
rored to the plain —the ratio of velocities at
and around is approximately 1.5 in both cases. The
same flow field pattern was found in the numerical study of traveling
microbursts in background ABL winds by Orf and Anderson (1999).
Their study also showed the absence of radially outward winds in the
rear regions of the DBABL outflow (the grey zone in Fig. 18).

The turbulence intensity ( ) field in the DBABL outflow that was
calculated as the ensemble mean of turbulence intensities ( )
from four experiment repetitions is shown in Fig. 19. The highest tur-
bulence is observed in the rear region of the outflow where the down-
burst is propagating against the ABL winds. The bean-shaped spatial
distribution of the s is similar to the spatial pattern of mean veloci-
ties in Fig. 18. In addition to the high values of in the rear region
of the outflow, two other zones of high turbulence are found in the
impingement zone of the downdraft and along the outflow periphery
around . The higher values of along the periphery of the
DBABL outflow are in accordance with flow experiments of Barata and
Durão (2004) that showed the existence of two counter-rotating vor-
tices that form in the rear region and propagate along the direction of
ABL winds on each side of the outflow. The flow structure in the vor-
tices is similar to the horseshoe vortices that roll-up around bluff bod-
ies due to boundary layer separation (Krothapalli et al., 1990; Kelso
and Smits, 1995). Barata and Durão (2004) also demonstrated that
the impingement zone is a highly turbulent region in the outflow. The
high values of at the highest measuring level ( ) in the

rear region of the outflow are probably due to the strong entrainment of
ABL winds into the upper layers of the DBABL outflow.

Lastly, we investigate a ratio of enveloped radial velocity peaks in
the DB and DBABL outflows ( ) during the transient segment of the
records defined as:

(4)

These transient segments are associated with the passage of the pri-
mary vortex over a measurement location. Fig. 20 shows an asymmet-
ric footprint of around . Close to the surface ( ) and
around , the DBABL enveloped peaks are about 1.2 times larger
than in the isolated DB case. Perhaps counterintuitive at first, but this
zone is situated in the rear region of the outflow. A reason behind the
higher velocity peaks in DBABL than in DB in this region of the outflow
is discussed in Section 4.1 concerning Fig. 12. As the height increases,
the zone of large s is shifting towards the forward outflow region and
around . The largest speed-ups in the DBABL outflow from the
DB case are observed at and at or, perhaps, beyond
this point, but those measurements were not conducted in the present
study. These observations follow the conceptual model of flow interac-
tion portrayed in Fig. 12. Namely, the increase of ABL winds with the
height accelerates the upper regions of the DBABL outflow more than
in the DB case. This stronger DBABL winds in the upper regions of the
outflow at are also clearly demonstrated in the time-evolution
of the radial velocity profiles in Fig. 16. Moreover, the stretching of the
primary vortex and the increase of outflow depth in the forward region
were also noticed by Mason et al. (2010) in their numerical work con-
cerning DBABL outflows.
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Fig. 19. Turbulence intensity of radial (outward) velocities ( ) in the DBABL outflow during the steady impingement segment of velocity records. The rest of the notation as in Fig. 17.

3.3. Vector addition of the DB and ABL winds

The following analysis investigates if vector addition of the DB and
ABL winds is satisfactory at representing the DBABL outflow. Simple
models of vector addition of downburst translation and downburst out-
flow were previously used in Holmes and Oliver (2000), Chay et
al. (2006), Kim and Hangan (2007), and Abd-Elaal et al. (2014).
Letchford and Chay (2002) also proposed a simple model of vector
addition of DB winds and cloud translation. In the present study, the
starting hypothesis is:

(5)

where can be any velocity-related quantity. Here, we tested this hy-
pothesis on the example of the mean radial velocities in the steady-state
outflow, as well as the peak velocities in the primary vortex. A scalar
form of Eq. (5) applied to the radial component of the DBABL winds (

) is in the form:
(6)

where and are the ABL and DB velocities (mean or peak), re-
spectively.

We further express Eq. (6) as a ratio:

(7)

Therefore, after replacing for shortness, we ob-
serve that:

The results of this analysis are shown in Fig. 21 for the enveloped
radial velocity peaks in the primary vortex. Fig. 22 shows the ratio for
the mean velocities in the steady-state segments of the two outflows.
Overall, much of the flow field does not satisfy the hypothesis in Eq.
(5) for the -ratio of enveloped peaks ( ) as well as means ( ). The en-
veloped peaks are predominantly overestimated using the vector addi-
tion of DB and DBABL winds. From the wind engineering point of view,
this produces more conservative estimates of the wind loads, and the
peak analysis is, therefore, “on the safe side.” However, the zone of
in the rear region of the outflow (around ) shows a significant
underestimation of the DBABL peaks. The vector addition produces en-
veloped peaks that are more than two times smaller than the observed
values in the DBABL outflow.

The -ratio of mean radial velocities in the steady-state segment of
the records ( ) (Fig. 22) differs from the field (Fig. 21) by an in-
crease of the region that undershoots the DBABL values. In addition to

in the rear region around , the values are also below
unity in the lateral sides of the outflow around . This zone of

is more skewed towards the outer regions of the outflow. The ex-
periments also show that the undershoot of the enveloped velocity peaks
(Fig. 21) in DBABL is larger than the underestimation of the mean flow
field (Fig. 22).
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Fig. 20. The ratio of enveloped peak velocities in the DBABL and DB cases, . The rest of notation as in Fig. 17.

Fig. 21. The ratio of enveloped peaks in the transient segment of the outflows ( ). The black dotted line shows . The rest of the notation as in Fig. 17.
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Fig. 22. The ratio of mean radial velocities in the steady segment of the outflows ( ). The black dotted line shows . The rest of the notation as in Fig. 17.

Considering that the rear region is also highly turbulent zone in
the DBABL outflow (Fig. 19), the above underestimation of DBABL en-
veloped peaks calls for a caution when estimating the coupling of DB
and DBABL winds in wind engineering. Wilson et al. (1984) and Ma-
son et al. (2010) demonstrated that the vector addition of the down-
draft and ABL winds seems to be a reasonable representation of the
downdraft tilt angles, but Mason et al. (2010) still observed that more
significant tilts were found in CFD simulation of DBABL flows than ex-
pected from the vector addition. Orf and Anderson (1999) also ver-
ified that the traveling microbursts in a unidirectional shear of ABL
winds—such as the one produced in the current experiments—can aug-
ment the damaging near-surface winds compared to the isolated DB
case.

3.4. A flow field comparison to real downburst

The present physical experiments are compared against a full-scale
downburst event of July 8, 1982 (Hjelmfelt, 1988) that was measured
during the JAWS field campaign that took place close to Denver, Col-
orado (US). The full-scale measurands were conducted using an S-band
Doppler radar. In our study, Web Plot Digitizer (Rohatgi, 2019) was
employed in digitizing the velocity data from Hjelmfelt (1988). The
digitized and re-plotted velocity data are shown in Fig. 23a together
with the wind directions at the cloud base ( ) and the surface
( ). Due to this change of wind direction with height, we esti-
mated the mean direction of background winds ( ) as:

Fig. 23. (a) Digitized horizontal velocities from Hjelmfelt (1988) and the highlighted wind directions (not to scale) at cloud base ( ), surface ( ) and the resulting direction of
background wind ( ). (b) Radial velocity components measured from the estimated location of downdraft touchdown. The grid resolution is and the velocities were
measured at approximately 200 m AGL.
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(9)

where and are the horizontal wind speeds at cloud base and sur-
face, respectively, and and are their respective wind directions
(in °). The wind speeds in Eq. (9) serve as weighting factors with the
values of and . The cloud base was at 2600 m
above ground level (AGL), and the thunderstorm was a multicell cumu-
lonimbus cloud with pronounced virga (Hjelmfelt, 1988). The uncer-
tainty of horizontal velocity measurements in Hjelmfelt (1988) was
about 2 m s−1 (Wilson et al., 1984). The radar-resolved flow field and
velocity profile retrievals are less accurate than anemometer measure-
ments (Gunter et al., 2015). Also, as a side note, and are mea-
sured at 10 m AGL in the standard meteorological practice.

Next, the horizontal velocities in Fig. 23a are converted from the
Cartesian coordinates to polar coordinates reference frame as:

(10)

where and are the Cartesian wind speed components, and is the
azimuth angle in polar coordinates. The radial velocity components (
) in the polar coordinate system with the origin at the estimated down-
burst impingement location are shown in Fig. 23b.

The geometric and velocity scales of DB outflows in the WindEEE
Dome were discussed in Junayed et al. (2019) and Hangan et al.
(2019), and, more recently, by Romanic et al. (2020) in the com-
prehensive study of DB scales and DB scaling methodology. With the
full-scale downdraft diameter of (Hjelmfelt, 1988), the
measurement height of horizontal velocities in Fig. 23 is at

(the subscript “ ” stands for the “prototype”). This
non-dimensional height is close to (the subscript “ ”
stands for the “model”) in the present physical experiments (9.2% of
the height difference). Thus, the derived geometric scale between the

event in Fig. 23 and the measurements in the WindEEE Dome is:
(i.e., 1:450 if the scale is defined as the

diameter over the dimeter). The estimated scale corroborates well
with the range of geometric scales of the WindEEE Dome downbursts
in Romanic et al. (2020) and Junayed et al. (2019). However, we
do acknowledge that other, more sophisticated, scaling methodologies
could be used to assess the relationship between the and events.

To account for the cloud base height ( ) and downburst diame-
ter ( ), velocities in both and outflows were normalized as (Gut

mark et al., 1978; Ho and Nosseir, 1981):

(11)

where or . The comparison between the and flow fields is
performed over the steady-state segment of the records and in Eq.
(11) represents the maximum of the mean velocity in the entire outflow
at . The obtained values of and are 5.43 m s−1

and 5.96 m s−1, respectively.
The simple geometric scaling employed in this study results in the

same range of values of full-scale and experimental data in Fig.
24. The highest normalized velocities in the and events are found
between and in the forward region on the out-
flows. In addition, there is a good overall similarity between the entire
spatial footprint of two outflows. The negative radial velocities that are
observed in the side and rear regions of the event are not measured
in the current DBABL experiment partially due to the orientation of the
Cobra probes (Fig. 4) and partially due to the discrepancies between
the and flow fields in these regions. That is, the physical experi-
ments are still an idealized representation of real events, and the current
setup does not account for cloud translation and various other factors
such as surface roughness, orography, and atmospheric stability. While
the cloud translation, roughness changes, and orography can be added
to this experimental setup in the future, the WindEEE Dome simulator
was not designed to produce gravity currents and different thermal sta-
bility regimes in the outflow. Despite this idealized nature of the exper-
iments, the range of normalized velocities and radial distances in Fig.
24 is the same between the two outflows. We also emphasize that this
asymmetric, bean-shaped outflow cannot be produced in an experi-
ment of isolated DB.

This flow field pattern was also found in numerical simulations of
Orf and Anderson (1999) and Mason et al. (2010). The simulated
outflow in Fig. 24a is further similar to a case of translating downburst.
This similarity suggests that the DBABL outflows might produce equiva-
lent flow field to a translating downburst generated without background
ABL winds, but additional tests are needed to confirm this proposal.
Therefore, the importance of present physical experiments of DBABL
winds and above numerical studies that all corroborate well with the
full-scale data is of great importance in downburst wind engineering.
While we also acknowledge some of the discrepancies between the
and flow fields in Fig. 24, the presented analysis is the best that
currently can be accomplished with limited full-scale and experimental
data.

Fig. 24. Normalized radial velocities at (a) in the DBABL outflow in the WindEEE Dome; and (b) in the real downburst event from the JAWS Project (see Fig.
23b). Both plots are aligned along the direction of background ABL wind ( ; black arrow).
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4. Conclusions and outlook

The research presented in this paper investigates the interplay be-
tween near-surface atmospheric boundary layer (ABL) winds and down-
burst outflows. The study was based on a set of physical experiments
carried out inside the Wind Engineering, Energy and Environment
(WindEEE) Dome downburst simulator at Western University in Canada.
The coupling between downburst and ABL winds was investigated for
five different radial distances from the undisturbed downdraft center (

), seven different azimuth angles ( ) in respect to the incoming ABL
winds, and six different heights above the floor ( ). Here, , and

are dimensional radial distance, height, and downdraft di-
ameter, respectively. In this notation, depict the
azimuthal directions in which the radially propagating downburst out-
flows and the streamwise component of ABL winds are in the opposite,
perpendicular, and same directions, respectively. This study also intro-
duced a methodology for the segmentation of velocity records of physi-
cally produced downburst into transient and steady-state parts.

We demonstrated through a series of different analyses that isolated
downbursts (DB; i.e., downbursts without background ABL winds) and
DBABL downbursts (i.e., downbursts immersed into background ABL
winds) are profoundly different in terms of mean and peak velocities, as
well as turbulence intensities. The discrepancies between the two out-
flows highly depend on , , , and time ( ).

The study also demonstrated that the vector addition of downburst
radial velocities and ABL winds is inaccurate throughout the flow field,
i.e.:

(12)

In some regions of the DBABL outflow, this simple vector addition
of DB and ABL winds produces enveloped peaks that are more than two
times smaller than the observed values in the DBABL outflow. Moreover,
this region of peak underestimation is situated in the highly turbulent
part of the DBABL outflow.

This study also compared the enveloped peak and instantaneous
maximum radial velocity profiles in the DBABL outflow to several
Doppler radar measurements of real thunderstorm winds from the US
(Fujita, 1981; Hjelmfelt, 1988; Gunter and Schroeder, 2015) and
Australia (Sherman, 1987). The similarity between enveloped peaks
in the experiments and reality is higher than the similarity between
the instantaneous profiles in the outflows. The results were also bench-
marked against numerical simulations of DBABL winds in Mason et al.
(2010), and qualitatively discussed concerning the numerical simula-
tions in Orf and Anderson (1999). Moreover, the entire DBABL flow
field was compared against the real downburst outflows from Hjelm-
felt (1988). The experimentally produced DBABL flow field showed the
beam-shape spatial pattern similar to that of the real downburst from
Hjelmfelt (1988). Furthermore, a discussion of the produced DBABL
flow field in relation to the real near-surface downburst winds from Fu-
jita and Wakimoto (1983) was also included. The overall resemblance
between the experiments and reality warrants high fidelity results.

Lastly, this research also serves as an initial point for a series of fu-
ture studies that will be devoted to this subject. The DBABL outflow
dynamics that result from different intensities of isolated DB and ABL
winds (Romanic et al., 2019), including a variety of different ABL
wind profiles, should be investigated in order to generalize the results
of this study. Also, an experimental work that will consider translat-
ing downdrafts with and without ABL winds should be conducted to
assess the importance of these factors to downburst outflow dynamics.
Some of the uncertainties from this research should also be addressed
in future work. For example, a deflection of the DBABL downdraft from

the location of the isolated DB should be quantified for different
strengths of the DBABL downdrafts.
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