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Abstract. Observations of turbulence dissipation rates in the
planetary boundary layer are crucial for validation of param-
eterizations in numerical weather prediction models. How-
ever, because dissipation rates are difficult to obtain, they
are infrequently measured through the depth of the boundary
layer. For this reason, demonstrating the ability of commonly
used wind profiling radars (WPRs) to estimate this quan-
tity would be greatly beneficial. During the XPIA field cam-
paign at the Boulder Atmospheric Observatory, two WPRs
operated in an optimized configuration, using high spectral
resolution for increased accuracy of Doppler spectral width,
specifically chosen to estimate turbulence from a vertically
pointing beam. Multiple post-processing techniques, includ-
ing different numbers of spectral averages and peak process-
ing algorithms for calculating spectral moments, were eval-
uated to determine the most accurate procedures for estimat-
ing turbulence dissipation rates using the information con-
tained in the Doppler spectral width, using sonic anemome-
ters mounted on a 300 m tower for validation. The optimal
settings were determined, producing a low bias, which was
later corrected. Resulting estimations of turbulence dissipa-
tion rates correlated well (R2

= 0.54 and 0.41) with the sonic
anemometers, and profiles up to 2 km from the 449 MHz
WPR and 1 km from the 915 MHz WPR were observed.

1 Introduction

In the kinetic energy balance of the atmosphere, the compo-
nents due to turbulent motions can be the most difficult to
predict and require parameterizations in numerical models to
estimate the contributions at scales smaller than simulations
can resolve. Validation of these parameterizations, however,
requires observations that are often not available or are lim-
ited in time and space. Recent work evaluating the sensitivity
of a combined planetary boundary layer (PBL) and surface
layer parameterization scheme within the Weather Research
and Forecasting (WRF) model has shown that the model
forecast skill for boundary layer winds is most sensitive to
the parameterization of the turbulent kinetic energy (TKE)
dissipation rate, contributing to 50 % of the variance in an
ensemble of forecast runs (Yang et al., 2016). Since the dis-
sipation rate quantifies the amount of TKE that is converted
into heat at the smallest scales of motion, observations must
be localized and highly resolved temporally. Historically,
sonic anemometers mounted on towers (Kaimal et al., 1968;
Kaimal, 1978), tethered balloons (Frehlich et al., 2003), or
aircraft (Nicholls, 1978; Lemone and Pennell, 1980) have
provided high-quality in situ observations for this purpose,
but towers are rare and aircraft are expensive.

Hocking (1985) showed the feasibility of observing pro-
files of turbulence in the mesosphere with wind profil-
ing radars (WPRs), which measure backscatter intensity off
clear-air parcels in the radar volume during a period of time,
which is converted into a Doppler spectrum of velocities.
Turbulence intensities (velocity fluctuations divided by the
mean velocities) using refractive index and TKE dissipation
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rates using spectral widths of the Doppler velocity spectrum
were introduced therein, but Cohn (1995) showed that the
TKE dissipation rates were more accurately measured by
the WPR than the turbulence intensity. Since then, much
progress has been made to improve spectral width measure-
ments for dissipation rate estimations through the removal
of non-turbulent broadening effects from wind shear and an-
tennae geometry (Gossard, 1990; Nastrom, 1997; Nastrom
and Eaton, 1997; White et al., 1999). The full integration
of the method into routine use has not taken place, how-
ever, due to unidentified limitations in the method’s ability to
measure the full range of dissipation rates resolved by high-
frequency instrumentation, such as sonic anemometers or
hot-wire anemometers (Oncley et al., 1996). To this date, the
most state-of-the-art results are found in Shaw and LeMone
(2003) and Jacoby-Koaly et al. (2002), studying the PBL.
Shaw and LeMone (2003) used a 915 MHz WPR to estimate
dissipation rates using spectral widths, and found higher val-
ues than the in situ observations, even after the non-turbulent
broadening terms were removed from the observed widths
(see their Fig. 3), likely due to use of a standard WPR setup
with coarse spectral resolution. Jacoby-Koaly et al. (2002)
found better agreement between aircraft measurements of
dissipation and the ultra-high-frequency (1238 MHz) WPR
but discussed the inability to accurately remove the effects of
the large beamwidth on spectral width. It is worth mention-
ing that in both of these studies, when analyzed on a linear
scale, the overestimations at the smallest dissipation rates are
given less significance.

Here, we also use a 915 MHz WPR, set up with higher
spectral resolution for more accurate measurements of small
spectral widths. Along with several parameters and post-
processing techniques, we investigate the ability of the
915 MHz WPR, as well as a 449 MHz WPR, run nearby to a
highly instrumented 300 m tower, to estimate accurate turbu-
lence dissipation rates throughout the PBL. With these mea-
surements, comparisons can be made on timescales appropri-
ate for evaluation of numerical weather prediction models,O
(1 h).

This paper is organized as follows: Sect. 2 introduces
the observations used, including the sonic anemometers and
WPRs. Section 3 discusses the methods of calculating dis-
sipation rates from both sets of instruments. Section 4 de-
scribes the different post-processing procedures that will be
tested for their impact on dissipation rate estimations in
Sect. 5 (449 MHz WPR) and Sect. 6 (915 MHz WPR), re-
spectively. Section 7 discusses a useful bias correction. Sec-
tion 8 describes the uncertainty quantification applied, and
Sect. 9 contains the conclusion.

2 Observations

All observations in this study were gathered at the Boul-
der Atmospheric Observatory (BAO), operated by the Na-

tional Oceanic and Atmospheric Administration’s Earth Sys-
tem Research Laboratory. The site has gently sloping ter-
rain and is located 20 km east of the foothills of the Front
Range of the Rocky Mountains, about 30 km north of Den-
ver, Colorado. A 300 m meteorological tower instrumented
with sonic anemometers and temperature and humidity sen-
sors is located at the site. During the eXperimental Plane-
tary boundary layer Inter-comparison Assessment (XPIA) in
March to June of 2015, the tower was instrumented with pairs
of sonic anemometers at six heights up to 300 m. Two WPRs
were functioning as well, from 1 March to 30 April 2015,
located 600 m from the tower at the BAO Visitors’ Center.
A detailed description of the field campaign and all instru-
ments included can be found in Lundquist et al. (2016). Data
are available at the Department of Energy’s Data Archive and
Portal at http://a2e.energy.gov/data#xpia.

2.1 Sonic anemometers

During XPIA, the 300 m tower at the BAO was equipped
with twelve Campbell Scientific CSAT3 sonic anemometers
(commonly called sonics), provided by the Characterizing
the Atmospheric Boundary Layer (CABL) program of the
National Center for Atmospheric Research and the Univer-
sity of Colorado. Sonics were mounted on two booms ex-
tending to 154 and 334◦ from north, at 50 m intervals from
50 to 300 m, sampling at 20 Hz. The sonics recorded three-
directional velocities, with u aligned into the boom and v

aligned 90◦ to the left. The planar fit tilt correction and rota-
tion algorithm of Wilczak et al. (2001) was applied to these
data to remove any vertical tilt of the instrument (< 2◦ for all
instruments) and to align the mean velocities into the 30 min
mean wind direction (so that v = 0 m s−1). Data in the wake
of the tower were rejected, based on the 1 min mean winds
from the upstream boom, from 319 to 344 and from 121 to
197◦ (from N), as determined by McCaffrey et al. (2017b).
Data were also quality controlled for signal amplitude, sig-
nal lock, and the difference in the speed of sound between the
three nonorthogonal axes. The tilt-corrected, rotated, quality-
controlled data from pairs of sonics were then used for calcu-
lations of turbulence dissipation rates as detailed in Sect. 3.1
and averaged over 30 min intervals for comparison to the
WPR observations.

2.2 Wind profiling radars

Two wind profiling radars, located 600 m southwest of the
BAO tower, are included in the analysis: a 449 MHz radar
and a 915 MHz. For each hour, the systems ran in standard
acquisition mode for 25 min for three-dimensional consen-
sus winds, in radio acoustic sounding system (RASS) mode
for 5 min for measurements of virtual temperature, and in
an optimized turbulence mode (described below) with only
a vertically pointed beam for the remaining 30 min. Time
series of amplitude and phases (I and Q) were saved dur-
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Figure 1. A normalized Doppler spectrum collected from the 499 MHz WPR during the XPIA field campaign with high spectral resolution.
The vertical red line denotes the first moment (mean velocity) and the horizontal red line denotes the spectral width, using the standard peak
processing method.

ing the 30 min of turbulence mode to allow the testing of
different post-processing settings and methods. The radars
measure reflectivity in the radial direction, averaging across
a quasi-cylindrical volume with height, 1R, here equal to
25 m. WPR complex time series were filtered for birds,
radio-frequency interference, ground clutter, and other non-
atmospheric contamination using wavelet and Gabor post-
processing techniques (Jordan et al., 1997; Lehmann, 2012).
Fast Fourier transformations (FFTs) were then computed to
obtain Doppler spectra (power vs. velocity), as shown in
Fig. 1 from the 449 MHz WPR. The Doppler spectra are re-
trieved at a temporal resolution, or a dwell time, of 1t , de-
termined by the radar setup parameters:

1t = [IPP][NCOH][NFFT][NSPEC], (1)

where IPP is the inter-pulse period (ns), NCOH is the num-
ber of coherent integrations, NFFT is the number of points
used in the FFT, and NSPEC is the number of spectral aver-
ages. “Optimized” turbulence mode refers to the high spec-
tral resolution, accomplished with a large NFFT, and high
temporal resolution (small 1t) due to no spectral averag-
ing (NSPEC= 1). The details of the radar setups are shown
in Table 1. If desired, averaging of Doppler spectra can be
performed to lower the noise level, thereby increasing the
signal-to-noise ratio (SNR) and lengthening the dwell time.
A threshold that determines whether a signal is discernible
was applied to the spectra based on the SNR. The threshold,
developed by Riddle et al. (2012), defines the minimum SNR
for detectability to be

SNRmin = 10log

25
(

NSPEC− 2.3125+ 170
NFFT

)1/2

NFFT×NSPEC

 . (2)

Next, the first and second Doppler spectral moments
(mean velocity and spectral width, respectively) are obtained
through peak processing algorithms, shown in the red verti-
cal and horizontal lines in Fig. 1. The second moments of the
Doppler velocity spectra are then used in the calculation of
dissipation rate, as described in Sect. 3.2. The six levels of
the sonic anemometers overlapped with six of the 915 MHz
profiler’s range gates (50 to 300 m) and four of the 449 MHz
WPR’s (150 to 300 m).

Table 1. Radar parameters for the 449 and 915 MHz wind profiling
radars, running in turbulence mode for minutes 25–55 of each hour
during XPIA from 1 March to 30 April 2015.

Radar freq (MHz) 449 915

Inter-pulse period (µs) 33 45
No. coherent integ. 24 182
NSPEC 1 1
NFFT 16 384 2048
First gate height (m) 154 76
No. of range gates 80 72
Range gate height (m) 26 25
Dwell time (s) 12.98 16.77
Spectral resolution (m s−1) 0.025 0.01

3 Dissipation rate calculations

When modeling the turbulent atmosphere, the budget of the
TKE is needed for parameterizing the small-scale processes
that models cannot resolve. The TKE budget can be de-
scribed as

d
dt
(TKE)+∇ ·T = P − ε, (3)

where d
dt is the material derivative, T is the turbulent trans-

port, P is the production, and ε is the dissipation rate. The
dissipation rate can be estimated with several methods, for
sonic anemometers (Kaimal et al., 1968; Champagne, 1978;
Oncley et al., 1996), ultra-high-frequency WPRs (Gossard,
1990; Jacoby-Koaly et al., 2002), and Doppler wind lidars
(Smalikho and Banakh, 2013). The foundational work by
Kolmogorov (1941) provided a basic dimensional argument
for relating the dissipation rate to the transfer of kinetic en-
ergy between scales of motions, assuming isotropic, homo-
geneous, stationary turbulence. In this case, energy is in-
jected at large scales and transferred to small scales, where
it dissipates, with no energy lost in the intermediate scales,
called the “inertial range”. The energy spectral density for
each velocity component, i = [u, v, w], can therefore be
represented in terms of only the dissipation rate and wave
number (scale), k:

φE,i = αiε
2/3k−5/3, (4)
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where αi is a constant (and αv = αw). The spectrum can be
written in terms of frequency, f , instead of wave number as-
suming k = 2πf/u:

kφE,i(k)= αi

(
2π
u

)−5/3

ε2/3f−5/3. (5)

The integral of the energy spectrum in the inertial range is
equal to the total variance. Assuming this basic form for the
energy spectrum, and the relationship to ε, the dissipation
rates can be calculated from both the radar profilers and the
sonic anemometers, using different methods for each dataset,
to close the TKE budget.

3.1 ε from sonic anemometer energy spectra

For all time intervals when φE(f ) has a −5/3 power law,
the observed power spectral density can be used to calculate
the dissipation rate. This can be accomplished using in situ
sonic anemometers, which operate at sufficiently high fre-
quencies (20 Hz) to resolve the inertial range. Using the high-
sampling-frequency measurements by the sonic anemome-
ters, the dissipation rate can be directly obtained from the
energy spectrum. The entire spectrum, however, contains po-
tential errors that must be removed before calculating the
dissipation rates. To account for the errors introduced from
Taylor’s hypothesis, Wyngaard and Clifford (1977) obtained
a modification, Tii , on the observed spectrum as follows:

Tuu = 1−
1
9
σ 2
u

U
2 +

2
3
σ 2
v

U
2 +

2
3
σ 2
w

U
2 , (6)

Tvv = Tww = 1−
1
9
σ 2
u

U
2 +

2
3
σ 2
v

U
2 +

1
3
σ 2
w

U
2 , (7)

where the subscripts i = u, v, and w denote the components
of the velocity vector (longitudinal, transverse, and vertical,
respectively). Similarly, the averaging along the sonic path
introduces an error in the amplitude of the energy spectrum,
so Kaimal et al. (1968) developed a spectral transfer function
(stf) to reduce this impact:

Tstf(kd)=
sin2 (kd/2)

(kd/2)2
, (8)

where d is the path length, equal to 15 cm for the sonic
anemometers used here. The modified energy spectrum is
then defined as

φnew(k)= φE,i(k) · Tstf(kd) · Tii . (9)

Figure 2 shows one 15 min velocity spectrum for the hori-
zontal (blue) and vertical (red) velocities with (bright colors)
and without (pale colors) the adjustments. The adjustment is
small but used for thoroughness, since it extends the inertial
range. Equation (9) can be inverted and averaged over the in-
ertial range (here, identified by visual inspection to be from
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Figure 2. Velocity spectra for the horizontal (blue) and vertical (red)
velocities with (bright colors with circles) and without (pale colors,
dashed lines) the adjustments, for the northwest sonic anemometer
at 150 m on the BAO tower. A spectral slope of −5/3 is shown as
the dashed line for reference, and vertical lines denote the range
used for integration.

8×10−2 to 2×100 s−1, as denoted by the solid vertical lines
in Fig. 2), as in Kaimal et al. (1968), to solve for ε:

ε =
1

α
3/2
u

(
2π
u

)3/2〈[
f 5/3φnew(f )

]3/2〉
, (10)

where the angled brackets are averages in frequency. Energy
spectra were computed for each 15 min interval, and corre-
sponding dissipation rates were calculated in those which
were verified to have a slope of −5/3 in the inertial range.
This verification process included an automated calculation
of the slope of the best fit line in this range, and slopes within
a range from−4/3 to−6/3 were used. Since this method re-
lies on assumptions about the energy spectrum, dissipation
rates from sonic anemometers are still only estimations of
the true values (as observed by hot-wire anemometers: Ten-
nekes and Lumley, 1972), but since Kaimal et al. (1968) they
have been used as the true measurement. A quantification of
the uncertainty in the sonic anemometers’ dissipation rates
based on the variance of the energy spectrum in the inertial
range will be introduced in Sect. 8. The dissipation rates were
then averaged over 30 min to compare with those obtained
from the WPRs.

3.2 ε from radar spectral widths

The method of calculating dissipation rates from WPRs uses
the width of the radar Doppler spectrum (spectral width)
rather than the velocity energy spectrum, like the sonic
anemometers’ method, since the time resolution of the veloc-
ity moments is insufficient to resolve an inertial range. The
spectral width method is also applied to sodars (Ottersten
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et al., 1973) and Doppler lidar (Smalikho and Banakh, 2013)
spectra for dissipation rates, though the structure function
and velocity azimuth display methods are more accurate and
common (Sathe and Mann, 2013). The radar Doppler spec-
trum provides the distribution of velocities of backscattering
particles within the radar volume, with an average equal to
the mean velocity and a spread which indicates the level of
turbulence. The spectrum measured by a profiling radar con-
tains both the resolved velocities in the mean wind speed,
and the unresolved velocities in the spectral width (Angevine
et al., 1994; McCaffrey et al., 2017a). The spectral width of
the Doppler spectrum is defined to be twice the standard de-
viation, σm, of the unresolved velocities in the measurement
volume during each dwell. This total measured variance, σ 2

m,
includes the effects of turbulence, as well as non-turbulent
effects such as wind shear and antenna effects. The total vari-
ance is made of independent contributors, so it can be sum-
marized as follows:

σ 2
m = σ

2
s + σ

2
t , (11)

where σ 2
s is the variance due to wind shear and beam-

broadening effects, and σ 2
t is due to turbulence (Gossard,

1990). Nastrom (1997) has determined the shear and beam-
broadening term to depend on the mean wind transverse to
the beam axis, VT, the mean wind shear, du/dz, and the an-
tenna properties. For a vertically pointing beam, the contri-
bution is determined to be

σ 2
s =

ν2

3

(
V 2

T +

(
du
dz

)2
1R2

12

)
, (12)

where ν is the half-width to the half-power point in the an-
tenna pattern and 1R is the range gate. Nastrom (1997) also
determined the broadening contribution due to gravity waves
across the radar beam, but for a single, vertically pointing
beam the contribution is small and therefore neglected. In
some cases, however, the contribution to the spectral width
from the shear and beam-broadening term, σ 2

s , is larger than
the total measured width, σ 2

m, creating negative values of dis-
sipation rates. These are not physically meaningful, so these
values are rejected. Despite possibly skewing the 30 min av-
erages by neglecting values which may be small (Dehghan
et al., 2014), comparisons showed that all other solutions
(e.g., substituting with 0 or a small value of σ , or not re-
moving any broadening) produced unphysical or statistically
worse results. Figure 3 shows the percentage of 2 min dwells
(NSPEC= 8) that experience σ 2

s > σ
2
m. The 915 MHz WPR

experienced this up to 40 % of the time, though the frac-
tion decreases with more spectral averages, as the measured
widths are broadened with longer dwell times (and the beam
broadening remains constant). The 449 MHz WPR, with a
narrower beam and higher SNR, is not as impacted by this
issue, except at the lowest range gate, where ground clutter
causes noisier spectra.
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Figure 3. Percentage of 2 min dwells (NSPEC= 8) when σ 2
s > σ

2
m

for the 449 (blue) and 915 MHz (red) WPR, using the standard peak
processing method of calculating σ 2

m.

The work by Frisch and Clifford (1974), Labbitt (1981),
and Gossard et al. (1998) led White et al. (1999) to an ex-
pression for the relationship between the contribution to the
spectral width due to turbulence and the dissipation rate, in a
spectral form:

σ 2
t =

αε2/3

4π

∫ ∫ ∫
k−11/3

[
1−

(
k1

k

)2
]

(13)[
1−

sin2 (k2L/2)

(k2L/2)2
exp

[
−b2k2

1 − a
2
(
k2

2 + k
2
3

)]]
dk1dk2dk3,

where α = 1.6 is a Kolmogorov constant, L= VT1t , a is the
half-diameter of the (circular) beam cross section, b is the
half-length of the pulse, and ki are the three components of
the wave number. The integral in Eq. (13) can be solved by
converting to spherical coordinates:

I = 120
(

2
3

) π
2∫

0

dφ

π
2∫

0

dθsin3θ (14)

(
b2cos2θ + a2sin2θ +

L

12
sin2θcos2φ

)1/3

,

where 0 is the gamma function. This equation can be numer-
ically integrated, and Eq. (13) can be solved for ε.

The dissipation rates were estimated for the 30 min of
turbulence mode, during which the time series of am-
plitudes and phases (I and Q) were saved, and different
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post-processing and moment-calculation methods were per-
formed. A quantification of the uncertainty in the WPRs’ dis-
sipation rates will be introduced in Sect. 8.

4 Post-processing procedures

During the calculation process for spectral moments from
WPRs, there are several options and parameters to be con-
sidered that have the possibility of improving the accuracy
of the spectral width measurements. These options include
radar setup, time series filtering (of amplitude and phase sig-
nal), Doppler spectral processing, and moment calculations,
all of which have an effect on the final spectral width used
for dissipation rates. Here we will investigate the effect of
standard and multiple peak processing methods and noise
level thresholds of moment calculations, and spectral aver-
aging on the eddy dissipation rate as determined with the
WPRs’ spectral width, using the in situ observations from
sonic anemometers for comparison.

4.1 Moment calculations: standard vs. multiple peak
processing

Once the Doppler spectra are calculated (with wavelet and
Gabor filtering applied) and processed for ground clutter
(Riddle and Angevine, 1991) and other interference reduc-
tion, the first two moments of the Doppler spectra are calcu-
lated by one of two common methods. The first is the stan-
dard peak processing method (SPP) using the basic method
of finding the highest Doppler peak at each range gate, then
integrating between the velocities, ν1 and ν2, where the noise
level (maximum or mean) is surpassed. The second method
of calculating the moments, the multiple peak processing
method (MPP) finds up to three peaks at each range gate with
the highest power, then uses continuity in time and space
(vertical profiles) to determine which peak is most likely to
be the true signal. The velocity range of the peak is deter-
mined by the crossing of the mean noise level or an increase
in power due to an adjacent peak. The velocity limits, ν1 and
ν2, of the chosen peak then go into the calculation of first
and second moments for velocity and spectral width. MPP
is the preferred method for the measurement of first-moment
winds, as determined in Gaffard et al. (2006), but the impact
on the width has not been studied.

When using SPP, the noise level threshold that determines
the velocity limits in the calculation of the spectral width
can be set to either the maximum noise level of the spectrum
(SPP max) or the mean noise level (SPP mean). The common
choice is the maximum noise level since it is the most conser-
vative for removing noise and produces a more accurate first
moment of the spectrum. However, a non-atmospheric signal
could create an artificially high maximum noise level, caus-
ing the spectral width to be narrowed. The mean noise level
in these cases would be more representative of the true noise

in the spectrum and potentially allows the measured spectral
widths to be more realistic. A comparison of dissipation rates
using these three methods (SPP max, SPP mean, and MPP)
with the in situ observations from the sonic anemometers will
indicate which moment calculation method is most accurate
for measuring spectral widths and, consequently, dissipation
rates. All other variables in the calculation of dissipation rate
are equal across different moment calculation methods, so
the accuracy of dissipation rates indicates the accuracy of the
spectral width measurements in each method.

4.2 Spectral averaging

Each dwell collected by the 449 MHz WPR spans about 13 s
(and the 915 MHz, about 17 s; see Table 1), capturing only a
short period of the atmosphere’s motions. Therefore, turbu-
lence observed in that dwell time does not completely cap-
ture the full characteristics of the flow. More commonly, at-
mospheric turbulence statistics, such as turbulence intensity
or turbulent kinetic energy, are calculated using 2 to 30 min
averages of fluctuations to include a more complete range of
scales of turbulence. In the case of Doppler spectra from pre-
determined radar pulses, spectra from multiple dwells can
be averaged together to span a longer time period of fluc-
tuations, resulting in more representative turbulence statis-
tics. Furthermore, spectral averaging decreases the noise in
the resulting spectra, allowing for cleaner atmospheric peaks.
However, averaging over periods that are too long, and there-
fore nonstationary, will result in broadening of the spectral
peak that is due to a shifting mean velocity rather than due to
true fluctuations from turbulence. McCaffrey et al. (2017a)
analyzed the impact of lengthened averaging times on ver-
tical velocity variance measurements and found that the op-
timal time for spectral width calculations was 2 min. Here,
an analysis was performed to determine the length of time,
set by the number of spectral averages, which produces the
most accurate dissipation rates compared to the in situ obser-
vations from the sonics.

5 Comparison of ε from 449 MHz WPR and sonic
anemometers

With the use of the in situ sonic anemometer observations
as the baseline, the different post-processing techniques pre-
sented in Sect. 4.1 and 4.2 can be analyzed for their impacts
on the resulting dissipation rates. Figure 4 summarizes the
behavior of comparisons between the 449 MHz WPR and
the sonic anemometers at their four overlapping heights, us-
ing MPP (blue) and SPP, with maximum (red) and mean
(green) noise levels, as a function of the different numbers
of spectral averages. With the un-averaged spectra having a
dwell time of 13 s, using NSPEC= 42 produces dwells of
approximately 10 min. In the correlation (measured as R2

of the logarithm of dissipation rates; Fig. 4a), mean abso-
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Figure 4. (a) Coefficient of determination, R2, of the logarithm of the dissipation rates and (b) mean absolute error, MAE, and (c) fractional
bias (εradar divided by εsonic) of dissipation rate between the sonic anemometers and the 449 MHz using MPP (blue) and SPP with the
maximum (yellow) and mean (green) noise level thresholds, as a function of the numbers of spectral averages, NSPEC.

lute error (MAE; Fig. 4b), and fractional bias (Fig. 4c), MPP
does significantly worse than both settings of SPP. A scatter
plot of dissipation rates from MPP and the sonic anemome-
ter (Fig. 5) shows that, even at the optimal averaging time
(NSPEC= 4) as determined by Fig. 4, MPP often highly un-
derestimates the spectral width that contributes to the dissi-
pation rate. At this high spectral resolution, the MPP method
separates broad atmospheric peaks into multiple narrower
peaks and so computes artificially narrow widths within the
true, wider peak. Thus, we conclude that MPP should not be
used for calculations of spectral widths, particularly at high
spectral resolution.

When using SPP with either the maximum or mean noise
level, averaging over more than one dwell is immediately
an improvement over the shortest dwell times (Fig. 4). The
highest correlation of the logarithm of dissipation rates,
R2
= 0.57, occurs with the maximum noise level using

NSPEC= 4, or about 1 min dwells, and remains nearly con-
stant until NSPEC= 15 (Fig. 4a). The mean noise level sees
its highest correlation, also of R2

= 0.57, at NSPEC= 2
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Figure 5. Dissipation rates from the sonic anemometer, εsonic,
and WPR spectral widths (εradar) from the 449 MHz WPR, using
NSPEC= 4 and MPP to calculate the spectral moments, with slope
(m), MAE, R2 of the logarithms of dissipation rates, and number of
points plotted (N ) labeled.
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Figure 6. Dissipation rates from the sonic anemometer, εsonic, and WPR spectral widths, εradar, from the 449 MHz WPR, using SPP with
the mean noise level threshold, and NSPEC= 8, shown in a scatter plot (a), with slope (m), MAE, R2 of the logarithms of dissipation rate,
and number of points plotted (N ) labeled, and as box and whiskers (b), with the blue boxes extending to the 25th and 75th percentiles, black
lines to the 1st and 99th percentiles, and central lines at the median. The red dashed lines denotes the best fit line to all points in (a) and the
medians of each bin between εsonic = 10−4 and 10−1 m2 s−3 in (b). The one-to-one line is shown in black dashes on both panels.

(about1t = 30 s), then decreases for longer dwell times. The
lowest MAE occurs for both noise thresholds at NSPEC= 2
and increases slightly for longer dwells (Fig. 4b). The MAE
is lowest at all NSPEC when using the mean noise level. The
bias in SPP is lower using the mean noise threshold at longer
timescales, with a minimum (fractional bias equal to 1) at
NSPEC= 2 for the maximum noise level and NSPEC= 15
for the mean noise level (Fig. 4c). Optimization of the mean
vs. maximum noise level is flexible, through the correlation,
MAE, and bias. Similar analysis of the vertical velocity vari-
ance, as measured by the WPR spectral widths in McCaffrey
et al. (2017a), showed the optimal results at NSPEC= 8 us-
ing the mean noise level in SPP, and that choice for dissipa-
tion rates would also give a near-optimal fractional bias with
small MAE and high correlation, so future analysis herein
will use NSPEC= 8 and SPP with the mean noise level.

Scatter plots comparing dissipation rates from the sonic
anemometers and WPRs using the optimized post-processing
procedures are shown in Fig. 6, both as a scatter plot of all
30 min averages (panel a) and as box-and-whisker plots to
more easily see the distribution of values (panel b). The scat-
ter plot shows a trend near to 1 for larger sonic anemometer
values of dissipation (larger than 10−4 m2 s−3), but with a
near-constant offset from the one-to-one line. The scatter at
lower sonic-observed values increases, with more radar val-
ues that are overestimated, causing the overall slope of the
best-fit line to be much less than 1. The shift in behavior is
more visible on the box plot (Fig. 6b), where the distribution
of values departs from the trend near εsonic = 10−4 m2 s−3

and flattens. At the largest values, the box plot also shows a
flattening, but the scatter plot shows that there are few points
in this range, so the departure from the trend above εsonic =

10−1 m2 s−3 is less significant. Between εsonic = 10−4 and

10−1 m2 s−3, the slope of the line fit through the median of
each bin (red dashed line in Fig. 6b) has a slope much closer
to 1, with the overall low bias seen as well.

6 Comparison of ε from 915 MHz WPR and sonic
anemometers

The 915 MHz WPR operating during XPIA was set up
to have similar temporal and spectral resolution as the
449 MHz, but the different systems produce spectra with
different noise levels and slightly different resolutions (see
Table 1). The optimization of dissipation rates through the
post-processing techniques of spectral averaging and mo-
ment calculations performed for the 449 MHz WPR must
be completed separately for the 915 MHz WPR. Figure 7
compares the coefficient of determination, R2, MAE, and
fractional bias between the 915 MHz WPR and all six over-
lapping heights of sonic anemometers as a function of the
number of spectral averages. The correlations are lower,
with higher biases overall, for the 915 MHz WPR than the
449 MHz system. Again, MPP is significantly worse at cal-
culating the spectral width (and, therefore, dissipation rates).
There is less of a difference between the noise level thresh-
olds for the 915 MHz WPR than the 449 MHz, so for consis-
tency, the mean noise level will be used for further analysis.
NSPEC= 8 shows the best results in terms of all three quan-
tities presented in Fig. 7, showing that a timescale of approx-
imately 2 min is optimal for measuring spectral widths, with
R2
= 0.41, MAE= 0.009 m2 s−3, and fractional bias equal

to 1.46. Figure 8 uses these settings for computation of dis-
sipation rates and is presented as a scatter plot (panel a) and
box-and-whisker plot (panel b), with the median and 25th
percentiles for each bin of sonic anemometer values. The
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Figure 7. Same as Fig. 4 but for the 915 MHz WPR.
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Figure 8. Same as Fig. 6 but for the 915 MHz WPR with NSPEC= 8 and SPP with the mean noise level.
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Figure 9. Fractional biases in dissipation rate from all 6 heights of the 915 MHz WPR: εradar/εsonic vs. εsonic (a) and εsonic/εradar vs.
εradar (b). Black dashed lines are the averages used in the bias corrections in Table 2, and dashed line denotes a bias of 1.

overall low bias is again evident, and a trend close to 1 is
again seen above 10−4 m2 s−3.

7 Bias corrections

The overall biases in dissipation rates seen in Figs. 6a and
8a, and the constant offset in the range εsonic = 10−4 and
10−1 m2 s−3 in Figs. 6b and 8b suggest that a bias correc-
tion could produce more accurate agreement with the sonic
anemometers. A bias correction that is a function of the sonic
anemometers values cannot be applied since those values,
in most cases, will not be available. Using a constant deter-
mined by these WPR–sonic comparisons allows a correction
to be performed on other datasets without a priori knowl-
edge of the true value. Two different methods of correcting
the observed bias were tested: one corrects based on a con-
stant determined by the dependence on the sonic anemome-
ters, and one is dependent on the observed radar value. The
methods are defined in Table 2 with their respective correc-
tions using a function, F̂ (ε), that is averaged in each case.
The biases were calculated separately for the two WPRs for
the first month of observations (March), reserving the second
month (April) for testing the corrections.

Figure 9 presents the fractional biases in the 915 MHz
WPR during March as a function of the sonic anemometers
(εradar/εsonic, Fig. 9a) and the WPR (εsonic/εradar, Fig. 9b).
The correction based on the sonic-dependent bias (Fig. 9a)
must be a constant in order to be applied to other datasets
and, therefore, an average in the densest part of the range
was chosen (from 10−3 to 10−2 m2 s−3) and is shown as the
dashed line. This constant, c1 = 0.339, can then be used to
get a corrected value of ε̂radar as shown in Table 2.

Table 2. The two bias correction methods, with their definitions and
equations of corrections to the observed εradar values.

Sonic-dependent Radar-dependent

Definition εradar
εsonic

= f (εsonic)≈ c1
εsonic
εradar
= h(εradar)≈ c2

Correction ε̂radar =
εradar
c1

ε̂radar = c2εradar

The second method uses a bias correction dependent on
the WPR values, rather than the sonic, as in the first method.
The WPR-dependent bias (Fig. 9b) has constant behavior
over most dissipation values, so the average between 10−4

and 10−2 m2 s−3 was used (dashed line). Again, the bias-
correction factor, c2 = 2.784, is multiplied by each εradar
value to get the corrected ε̂radar.

To determine the dissipation rates that are most impacted
by the bias corrections, Fig. 10 shows the biases in the
915 MHz WPR during March before corrections (blue line)
and after correcting, using the sonic-dependent (yellow) and
radar-dependent (green) corrections. The observations were
binned by the instrument on the dependent axes (εsonic in
Fig. 10a and εradar in Fig. 10b), and averaged, and the frac-
tional bias was calculated for each bin. In Fig. 10a, the ability
of the WPR to estimate each sonic value of ε is indicated by
the biases, highlighting where the radar over- and underes-
timates the dissipation rate. The improvements can be seen
above εsonic = 6×10−4 m2 s−3, where the biases in both cor-
rected datasets (yellow and green lines, which are indeci-
pherably close) are closer to the 100 % line than the origi-
nal (blue line). However, below εsonic = 6×10−4 m2 s−3, the
constant multiplicative adjustment acts in the wrong direc-
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Figure 10. Fractional bias in dissipation rate, defined as (a) εradar/εsonic vs. εsonic and (b) εsonic/εradar vs. εradar, during March 2015 from
the 915 MHz WPR with no corrections (blue), the sonic-dependent correction (yellow), and radar-dependent correction (green).
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Figure 11. Same as Fig. 10 but for the 449 MHz WPR.

tion, and dissipation rates that were originally overestimated
by the WPR are further overestimated.

Analyzing the average biases as a function of the WPR-
estimated dissipation rate gives insight into the accuracy of
those measurements (Fig. 10b). The original dataset always
lies above the 100 % line (blue line), indicating that the true
sonic value is nearly always higher than the observed WPR

values, except at the highest values (which are few, as seen
in Fig. 9b). The corrections based on both the radar and the
sonic anemometers nearly remove the entire bias for dis-
sipation rates in the range between εradar = 2× 10−5 and
10−2 m2 s−3 and improve all measurements below εradar =

10−2 m2 s−3.
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Figure 12. Fractional bias in dissipation rate (defined as εradar/εsonic) as a function of εsonic (a) and as a function of εradar (b), during
April 2015 from the 449 MHz (blue) and 915 MHz (red) WPRs before applying the bias corrections (thin lines) and after, using the sonic-
dependent constant correction found from the month of March (thick lines).

10-6 10-4 10-2 100

0sonic (m2 s -3)

10-6

10-4

10-2

100

0 r
ad

ar
 (m

2  s
-3

)

915 MHz

10-6 10-4 10-2 100

0sonic (m2 s -3)

10-6

10-4

10-2

100
449 MHz

(a)
m=0.535
MAE=0.007
R2 =0.41

(b)
m=0.579
MAE=0.008
R2 =0.54

Figure 13. Observed dissipation rates, ε, from March and April from the 915 MHz (a) and 449 MHz (b) WPRs vs. the sonic anemometers at
all overlapping heights, before (blue) and after (red) bias corrections using the sonic-dependent constant corrections. The black dashed lines
are the one-to-one lines. Slope, m, mean absolute error, MAE, and coefficient of determination, R2, of the bias-corrected (red) values are
also shown.

Though the two corrections, based on each instrument, are
not mathematically identical, their constant corrections are
nearly the reciprocal of one another. This creates bias cor-
rections that are nearly equal, but since the corrections are
defined by an average, and applied to individual points be-
fore further averaging in Fig. 10, the results are not identical.
The fact that they are so close, however, indicates that either
correction method can be used.

Applying the same correction methods to the 449 MHz
WPR results in similarly improved dissipation rates, using

c1 = 0.144 and c2 = 5.114, as seen in the fractional biases in
Fig. 11. The bias correction makes larger improvements as a
function of εsonic (Fig. 11a), with more accurate dissipation
rates measured down to εsonic = 10−4 m2 s−3. As a function
of the WPR-estimated dissipation rate, the improvement is
significant, removing all biases below εradar = 10−2 m2 s−3.
There is no increase in the bias at the lowest dissipation rates,
as was seen in the 915 MHz WPR (Fig. 10b), showing that
the 449 MHz system is more accurate at these levels.
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Figure 14. Box-and-whisker plots of observed dissipation rates, ε, of the sonic anemometers at all heights binned by the 915 MHz (a) and
449 MHz (b) WPR dissipation after using the sonic-dependent constant bias correction. Blue bars extend over the 25th to 75th percentiles,
with dashed lines extending to the 90th percentiles. Red dashed lines are fit to the medians of each bin between the vertical lines at 10−4 and
5× 10−2 m2 s−3, with slope, m, labeled, as well as the R2 values of the medians and bin centers in that range. The black dashed lines are
the one-to-one lines.

These bias corrections were created based on 1 month
of data (March) and show large improvements. However,
the applicability of the corrections can be seen by applying
the respective bias corrections for each radar to the obser-
vations taken during April. Figure 12 shows the remaining
biases in the dissipation rates from the April datasets, us-
ing the sonic-dependent corrections found for the month of
March. Both datasets show large improvements, particularly
above εsonic = 3× 10−4 m2 s−3. When binned by εradar, the
correction almost completely removes all biases. In Fig. 13,
the sonic-dependent correction constants were used on each
WPR, respectively, to adjust the entire 2 months of the orig-
inal datasets (blue) to obtain the corrected data (red). The
bias has been removed in the intermediate-to-large dissi-
pation rates, and the scatter now falls on the one-to-one
line, with MAE= 0.008 m2 s−3 for the 915 MHz WPR and
MAE= 0.007 m2 s−3 for the 449 MHz WPR.

8 Uncertainty quantification

Two different methods were used to quantify the uncertainty
in the dissipation rates from the sonic anemometers and the
WPRs. For the sonic anemometers, the error analysis method
of Piper (2001) was applied, utilizing the standard deviation
of the power spectrum in the inertial range over which the
dissipation rates are estimated. The error in dissipation rate
is given by

σε =
3
2
ε
σS

S
, (15)

where S is the mean and σS is the standard deviation of
f 5/3φnew(f ) over the inertial range.

When investigating the accuracy of the bias-corrected
WPR measurements, box-and-whisker plots were made from
dissipation rates at all heights (Fig. 14), binned by εradar
(rather than εsonic as in Figs. 6 and 8), to see the distribu-
tion of true dissipation rates (from sonic anemometers) for
each WPR observation. This can serve as an error analysis
for the dissipation rates estimated from the WPR spectral
width. In each bin, the median and standard deviation were
calculated, and the standard deviation will be used as the er-
ror for each radar measurement that falls in that bin. With the
bias correction applied, the median dissipation rates of the
sonic anemometers accurately match the radar value, with
R2
= 0.99 for the 915 MHz and 0.97 for the 449 MHz in the

range of εradar = 10−4 to 5×10−2 m2 s−3, which contains the
majority of the observed dissipation rates from the sonics. A
fit to the medians in this range produces a line (red dashes)
with slope, m= 0.9 and 0.94 for the 915 and 449 MHz
WPRs, respectively. For the more accurate 449 MHz WPR,
only the highest measured εradar values do not fall on the one-
to-one line, but, as noted previously, these are infrequent ob-
servations. The smallest dissipations rates measured by the
915 MHz WPR show more uncertainty, with broader ranges
and medians that do not fall on the one-to-one line, show-
ing that a measured value in this range is most likely to be
underestimating the actual dissipation rate. It should also be
noted that the constant bias correction factors for both WPRs
are larger than 1 standard deviation from the corrected values
84 % of the time for the 449 MHz and 80 % for the 915 MHz
WPR (for all heights), therefore being meaningful.

We also note that the lower R2 values for the individual
30 min ε values shown in Fig. 13 compared to the R2 val-
ues of the binned medians in Fig. 14 are in part due to the
600 m separation between the BAO tower and the radars. If
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Figure 15. Dissipation rate, ε, from 2 to 8 April 2015 (hours in UTC), from the sonic anemometer (black) at 200 m and the 206 m range gate
of the 449 MHz WPR (blue) and the 201 m range gate of the 915 MHz WPR (red) after bias corrections have been applied. Shaded regions
signify 1 standard deviation from the mean, matching colors to the instruments.

Figure 16. Dissipation rate, ε, from 2 to 8 April 2015 (hours in UTC), from the 915 MHz (a) and 449 MHz WPRs (b) and sonic anemometers
on the 300 m tower (c). Height is in m a.g.l., and the dashed lines mark the top of the sonic anemometer measurements.

the WPRs had been located adjacent to the tower, the scatter
in Fig. 13 would likely have been smaller.

An example time series of bias-corrected dissipation rates
near 200 m from both WPRs and sonic anemometers is
shown in Fig. 15, with a range of 1 standard deviation shown
for each instrument. The diurnal cycle is evident, and is con-
sistently captured by both WPR systems, within the error
bounds of both instruments. Several instances of sharp in-
creases in dissipation rate (such as at the beginning of day

97) are matched well by the WPRs and sonics, highlighting
the ability of the WPR to capture turbulent events in the PBL.
Full profiles of the dissipation rates are presented in Fig. 16.
The growth of the PBL is visible in both datasets, with lower
values during nighttimes and increasing dissipation rates in
the morning hours of each day. The 449 MHz WPR, with
its higher SNR, is able to observe more consistent profiles
up to 2 km, while the 915 MHz WPR is limited by its lower
SNR, and only when the spectral widths (and subsequent dis-

Atmos. Meas. Tech., 10, 2595–2611, 2017 www.atmos-meas-tech.net/10/2595/2017/



K. McCaffrey et al.: Dissipation rates from wind profiling radars 2609

sipation rates) are large enough are the observations possible.
This occurs most consistently in the bottom 1 km of the PBL
but occasionally up to 1500 m.

9 Conclusions

Using an optimized setup of two WPRs during the XPIA field
campaign in March and April 2015, turbulence dissipation
rates were calculated and compared to in situ observations
from sonic anemometers on the 300 m tower at the BAO. Us-
ing only the vertically pointing beam and a large number of
FFT points to obtain the Doppler spectra with high spectral
resolution, post-processing methods were compared to de-
termined the optimal method of estimating dissipation rates
from the WPRs. The MPP method of calculating spectral
moments showed inaccurate results, often measuring spec-
tral widths that were far too small, most likely due to MPP
only selecting part of the total atmospheric peak at high spec-
tral resolution. Using the maximum or mean noise level with
the SPP method showed small differences, but ultimately the
mean noise level was chosen since it produced lower biases
in dissipation rates than the maximum noise level. Analysis
of the dwell time, dependent on the number of spectral av-
erages, showed that, for both the 915 and 449 MHz WPRs,
dwell times of approximately 2 min (NSPEC= 8) produced
the most accurate dissipation rates. Dwell times of the un-
averaged spectra (NSPEC= 1) have insufficiently low SNRs,
but averaging too long widens the Doppler spectral peak with
nonstationary turbulence. This timescale supports the similar
results of McCaffrey et al. (2017a) based on vertical velocity
variance from spectral widths.

A simple bias correction was applied to the WPR dissi-
pation rates, based on the fractional bias between the radar-
estimated and sonic-estimated dissipation rates. A slightly
smaller correction was needed for the 915 MHz WPR, and
the constant correction produced improved dissipation rates
above values of εsonic = 6×10−4 m2 s−3, reducing the MAE
from 9× 10−3 to 8× 10−3 m2 s−3. For the 449 MHz WPR,
the full range of values of dissipations rates was improved
through a similar constant bias correction, reducing the MAE
from 9× 10−3 to 8× 10−3 m2 s−3. With the bias corrections
applied, time series of the dissipation rates from the two
WPRs compared well (especially the 449 MHz WPR) with
sonic anemometers, with the entire range of dissipation rates
captured throughout the diurnal cycle. The resulting coeffi-
cients of determination between the logarithms of dissipa-
tion rates are R2

= 0.41 for the 915 MHz WPR and 0.54 for
the 449 MHz WPR. The bias corrections were determined
for each radar based on 1 month of data, with a second
month used to test the applicability of the corrections. Other
datasets could provide additional validation of usefulness of
the correction for other radar systems or different times of the
year, but the results herein are encouraging. The R2 values
were adversely impacted by the 600 m separation between

the WPRs and the tower. R2 values for bin-averaged data
that removes the spatial separation effect are as high as 0.99
for the 915 MHz WPR and 0.97 for the 449 MHz WPR.

High-vertical-resolution profiles of dissipation rates up to
2 km are obtainable from the 449 MHz WPR and often up
to 1 km from the 915 MHz WPR. These observations will be
very useful for the validation of boundary layer parameter-
izations in numerical weather prediction models and reduce
the uncertainty due to these parameters as seen in Yang et al.
(2016). While profiling lidars and sodars can provide turbu-
lence measurements in the lower levels of the boundary layer
(Ottersten et al., 1973; Smalikho and Banakh, 2013), WPRs
can supply these measurements to higher levels, above the
PBL. Future studies could more closely collocate a WPR
with sonic anemometers to analyze the shorter timescales
that could possibly be captured by the spectral widths of the
WPR measurement volume. Those more detailed observa-
tions would allow for analysis of the development and degra-
dation of the convection boundary layer throughout day.
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