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ABSTRACT

In this article, five velocity-based energy dissipation rate (EDR) retrieval techniques are assessed. The
EDR retrieval techniques are applied to Doppler measurements from Transportable Atmospheric Radar
(TARA)—a precipitation profiling radar—operating in the vertically fixed-pointing mode. A generalized
formula for the Kolmogorov constant is derived, which gives potential for the application of the EDR
retrieval techniques to any radar line of sight (LOS). Two case studies are discussed that contain rain events of
about 2 and 18 h, respectively. The EDR values retrieved from the radar are compared to in situ EDR values
from collocated sonic anemometers. For the two case studies, a correlation coefficient of 0.79 was found for
the wind speed variance (WSV) EDR retrieval technique, which uses 3D wind vectors as input and has a total
sampling time of 10 min. From this comparison it is concluded that the radar is able to measure EDR with a
reasonable accuracy. Almost no correlation was found for the vertical wind velocity variance (VWVV) EDR
retrieval technique, as it was not possible to sufficiently separate the turbulence dynamics contribution to the
radar Doppler mean velocities from the velocity contribution of falling raindrops. An important cause of the
discrepancies between radar and in situ EDR values is thus due to insufficient accurate estimation of vertical
air velocities.
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1. Introduction

Advanced weather radars have the potential to be
used in civil applications with high-spatiotemporal-
resolution maps of rain, wind vectors, and turbulence.

Denotes content that is immediately available upon publica-
tion as open access.
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For example, rainfall rates can be estimated from X-band
polarimetric radar measurements with a high spatial
resolution (e.g., Anagnostou et al. 2004). It is expected
that, when the measurement techniques are optimized,
the advanced weather radar can deliver useful wind and
turbulence-intensity products to enhance wind-hazard
awareness. They also have the potential to measure
wind dynamics in an all-weather monitoring system of
wake vortex hazards at airports (e.g., Oude Nijhuis et al.
2018). However, the measurement of wind dynamics
(wind vector and turbulence intensity) from backscattered
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electromagnetic waves from precipitating raindrops via
the Doppler effect leads to questions such as whether
sufficiently accurate results can be achieved. This will
be further explained.

Turbulence is one of the most important physical
processes in the atmospheric boundary layer (ABL).
Knowledge of turbulence in the ABL is important for
understanding vertical transport of momentum, mass,
water vapor, enthalpy, and air pollutants (e.g., Garratt
1992; Pope 2000). It is also important in the formation
and evolution of clouds and precipitation (Albrecht
et al. 2016; Khain et al. 2015; Borque et al. 2016). Better
understanding of cloud microphysical processes can lead
to improved NWP and global climate models (Boutle
and Abel 2012).

The turbulent energy dissipation rate (EDR), some-
times called eddy dissipation rate (Nastrom and Eaton
1997; Chan 2011), is a measure that indicates the in-
tensity of turbulence (e.g., Pope 2000). More specifi-
cally, EDR is a measure of the viscous diffusion of
turbulent kinetic energy (TKE), which is transformed
from large scales to small scales within the inertial
subrange via eddies, where eventually viscous effects
dominate (Kolmogorov 1941). EDR is also a key pa-
rameter in large-eddy simulations (LESs), where it is
used to close the momentum equation, to simulate
ABLs with realistic Reynolds numbers (Meneveau and
Katz 2000). Such advanced LES models can also be
used in combination with a radar simulator to de-
velop and validate EDR retrieval techniques, for
example, with an X-band radar during clear-air con-
ditions (Kovalev et al. 2016).

For many years, EDR values have been derived from
in situ measurements. Close to the surface, EDR is typi-
cally derived from three-component sonic anemometers
and/or fine platinum wire thermometers mounted on
towers (e.g., Kaimal et al. 1976; Caughey et al. 1979; Zhou
et al. 1985; Piper and Lundquist 2004). At higher alti-
tudes, EDR is estimated from gust wind probe systems
mounted on aircraft (e.g., Nicholls 1978; Lemone and
Pennell 1979; Brost et al. 1982; Nucciarone and Young
1991), or from sonic anemometer carried by balloonborne
sondes (e.g., O’Connor et al. 2010). Next to deriving EDR
from velocity or temperature fluctuations, it can be esti-
mated from other atmospheric variables that are in-
directly influenced, such as the atmospheric refractive
index (e.g., Thiermann and Grassl 1992).

More recently, active remote sensors, such as profiling
Doppler radars and lidars, have been used to estimate
EDR (Bryant and Browning 1975; Kollias and Albrecht
2000; Kollias et al. 2001; Meischner et al. 2001;
O’Connor et al. 2010; Shupe et al. 2012; Rohner and
Traumner 2013; Fang et al. 2014; Borque et al. 2016).
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Doppler lidars are able to measure air motions below
the cloud base or in clear-sky conditions (Lamer and
Kollias 2015). In the case of clouds, profiling cloud ra-
dars can be used to continue profiling of measurements
beyond the cloud base. The combination of a profiling
Doppler lidar and a profiling Doppler cloud radar can
then, for example, be used to deliver a continuous tur-
bulence intensity profile (Borque et al. 2016). Active
remote sensing of EDR has been proven to be valuable,
for measurements of clear sky and clouds, by compari-
son to independent measurements (O’Connor et al.
2010; Shupe et al. 2012).

In aviation, EDR is used as an indicator for turbulence
hazards. For example, EDR can be estimated from
vertical accelerations of aircraft, or virtually any device
moving through air (MacCready 1964). In recent years,
there is an increasing interest to exploit lidar and radar
measurements at airports to estimate the EDR. For
example at the Hong Kong international airport, oper-
ational turbulence monitoring is done by retrieving the
EDR field with a scanning lidar (Chan 2011). Currently,
wake vortex monitoring systems are under develop-
ment, where EDR has the potential to be used as an
input parameter (Gerz et al. 2005; Barbaresco et al.
2013). It is necessary to mention that not only high but
also low EDR values can be hazardous for aviation.
Under certain atmospheric conditions, very light or
negligible turbulence plays an important role as it favors
long-lasting wake vortices (e.g., Holzépfel et al. 2003).
When the EDR is accurately measured, it can be used
to predict the lifetime of such wake vortices (Holzipfel
2006). Typically, the accuracy of radar-based or lidar-
based EDR retrieval is limited to only a classification
of the turbulence intensity: heavy (2.5 X 10 2m?s %),
moderate (1.9 X 10 °m?s %), and light (1.3 X
10~*m?s ™). The given typical EDR values in brackets
were adapted from MacCready (1964). The equiva-
lent typical values for EDR'? are heavy (0.29m*?s™ 1),
moderate (0.12m*?s™ "), and light (0.05m*?s™!). The
desire is to improve the accuracy beyond such a classi-
fication, and estimate EDR with an uncertainty margin.
Improved estimation of EDR in the terminal control
area (TMA) of airports can improve aviation efficiency
and safety (Barbaresco et al. 2014, 2016). In particular
the estimation and reduction of uncertainty of EDR in
critical areas, such as aircraft takeoff and approach flight
paths, is important for the improvement of wake vortex
monitoring systems (Barbaresco et al. 2013; Thobois
et al. 2015).

Radars and lidars have the ability to work opera-
tionally in a complementary way in different weather
conditions like fog, precipitation, and dry air. For the
observation of air motion, both instruments are relying
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FIG. 1. The schematic illustrates the assumptions and simplifications that are used in radar-based turbulence in-
tensity retrieval techniques. See Eq. (1) for the symbols used in this schematic.

on the backscatter of particles, which randomly fill the
observation volume and are involved in air motion.
Typical backscatterers for radar are rain/cloud drops
and ice crystals, and aerosols for lidar. Different scat-
tering and attenuation mechanisms of light/infrared
waves for lidar and of microwaves for radar result in the
fact that the lidar is able to retrieve the EDR remotely
during clear-sky conditions, and the radar is able to
do the same in presence of clouds or precipitation
(Doviak and Zrni¢ 1993; Bringi and Chandrasekar 2001;
Mishchenko et al. 2002). A difficulty with the radar
to measure EDR with a Doppler radar during rain is
then to take into account that raindrops are not perfect
tracers of the air motion.

With a radar the Doppler spectral width, or the stan-
dard deviation of a series of Doppler velocities, o, is
measured, which can be modeled as a summation of
independent terms as

0'2 0'd+a'o+0' +0' +§,0’T+a'e", (1)

where o, is due to variety in hydrometeor fall speeds, o
is due to variety in hydrometeor orientations and vi-
brations, o, is due to antenna motion, o is due to shear,
or is due to turbulence, {; is a hydrometeor inertia
correction, and o, is an error due to model assumptions
and/or measurement noise (Doviak and Zrni¢ 1993;
Oude Nijhuis et al. 2016). Under special circumstances,

additional terms can exist in Eq. (1), such as gravity
waves (e.g., Nastrom 1997; Nastrom and Eaton 1997,
Wilson 2004). The shear term can be retrieved from
estimates of the wind vector derivatives (Gossard 1990;
Borque et al. 2016). Precipitating raindrops have a
nonnegligible terminal fall velocity, because of their
relatively large mass and volume. Therefore, a signifi-
cant contribution in Eq. (1) due to variety in hydrome-
teor fall velocities o, can be expected. In addition, the
raindrop inertia effect, which can be characterized as
velocity differences due to relaxation, can enlarge or
reduce the measured variance of turbulence velocities
via {; (Oude Nijhuis et al. 2016). The terms that are
related to the rain characteristics, o, and {;, can be es-
timated from radar observables via the raindrop size
distribution (DSD) parameters. The rain DSD param-
eters can be estimated from the radar reflectivity, and/or
other radar observables (e.g., Marshall and Palmer 1948;
Brandes et al. 2004; Unal 2015).

The relative sizes of the terms in Eq. (1) determine
how complex a radar-based turbulence intensity re-
trieval technique becomes. This is demonstrated in a
schematic in Fig. 1. In this schematic the turbulence in-
tensity is qualified by the relative magnitude of the
turbulence term in comparison to the other terms in
Eq. (1). When the turbulence term is smaller than the
error term (relative light turbulence), the radar is not
able to measure the turbulence intensity. To identify
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when this is occurring, a minimal value for turbu-
lence intensity that can be measured with the radar
can be estimated. When the turbulence termis larger
than the error term, the turbulence intensity can
be estimated but will rely on corrections for the
other terms.

The rain DSD and the spatial scales of the measure-
ments have an important role in the radar-based tur-
bulence intensity estimation. The total sampling scale
Ats is a measure of the spatial scale at which the velocity
measurements are taken to calculate the standard
deviation of velocities o, and is used in the calculation
of EDR. When EDR is estimated from the radar
Doppler spectral width, the total sampling scale can
be roughly estimated as Ars = V'3, where V is the total
volumetric area that is illuminated in a single radar cell.
A more refined expression that takes the power distri-
bution pattern of the radar into account is given by
White et al. (1999). The turbulence contribution to the
Doppler spectral width, o7 [Eq. (1)], increases approx-
imately with the total sampling scale Ars as or OC)\lT/;
in the inertial range because of the Kolmogorov —5/3
power law [e.g., Eq. (3.5) in White et al. 1999]. In this
work it is assumed that the nonturbulent terms do not
depend on the total sampling scale. Therefore, one so-
lution to reduce the bias in EDR due to inaccurate in-
formation on the DSD is to enlarge the total sampling
scale Ats by using multiple radar cells for the estimation
of velocity variance due to turbulence.

In the case that o, is comparable to ;o7 (relative
moderate turbulence), the DSD parameters are neces-
sary to estimate the turbulence intensity. In the case that
o, is negligible compared to {;or (relative strong tur-
bulence), it depends on the total sampling scale Ars
whether the influence of the DSD has to be take into
account. The exact value for “‘a sufficiently large total
sampling scale to neglect the influence of measuring
from raindrops” depends on the characteristics of the
rain, where in general it can be stated that larger rain-
drops have a larger impact on the raindrop inertia term
;- The influence of raindrop inertia can be neglected for
radar-based turbulence intensity retrieval techniques
for all raindrop DSDs when the total sampling scale is
larger than 30 m (Oude Nijhuis et al. 2016). Considering
all effects of measuring EDR during rain with a radar,
the turbulence intensity may be too small to measure,
may need additional assumptions on the rain DSD, or
can be derived without taking into account the influ-
ence of raindrops.

In the radar-based estimation of EDR, it is assumed
that turbulence is homogeneous and isotropic, and
the measurements are in the inertial range, until it is
eventually dissipated to heat at the dissipation scale.
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An idealized energy spectrum is assumed, having an
extensive inertial range: The energy production takes
places at the scale of weather systems, which is in the
end via eddies dissipated to heat. This means that
the energy production scale is approximately 1-10km,
depending on the meteorological conditions, and the
energy dissipation occurs at approximately the milli-
meter scale. In between the energy production scale
and the dissipation scale, there is the inertial range
where energy is converted to smaller and smaller scales
via eddies. A schematic that illustrates the transfer of
energy in the inertial range via eddies is presented in
Fig. 2. As the dissipation takes place at the millimeter
scale (e.g., Pope 2000; Piper and Lundquist 2004), this
scale is irrelevant to weather radar measurements of
turbulence intensity. For many EDR retrieval tech-
niques, the measurements are assumed to be in the
inertial range of the energy spectrum in Fig. 2. It should
be stressed that this assumption of measuring in the
inertial range of the energy spectrum has to be validated,
as the turbulent kinetic energy spectrum shown in Fig. 2
is just a model.

Next to large-scale weather systems, there are many
atmospheric phenomena at smaller scales that produce
energy, such as frontal systems, building-induced tur-
bulence, or surface friction. At airports, aircraft wake
turbulence can be relevant (e.g., Frech 2007). For the
cases where the measurements are not in the inertial
range, it can be expected that the estimated EDR values
are biased. Such cases should somehow be detected in
an ideal EDR retrieval technique, and be accounted for
in a radar-based estimation of EDR.

A correction for the influence of measuring from
raindrops in radar-based EDR retrieval technique is
challenging, and only useful for some specific scales
given the rain DSD. A solution on how to account for
the influence of raindrop inertia in radar-based tur-
bulence intensity retrieval techniques is given in
Oude Nijhuis et al. (2016), where an inertia correc-
tion model is proposed using inertial parameters
based on the equations of motion for a raindrop
and tuning parameters estimated from turbulence
simulations.

To account for the inertia of scatterers, the DSD pa-
rameters have to be known, which can be based on the
radar observables. Such a correction for raindrop inertia
allows to resolve for a bias in EDR when it is not too
dominant [{; close to 1 in Eq. (1)]. A large correction
for raindrop inertia ({; >2) becomes ineffective, as the
uncertainty increases with the stochastic nature of tur-
bulence (Oude Nijhuis et al. 2016). In this article, we
do not use a correction for the influence of raindrop
inertia ({; = 1) as the focus is mainly on EDR retrieval
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heat in the viscous range via eddies. In the middle, we find the inertial range, where energy is
dissipated from larger to smaller scales, having a —5/3 power law according to Kolmogorov’s

hypothesis (Kolmogorov 1941).

techniques that have total sampling scales larger than
30m (Oude Nijhuis et al. 2016).

The goal of this article is to apply a set of five velocity-
based EDR retrieval techniques to radar-based esti-
mated wind velocities during rain, and prove that the
radar is capable of measuring turbulence under rainy
conditions. The novelty lies in the active remote sens-
ing of EDR during rain, which can be seen as an ex-
tension to other works, which applied such techniques
during clear, cloudy, and/or drizzle conditions (e.g.,
Bryant and Browning 1975; Kollias and Albrecht 2000;
Kollias et al. 2001; O’Connor et al. 2010; Shupe et al.
2012; Rohner and Trdumner 2013; Fang et al. 2014;
Borque et al. 2016).

To achieve this goal, a few velocity-based EDR re-
trieval techniques are selected, which can be applied
to both in situ velocity measurements as well as remote
radar Doppler measurements. Consequently, EDR
values are compared to qualify the performance of
these EDR retrieval techniques when applied to the
radar during rainy conditions. In this work, the emphasis
is on the application of EDR retrieval techniques with
a total sampling scale larger than 30 m, for which it is
expected that the influence of raindrop inertia can be
neglected. Energy spectra from collocated sonic ane-
mometers are analyzed to validate that the measure-
ments are in the inertial range. The EDR retrieval
techniques are applied to measurements from Trans-
portable Atmospheric Radar (TARA) (Heijnen et al.
2000), which is a precipitation profiling Doppler radar at
the Cabauw meteorological supersite (Van Ulden and
Wieringa 1996). This site contains a 200-m tower, with
sonic anemometers located at tower levers, which can be
used for in situ validation of EDR. Two illustrative cases

have been selected. One case study has relative high
EDR values during a storm, whereas the other case has
relative low EDR values.

This article is organized as follows. In section 2, a set
of five velocity-based EDR retrieval techniques is de-
scribed. In section 3, retrieved EDR values from the
radar are validated with an in situ comparison. Conclu-
sions are drawn in section 4.

2. Velocity-based EDR retrieval techniques

In this section, an overview is given of a few
velocity-based EDR retrieval techniques. When they
are applied to the radar, a correction is applied for the
terminal fall velocities of raindrops, based on the es-
timation of DSD parameters. The further specific
details of the retrieval techniques are provided after
this section.

As a consequence of Kolmogorov’s similarity hy-
potheses, which are valid for homogeneous and iso-
tropic turbulence, the turbulent energy spectrum
E(k) of three-dimensional wind velocities in the
inertial subrange is partitioned among the eddies in
a universal form (Kolmogorov 1941; Sutton 1953;
Pope 2000):

E(k) = Ce?*x™58  (m’s?), ©)

where k =2a/A (m ') is the wavenumber with length
scale A (m), « is in the inertial range, C=1.5 is a
Kolmogorov constant obtained from experiments (Pope
2000), and & (m?s ™) is the EDR.

In addition to Eq. (2), there are similar expressions for
the turbulent energy spectrum of the wind components,
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which are relevant for velocity measurements in the
directions longitudinal or transverse to the main wind
direction (e.g., Pope 2000). For application of turbu-
lence retrieval techniques to a Doppler radar, it is con-
venient to be able to use any antenna-looking direction,
or alternatively speaking, any line of sight (LOS).
Therefore, the turbulent energy spectrum is formulated
for any arbitrary LOS Eyos:

ELOS (K) — CL0582/3K_5/3 , (3)

where Crps is the Kolmogorov constant for the LOS,
given by

Cpos(0,A,) = cos’0 cos’A | + cos’0sin’A, Cp

)
+sin"0C, @)

where 6 is the radar antenna elevation angle, and A¢ is
the angle between the LOS and wind direction in the
horizontal plane, given by

A¢:¢_¢0’ (5)

where ¢ is the radar antenna azimuth, and ¢, is the
angle of the horizontal wind direction. The longitudi-
nal Kolmogorov constant Cyp and the transverse
Kolmogorov constant Crr are given by (e.g., Pope 2000)

18

Cpp.=5:C~049, 6)
4 24

CTT = §CLL = gc ~(0.65. (7)

For writing down the radar Kolmogorov constant,
Eq. (4), isotropy is assumed, which results in zero shear
stress spectra [see section 6.5.8 of Pope (2000) for more
details]. Note that the formulation of Eq. (3) still
satisfies the turbulent energy spectrum for the longi-
tudinal direction Ey, as E os = Erp for (6 =0, A, =0),
and for the transverse direction as Ejos = Err for
(0=0, Ay =/2) or (6 =m/2).

An alternative representation of the turbulent energy
spectrum is the model for the second-order structure
function (SSF), which is defined for each spatial sepa-
ration r as (Pope 2000)

D, . (r) = {[x(r' +r) = x(")), ®)
=4Cy(er)®  (m’s7?), ©9)
where x is the 1D wind velocity component or the 3D

wind speed, and C. is a Kolmogorov constant, either
C or Cpps. The averaging is done over all possible

JOURNAL OF ATMOSPHERIC AND OCEANIC TECHNOLOGY

VOLUME 36

locations r. Next to the second-order structure func-
tion model, there are models for higher-order structure
functions (Katul 1994; Pope 2000). In this work, the
higher-order structure functions are not considered, as
it can be expected that the application of higher-order
statistics results in inaccurate EDR values, because the
higher-order statistics have stricter requirements with
respect to sampling errors.

The formulas for the turbulence energy spectrum,
Egs. (2) and (3), and SSF, Eq. (9), are relevant for
the spatial domain. To apply them to a time series of
measurements, it is necessary to convert the energy
spectrum and the structure function into the time
domain. Using the Taylor hypothesis of frozen tur-
bulence, the formulas are modified (Taylor 1938). For
the conversion of the energy spectrum, wavenumbers
are replaced by angular frequencies y =27/t (s ') via
the relation y = Upk, where Uy (m sfl) is the average
3D ambient wind speed, and the same kinetic energy
is maintained as

E*(X) — C*82/3X*5/3 Ug/l') (m2 Sfl ) . (10)
For the structure functions, space lags r are replaced
by time lags ¢ via the relation r = Uyt. The values for
x are obtained from the sampling time interval and the
total sampling time, with the assumption that the mea-
surements are performed in the inertial range.

In this work, EDR retrieval techniques are relying
on a series of 3D wind speed/1D wind velocity mea-
surements, which can be obtained remotely via the
Doppler effect with a radar, or in situ with a sonic
anemometer. An overview of these techniques is
given in Table 1, and the details are provided in the
next subsections.

The set of EDR retrieval techniques includes a ref-
erence technique, the vertical wind velocity variance
(VWVYV) technique, which is often used (e.g., Bouniol
et al. 2004; O’Connor et al. 2010; Shupe et al. 2012). It is
desirable to apply this VWVV technique to the radar
to be able to make a better comparison with other works
and understand the limitations of this technique with
regard to the radar instrument. This technique can be
modified into the wind speed variance (WSV) tech-
nique, by using the variance of 3D wind speeds instead
of the variance of vertical velocities. For in situ velocity
measurements it is expected that the estimated EDR
values will be similar and unbiased for the WSV and
VWVYV techniques as this is consistent with isotropic
turbulence theory (e.g., Pope 2000). Note that isotropic
turbulence is already an assumption in the Kolmogorov
model to satisfy Eq. (2). However, for remote radar
measurements during rain, the resulting EDR values
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TABLE 1. Overview of EDR retrieval techniques that are used in
this work, their abbreviations, the scale at which they are applied,
and the essential input variables. In this work a long time scale of
10 min is used, and for a short time scale 5.

EDR retrieval Total
technique sampling scale Input variables
VWVV Long Standard deviation of vertical
wind velocities and the
average 3D wind speed
WSV Long Standard deviation of full 3D
wind speeds and the average
3D wind speed
STWSV Short Standard deviation of full 3D
wind speeds and the average
3D wind speed
PS Long Series of 3D wind speeds
SSF Long Series of 3D wind speeds

from the WSV technique can be much more accurate
than the VWVYV technique, because the more dominant
horizontal wind velocity components are not prone to
inaccurate terminal fall velocity corrections.

To address the turbulence scale dependence in this
work, two total sampling times are used: a long time
scale of 10 min and a short time scale of 5s. The 10-min
time scale is a typically used value (e.g., Siebert et al.
2006). Changing only the time scale in the WSV
technique leads to the short time wind speed variance
(STWSV) technique. When the sampling for these
techniques (WSV and STWSV) with different sampling
scales occurs in the inertial range, it is expected that they
result in unbiased and similar EDR values. A large
difference in EDR due to the applied total sampling
time (short/long) can on the other hand thus be seen as
an indication that the assumption of measuring isotropic
turbulence in the inertial range is not satisfied.

In addition to the given techniques, we also consider
a few other techniques, that use the SSF or the power
spectrum (PS) of the wind speeds/velocities series.
They are in particular interesting as they give an al-
ternative uncertainty estimate for the retrieved EDR
value, based on differences between a model function
and measurements.

The set of EDR retrieval techniques that is given here
has been implemented in a Python module, which is pub-
licly available online (https:/github.com/albertoudenijhuis/
edrlib). It contains all the necessary functions to apply the
EDR retrievals. Documentation and worked examples
are available that demonstrate the application of the
EDR retrieval techniques described in this work.

a. Terminal fall velocity correction

To obtain the vertical air velocity from radar
Doppler measurements during rain, it is necessary to
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correct for the terminal fall velocities of raindrops.
First, assumptions are made on the used rain DSD
model and raindrop terminal fall velocity. Conse-
quently, the DSD parameters are estimated, and a
correction for the radar mean terminal fall velocity
can be applied.

A common way to describe the rain DSD is by assuming
a generalized gamma distribution with three parame-
ters Ny, u, and A (e.g., Brandes et al. 2004):

N(D) = N,D" exp(—AD), (11)

where N(D) (mm ™' m™?) is the number of particles with
an equivolumetric drop diameter between D and
D +dD, D (mm) is the drop equivolumetric diameter,
Ny is an absolute factor determining the number of
particles per unit volume, and A (mm ') and u (—) are
distribution shape parameters.
The terminal fall velocity component along the radar
beam is equal to (Atlas et al. 1973)
vf(D) =a—Bexp(—0.6D), D=0.109, (12)
where D (mm) is the equivolumetric drop diameter, and
the parameters are given by
a=9.65sinf (ms™!), B=103sinf (ms™'), (13)
where 6 is the radar antenna elevation angle.
The estimate for the radar mean terminal fall velocity
Uy is obtained by the following integral:

W:qumwbw@nﬂﬁLprunﬂx (14)
where o(D) is the radar cross section (RCS). For the
estimation of 7y, the absolute factor N, of the DSD is not
required, and regarding the RCS only the dependency
with D has to be known. For weather radars we can
assume Rayleigh scattering, and then the RCS is pro-
portional to D°®. The estimate for the radar mean
Doppler terminal fall velocity then simplifies to

A ut7
W:“_Bh+a4 '

(15)
The estimated vertical air velocity is then obtained by
subtracting the estimated radar mean fall velocity from
the measured mean Doppler velocity.

The estimation of radar DSD parameters is a chal-
lenging task for which several approaches can be taken.
They can be based on a subset of radar observables, such
as radar reflectivity, differential reflectivity, specific
differential phases (e.g., Brandes et al. 2004), Doppler
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spectral analysis (e.g., Unal 2015), multifrequency
techniques (e.g., Meagher and Haddad 2006), or an
adaptive approach that uses in situ DSD measure-
ments for calibration (e.g., Lane et al. 2014). The radar
mean terminal Doppler velocity can be estimated for
most of these radar-based estimated DSDs, as long
as the DSD is assumed to have a generalized gamma
distribution.

For our case studies the DSD parameters are esti-
mated with work from Marshall and Palmer (1948),
because the polarimetric approach is not effective
as the radar is vertically oriented, and there is a lack
of additional in situ DSD measurements for cali-
bration or validation. Although this approach is not
the state of the art (with regards to the aforemen-
tioned references), applying this first-order correc-
tion will improve the results for the estimated vertical
velocities.

b. Variance techniques (WSV, VWVV, and STWSV)

Three EDR retrieval techniques that use the variance
of wind as input are explained here. To apply these
techniques in the time domain, the Taylor hypothesis of
frozen turbulence (Taylor 1938) is used, which requires
an average ambient wind speed U,. The variance of the
3D wind speed sample series (or the variance of a wind
component velocity series due to turbulence) is equiv-
alent to the integral of the power spectrum, Eq. (10). For
the time domain that is

XTS

7= [ "Ewdx (16)
Xs

= %C*SZB U§/3 [X§2/3 _ X’;SZB]a (17)

where x; is the angular frequency of the sampling, and
Xxts 1s the total angular frequency of the sampling. The
angular frequency g is related to the sampling time ¢
via y¢ = 27r/ts. And the total angular frequency g is in
the same way related to the total sampling time #rs.
Here o3 is the 3D wind speed variance in the case
of the WSV or STWSYV techniques, and 0% is the 1D
wind component vertical velocity variance in the case
of VWVV. The EDR can then be found by solving
Eq. (17) for &:

3 —3/2
&= (EC*[XS‘ZB - X;S%]) Uploy.  (18)

A potential problem with the wind variance mea-
surements is that because of noise or errors the tur-
bulence can be too small to measure, and an accurate
retrieval of EDR is impossible. This is in particular
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FIG. 3. Minimal retrievable EDR EDR;;, as a function of the
total sampling scale Ats for different uncertainties in the variance
of a series of wind velocities g, (m sfl). A Kolmogorov constant
of C=1.5 is used, and the assumption is made of 50 equidistant
samples (A1s = 50Ag).

relevant for the radar, where there are contributions
to the wind variance measurements that can be com-
parable to or even larger in size than the turbulence
contribution [see Eq. (1)]. Given the error in the wind
velocity standard deviation o, [see Eq. (1)], a criterion
for which EDR values cannot be accurately retrieved
can then be formulated as

(19)

In combination with Eq. (17), this results in a lower limit
EDR,i, for retrievable EDR, and is given by

-3 —237) 732
EDR = {3c|(F) (= Qo ),
min 2 AS ATS err

(20)

where C is a Kolmogorov constant, As = 27/ks is the
spatial sampling scale and A1s = 27/krs is the total spa-
tial sampling scale. The dependency of EDR;, with the
total spatial sampling scale Ayg is shown in Fig. 3. This
figure demonstrates that by using a larger total sampling
scale Ars the accuracy of EDR can be improved, in
particular for light turbulence values. The assumption
for this is that the measurements are in the inertial range
[Eq. (2) applies], and that the other contributions to the
wind variance measurement in Eq. (1) have no or weak
dependencies on the total sampling scale.

In addition to the estimation of EDR,,;,, the uncer-
tainty of retrieved EDR values for the variance tech-
niques can be estimated with error propagation (e.g.,
Taylor 1997). Error propagation assumes uncorrelated
and Gaussian distributed errors. As € varies on several
orders of magnitude, this variable is not suitable for
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error propagation. The variable &' is used here for
the examination of the propagation of errors. Note
that typical values for £ and &' are given in the intro-
duction. For the time domain we obtain

7, \? Lo ’
(31/3) - Lﬁ(as 10X15)0 15

1 13 2
+ m(as /aXS)aX’S
- 1 2
13
+ _m(as /aUO)(TUO:|
1 ’ 21
13
+ _m(as /60'T)UU’T} , (21)
1 [stmBUX,Ts n X§10/30'i,s]
— PP
9 [XTSZ/3 - Xs 2/3]
YGOARR (22)
9\T,) "92(N—-1)
1/ x B o, \2 1
(X)) i (ZH) 23
9(XTS> 9 U, 2(N—-1) (23)

where N is the number of samples, and o, 1s, 05, Tt,,
o, are the uncertainties of the variables in the sub-
script. The last approximation, Eq. (23), has been
made by assuming that yy < xrs. Here we used the re-
lation o, /o7 =[2(N — 1] (Taylor 1997), and that
o, ~ x*xrs- The last relation is derived from uncertainty
propagation (e.g., Taylor 1997), (o 1s/x1s) = (07 18/t1s)s
and that o, 15 =~ tg, where o, 15 is the uncertainty in sam-
pling time. From this uncertainty analysis, we conclude
that sufficient samples are necessary for averaging
(N >50), the EDR estimation uncertainty increases with
the relative variation of the wind speed oy,/U), and the
EDR estimation uncertainty increases with xg/xrs. For
reference we give the uncertainty propagation result for the
space domain as well, for which the derivation is similar:

(0’ )2 1/ kg 403 1
& ~ _ | _S + s
gl 9 2(N-1)

Krs

(24)

where the assumption is made that kg < k1s. We note
here that this estimated uncertainty for EDR values
should be treated carefully, and can be artificially low
when the measurements are not in the inertial range, or
the turbulence intensity fluctuates during the mea-
surements (i.e., when the turbulence is not stationary).
The estimated uncertainty of this and other methods
will be further discussed for the measurements in the
study cases.
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c¢. Techniques based on time series of wind speeds
(PS, SSF)

In this subsection, retrieval techniques are discussed
where the EDR is obtained from the PS, or from the
SSF. The assumption is that the measured velocity
samples are in the inertial range of the energy spectrum.
These two techniques allow for the estimation of EDR
in sampling subdomains, and thus provide an alternative
EDR uncertainty estimation.

For the power spectrum EDR retrieval technique
(referred to as PS), first the power spectrum is calculated
for a series of 3D wind speeds. The power spectrum is
obtained via the Wiener-Khinchin theorem, where a
discrete Fourier transformation is applied to the auto-
correlation of the given samples. For each discrete fre-
quency y; the power P; is calculated. Consequently, the
spectrum is divided into a certain number of frequency
intervals, and for each ith interval [x,, x,] we can find
the standard deviation of wind speeds o;:

X2
a; =P, (25)
X1

Given oy, X1, X»» Eq. (18) is used to calculate an EDR
value for the ith frequency interval. The final estimate

ef’* comes from the average of &' values:
13— I3
g =¢ePxro,, (26)

where the uncertainty in EDR is estimated from the
standard deviation of £ values.

To better comprehend the PS technique, we can look
at the number of frequency intervals. In the limit of
1 frequency interval, the PS retrieval technique is the
same as the WSV technique. This emphasizes the dif-
ference between the PS and WSV techniques. The WSV
technique gives most of the weight of the retrieved EDR
to the smallest frequencies (largest spatial/time scales),
because of the —5/3 scaling with frequency in the spec-
trum [see Eq. (10)]. On the contrary, the PS technique
with multiple frequency intervals gives extra weight to
the higher frequencies (smaller spatial/time scales). For
the PS technique in this work, the spectrum is divided
into three equally sized frequency intervals. With this
choice, the PS technique deviates from the WSV
technique (just one interval), and at the same time
unstable results are avoided that can occur with in-
sufficient sampling.

The second-order structure function EDR retrieval
technique (referred to as SSF) is applied in the time
domain in this work. A time series of wind speeds with
N samples is used to calculate the structure function
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FIG. 4. Examples of the (a),(b) PS and (c),(d) SSF retrieval techniques for EDR, which have a series of 3D wind

speeds as input. In (a),(b) the discrete power P, (m?s~?) is plotted as a function of angular frequency y (s ). In
(c),(d) the second-order structure function D, (m?s~2) [Eq. (9)] is plotted as a function of lag time  (s). The black
crosses/lines show the processed velocity samples, and the red lines show the model functions. The dashed red lines
show the 2 times STD uncertainty of the model (model function evaluated at &' * 20,). 3D wind speed mea-
surements from sonic anemometers were used in all these examples, which have a sampling time of zg = 0.1s, and a
total sampling time of ¢rs = 600s. Case A is for 0900 UTC 10 Apr 2012, and case B is for 1200 UTC 10 Apr 2012.

[Eq. (9) in combination with r= Uyt] from time lags
t =tg until t = Ntg/2, where tg is the sampling time. This
is done in a such way that at least N/2 samples are used
to calculate each term (for nonperiodic signals). Con-
sequently, for each time lag r an EDR value is obtained
with

e=

27)

Dz,* ) 3
4C, '

1
Ut
The final EDR value and its uncertainty are then
calculated from the &' values for each time lag ¢, via
Eq. (26).

Advantages of these techniques, with respect to the
variance techniques, are that 1) insight can be obtained
from visual inspection of fitted functions with regard
to processed measurements and 2) a model error can
be estimated from the fitted results. A disadvantage is

that the processing becomes more complex, and more
retrieval settings have to be chosen, which can lead to

unstable results. With unstable it is meant that the result
can depend on the chosen parameters, such as the
number of frequency intervals for the PS technique.

In this work 3D wind speeds are used as input for the
PS and SSF techniques, because the aim is to find tech-
niques for the radar during rain, which are less depen-
dent on accurate DSD parameter estimation, and the 3D
wind speeds are less prone to terminal fall velocity cor-
rections. Alternatively, wind velocity components could
be used.

Two cases are shown in Fig. 4 for sonic anemometer
measurements. For the PS technique, the discrete power
P, (m?s™?) is plotted versus angular frequency y (s ').
The model [Eq. (17)] is plotted for the three frequency
interval for which EDR is estimated. In addition to that,
the estimated uncertainty is plotted [Eq. (17)] with
dashed lines. For case A the uncertainty was rather
la/rge, and there was no lower limit for the uncertainty

(ef® =20, <0). For case B the uncertainty was much
less, which indicates that the samples are more likely in
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the inertial range. For the SSF technique, the estimated
EDR for each time lag [Eq. (27)] and the model function
[Eq. (9)] are shown. Also, for the SSF the uncertainty of
the estimated EDR is plotted with dashed lines.

3. Selected case studies

The validation of EDR retrieval techniques is done
by a comparison of EDR values from a Doppler radar
during rain with EDR values from in situ measure-
ments. In this study two instruments are used, which
are TARA—an S-band precipitation profiling radar
(Heijnen et al. 2000)—and sonic anemometers placed
on levers at several altitudes of a 200-m research tower
in the Netherlands. These instruments are located on a
meteorological supersite, which is well equipped for
atmospheric boundary layer research (Van Ulden and
Wieringa 1996; Casso-Torralba et al. 2008). On this site
the TARA radar and the research tower are closely lo-
cated, and can be used for the comparison and validation
of the EDR retrieval techniques.

For the validation of EDR by comparison, two rain
events are chosen on 10 April and 21 June 2012. The first
case study has moderate turbulence levels, whereas the
latter case has some peak values for turbulence intensity
[turbulence intensity levels can be found in, e.g., ICAO
(2007)].

On 10 April 2012, a cold front passes Cabauw during
the morning. The daily total rainfall is 4.1 mm, which is
accumulated in approximately 9h. The wind is coming
mainly from the south-southwest.

On 21 June 2012 a cold front passes over the site in the
evening. The daily total rainfall is 14.1 mm, which is
accumulated in approximately 3 h. The wind is coming
mainly from the east-southeast. During the rain on
this day, there was a summer storm, for which light-
ning strikes were reported.

a. Sonic anemometers

For the estimation of in situ EDR values, the Gill R3
sonic anemometers are used, which are mounted at le-
vers at 5, 60, 100, and 180m on the Cabauw research
tower. The instantaneous wind speed and direction are
determined using the effect of the wind influence on the
propagation time of acoustic pulses transmitted in op-
posite directions from two arms of the instrument. The
raw data, including the three orthogonal wind compo-
nents and the sonic anemometer temperature, are stored
with a frequency of 10Hz.

The wind component measurement accuracy is less
than 0.02ms !, where effects of tower mounting are not
taken into account. The sonic anemometer measure-
ments can be disrupted by the presence of water droplets
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FIG. 5. The 10-min moving average of wind speed on (a) 10 Apr
and (b) 21 Jun 2012 for the sonic anemometers at different altitudes
and the first range cell of TARA where the radar resolution volume
spans from 173- to 202-m altitude.

on the transducer. To mitigate this effect, we filter out
data with unrealistic wind changes that are higher than
500ms 2. Less than 1% is filtered by this procedure, and
unrealistic velocity spikes during rain events are filtered
out. Whenever the horizontal wind direction is in the
range of 280°-340°, the data quality is flagged, because
for such cases the sonic anemometer is in the wake of
the tower. For the calculation of moving averages we
require to have at least 50% of the samples available
within the total sampling time, and otherwise the data
quality is flagged. Whenever the data quality is flagged,
it is not used for comparisons or in plots.

Figure 5 shows measurements of the sonic anemom-
eters wind speeds at different altitudes. We can see a
typical vertical structure within these rain events for the
wind speed, as it increases with height. In Fig. 6 the
vertical wind velocity is shown for the sonic anemometer
at 180-m altitude. A 10-min moving average is used to
calculate the vertical wind velocity, which is on average
close to zero and for the case studies never exceeds more
than 2ms~ ! in magnitude. The 10-min moving average
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F1G. 6. The 10-min moving average of vertical wind velocity
measured with a sonic anemometer at 180-m altitude and with
TARA for the first range cell on (a) 10 Apr and (b) 21 Jun 2012. For
TARA a correction has been applied for the raindrop terminal
fall velocity [Eq. (15)].

for the vertical wind velocity is in particular useful for
the validation of the radar-based vertical-velocity cor-
rection for raindrops. Using 10min for averaging also
overcomes difficulties of comparing the results from two
instruments that are spatially separated. Figures 5 and 6
demonstrate thus that the sonic anemometers were ca-
pable to measure the vertical velocities during these rain
events, and can thus be used for in situ validation. This
is not trivial, because unrealistic spiked velocities had to
be removed with the filtering strategy.

b. TARA radar

TARA is a polarimetric S-band (frequency 3.298 GHz,
wavelength 9.1 cm, horizontal/vertical polarizations,
far-field region starting at ~200 m range) frequency-
modulated continuous wave (FMCW) radar that was
developed at the Delft University of Technology (Heijnen
et al. 2000). Besides the main beam with polarimetric
measurement capabilities, TARA has two offset beams
at vertical polarization pointing with an offset angle of
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15° with respect to the main beam in the radar antenna
elevation-looking angle and the radar antenna azimuth-
looking angle directions. Its antennas are pointing with a
fixed antenna elevation [o,, = 0 in Eq. (1)]. In this work,
the main beam has a radar antenna elevation-looking
angle of # = 75°. The first offset beam has the same radar
antenna azimuth-looking angle and an elevation-looking
angle of 6 = 90°, and the second offset beam has a radar
antenna azimuth-looking angle offset of +15°, with a radar
elevation-looking angle of # = 69°. The radar transmits
linear frequency modulated sweeps, alternately at hori-
zontal and vertical polarization for the main beam, and
linear frequency modulated sweeps at vertical polarization
for the two offset beams. The backscattered signal is
received by a one-channel receiver, either from the main
beam (horizontal or vertical polarization) or by one of the
two offset beams.

The velocity estimation is based on analysis of the
Doppler frequency shift, caused by the displacement
of hydrometeor particles and spatial irregularities of
atmospheric refractive index, which are related to vari-
ations in air temperature and humidity. A Doppler po-
larimetric dealiasing technique, described in Unal and
Moisseev (2004), takes care of unfolding the Doppler
velocities. By combining the Doppler measurements
from the three beams, the horizontal wind speed and
direction, and the vertical Doppler velocity can be es-
timated at high time and spatial resolution (Unal et al.
2012). For the estimation of the vertical air velocity, a
correction for the raindrop terminal fall velocity is used
(see section 3a).

The dataset contains the time-height indicators of
the main beam reflectivity (dBZ), the estimated hori-
zontal wind speed and direction and the vertical
Doppler velocity. The processed radar data have 2.5-s
time resolution and 30-m range resolution. The altitude
range is between 200m and 15km. There is no radar
data available from TARA in the case of clear-air and
very calm conditions, because the measurement tech-
nique relies on backscattering from atmospheric inho-
mogeneities or particles. There is also no information
when the LOS velocity modulus is below +0.2ms ',
because of the Doppler filtering strategy in the non-
polarimetric offset beams.

In Fig. 7 the measured reflectivity factors and Doppler
velocities for the main beam from TARA are shown. We
can see that there was strong precipitation on 21 June
2012, as there were high reflectivity factors. On 10 April
2012 the rain intensities were moderate. For both
cases, a melting layer can be recognized from increased
reflectivity factors at ~1.7 and ~3 km, respectively. At
these and higher altitudes, the interaction between the
ambient wind and the tracers becomes much more
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FIG. 7. Radar measurements from TARA: (a),(b) reflectivity factors and (c),(d) Doppler velocities for the main
beam (antenna elevation angle of 75°) on (left) 10 Apr and (right) 21 Jun 2012. Note that the measurement of the
upper part of the precipitating cloud is missing before 1900 UTC in (b) and (d), because of the automatic decrease of

the transmit power to avoid receiver saturation.

complex because of the presence of nonliquid hydro-
meteors, and is outside the scope of this study.

¢. Comparison of remote with in situ measurements

In this work, only the first radar range cell of TARA is
used for EDR estimation, because only at this altitude
there is an in situ comparison possible with a sonic
anemometer at 180-m altitude. The first range cell of
TARA has a sampling space that has its altitude be-
tween 173 and 202 m. Only the data with good quality
are used for data analysis and in the EDR retrieval
techniques. The data are not used in case of one of the
following conditions:

1) the sonic anemometer is possibly in the wake of the
tower (explained in section 3a);

2) the radar reflectivity factor is less than —20dBZ for
the main or offset beam;

3) the backscattering is inhomogeneous for the three
beams (one beam reflectivity is more than the
average *3dB); or

4) less than 50% of the samples are usable for a given
total sampling time.

In the presence of precipitation, the measured radar
Doppler velocity represents the reflectivity weighted LOS
velocities of the scatterers. An estimate for the air LOS
velocity is then obtained by a correction for the radar
mean Doppler terminal fall velocity (details in section 2a).

The resulting 3D wind speed retrieved from TARA
for the first range cell is shown in Fig. 5, and the vertical
wind velocity is shown in Fig. 6. The figures show qual-
itatively that the air wind speed is well captured
by TARA, but the remotely retrieved vertical wind
velocity has biases of up to 3ms™~'. A bias in the radar-
based retrieved vertical velocities is by itself not prob-
lematic for the estimation of EDR, which is based on the
velocity fluctuations. However, if the bias in estimated
vertical velocity fluctuates with time, then the estimate
for standard deviation of vertical air velocities will be
compromised. In Fig. 6, fluctuations in the estimated
vertical wind velocity of about 2ms ™' are shown for the
study cases. Therefore, it can be expected that the EDR
values from the VWVYV technique are less accurate.

The biases in vertical velocity have a complex origin
that differs from case to case, and could be explained by
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inaccurately estimated rain DSD parameters. To our
knowledge, there has been no validation of radar-
based estimated vertical air velocities during rain,
which includes the estimation of DSD parameters.
Note that for the case studies, the used correction
for terminal fall velocity was still useful, because
without such a correction the biases could be as large
as the largest terminal fall speeds, which are up to

about 10ms L.

d. Comparison of retrieved EDR values

One concern with the application of EDR retrieval
techniques is whether the measurements are in the in-
ertial range. Or with other words, Eq. (2) applies to the
measurements. To analyze this, averaged power spectra
are obtained from sonic anemometer wind speed mea-
surements at 180-m altitude for a few times points, and
are shown in Fig. 8. We note here that the radar is not
useful for estimating power spectra, because of the much
longer sampling time and the radar data quality. Figure 8
shows that for short time scales (smaller than approxi-
mately 10%s, or approximately y >10"'rads '), the
power spectra do not satisfy the —5/3 power scaling for
0900 and 1200 UTC 10 April 2012. This can be associ-
ated with boundary layer processes, such as energy
transport, surface friction, and wind shear (see Fig. 5).
The part of the power spectra of 3D wind speeds for
time scales longer than 10°s is in the inertial range.
This proves that the velocity measurements at the scale
of 10min are in the inertial range. As a result, the as-
sumption of measuring in the inertial range is demon-
strated for the EDR retrieval techniques that are based
on the energy estimate of velocities at the scale of 10 min
in this work (WSV, VWVYV). For the STWSYV technique,
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the measurements will not always be in the inertial
range, for which biased EDR estimates can be expected.
For the techniques that process spectra of 3D wind
speeds (PS, SSF), EDR values will be biased if the
measurements are not in the inertial range, but at the
same time their error estimate gives a measure of how
well the measurements are in the inertial range.

Estimated EDR values and uncertainties are shown
in Fig. 9 for both the TARA radar and the in situ mea-
surements from the sonic anemometer. These EDR es-
timations are for the same times as the estimated power
spectra in Fig. 8. For 1200 UTC 10 April 2012, consis-
tency is found for the different EDR retrieval tech-
niques, which can be expected as the obtained spectra in
Fig. 8 showed that the inertial range was applicable for
time scales from ~10" until ~10*s. For the PS technique,
rather large errors are found, which may be a conse-
quence of insufficient averaging of spectra. We further
note that the estimated uncertainty with error propa-
gation (VWVV, WSV, and STWSV in Fig. 9) is often
on the low side. This may be a consequence of that this
estimated uncertainty does not include a broader range
of the energy spectrum, which the other uncertainty
estimates do (PS, SSF). In contrast to the PS technique,
the error estimated with the SSF technique does not
suffer from insufficient samples or averaging, and thus
seems to be the best choice for uncertainty estimation
from the discussed techniques.

In Figs. 10a and 10b, time series of EDR are shown for
EDR retrieval techniques applied to in situ measure-
ments from the sonic anemometer at 180-m altitude.
Both cases have values of EDR varying from approxi-
mately 10”7 up to 10 >m?s™>. An agreement is found
for the different EDR retrieval techniques (WSV, VWVV,
SSF), where the time variation of EDR is similar. The
EDR values do not differ much more than one order of
magnitude.

Time series for the remote retrieval of EDR values
during rain from the TARA instrument are shown in
Figs. 10c and 10d. The differences in EDR values from
the remote radar measurements during rain from dif-
ferent techniques are now, in contrast to the in situ
measurements, larger and up to two orders of magni-
tude. The time variation of the SSF technique is very
similar to the WSV technique in Fig. 10c, which is based
on the same measurements of 3D wind speeds. In
Fig. 10d the SSF could not be applied, because the radar
measurements contained incomplete time series, because
of insufficient quality (see quality conditions in section
3c), which makes this technique less versatile in its
application. The times series from the PS and STWSV
techniques are not shown in Fig. 10, because of its large
biases and uncertainties (see Fig. 9).
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FIG. 9. Estimated EDR values and uncertainties for the first range cell of TARA (173- to 202-m altitude) and the
sonic anemometer (180-m altitude) on: (a) 0900 UTC 10 Apr, (b) 1200 UTC 10 Apr, and (c) 1851 UTC 21 Jun 2012.
The box indicates the standard deviation (STD) uncertainty and the outer edges 2 times the STD. For TARA the
SSF could not be applied on 1851 UTC, because of insufficient samples.

In Fig. 11 scatter density plots are shown for the
VWVYV and WSV techniques to assess these techniques
quantitatively. A correlation of 0.79 was found for the
comparison of in situ versus radar-based logarithmic
EDR values for the WSV technique during rain, which
demonstrates a strong relationship. The retrieved values
from the TARA radar are, however, biased toward
higher EDR values (+0.838 for logarithmic EDR
values): the sonic values logarithmic EDR values are
predominantly between 10™* and 10 °m?s ™, and the
TARA radar logarithmic EDR values are predomi-
nantly between 107> and 10"**m?s ™. In addition to
this bias, EDR values lower than 10™*° m?s™> were not
found for the WSV technique when applied to the
TARA radar. For the comparison of in situ versus radar-
based logarithmic EDR values during rain for the
VWVYV during rain, a correlation of —0.20 was found,
which demonstrates no relationship. This is most likely
the result of unreliable raindrop terminal fall velocity
corrections. The WSV is thus recommended for appli-
cations, but caution is necessary because very low EDR
values cannot be estimated, and a bias toward higher
EDR values should be expected. In future applications,

it is expected that the estimation of low EDR values can
be improved by reducing the error in the wind velocity
standard deviation o, [see Eq. (20)], by having an
improved radar Doppler resolution and a higher signal-
to-noise ratio.

4. Conclusions

In this article, the goal was to find the best EDR
retrieval technique—from five typically applied EDR
retrieval techniques—for the Doppler radar that is
capable to measure EDR under rainy conditions. A
correction for the raindrop terminal fall speed was
applied. The best (out of five) EDR retrieval technique
for the Doppler radar was determined to be the wind
speed variance (WSV) technique by comparing re-
trieved EDR values based on estimated wind velocities
from the TARA radar during rain and collocated EDR
values from a sonic anemometer on a tower lever at
180-m altitude.

One concern with the retrieval of EDR values is
whether the measurements are in the inertial subrange.
To verify this, power spectra of 3D wind speeds from a
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that use a time scale of 10 min in this work were applied in
the inertial range. These techniques are: the wind speed
variance (WSV) and the vertical wind velocity variance
(VWVYV) EDR retrieval techniques. For techniques that

sonic anemometer at 180-m altitude were analyzed, and
with them it was demonstrated that for the case studies
there was always an inertial range of time scales between
10 and 10’s. Therefore, the EDR retrieval techniques
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FIG. 11. Scatter density plot of EDR values obtained with (a) VWVV and (b) WSV retrieval techniques for the
two case studies. Relative occurrence is plotted in each pixel for the radar (y axis) against the in situ sonic mea-
surements (x axis). On top of the axis the relative distribution is plotted and the correlation coefficient r,, is printed.
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were applied at a shorter time scale or take a spectrum of
times scales into account in this work EDR values could
be biased, because they may be applied outside the in-
ertial range. These techniques are the power spectrum
(PS), the second-order structure function (SSF), and the
short time wind speed variance (STWSV) EDR retrieval
techniques. The estimated uncertainty from the pro-
cessing of 3D wind speed spectra (SSF, PS) can be useful
for these cases, as it quantifies how well the measure-
ments are in the inertial range.

Two rain events on 10 April and on 21 June 2012 were
used to demonstrate and assess the EDR retrieval
techniques. For these case studies, an agreement was
found for EDR retrieval techniques (WSV, VWVV,
SSF), when they were applied to the sonic anemometer.
Other techniques were biased, likely because of large
errors (PS), or the application to a short time scale
(STWSV). When the EDR retrieval techniques are ap-
plied to Doppler velocity measurements from the radar
during rain, the resulting EDR values are rather differ-
ent in comparison with in situ—based EDR values.
A correlation coefficient of 0.79 was found for radar-
based retrieved logarithmic EDR values and in situ—
based retrieved logarithmic EDR values for the WSV
EDR retrieval technique, which indicates a strong re-
lationship and is considered the best. The VWVV EDR
retrieval technique, which is often applied to lidar and
sonic anemometer measurements, is less effective for
the radar during rain, because the radar-based estimated
vertical velocities were not sufficiently accurate. Although
the technique based on the SSF can be useful, in particular
for a reliable uncertainty estimation that is based on a
broad range of time scales, its application to Doppler radar
measurements is limited because of incomplete time series
due to noncontinuous beam filling.

The conclusions in this article are based on two case
studies that were done in Cabauw, the Netherlands,
where radar-based EDR values were compared with
in situ—based EDR values by using a sonic anemometer
that was located on a meteorological tower. For further
applications to other Doppler radars during rain, it is
recommended that the concept of EDR is applied cau-
tiously. A minimal retrievable EDR should be estimated
for the used instrument, and for each EDR value un-
certainties should be provided. In addition, it is suggested
to always provide the sampling and total sampling scales
that were used in the EDR retrieval technique. Also, the
estimation of energy spectra of 3D wind speeds is advised,
which can be used to validate if the measurements were
taken in the inertial range. With regard to the radar-based
drop size distribution (DSD) estimation, not only the
DSD parameters should be verified, but also the associ-
ated vertical air velocities. The radar-based estimated
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vertical air velocities can be verified by doing a com-
parison of the 10-min-averaged estimated vertical air
velocity with values from an independent source such as
in situ sonic anemometer measurements or a numerical
weather model. Further, it is expected that these retrieval
techniques can also be applied—with some modifications—
to radar-based EDR retrievals during snow and hail. In all
of the future studies, long-term and consistent obser-
vations of EDR are recommended, which leads to
testing of the algorithms under sufficiently various weather
conditions.
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