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Abstract

Values of turbulence kinetic energy (TKE) and TKE dis-
sipation rate can be obtained from radar estimates of
velocity and Doppler spectral width. However, these es-
timates usually do not have sufficient temporal resolu-
tion and lead to filtered results that do not allow straight-
forward theoretical interpretation. A procedure is pro-
posed for evaluation of velocity distribution properties
from radar measurements using flow fields generated
by means of numerical large eddy simulation (LES).
The TKE estimates are obtained from LES turbulent
velocity fields through averaging in space and, alter-
natively/complementary, by averaging in time. These
estimates are compared with measurements retrieved
from a virtual radar, which is embedded within the LES.
The optimal averaging time to obtain steady consistent
statistics is investigated. Wind shears are known to
cause a bias in the TKE estimates from radar measure-
ments. This effect is also studied by analyzing the virtual
radar data in conjunction with turbulence statistics from
LES. The values of turbulence dissipation rate are esti-
mated from LES data through a parameterized expres-
sion that relates the dissipation rate to sub-grid TKE and
turbulence length scale. Estimates of dissipation rate
from the virtual radar are obtained from the turbulence
contribution to the spectral width after all other contri-
butions are taken into account. The dissipation rate
estimates from the virtual radars, vertical and oblique
beams, and from LES are compared.

Findings from this study will ultimately feed into turbu-
lence parameter retrieval algorithms developed for ac-
tual radar systems.

1. INTRODUCTION

Radar wind profilers are routinely used for measure-
ments of the atmospheric flows, particularly to study the
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atmospheric boundary layer (ABL) structure (Angevine
et al., 1994; Angevine, 1999; Cohn and Angevine, 2000;
Grimsdell and Angevine, 2002). Parameters of three-
dimensional wind fields may be obtained from radial ve-
locity measured by the boundary layer radar (BLR) using
the Doppler beam swinging (DBS) technique (Balsley,
1981; Balsley and Gage, 1982).

Turbulence characteristics are commonly obtained from
the second-order statistics of the radar wind retrievals.
As discussed in Scipién et al. (2007), the horizontal
wind statistics are usually overestimated in comparison
with the flow fields predicted numerically, particularly, by
large eddy simulation (LES). Here, we will investigate
the possible causes for this overestimation, as well as
a possible solution to overcome this problem. When the
vertical motions in the convective boundary layer are ac-
tive (Flowers et al., 1994; Zhang and Doviak, 2007) the
horizontal wind estimates are biased due to the vertical
velocity variability (shear) (Scipion et al., 2009b). This
bias is one of the causes of the overestimation of the
horizontal velocity variances. Vertical velocity statistics
have been previously investigated and found to be sus-
ceptible to the underestimation depending on the dwell
time used in the velocity retrieval (Angevine et al., 1994;
Scipién et al., 2007, 2009a).

The Doppler spectral width from different radar beams
(vertical and obligue) has been evaluated to sepa-
rate the broadening due to turbulence. This broaden-
ing is further used to obtain an estimate for the tur-
bulence kinetic energy (TKE, eddy) dissipation rate e
(Spizzichino, 1975; Hocking, 1983, 1985, 1996; Gos-
sard et al., 1990; Cohn, 1995; White, 1997; White et al.,
1999; Gossard et al., 1998; Jacoby-Koaly et al., 2002;
Shaw and LeMone, 2003). The external contributions to
the Doppler spectrum widening or narrowing were dis-
cussed in Jacoby-Koaly et al. (2002) and Scipion et al.
(2009b), where the procedure of removal of external
contributions was proposed considering the pointing di-
rection of the beam.

In the present study, boundary layer flow fields gener-
ated by LES are used in combination with a radar sim-
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ulator (Scipion et al., 2008) to study the characteris-
tics of turbulence in the atmospheric convective bound-
ary layer. This approach allows to evaluate different
techniques of retrieval of turbulence fields from BLR
against reference fields reproduced by LES. The BLR
was implemented following the methodology described
in Muschinski et al. (1999) and Scipion et al. (2008).

The paper is organized as follows. In Section 2, the main
features of the LES code is presented. The virtual radar
is presented in Section 3 along with the experimental
setup. Section 4 discusses the turbulence statistics. Fi-
nally, in Section 5, conclusions are summarized.

2. LARGE EDDY SIMULATION (LES)

The main features of the LES code employed in the
present study are summarized in Fedorovich et al.
(2004a,b), and Conzemius and Fedorovich (2006). The
code has recently been updated to incorporate realis-
tic atmospheric sounding data as described in Botnick
and Fedorovich (2008). In Scipion et al. (2009a), the
code was applied to reproduce the daytime convective
boundary layer (CBL) observed over the Southern Great
Plains Atmospheric Radiation Measurements Climate
Research Facility (SGP ACRF) in Lamont, Oklahoma,
on June 8th, 2007. A sub-set of the LES output was
employed as an input for the BLR simulator. The BLR
sub-domain has spatial dimensions of 1400 m in hori-
zontal directions (z and y) and 2000 m in the vertical
(2), with the spatial resolution of 20 m. The BLR sim-
ulator was fed with three-dimensional fields of resolved
potential temperature 6, specific humidity ¢, flow veloc-
ity components u, v, and w (along the coordinate direc-
tions x, y, and z, respectively), and sub-grid turbulence
kinetic energy E. Snapshots of the simulated boundary
layer flow structure are presented in Fig. 1.

3. LES-BASED RADAR SIMULATOR

The procedure used to simulate the radar signals has
been presented in Scipién et al. (2008). It is based on
the work of Muschinski et al. (1999). The radar setup
has been described in Scipion et al. (2009a), where the
radar with five radar beams has been located at the sur-
face in the center of the BLR domain, with the beams
pointing vertical and off-vertical with an inclination of
15.5°. The off-vertical beams are pointing along four dif-
ferent azimuth angles: 0°, 90°, 180°, and 270°. The ad-
ditive white Gaussian noise has been applied constantly
to the radar signal time series with a level of 35 dBm to
simulate realistic signals.

Two cases were simulated with the same radar configu-
ration and using the same LES data. The only difference
between the two data sets is the magnitude of the ver-
tical velocity. In the first case, the vertical velocity was
left intact as retrieved from the LES data. In the second
case, the vertical velocity was set to zero. The zero ver-
tical velocity case was only used for comparisons while
calculating the horizontal velocity variances. The radial
velocities from both techniques were used to estimate
the horizontal wind using DBS. In Scipion et al. (2009b),
it was discovered that the horizontal variability (shear of
the vertical velocity) can cause an error in the horizontal
wind estimates.

In Figs. 2 and 3, we present results form the horizontal
wind components evaluated with and without vertical ve-
locity shear. The original horizontal velocity fields from
LES are shown in the upper plots of each figure. Esti-
mates with the actual vertical velocity are presented in
the middle plots. The horizontal wind estimates obtained
with zero vertical velocity (without shear) are presented
in the bottom plots. As can be observed, the shears
of the vertical velocity generate biases in the horizontal
wind estimates, especially throughout the mixing layer
where the updrafts and downdrafts are strong. Zones
with poor wind estimates observed around 14:00 and
above 1200 m, correspond to areas with signal-to-noise
ratio (SNR) less than -30 dB. Estimates of vertical veloc-
ity are presented in comparison with corresponding LES
field in Fig. 4. It can be seen that the area with low SNR
is still present in the BLR estimates.

4. RESULTS

4.1. Turbulence Kinetic Energy (TKE)

Estimates of turbulence kinetic energy have been calcu-
lated from LES and BLR data using a variety of averag-
ing approaches. The reference TKE values have been
obtained from LES data by horizontal plane averages
over the entire BLR domain as

02(LES) = i+ %E (1)
o2(LES) = v/ + %E )
02(LES) = ww + gf 3)
TKEpps = % (o2 +00+02), 4)

where u/, v', and w’, respectively, are the zonal-,
meridional-, vertical- velocity fluctuations against the
corresponding plane means, F is sub-grid TKE, and the
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Figure 1: Example of the LES fields in the BLR domain. Top-left: zonal wind (+E). Top-right: meridional wind (+N). Middle-left:
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Figure 2: Zonal wind estimates every 150 s on June 8", 2007. Top: LES data at the center of the domain. Middle: DBS
estimates with a dwell time of 30 s. Bottom: DBS estimates based on LES-radar simulation with dwell time of 30 s and zero
vertical velocity shear. The noise level for the DBS estimates is 35 dBm.
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Figure 3: Meridional wind estimates every 150 s on June 8", 2007. For notation see Fig. 2
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Figure 4: Vertical wind estimates every 150 s on June 8", 2007. Top: LES data at the center of the domain. Bottom: DBS
estimates with a dwell time of 30 s. The noise level for the DBS estimates is 35 dBm.
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over-bars represent the horizontal plane averaging. To
enable comparisons with the BLR statistics, the TKE es-
timates from LES are additionally averaged in time over
one-hour period.

Another TKE estimate is obtained from the LES velocity
fields first averaged in space over cross-section that en-
closes five DBS beams for each LES time step. The re-
sulting time series of velocity are then used to estimate
TKE by temporal averaging over a period of one hour.
The employed expressions for statistics in this case are
analogous to Eqgs. (1) to (4), where the over-bars would
now specify temporal averaging and primes denote de-
viation from temporal means. The optimal averaging pe-
riod was investigated empirically.

Estimates of TKE obtained from the BLR in the DBS
mode are calculated from velocity fluctuations as func-
tions of time within the DBS volume sampled over the
same period of time (one hour):

02(Rad) = u'/, (5)

02(Rad) = 'V, (6)

02(Rad) = w'w', (7)
1

TKERqa = 3 (o2 +02+02), (8)

where the over-bars represent the temporal averaging.

Estimates of TKE from BLR with two DBS settings are
considered. In the ideal setting, the velocity readings
from individual beams are assumed to be available at
the same time. In the realistic setting, data from individ-
ual beams are available sequentially every 30 s so that
the wind estimates are calculated after the revisit time
period (150 s) is completed.

All considered methods of the TKE evaluation have
been analyzed in conjunction. The horizontal wind vari-
ances from LES and BLR obtained with different aver-
aging techniques are presented in Fig. 5. The estimates
over the DBS domain represent a smaller velocity field
sample as compared to the hour-long sample of the ve-
locity field from LES within the whole BLR domain. The
statistics obtained by only plane averaging show that
they are rather variable in time. The spread of plane
statistics over one-hour time period is demonstrated by
gray lines in Fig. 5. The estimates from the ideal and
realistic DBS settings, both overestimate the horizontal
velocity variance. The DBS estimates for ideal configu-
ration are consistently smaller that the DBS for realistic
settings.

After careful analysis, we have attributed the overesti-
mation of the horizontal velocity by the DBS technique
to the effect of the vertical velocity shear (Scipién et al.,

2009b), which is known to generate a bias in the hori-
zontal wind estimates. In the simulation this shear effect
can be easily removed by setting the vertical velocity to
zero. After removing this effect, the BLR estimates of
TKE are in better agreement with the LES horizontal ve-
locity variance data (recall Figs. 2 and 3 (bottom)).

Assuming a longer averaging time for the DBS signal
(1200 s instead of 150 s) allows to reduce effect of
the vertical velocity variability on the retrieved horizontal
wind variances. The corresponding variance estimates
are presented in Fig. 6.

Estimates of the vertical velocity variances are pre-
sented in Fig. 7 (left plot) for the same cases that have
been analyzed with respect to the horizontal velocity
variances. The discrepancies among the estimates are
clearly due to the differences in the spatial and temporal
dimensions of the vertical velocity samples. The velocity
variances calculated from the LES across the DBS vol-
ume and over one-hour time period are in a fair agree-
ment with estimates from DBS in the ideal and realistic
settings.

Finally, the estimated values of all three flow component
(zonal, meridional, and vertical) variances are brought
together to obtain the TKE estimates. The horizontal ve-
locity variances from DBS are computed with the 1200 s
averaging applied and the vertical component variances
are evaluated with the maximum sampling time. The re-
sults are presented in Fig. 7 (right plot). Remarkably, the
DBS estimates from the realistic setting are rather close
to the LES estimates calculated over the DBS volume
with one-hour averaging.

4.2. Estimation of dissipation rate from Doppler
spectral width

The TKE (eddy) dissipation rate e is commonly esti-
mated from the Doppler spectral width o,. of the radar
signal (White, 1997; Jacoby-Koaly et al., 2002; Scipion
etal., 2009a). As indicated in op. cit., the spectral broad-
ening is caused by spatial and temporal variations of ra-
dial velocity within the resolution volume. The square of
the spectral width can be expressed as the sum of three
different contributions (Doviak and Zrni¢, 1984):

of =0t + 0l + 03, 9)

where 011 represents the broadening due to turbulence,
o represents the shear broadening due to large-scale
(larger than the radar resolution volume) variations of
the wind field, and o, represents other contributions that
can be attributed to signal processing inaccuracies .
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Figure 5: Horizontal velocity variances. Gray lines: time spread of plane statistic estimates from LES over one-hour period.
Black: statistics obtained from LES data over the entire BLR domain by plane averaging and additional time averaging over one
hour. Red: velocity variances calculated by time averaging from LES data over DBS volume. Blue: velocity variance estimated
from an ideal DBS setting (all beams available at dwell time of 30 s). Green: velocity variance estimated from a realistic DBS
setting (all beams available after the revisit time of 150 s). The averaging time for DBS estimates is 150 s. Statistics in the two
upper plots are evaluated with original vertical velocities. Statistics in the two lower plots are obtained with zero vertical velocity.
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Figure 6: Horizontal velocity variances. For notation see Fig. 5. The averaging time for the DBS estimates is 1200 s instead of
150 s.
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As discussed in White (1997), Jacoby-Koaly et al.
(2002), and Scipion et al. (2009a), the shear broadening
effect for a vertical pointing beam is primarily determined
by the beam broadening. It may be represented as

o = o,xVj, (10)
01

Oq = , 11
4v/1In 2 (n

where 6, represents the two-way, 3 dB radar
beamwidth, and Vi the horizontal wind magnitude.

In the case of oblique beams, and under the assump-
tions of narrow beam, constant wind shear, and sepa-
rable beam illumination, Doviak and Zrni¢ (1984) and
Jacoby-Koaly et al. (2002) suggested to expressed the
shear broadening effect as

o7 = (arke)” + (azky)” + (bky)?, (12)
ou v 9
aky = aa[<azbm€—&-azcosﬁ)rc05 ¢ (13)

— wusinfsing — vcosfsin ¢

0
+ wrcoszbsin¢+wcos¢} ,

0z
aky = o4(ucosf —vsinb), (14)
bk, = b @ sin 6 + @ cos 6 | cos ¢ sin ¢(15)
0z 0z
+ 8@% sin? } ,
a = o04R, (16)
b = 0.3AR. (17)

Under the additional assumption of circularly symmetric
Gaussian beam pattern, a; and as have the same value
a which is a function of range and beamwidth. The an-
gles 6 and ¢ represent, respectively, the azimuth and the
elevation of the beam, r is the radial range from the cen-
ter of coordinate system to the center of the resolution
volume, while kg, kg, and k, represent the components
of the wind shear in the spherical coordinates. Finally, b
is related to the pulse length AR.

Following Scipién et al. (2009a), we consider the win-
dowing effect as the only signal processing effect which
tends to broaden the estimated spectra. This contri-
bution is generally constant and it is easily calculated
from the Fourier transform of the window (3-dB spectral
width).

After removing all the external effects, the value of o1
can be employed to estimate the turbulence eddy dis-
sipation rate €. Under the assumptions of homogeneity
and isotropy, and Gaussianity of the beam and range
weighting functions, the turbulence broadening contri-

bution o, may be related to the dissipation rate ¢ by

10

Eq. (5.32) from White (1997). After converting to
spherical coordinates and approximating sinc?(z) with
exp(—x?/3) (the approximation has a margin of error of
2%), White et al. (1999) obtained a more manageable
expression for €, namely,

€Rad ol (4w /A2 T2, (18)
/2
J = 12I'(2/3) //(sin3 ©)(b* cos® o (19)
0
+ a’sin@
+  (L%/12)sin® g cos? ¢)/3dpd e,
L = Vrtp, (20)

where T' is the Gamma function, V7 is the wind speed
transversal to the radar beam, ¢t is the radar dwell-time
(White, 1997). The parameter A = 1.6 is related to the
empirical constant in the inertial subrange of the velocity
spectrum. Note that € is proportional to the cube of o1 .
This implies that the TKE dissipation rate, in the consid-
ered formulation, is quite sensitive to variations of 0.
In the estimation of ¢, since the inclination angle is not
that big, the transversal wind with respect to the oblique
beams was assumed to be the same as with respect to
the vertical beam.

The most feasible way to obtain € from LES data is
to use the parameterized expression that enters the
LES prognostic equation for the sub-grid kinetic energy
(Deaidorff, 1980):

0.194+0 ll i 21
GLEs—fc<~ +-5A) I (21)
0y — .
A 9z =0
[ = Y 22
min A,70‘5\/E , %>0(, )
— z
ﬁ(?@v
0z
2
fe = 1+ ) (23)

2
R
— +15) —-33
(Azw " >

where A = (AzAyAz)'/3 is the effective grid spacing,
[ is the sub-grid turbulence length scale, z,, is the dis-
tance from the ground, Az, is the vertical dimension of
the lowest grid cell, and 0, is the resolved (in the LES
sense) virtual potential temperature.

In the BLR simulation the dissipation rate has been ob-
tained for all five DBS beams (4 oblique and 1 vertical),
and compared with the € estimates from LES. The esti-
mates are presented in Fig. 8. Qualitatively all estimates
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Figure 8: Turbulence eddy dissipation rate as a function of time and height. Top: estimates from LES. Middle-top: estimates
from the Doppler spectral width of the signal from the vertical beam. Middle-bottom: estimates from the Doppler spectral width of
the signal from the oblique beam pointing to the north. Bottom: estimates from the Doppler spectral width of the signal from the
oblique beam pointing to the east.
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look similar, however a more in-depth analysis would be
needed to quantify the observed differences.

Hourly averaged profiles of ¢ from BLR are presented
in Figs. 9 through 12 for four time periods:16:00-17:00,
17:00-18:00, 18:00-19:00, and 19:00-20:00. In the left-
hand plots, the radar estimates for different beams are
presented in different colors. Estimates for different
beams are in good agreement with each other. This
agreement confirms the previous findings of Jacoby-
Koaly et al. (2002), and complements their results since
the op. cit. estimates of € from the vertical beam were
rather poor due to ground-clutter contamination. In the
right-hand plots of Figs. 9 to 12, averages from the five
beams are compared with the LES estimates of €. In
general, the radar and LES estimates of dissipation rate
are in good agreement. The observed discrepancies
correspond to heights below ~100 m where the radar
simulator does not reproduce the spectral width accu-
rately. Another region of discrepancies is above the CBL
top where the estimates are not reliable because the tur-
bulence levels there are very low.

5. CONCLUSIONS

The LES approach has been proven useful to realisti-
cally reproduce turbulent flow in the atmospheric CBL. It
presently emerges as a potent tool to test remote sens-
ing algorithms and new signal processing techniques
employed to characterize CBL and other atmospheric
boundary layer flow cases.

In this paper, the CBL flow fields generated by means
of high-resolution LES have been used to feed a virtual
boundary layer radar (BLR). This radar was employed to
retrieve variances of the wind velocity components from
the simulated radar signals with different Doppler beam
swinging (DBS) settings. The vertical profiles of TKE
obtained with BLR were evaluated against the reference
TKE profiles directly computed from the LES data. Dif-
ferent averaging approaches toward evaluating of veloc-
ity statistics have been studied, and the effect of the hor-
izontal shear of vertical velocity on the accuracy of the
evaluation of the horizontal wind component variances
has been investigated.

The TKE (eddy) dissipation rates have been estimated
for alternatively (vertically and obliquely) directed radar
beams. The estimates of ¢ for the differently directed
beams agree very well. In LES, the dissipation rate val-
ues were estimated using a parameterized expression
from Deardorff (1980). Radar and LES estimates of ¢
have been found to be in good agreement.
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Figure 9: Hourly averaged of turbulence eddy dissipation rate profiles from 16:00 - 17:00. Left: estimates from the virtual BLR
with differently directed beam (red: vertical beam; blue: east beam; green: north beam; cyan: west beam; magenta: south beam).
Right: e profile from the LES (black) compared to the profile from BLR averaged among different beam directions (red).
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Figure 10: Same as Fig. 9, but with time averaging over the period 17:00 - 18:00 UTC.
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Figure 11: Same as Fig. 9, but with time averaging over the period 18:00 - 19:00 UTC.
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Figure 12: Same as Fig. 9, but with time averaging over the period 19:00 - 20:00 UTC.
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