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Abstract

The temporal and spatial scale of atmospheric turbulence can be highly

dynamic, requiring sophisticated methods for adequate detection and monitor-

ing with high resolution. Doppler light detection and ranging (lidar) systems

have been widely used to observe and monitor wind velocity and atmospheric

turbulence profiles as Doppler lidar systems can provide continuous informa-

tion about wind fields. The use of lidars in the subarctic region is particularly

challenging as aerosol abundance can be very low, leading to weak backscatter

signals. In the present study, we analysed data collected with a Leosphere

Windcube 200S lidar system stationed in Reykjavik, Iceland, to estimate the

eddy dissipation rate (EDR) as an indicator of turbulence intensity. For this

purpose, we retrieved radial wind velocity observations from velocity–azimuth

display scans and computed the EDR based on the Kolmogorov theory. We

compared different noise filter thresholds, scan strategies and calculation

approaches during typical Icelandic weather conditions to assess the accuracy

and the uncertainty of our EDR estimations. The developed algorithm can pro-

cess raw lidar observations, retrieve EDR and determine the qualitative distri-

bution of the EDR. The processed lidar observations suggest that lidar

observations can be of high importance for potential end-users, for example air

traffic controllers and aviation safety experts. The work is an essential step

towards enhanced aviation safety in Iceland where aerosol concentration is in

general low and severe turbulence occurs regularly.
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1 | INTRODUCTION

Extreme weather phenomena can have hazardous
impacts on aviation safety. In particular, rapid changes in
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headwinds and crosswinds during aircraft take-off or
landing can lead to critical situations, which may jeopar-
dize human lives. This is due to the low airspeed and low
altitude of aircraft, only allowing minor corrective mea-
sures to be made to adjust for turbulence (Hon and
Chan, 2014). According to the safety report of the Inter-
national Civil Aviation Authorities (ICAO), more than
one-third of aircraft accidents in 2017 occurred during
take-off and landing (ICAO, 2018).

Iceland, located in the North Atlantic Ocean, is well
known for extreme and highly variable weather condi-
tions with frequent strong winds and gusts exceeding
25 m�s−1 (Ólafsson and �Agústsson, 2007; Ólafsson
et al., 2007). This often raises aviation safety concerns.
However, the frequency of high crosswinds has also
made Keflavik International Airport an ideal location for
aircraft manufacturers to test new aircraft (Norris, 2019).
Thus, weather conditions in Iceland make the detection
of turbulence for enhanced aviation safety a priority.

Any small scale, irregular air motion, that is, rapid
irregular change in wind direction and/or speed, can be
considered atmospheric turbulence. Atmospheric turbu-
lence can be generated by mechanical processes such as
wind shear, surface roughness, friction, wind jets, and
obstacles or thermal processes such as buoyancy pro-
duced by surface heating or cloud-top radiative cooling.
Accordingly, turbulences are directly related to surface
roughness and atmospheric stability.

The scale of atmospheric eddies ranges from the synop-
tic scale (thousands of kilometres) to microscale (tens of
metres). The eddies that affect aviation the most have a spa-
tial scale between about 100 m and 1 km (Sharman, 2016).
Conventional instruments such as anemometers mounted
on meteorological masts can detect local turbulence only at
the location of the instrument, providing limited informa-
tion about the spatial distribution of turbulence in the vicin-
ity of airports. On the other hand, radio soundings, which
measure a vertical profile through the atmosphere, may
reveal the vertical distribution of turbulence but are limited
to when and where the sonde is released. To detect and
quantify turbulence and obtain a clear picture of the wind
conditions, several international airports, for example Hong
Kong (Chan, 2010) and Sendai (Misaka et al., 2008), have
added light detection and ranging (lidar) systems to their
Aviation Weather Observation Systems.

The use of commercial lidars for ground-based remote
sensing of wind has become increasingly important in
the last decade (Sathe and Mann, 2013). In addition to
being used in the aviation sector (Hon and Chan, 2014;
Leung et al., 2018), lidars are also widely used in the
wind energy sector (Wächter and Rettenmeier, 2009) as
well as in wind-related meteorological research
(Tuononen et al., 2017; Manninen et al., 2018). Compared

to the use of in situ methods like anemometers and radio
sounding, lidars have the advantage of making continu-
ous measurements with high temporal and spatial resolu-
tion. Lidars also allow the monitoring of wind fields
within and above the boundary layer without the need
for masts. Furthermore, tall masts may not be desirable
in some places, for example at airports. Another advan-
tage is that lidars are quite compact and mobile and
therefore can be deployed at different locations.

Previous studies focusing on turbulence detection using
Doppler lidars have encompassed investigations ranging
from a purely theoretical approach to practical research.
Frehlich (2001), Frehlich and Cornman (2002) and Frehlich
et al. (2006) reported their development of a method to esti-
mate turbulence intensity from the Kolmogorov theory,
while Smalikho and his colleagues explored turbulence
detection by continuous wave and pulsed Doppler lidars
(Smalikho et al., 2005; Smalikho and Banakh, 2017; Step-
han et al., 2018). In Europe, several studies have been con-
ducted on the retrieval of eddy dissipation rate (EDR) as the
indicator of turbulence intensity from lidar datasets,
although some use ε (m2�s−3), for example O'Connor
et al. (2010), and some use ε–1/3 (m2/3�s−1), for example
Thobois et al. (2015) and Muñoz-Esparza et al. (2018). At
Hong Kong International Airport, lidars have been applied
to detect low-level turbulence (Chan, 2009; Hon and
Chan, 2014; Leung et al., 2018). However, the use of lidars
for turbulence intensity detection in high latitude regions,
such as in Iceland, has received little attention. The atmo-
spheric turbulence in Iceland is typically characterized by
strong wind fields, weather fronts, accentuated wind shear
and blizzards. The volcanic geology leads to additional tur-
bulence near the numerous steep mountains and low tem-
peratures result in a shallow mixing layer. All these factors
make the application of lidar observations in Iceland rele-
vant and urgent. However, the atmosphere is often rela-
tively clean, which may reduce the backscatter signal of
emitted light pulses and result in a reduction of the range of
the lidar measurement.

O'Connor et al. (2010) developed an algorithm to
retrieve EDR from vertical lidar scans, hereafter called
vertical stares, as the beam is kept in the vertical position.
However, the horizontal wind velocity is generally an
order of magnitude larger than vertical velocity and of
importance for aviation due to the headwind and tail-
wind variations (Sinclair and Kuhn, 1991) as well as high
crosswinds. Accordingly, in the present study we develop
an algorithm to retrieve the EDR as an indicator of turbu-
lence intensity from horizontal wind measurement by
lidar in Reykjavik, Iceland.

We used a Leosphere Windcube 200S Doppler lidar
system (Leosphere, 2013) located at the headquarters of
the Icelandic Meteorological Office (IMO) in Reykjavik,
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Iceland. The results are compared to vertical stares using
the method of O'Connor et al. (2010). Additionally, we
discuss different data filtering methods and compare two
calculation approaches.

2 | METHODOLOGY

2.1 | Instruments

Two identical lidar systems, Leosphere Windcube 200S
Doppler scanning lidars with depolarization functional-
ity, are currently in operation in Iceland (Table 1). One
system is located at Keflavik International Airport and
the other system is a mobile system, installed on a trailer.
In the present study, we only used data from the mobile
system, which was located at IMO's headquarters in
Reykjavik (64.1275 � N, 21.9027 � W) for the duration of
this study. The site is an urban location in the centre of
the capital region and the local impact on the wind cli-
mate is due to buildings and urban vegetation.

A Doppler lidar can measure radial wind speed along
the beam based on the Doppler effect, often termed
Doppler velocity. Using the Doppler lidar system we can
retrieve profiles of wind speed and wind direction and
estimate the EDR, as explained in detail in Section 2.3.

2.2 | Scan settings

The lidar systems can be programmed to scan the sur-
rounding atmosphere. The scan strategy used in the pre-
sent study was as follows:

• Every 15 min two 360� revolution conic shaped
velocity–azimuth display (VAD) scans were performed
at elevation angles of 75� and 15�.

• The transverse interval (azimuthal resolution) during
the VAD scans was 30�, resulting in 12 beams for each
scan. The accumulation time for each beam was 5 s.
In total, one conic VAD scan with 12 beams took
approximately 70 s (including 10 s due to the change
in azimuth angles).

• Between VAD scans, vertical stares were performed
continually with a 1 s accumulation time per profile.

As the lidar measures the radial wind velocity, along
the line of sight, both vertical stares and VAD scans can
acquire information on the EDR. First, we focus on the
VAD scans and an approach that has been documented
extensively in the literature (see for example Frehlich
et al., 2006; Hon and Chan, 2014; Thobois et al., 2015).
The horizontal wind component, which is of importance
for aviation safety and the focus of this study, can be
derived from the VAD scans, while the data from vertical
stares is only used as a verification reference in the
present study.

2.3 | Theory on turbulence estimation

Turbulence is defined as a highly irregular movement of
fluid. Given the range of length and time scales of eddies,
it is challenging to describe the motion physically. One
approach to measure turbulence is using the Kolmogorov
theory (Kolmogorov, 1962; 1991). According to the
Kolmogorov theory, energy is injected into the turbulent
medium from the larger spatial scales and forms eddies.
Eddies break down into smaller eddies until the kinetic
energy is dissipated to thermal energy by the viscous
properties of the medium. The dissipation rate, that is,
the EDR, can therefore be used as a turbulence intensity
indicator (Hocking, 1985; Cohn, 1994). There are several
approaches to retrieve the EDR value from lidar observa-
tions. For example, Frehlich and Cornman (2002) esti-
mated the EDR and the length scale from velocity data
while Nijhuis et al. (2019) compared different methods to
retrieve the EDR from wind velocity, obtained from
Doppler radar. Also, Smalikho and Banakh (2017) esti-
mated the EDR using the azimuthal structure function
and Thobois et al. (2015) explored the possibility of esti-
mating EDR by using a Leosphere Windcube lidar in
Toulouse, France. In the present study, we developed an
algorithm to estimate the EDR by using the velocity
structure function and applied the algorithm to our lidar
data obtained in Reykjavik. This method is based on the
Kolmogorov theory (Frehlich, 2001), which assumes that

TABLE 1 The specifications of the lidars operated in Iceland

(Leosphere, 2013)

Specification

Company Leosphere – a Vaisala company

Website http://www.leosphere.com

Model Windcube 200S

Wavelength 1.54 μm

Maximum power 5 mW

Pulse width 200 ns

Range resolution 50 m

Pulse rate frequency 20 kHz

Maximum detection range 12 km

Minimum detection range 100 m

Azimuthal angle range 0–360�

Elevation angle range –10�–190�
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the atmosphere is isotropic and homogeneous over the
observation domain. In Section 3.1 we discuss the homo-
geneity of the atmosphere.

The radial velocity Vr, as measured by a Doppler
lidar, can be given by:

V r =U sinφ cos θ+V cosφ cos θ+W sin θ ð1Þ

where U, V and W are the wind components in m�s–1 in
the x, y and z directions, φ is the azimuthal angle (with
0� pointing to the north) and θ is the elevation angle
(with 90� pointing vertically) (Figure 1). With a fixed ele-
vation angle scan, the radial velocity Vr is a sinusoidal
function of the azimuthal angle. Finding the fitting
parameters of the observed values with respect to this
model gives us the 3D wind field. The coefficient of deter-
mination R2 can be used as an indicator of the homoge-
neity of the atmosphere (Päschke et al., 2015), defined as:

R2 = 1−
X

i
V ri− ~V ri
� �2

=
X

i
V ri− �V rð Þ2 ð2Þ

with ~V ri denoting the radial velocities from the sine fit, or
theoretical velocities, and �V r denoting the average of the
measured radial velocities Vri of one VAD scan (i = 1, 2,
…, 12). Larger R2 values indicate that the VAD velocity is
close to the sine fit, which means that the atmosphere is
approximately homogeneous.

If the atmosphere is homogeneous and isotropic, the
Kolmogorov theory can be applied and the energy spec-
trum (power density as a function of frequency) should
fit a − 5/3 slope (Figure 2):

E kð Þ=Cε2=3k−5=3 ð3Þ

where C is the Kolmogorov constant, ε is the EDR and k
is the wavenumber, which is proportional to fre-
quency f.

If the atmosphere is isotropic and the slope of the
power density to the frequency in a log–log figure is close
to −5/3 (Figure 2), a direct relationship between the
energy spectrum E(K) and the structure function Dv can
be defined (Frehlich et al., 2006; Thobois et al., 2015). For
a scanning lidar, the EDR (ε, in m2�s−3) can be obtained
by fitting the −5/3 slope to the structure function, leading
to:

Dv =Cvε
2=3s2=3 ð4Þ

where Cv�2 is the Kolmogorov constant.
The velocity structure function Dv is given by:

Dv = v0 rð Þ−v0 r+ sð Þ½ �2
D E

ð5Þ

where

v0 rð Þ= v rð Þ− v rð Þh i ð6Þ

are the fluctuations from the mean velocity hv(r)i at a
specific range gate r, which should follow the fitted sine
curve (Frehlich et al., 2006), and s is the spatial differ-
ence. The curve fit varies for different range gates; it is

FIGURE 1 A schematic of the lidar beam vector (black). The

azimuth angle φ is shown in green with north being 0� and the

elevation angle θ in blue with 90� representing a vertical beam. H is

the altitude of the range gate and r is the distance along the beam

FIGURE 2 A schematic of the wind velocity power density as

a function of frequency conforming to Kolmogorov's hypothesis.

The inertial subrange is the part of the power spectrum where

energy is transferred to smaller scales by turbulence. For 3D

turbulence, the power spectrum is theoretically proportional to k–

5/3, where k is the wavenumber. Redrawn from O'Connor

et al. (2010) and Thobois et al. (2015)
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typically better at lower range gates where there is less
noise. The distance to range gate r can easily be
converted to height h using trigonometric functions.

The structure function can be estimated either along
a transverse direction (one azimuth angle to another),
which is the azimuthal approach, or along the lidar
beam direction (one range gate to another), which is
the longitudinal approach. Accordingly, s varies based
on the approach: for the azimuthal approach it is the
distance between the two points at the same range gate
on adjacent beams (s = r sin(Δφ) sin[0.5(π − Δφ)]−1,
Δφ is the azimuthal interval), which varies between
range gates, and for the longitudinal approach it is
equivalent to the range gate width, which is 50 m in the
present study. Thus, to calculate the average value
using the azimuthal approach, 12 profiles are averaged
at each range gate. In contrast, for the longitudinal
approach, a moving average is applied along each pro-
file. A comparison between the two approaches is pres-
ented in Section 4.

Besides the VAD scans, data from the vertical stares
were used in the present study for verification, applying
the method of O'Connor et al. (2010). This work retrieved
EDR based on the same theory but used the Doppler
velocity variances of vertical stares combined with esti-
mated horizontal wind speed, which gives an estimation
of length scale.

3 | DATA EXPLOITATION

3.1 | Data screening

The radial wind velocity dataset from the lidar contains
scan information, time, measured radial velocity, devia-
tion of radial velocity, carrier-to-noise ratio (CNR) and
confidence index (CI). We selected 2 days for case stud-
ies: March 24, 2017, as the turbulent case and March
31, 2017, as the calm case.

First, we investigated if the observed velocity energy
spectra, derived from vertical stare data using a fast Fou-
rier transform method, agreed with the expected −5/3
slope. The shape of the measured energy spectrum
depends not only on the meteorological conditions and
altitude but also on the airflow directions (Pauscher
et al., 2016). In general, the energy spectrum fits the ide-
alized slope better at a lower altitude, due to the distribu-
tion of energy pulses over ranges. Figure 3 shows two
examples of 1 hr vertical stare data on March 24, 2017, at
different altitudes (450 and 1950 m). As expected, the
lidar performs poorly on wind velocity with a weaker sig-
nal at higher heights (Frehlich, 2001). The lidar signal is
governed by the signal backscattering from particles in
the atmosphere. Thus, signal quality is better at a lower
altitude, where the aerosol concentration is high
(Ramanathan et al., 2001). In high latitude regions like

FIGURE 3 Verification of data quality: the velocity energy spectrum (blue curve, derived from the vertical velocity profile) should

correspond to a −5/3 slope (red line). A good example (a) versus a bad example (b) from the same day (March 24, 2017). Data from different

altitudes (450 m for (a) and 1950 m for (b)). Both are averaged over 1 hr (1600 to 1700). The mean carrier-to-noise ratio value is −4.3 dB
(a) and −32 dB(b)
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Iceland, the mixing layer is generally shallower than at
continental mid-latitude sites, and the number of scat-
terers is relatively small (O'Connor, 2017). This explains
the lower CNR at a high range and it may also contribute
to the bias.

In general, we use CNR as an indicator of the back-
scatter signal intensity. The CNR depends on the back-
scatter and extinction coefficient of atmospheric aerosols
(Boquet et al., 2016), and a high CNR is expected with
increasing aerosol load. Weather conditions, for example
the mixing process, also impact the CNR level. In the
cases shown in Figure 3, the mean CNR is −4.3 dB at
450 m and −32 dB at 1,950 m height above ground. To
exclude the impact of noise, the CNR is used for data
screening in many studies (Boquet et al., 2016; Gryning
et al., 2016; 2017). In addition to using the CNR to screen
noise and invalid data, the CI can also be applied. Radial
wind at each time and range step is determined by com-
puting the spectrum using a fast Fourier transform
method, and subsequently fitting this spectrum to a theo-
retical curve. The CI threshold depends on the CNR,
mean error and spectrum broadening of this spectral fit.
The CI is factory calibrated individually for each lidar
system and each range gate length. The calibration
requires a few hours of noise measurements, where out-
going radiation is shielded from the receiver telescope.
The CI threshold is then set to a value that limits the
false positive rate to 0.25% (Dabas, 1999). For the scans
applied here, the CI is a binary quality control parameter
returning the value 0 for rejected data points and 100 for
valid data points.

Manninen et al. (2016) estimated the uncertainty
introduced by noise when they quantified turbulence
intensity from lidar data and they developed a back-
ground correction algorithm to increase data availability.
We applied this algorithm on the lidar data from vertical
stares, but it is not implemented for VAD scans. The most
commonly used CNR threshold for other lidar systems is
−22 dB (Frehlich, 1996; Gryning et al., 2016; 2017) or
−27 dB for Windcube 200S (Boquet et al., 2016). How-
ever, there are indications that those thresholds might be
too high for Iceland since the atmosphere is often quite
clean and, subsequently, the number of scatterers small.
To determine the best data screening threshold for our
lidars, we implemented a sensitivity test of different CNR
values and CI values. We applied different thresholds to
data obtained on two selected dates, and then calculated
the data availability (DA = (available datapoints/
totaldata points) × 100%) and mean R2 value (see Equa-
tion 2). A larger DA value indicates more data points
were kept, while a larger R2 value indicates that the kept
data points have a higher quality (based on the fit to the
sine curve, see Section 2.3). In general, a higher CNR

threshold results in improved data quality (larger R2

value) but fewer data points (smaller DA value). This is
to be expected as there is always a trade-off between data
availability and data quality when determining an opti-
mal CNR threshold. Figure 4 shows results from a sensi-
tivity test of data quality and availability, depending on
the CNR. We found that during a turbulent day the data
quality and amount of data retrieved are higher than dur-
ing a calm day, and low elevation scans have improved
data quality compared to high elevation scans. This is
reasonable since the atmosphere is better mixed on tur-
bulent days and more scatterers are expected at lower
altitudes since the main source of scatterers is the sur-
face. In our study, we used a CNR threshold of −32 dB
because this corresponds to a cut-off point for DA and
the R2 value changes for every curve in Figure 4: the
improvement of R2, and the decrease of DA, is less

FIGURE 4 Carrier-to-noise ratio (CNR) sensitivity test results.

Blue and red curves represent the data availability on a turbulent

and calm day, March 24 and March 31, 2017, respectively. The solid

lines indicate velocity–azimuth display scans at a 15� elevation
angle and the dashed lines at a 75� elevation angle
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sensitive when the CNR is larger than −32 dB, compared
to smaller than −32 dB.

As the CI is provided by the lidar system and it
depends on the factory settings, we cannot investigate its
sensitivity. In Table 2 we present a comparison between
the CNR and CI thresholds. The CI threshold corre-
sponds to a CNR threshold between −32 and −30 dB. In
the present study we used a combination of CNR ≥
−32 dB and CI = 100. Any data points which do not meet
these conditions were discarded.

Figure 5 displays the effect of the data screening fil-
ter. Figure 5a,b shows the CNR and CI on March
24, 2017. The calculated EDR (longitudinal approach)
without any filter is shown in Figure 5c, and the result
of data screening applied before calculating EDR is
shown in Figure 5d. The figure shows that, while the fil-
ter removes noise, it retains the majority of quality
measurements.

3.2 | Error analysis

For modern commercial lidars, the instrumental error is
negligible (Sathe and Mann, 2013). The main error con-
tributions are from random errors and systematic errors
(Lenschow et al., 1994). Due to the lack of reference mea-
surements/numerical models, we calculated the relative
errors (Smalikho and Banakh, 2017) of the derived EDR:

EDR=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ε

εh i −1

� �2
* +vuut × 100% ð7Þ

We calculated the 1 hr mean relative error for a gen-
eral estimate, as shown in Figure 3a: from 1600 to 1700
UTC, March 24, 2017, at an altitude of around 450 m.
The relative error of the EDR reaches 20.2% of the calcu-
lated EDR for a 75� elevation angle and 9.8% for a 15�

TABLE 2 Comparison of data availability (DA) and R2 for carrier-to-noise ratio (CNR) and confidence index (CI) thresholds applied on

data from a turbulent day (March 24, 2017) and a calm day (March 31, 2017) at two elevation angles

Date
March 24, 2017 March 31, 2017

Elevation angle 15� 75� 15� 75�

CNR DA (%) R2 DA (%) R2 DA (%) R2 DA (%) R2

−30 57.54 0.8895 25.85 0.8370 26.13 0.8139 9.51 0.6150

−32 60.43 0.8731 27.97 0.8140 31.82 0.7768 15.82 0.5597

CI = 100 58.91 0.8826 26.55 0.8303 28.73 0.8020 12.04 0.5952

FIGURE 5 Carrier-to-noise ratio (CNR) in dB (a), the confidence index (CI) (b), the base-10 logarithm of eddy dissipation rate (EDR,

m2�s−3) without filter (c) and with filter (d) on March 24, 2017. The EDR is derived from the velocity–azimuth display (VAD) scans, at a 75�

elevation angle and using the longitudinal approach. Note that, in this case, no data are available after 2000 UTC

YANG ET AL. 7 of 13



elevation angle. These results are comparable to the
results from Smalikho and Banakh (2017), which are
15%–20%. The mean relative error at the same altitude is
smaller with a 15� elevation angle, which is reasonable
since the 15� elevation angle has a higher R2 value with
the same CNR threshold. The poor fit to Kolmogorov's
theory shown in Figure 3b has been filtered out by data
screening (Section 3.1).

4 | RESULTS AND DISCUSSION

The wind fields on March 24 and March 31 are shown in
Figure 6. The wind velocity on these 2 days varied signifi-
cantly: on March 24, the wind direction changed from
westerlies exceeding 20 m�s−1 to a southerly wind of
10 m�s−1; on March 31 northerly winds of 5 m�s−1 domi-
nated throughout the day.

The received lidar backscattered signal is directly
related to the size and number of particles in the
atmosphere. From Figure 5 and previous publications

(e.g. O'Connor et al., 2010), we know that the strongest
signal comes from the well-mixed boundary layer, the
height of which can vary from tens of metres to a few
kilometres (Stull, 1988), and consequently the effective
detection height of the lidar measurement can also vary.
After applying the EDR retrieval algorithm to the lidar
data, Figure 7 shows a comparison of the derived EDR
on the selected dates using different scan strategies (ver-
tical to VAD), structure functions (azimuthal to longitu-
dinal approach), elevation angles (75� to 15�) and
during different weather conditions (turbulent and
calm). Note that to distinguish variations in EDR the
units are shown as log10(ε). As expected, the boundary
layer is more extended in turbulent conditions com-
pared to calm conditions, due to a stronger vertical
mixing process. This explains why there is a clear differ-
ence in detection height between the more turbulent
day (Figure 7, left panel) where the maximum detection
height is about 3.5 km altitude and the calm day
(Figure 7, right panel) where it is only about 1.5 km. As
mentioned above, we use the VAD scans at two

FIGURE 6 Wind speed (m�s−1, top row) and wind direction (�, bottom row) measured by the lidar on March 24 (left panel) and March

31(right panel), 2017
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elevation angles, 15� and 75�. From the basic geometry,
a higher elevation angle results in higher maximum and
minimum detection altitude, with a constant detection
range. Thus, a low elevation scan provides more

information at a lower altitude. Under optimal condi-
tions, the lidar can retrieve a backscattered signal up to
the top of the boundary layer, and additional layers of
scatterers further aloft, for example the cloud around

FIGURE 7 Comparison of

base-10 logarithms of eddy

dissipation rate (EDR, m2�s−3) on a

turbulent day (March 24, 2017, left

panel) and a calm day (March

31, 2017, right panel). EDR is derived

from the vertical stare (a), (b),

velocity–azimuth display (VAD)

scans using the azimuthal approach

(azi) at 15� elevation angle (c), (d),

the azimuthal approach (azi) at 75�

elevation angle (e), (f), the

longitudinal approach (lon) at 15�

elevation angle (g), (h) and the

longitudinal approach (lon) at 75�

elevation angle (i), (j)

FIGURE 8 Beam-circular base-10 logarithms of eddy dissipation rate (EDR, m2�s−3) maps for two cases at 0044 UTC (left) and 1144

UTC (right) on March 24, 2017. The data are from velocity–azimuth display (VAD) scans, at 15� elevation angle, using the longitudinal

approach. The radial direction indicates the distance from the lidar. The data have been noise filtered
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1200 UTC on 24 March at an altitude between 2 and
3 km from Figure 7a,e,i.

As seen in Figure 7, the EDR retrievals using the
structure function on VAD scans are qualitatively similar
to the EDR retrievals from the vertical stares applying the
method of O'Connor et al. (2010). In the early morning
and afternoon of 24 March, there are high values of EDR
detectable in all measurements (Figure 7, left panel),
indicating turbulent conditions. During the calm day,
31 March, turbulence is detected after 1000 UTC
(Figure 7, right panel), and we can also see that in the
afternoon, from 1500 UTC, the top and bottom of the
boundary layer was more turbulent than the middle of
the boundary layer. The comparison between azimuthal
(Figure 7e,f) and longitudinal (Figure 7i,j) approaches
shows that they yield similar turbulence patterns, both in
the turbulent and in the calm case. However, the longitu-
dinal approach yields lower EDR values. In other words,
some severe turbulent events have been underestimated.
Similar results can be found with a 15� elevation angle
(Figure 7c,d versus Figure 7g,h). This is more obvious in
the turbulent case (24 March), when the estimated EDR
from the longitudinal approach is around 14% lower than
the azimuthal approach. This results from our time series
analysis as we apply one more averaging calculation on
the longitudinal approach than on the azimuthal
approach, averaging the EDR at each range gate, to plot
the altitude-to-time figure. In this approach, some turbu-
lence will be “averaged out” or smoothened. As turbu-
lence is a sudden change of airflow on a small temporal
and spatial scale, more averaging means more smooth-
ing. Even without a concrete validation, we can expect
that the longitudinal approach may underestimate the
retrieval of EDR value, at least for this time series analy-
sis. In this regard, the azimuthal approach provides a
superior EDR retrieval.

Regarding the comparison between different eleva-
tion angles, we do not expect a perfect match of the EDR
because the scans at different elevation angles do not exe-
cute simultaneously. However, the results at the 15� ele-
vation angle (Figure 7c,d) show higher EDR values than
those at 75� (Figure 7e,f). One possible explanation is
that, with the same range resolution, the lower elevation
angle results in higher vertical resolution (12.9 m at 15�

compared to 48.3 m at 75�), and we know the spatial
scale of turbulence can be relatively small (dozens of
metres). Thus, a low elevation angle may capture more
turbulent signals compared to the same range gate with
higher elevation angle. Also, the data availability at 15�

scans is higher than at 75� (Figure 4). However, the het-
erogeneity of the atmosphere should also be considered.
With a low elevation angle, range gates further along the
lidar beam are also further away from the zenith

position, resulting in lower representativeness and higher
uncertainty. For example, at 75� elevation angle, the
straight-line distance between two adjacent data points
(two points at the same range gates from two adjacent
beams) at 1,000 m range gate would be around 517 m,
while at 15� elevation angle the distance is around
1,931 m. It is also likely that more turbulence occurs near
the surface due to friction. We recommend combining
both scan angles operationally: the low elevation scan for
high resolution measurements at a lower altitude, and
the high elevation scan for lower resolution measure-
ments at higher altitude.

Although the azimuthal approach reveals better
results for continuous time series analysis, the longitudi-
nal approach has a potential advantage: it can retrieve
EDR values along the beam, which allows us to examine
where the turbulence occurs on a horizontal scale. Cur-
rently, the lidar performs two VAD scans at different ele-
vation angles every 15 min. This enables us to monitor
and locate turbulences within a certain distance,
depending on the scan strategy. Figure 8 illustrates two
examples of VAD scans from March 24, 2017: Figure 8a
depicts the situation at 0044 UTC revealing an increased
EDR to the northeast, at further range gates (1 to 2 km),
while the EDR retrieved using the azimuthal approach
suggests that turbulence occurred close to the lidar
(Figure 7g). The second case is the situation at 1144 UTC:
the atmosphere is calm at higher altitudes, that is, further
along the beam, but increased EDR values are located at
lower altitudes (Figure 7g). Accordingly, turbulences are
found mainly to the south and west of the lidar
(Figure 8b). This kind of horizontally spatial information
of turbulence can only be delivered by a longitudinal
approach. However, unlike the results from the azi-
muthal approach, which can be directly compared with
results from the vertical stare (Figure 7), we are unable to
compare and validate the horizontal EDR distribution for
now. Nevertheless, the relative distribution of the pres-
ented EDR estimates demonstrates the potential of lidar
observations to identify the location and duration of tur-
bulence at a selected time.

Different calculation routes lead to different EDR
results of the azimuthal and longitudinal approach: a sin-
gle profile for the azimuthal approach and a set of coni-
cally shaped profiles for the longitudinal approach. By
this means, the longitudinal approach has more potential
for EDR horizontal distribution analyses, although no
validation has been done so far. Regarding the temporal
and vertical structure development of turbulence, the azi-
muthal approach performs better than the longitudinal
approach, compared to vertical stare.

The VAD scan strategy can be easily modified to meet
different requirements. The azimuthal interval of current
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scanning is 30�, which could be decreased, but further
research is needed to determine the effect on the EDR
and the associated uncertainties. Further considerations
would include setting up scans along airport runways.
This has been done at some airports, such as Hong Kong
airport (Hon and Chan, 2014).

The turbulence information we retrieved from lidar
observations in the present study can be used for qualita-
tive analyses, such as indicating the presence or absence
of turbulence, but at this stage it is challenging to give a
quantitative interpretation, such as how severe the turbu-
lence is and how it would affect an airplane at take-off or
landing. A validation dataset (in addition to lidar mea-
surements) is needed, as well as input from lidar end-
users, such as air traffic controllers and pilots. This may
be the next step for the lidar application in Iceland.

5 | CONCLUSIONS

In this work, we investigate how Leosphere Windcube
200S Doppler lidars can be used to detect and quantify
atmospheric turbulence in Iceland where the climate and
weather conditions are characterized by strong winds
and intense turbulence. However, the clean air (with low
aerosol concentration) in Iceland leads to reduced back-
scatter signals from lidar systems and may require a dif-
ferent carrier-to-noise ratio (CNR) threshold than
previous studies in other locations to screen the lidar
data. Nevertheless, the present results demonstrate that
our algorithm can successfully map eddy dissipation rate
(EDR) over scales of several kilometres and accordingly
help to monitor and identify turbulence.

Our results demonstrate that it is possible to apply
velocity–azimuth display (VAD) scans and a structure
function to derive near-real-time estimates of EDR. The
results are comparable to EDR retrievals using vertical
stares. The algorithm was able to successfully retrieve
EDR for two case studies representing different typical
weather conditions in Iceland, revealing the robustness
of our method.

The low backscatter signal during conditions with
low aerosol concentrations can lead to misinterpreta-
tions. Under these conditions (which frequently occur in
Iceland), we recommend using a lower CNR threshold
(−32 dB) compared to other studies and combining it
with the confidence index value from the Windcube
lidar.

The two approaches to calculate the structure func-
tion from the VAD scan reveal different performances:
the azimuthal approach performs better in time series
analysis and indicates when and at what altitude the tur-
bulence occurs, since the longitudinal approach naturally

has lower EDR values. On the other hand, the longitudi-
nal approach shows the potential to determine the loca-
tion of the turbulence relative to the lidar on a horizontal
scale at a selected time, which makes it a valuable source
of information near airport runways.

The EDR values vary with different VAD elevation
angle. A low angle measurement has the advantage of
higher data availability and quality near the surface,
while a high angle measurement provides an overview at
a higher altitude; thus a combination of both angles is
recommended.

In general, the retrieval of EDR from lidar data to
estimate the turbulence intensity is quite promising and
it may be applied to improve the weather information
available to the air traffic controllers in Iceland. Cur-
rently, there is ongoing work to make this algorithm
operational for the lidar at Keflavik International Airport.
This work has significant potential for improved aviation
safety in Iceland, considering the extreme and highly var-
iable wind conditions.
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