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Abstract We evaluate the performance and investigate the capability of a scintillometer
to detect wake vortices, crosswind and visibility near an airport runway. An experiment is
carried out at Schiphol airport (Amsterdam,TheNetherlands), where an optical scintillometer
is positioned alongside a runway. An algorithm is developed to detect wake vortices, and also
the strength of the wake vortex, from the variance in the scintillation signal. The algorithm
shows promising results in detecting wake vortices and their strengths during the night.
During the day, the scintillometer signal is dominated by environmental turbulence and wake
vortices are no longer detectable. The crosswind measured by the scintillometer is compared
with wind-speed and wind-direction data at the airport. Our results show that, after applying
an outlier filter, the scintillometer is able to measure the crosswind over the short time period
of 3 s required for aviation applications. The outlier filter does not compromise the capability
of the scintillometer to obtain themaximum3s crosswind over a 10-min time frame correctly.
Finally, a transmission method is used to obtain the visibility from the scintillometer signal,
which is then compared with that obtained from a visibility sensor. The scintillometer is able
to identify periods of low visibility correctly, although it shows a high amount of scatter
around the exact visibility value.

Keywords Airport · Crosswind · Scintillometry · Transverse wind · Visibility ·
Wake vortices

1 Introduction

The safety of aircraft landing and taking off is dependent on critical weather and environ-
mental conditions. Examples are strong crosswinds, tailwind events, thick fog, rainfall and
wake vortices created by other aircraft. To minimise the risk of accidents, aircraft operations
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are limited to certain weather conditions. Most weather conditions are monitored by point
measurements, which can be affected by local conditions or ground clutter close by. There-
fore, such measurements may not be representative of the meteorological conditions on the
runway. In this study, we present a line-averaged measurement technique using an optical
scintillometer to detect wake vortices, crosswind and visibility near an airport runway.

A scintillometer consists of a transmitter and receiver, typically spaced a few hundred
metres to a few kilometres apart. The transmitter emits light at a specific wavelength, which is
refracted by the turbulent eddy field in the atmosphere, resulting in light intensity fluctuations
at the receiver. The more turbulent the atmosphere, the more vigorous the intensity of the
fluctuations in the scintillometer signal. These fluctuations are linked to surface fluxes, since
heat exchange causes more turbulence in the atmosphere. Obtaining path-averaged surface
fluxes has been the main application of scintillometers to date (e.g. Meijninger and de Bruin
2000; Green et al. 2001).

Here, we investigate the applicability of a scintillometer to detect wake vortices. The lift of
the wings of aircraft creates wake vortices, which can pose safety issues for following aircraft
landing or taking off. Therefore, there are strict rules concerning the separation between two
aircraft landing or taking off (Gerz et al. 2002). However, these rules limit airport capacity.
A monitoring system for wake vortices can help to ensure airport safety and increase airport
capacity. Various studies (e.g. Harris et al. 2002; Gerz et al. 2005; Holzäpfel and Steen 2007)
focus on Doppler lidar measurements to detect wake vortices. However, Doppler lidars have
problems with retrieving the correct wind speed and wind direction near the surface. The
reason is that the return signal of the ground also influences the signal (Godwin et al. 2012).
Hallock and Osgood (2003) showed that wake vortices can also be obtained from a large
array of sonic anemometers (in the study of Hallock and Osgood (2003) a sonic every 50m).
A scintillometer with one transmitter and one receiver should suffice to detect wake vortices
along the touch-down or take-off zone.

Different studies (e.g. Lawrence et al. 1972; Wang et al. 1981; Poggio et al. 2000) have
already shown that a scintillometer is able to obtain the crosswind correctly. The crosswind
(U⊥) is the wind component perpendicular to a path. Most of the validation studies for a
scintillometermeasuringU⊥ have taken place over flat grassland sites (e.g. Poggio et al. 2000;
van Dinther et al. 2013; van Dinther and Hartogensis 2014), over which U⊥ can be assumed
constant along the scintillometer path. Around airport runways, the scintillometer signal will
be affected by turbulence induced by aircraft, however. We will therefore investigate whether
the algorithms to obtainU⊥ from scintillometermeasurements are still applicable near airport
runways. We test if U⊥ can be obtained from a scintillometer over the 3-s time scale used
in aviation, while previous studies used time scales in the order of 10 s (van Dinther and
Hartogensis 2014).

Fog at airports causes delays and thereby limits airport capacity (e.g. Robinson 1989; van
derVelde et al. 2010).Nowadays, fog at airports is in generalmeasured bypointmeasurements
(e.g. transmissometer).We investigate the ability of a scintillometer to obtain a path-averaged
value for the visibility. Fog results in a lowering of the scintillation signal, since the water
droplets in fog scatter light, so that the light transmitted by the transmitter is not captured by
the receiver (Earnshaw et al. 1978). Potentially, the drop in the scintillometer signal can be
linked to the visibility.

Thus, the goal of this study is to investigate the feasibility and performance of a scin-
tillometer to detect wake vortices, crosswind and visibility. The investigation is carried out
based on scintillometer data collected in the summer of 2013 near a busy runway at Schiphol
airport in Amsterdam, The Netherlands.
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2 Theory

The receiver of a scintillometer measures light intensity fluctuations caused by the turbu-
lent atmosphere through which the light travels. The turbulent eddy field in between the
transmitter and receiver is constantly changing due to eddy decay and transport by the wind
for the scintillometer type used here. A scintillometer measures over very short time scales
(measurement frequency of 500Hz), which makes Taylor’s frozen turbulence hypothesis
applicable (i.e. the eddy field does not change while it is transported through the scintillome-
ter path). The only driver of changes in the eddy field is therefore the wind. Given the path
length of scintillometers (a few hundred metres to a few kilometres), the sole driver is actu-
ally the crosswind (U⊥). More information on scintillometry can be found, e.g., in Andreas
(1990), De Bruin (2002) and Wheelon (2006). The background theory of the three subjects
investigated (wake vortices, crosswind and visibility) is briefly described in the following
sections.

2.1 Wake Vortices

The lift force exerted on an aircraft wing creates wake vortices, as follows: First, a strong
downward motion develops behind the trailing edge of the wing, while a weaker upward
motion develops behind the wing tips (Gerz et al. 2002). Therefore, small spiraling motions
develop at the wing tips and landing flap. Through a phenomenon known as roll-up, these
small motions develop into the wake vortex with single- and double-branched spirals (Krasny
1987). The strength of the circulation of a wake vortex is proportional to the weight of the
aircraft and the order of the wing span (Gerz et al. 2002).

Wake vortices deform and weaken, and thereby decay under the influence of secondary
vorticity structures (Holzäpfel et al. 2003). There are multiple quantities that influence the
lifetime and trajectory path of wake vortices, such as ambient wind, turbulence, wind shear
and turbulence stratification (Gerz et al. 2005).Besides these quantities, near the ground,wake
vortices can separate and rebound, leading to their decay (Robins and Delisit 1993). Robins
and Delisit (1993) found that, under stable conditions, wake vortices are able to survive up
to 3.5min and travel perpendicular under the influence of the crosswind. Unfortunately, they
did not state information about the lifetime of wake vortices near the ground for unstable
conditions. The long lifetime under stable conditions allows wake vortices to be transported
from one runway to a neighbouring runway. Thus, a wake vortex detection system is crucial
for airport safety.

2.2 Crosswind

Different methods exist to obtain scintillometer-based U⊥, relying either on scintillation
spectra or the time-lagged correlation function (r12(τ )). Scintillation spectra can be obtained
from a single-aperture scintillometer, while r12(τ ) must be obtained from a dual-aperture
scintillometer (i.e. two spatially separated scintillometers). The benefit of r12(τ ) is that it can
be obtained over shorter time scales than scintillation spectra (10 s compared with 10min)
(van Dinther and Hartogensis 2014). Furthermore, from r12(τ ), the sign of U⊥ (i.e. the
side from which the flow is directed into the scintillometer path) can also be obtained. For
the application at airports, U⊥ needs to be obtained over a short time scale (3 s), which is
necessary to determine the wind gust and wind lull. Therefore, we rely on a method which
uses r12(τ ).
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The values of r12(τ ) are obtained from a dual-aperture scintillometer by shifting one of
the two signals in time and calculating the correlation between the two signals. In theory,
the two signals should be identical at a certain time lag, since the eddy field does not change
while it is being transported from one scintillometer to the other. The higher the U⊥ value,
the shorter the time lag between the two signals.

Lawrence et al. (1972) developed a theoretical model for the time-lagged covariance
function (C12(τ )), based on earlier work of Tatarskii (1961). Including the aperture averaging
terms of a large-aperture scintillometer (Wang et al. 1981), the theoretical model of Lawrence
et al. (1972) reads

C12(τ ) = 16π2k2
∫ 1

0

∫ ∞

0
Kφn(K ) sin2

[
K 2Lx(1 − x)

2k

]
J0{K [s(x) −U⊥(x)τ ]}

[
2J1

(
0.5K DRx

)
0.5K DRx

]2{2J1
[
0.5K DT(1 − x)

]
0.5K DT(1 − x)

}2

dKdx, (1)

where k is the wavenumber of the emitted radiation, K is the turbulent spatial wavenumber,
φn(K ) is the three-dimensional spectrum of the refractive index in the inertial range given by
Kolmogorov (1941), L is the scintillometer path length, x is the relative location on the path,
J0 is the zero-order Bessel function, s(x) is the separation distance between the two beams
at location x along the path, τ is the time lag, J1 is the first-order Bessel function, DR is the
aperture diameter of the receiver, and DT is the aperture diameter of the transmitter. From
Eq. 1, the theoretical variance (C11) can also be calculated, by taking s(x) = 0 and τ = 0.
The theoretical r12(τ ) can be obtained by dividing the theoretical C12(τ ) by the theoretical
C11. Here, we assume that C11 = C22, which is the case when DR and DT are the same for
the two scintillometers.

2.3 Visibility

A variety of visibility sensors exist, relying on different methods to obtain the visibility. The
most classical is the transmission method, where a transmitter and receiver are aligned over
a certain path. The receiver measures the amount of light left after the transmitted light has
travelled along the path. Other methods rely on forward- and back-scattering to measure the
visibility. A scintillometer uses the transmission method, since the transmitter and receiver
are aligned directly across from one another.

Visibility measurement devices in general use the Lambert–Beer law, which for a scintil-
lometer reads

IR = ITe
−aL , (2)

where IR is the light intensity measured by the receiver of the scintillometer, IT is the light
intensity emitted by the transmitter, and a is the attenuation coefficient. The coefficient a is
a measure of the amount of attenuation due to absorption and scattering of the light in the
atmosphere (Vogt 1968). This absorption or scattering can be caused by different effects, e.g.
dust, water droplets and aerosols.

To ensure a detectable signal over the range of the scintillometer measurement path (for
a large-aperture scintillometer, typically 500–5000m), either IR (i.e. the sensitivity of the
receiver to measure the light intensity) or IT of the scintillometer can be adjusted. For the
scintillometer used in this study (BLS900; Scintec, Rottenburg, Germany), IR is adjusted
through discrete attenuation settings in order to ensure a suitable level of IR for scintillometer
measurements.
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Koschmieder (1924) was the first to link visibility (V ) to a, by stating that, during daylight
conditions, 2 % of light had to be detected by a receiver in order for a human eye to detect an
object. In other words, IR/IT, also known as the transmission factor (T ), is 0.02. Applying
the relation L = V for T = 0.02 to Eq. 2 gives

V = − ln 0.02

a
. (3)

The meteorological optical range (MOR) is a quantity often used in aviation to describe
the visibility. According to Werner et al. (2005), MOR is defined as the limit at which at
least 5 % of the light is received, i.e.

MOR = − ln 0.05

a
≈ 3

a
, (4)

which gives the relation between MOR and a. Substituting a into Eq. 2, we obtain the
expression forMOR

MOR = L ln 0.05

ln ( IR/IT )
, (5)

so that MOR is expressed in terms of the scintillometer emitted light, IT, and the measured
quantity IR.

3 Methods

3.1 Wake Vortex Detection

Wake vortices create extra turbulence around an airport runway, and thus leave a trace in the
scintillation signal, making it potentially possible to determine them using a scintillometer.
The variance of the log of the light intensitymeasured by the receiver (σ 2

ln I ) can be interpreted
as the amount of turbulence in the atmosphere. Hence, the extra turbulence created by a
wake vortex should lead to an increase in σ 2

ln I . In order to determine if a wake vortex is
present, the value of σ 2

ln I is compared with the running median σ 2
ln I of the previous 5min

(
−−→
σ 2
ln I ). Thereby, we assume that the value of

−−→
σ 2
ln I is an approximate value of the amount

of background turbulence in the atmosphere. The algorithm we developed to detect a wake
vortex consists of the following criteria:

– σ 2
ln I > 1.8 × −−→

σ 2
ln I

–
−−→
σ 2
ln I < 2 × 10−4

– IR > 2
3 of the maximum IR (IR,max)

– At least ten consecutive points have to meet the criteria above

The criteria stated above can in principle be applied to different scintillometer set-ups,

except for the second criterion (
−−→
σ 2
ln I < 2 × 10−4). This criterion is applied since the

scintillometer is unable to detect wake vortices in an unstable atmosphere (as will be shown

in Sect. 5.1). The value of
−−→
σ 2
ln I of 2× 10−4 corresponds to a value of the structure parameter

of the refractive index (Cn2 ) of 9× 10−15 m−2/3. The value of Cn2 is in principle applicable
for any scintillometer set-up.

For detection of wake vortices, the criteria given above worked well (as will be shown in
Sect. 5.1). However, to determine the length of a wake vortex, the criterion of σ 2

ln I > 1.8×
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−−→
σ 2
ln I appeared to be too strict. Therefore, for determining the length of the wake vortex, a

less strict filter of σ 2
ln I > 1.2 × −−→

σ 2
ln I is applied, which should also be applicable for any

scintillometer set-up.
Besides detecting if a wake vortex is present, we also develop an algorithm to determine

the strength of a wake vortex (SWV). The strength is determined from the magnitude of σ 2
ln I ;

the stronger the wake vortex, the more turbulence the wake vortex generates, and the higher
σ 2
ln I . The value of SWV is therefore determined by the 95%percentile of σ 2

ln I during thewake

vortex normalised by the
−−→
σ 2
ln I just before thewake vortex, resulting in a SWV of arbitrary units.

No othermeasurement devices were recordingwake vortices at the time of the experiment,
which made it impossible to directly validate the wake vortices detected by the scintillometer
with independent measurements. However, the Air Traffic Control The Netherlands (LVNL)
keeps track of when and on which runway an aircraft is landing or taking off. All aircraft have
a wake turbulence category given by the International Civil Aviation Organization, which is
either “light”, “medium”, “heavy” or “super”, based on the weight and other specifications
of the aircraft. These wake turbulence category specifications together with the airport’s
operations (landing or take off) were available from day of the year (DOY) 184 until 221
in 2013. Note that, during this time period, only aircraft with a wake turbulence category
of medium and heavy landed or took off from the runway at which the scintillometer was
measuring. The time at which aircraft land and take off, together with the wake turbulence
category, can be used to validate the wake vortex strength and timing retrieved from the
scintillation signal. In order for a detected wake vortex to be attributed to an aircraft, the time
between the landing or taking off and the detected wake vortex has to be less than 3.5min,
following the maximum lifetime of a wake vortex reported by Robins and Delisit (1993).

From the aircraft operations we can also calculate how many wake vortices of aircraft
can in principle be detected by the scintillometer. This is achieved by using similar criteria
as mentioned above to detect wake vortices, but for one minute averages from before the
aircraft landed or took off; the average σ 2

ln I had to be below 2 × 10−4, while the average IR
had to be >( 23 )IR,max. The wake vortex detection results of the scintillometer are given in
Sect. 5.1.

3.2 Crosswind

The crosswind is calculated from the scintillometer signal by using the look-up table method
described in van Dinther and Hartogensis (2014). This method compares the time-lagged
correlation function (r12(τ )) measured by a dual-aperture scintillometer to that of a look-up
table. The values of r12(τ ) of the look-up table are calculated using the theoretical model
of Lawrence et al. (1972). The U⊥ value of the theoretical r12(τ ) that is most similar to
the measured r12(τ ) is the U⊥ value representative for the time period. More details on the
look-up table method are given in van Dinther and Hartogensis (2014). The look-up table
method has been proven to work over a flat grassland site. However, it is unclear whether
this method is also applicable near airport runways where turbulence created by aircraft also
influences the scintillation signal.

The time window over which r12(τ ) is determined should be 10s (van Dinther and Harto-
gensis 2014). However, as mentioned above, for aviation a time window of 3 s is necessary.
In this study,U⊥ was thus determined over a 3-s time window. In order to minimise the effect
of not determining r12(τ ) over a sufficient time window, an outlier detection filter is applied.
Note that, in practice, for aviation only a filter that makes use of the data taken before a sample
can be applied. From the U⊥ measurements, a running median is calculated over a period of
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Fig. 1 a Average scintillometer signal over 10min (IR) from day of the year (DOY) 181 until 241 in black
dots zoomed into the higher values (IR ≥ 1.0 × 104), with the line (grey solid line) with which IR was
adjusted. b Normalised 10-min averaged scintillometer signal (IR∗) after adjusting for alignment issues from
DOY 181 until 241 zoomed into the higher values (IR∗ ≥ 1.0 × 104)

5min. If the value of U⊥ is 2.5m s−1 more than the running median, U⊥ is classified as an
outlier and is not taken into account for further analysis.

3.3 Visibility

In order to measure visibility, defined asMOR, using a scintillometer, the Lambert–Beer law
(Eq. 5) is used, which is valid during daylight conditions. In order to determineMOR, IR and
IT must be determined. The value of IR is variable and measured by the scintillometer. The
value of IT is constant and for this scintillometer unknown, and thus needs to be determined
from the measurements. We calibrate IT using MOR measurements from a Vaisala FD12P
sensor. This calibration is valid for this type of scintillometer, given the attenuation setting
used in this study (see Sect. 4.1). Note that only daylight hours are considered during this
study, thus measurements in between 2000 and 0500 UTC are excluded from the visibility
analysis.

In order to measure MOR with a scintillometer, we assume that IR is only influenced by
the visibility and not by other issues (e.g. misalignment, dirty lenses). However, in Fig. 1a, it
can be seen that at the beginning of the experiment the 10-min averaged IR (IR) decreases.
This decrease appears to be in no way related to the visibility (not shown here), and therefore
it must be caused by alignment issues. Therefore, IR is corrected by dividing it by the values
of the grey solid line in Fig. 1a and then multiplying by 1.5 × 104, resulting in an adjusted
10-min averaged scintillometer signal (IR∗) given in Fig. 1b.

4 Experimental Set-Up and Data Treatment

Section 4.1 specifies the experimental set-up used in this study. In order to be able to compare
the crosswind measured by the scintillometer with those collected by the Royal Netherlands
Meteorological Institute (KNMI), additional data treatment had to be applied. Details on the
data treatment are specified in Sect. 4.2.

4.1 Set-Up

The data were collected at Schiphol airport in The Netherlands on the so-called Polderbaan
runway from 26 July until 29 August 2013. The runway has approximately a north–south
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Fig. 2 Experimental set-up at
Schiphol airport with the
transmitters and receiver of the
scintillometer indicated in black;
the wind and visibility
measurements of KNMI are
given in grey

KNMI
Transmi�ers

Receiver

N

orientation (see Fig. 2). In this study the crosswind is defined as positive if, when looking
from the transmitters to the receiver, the wind is blowing from the left into the scintillometer
path. For this north–south set-up, the crosswind is positive when the wind blows from the
east.

The transmitters and receiver of a BLS900 scintillometer (Scintec AG, Rottenburg, Ger-
many) measured over a 1060-m path at height of 3.2m with geographical orientation of
177◦ N (see Fig. 2). Given this path length, the attenuation setting of the scintillometer
was set to values appropriate for a path ranging from 750 to 1500m. The transmitters of
the BLS900 emit near-infrared light with wavelength of 880nm. The scintillometer was
installed approximately 150m from the runway. The measurement frequency of the BLS900
was 500Hz, from which the raw data were saved.

The data of the scintillometer are compared with data collected by KNMI, including wind
and visibility data at Schiphol. The wind data were collected by a cup anemometer and wind
vane at height of 10m (see Fig. 2), and contain the horizontal wind speed (U ) and the wind
direction (WD).

The anemometer has a measurement frequency of 4Hz, from which the 3-s running mean
data sample (USample) is saved every 12s, as well as the maximum 3-s sample over the last
12 s, average over the last 1min, average over the last 10min (U ), maximum over the last
10min (MaxU⊥), minimum over the last 10min and standard deviation of the 3-s U values
over the last 10min (ST DU ).

The wind vane measures the wind direction every 0.25 s. The maximum change in wind
direction between two samples is allowed to be 8.44◦. Greater differences are probably due
to errors in the measurement. Just like U , the values of WD are saved every 12s. These
are as follows: average WD over the last 12 s, vectorial mean over the last 1min, vectorial
mean over the last 10min (WD), maximum veering wind over the last 10min, minimum
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backing wind over the last 10min and standard deviation of the 12-sWD over the last 10min
(ST DWD).

The value of MOR is measured by KNMI with a Vaisala FD12P sensor at height of
about 2.5m every minute. This sensor uses the forward scattering method, and emits light
at an angle of 33◦. The transmitter emits infrared light with wavelength of 875nm. The
following quantities are saved: average over the last 1min, average over the last 10min
(MOR), maximum over the last 10min, minimum over the last 10min and standard deviation
of the 12-s MOR values over the last 10min.

4.2 Data Treatment

The horizontal wind-speed data of KNMI are corrected when the wind speed is greater then
a certain threshold (UThreshold). It is assumed that wind speeds above UThreshold are caused
by wake vortices of aircraft. UThreshold is given by Meulen (1998) as

UThreshold = U + C1ST DU + 0.5, (6)

where C1 is a constant equal to 4. WhenUSample > UThreshold, the horizontal wind speed can
be corrected (UCor) using (Meulen 1998)

UCor = U + C2ST DU + 0.5, (7)

whereC2 is a constant equal to 2. However, Eq. 7 can only be applied if the following criteria
are met:

– ST DU > 0.5m s−1

– U > 0.5m s−1

– USample < 15m s−1

– At least 90% of the data are available

If the criteria above are not met, USample is not saved. Note that only the corrected horizon-
tal wind speed is saved, making it impossible to verify the detected wake vortices of the
scintillometer with the anemometer measurements.

The scintillometer measured at a height of 3.2m, while the wind data collected by KNMI
are measured at a height of 10m. Therefore, a logarithmic wind profile was used to transpose
U⊥ measured by the scintillometer at a height of 3.2m to 10m. For simplicity, we used a
neutral wind profile, thereby ignoring the effect of stability. Applying the neutral wind profile
gives

U (10) = U (3.2)

ln
(
3.2
z0

) ln

(
10

z0

)
, (8)

where U (10) and U (3.2) are the wind speed at height of 10 and 3.2m, respectively, and z0
is the roughness length (z0). In this study, z0 was assumed to be 0.03m on the flat grassland
side. By applying Eq. 8 for U⊥, we assume that the wind direction does not change with
height. Note that the outlier filter specified in Sect. 3.2 is applied before transposing U⊥
measured by the scintillometer to a height of 10m.

An important parameter for aviation is the 10-min maximum in U⊥ (MaxU⊥). However,
MaxU⊥ is not saved by KNMI, but only the maximum 10-min horizontal wind speed. In this
study, the value ofMaxU⊥ is thus calculated fromMaxU andWD. However, given a variable
wind direction during the 10-min time interval, the value ofMaxU⊥ may be unrepresentative.
Therefore, MaxU⊥ was excluded from the data analysis when ST DWD > 20◦.
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5 Results and Discussion

5.1 Wake Vortex Detection

In this section, the results of the wake vortex detection algorithm specified in Sect. 3.1 are
discussed. First, two examples of the performance of the algorithm in stable and unstable
conditions are given. Second, we show the wind fields under which aircraft were landing
and taking off during the studied period. Third, the number of detected wake vortices and
number of landings and take offs are discussed. Last, we look at the wake vortex strength,
wake vortex size and separation time between an aircraft movement and the detected wake
vortex.

Figure 3a shows the wake vortices detected by the scintillometer on DOY 186 between
0330 and 0350 UTC. For this time period there is a clear increase in σ 2

ln I after an aircraft
landed.Thewinddirection and crosswind speedover the shown timeperiod transport thewake
vortices to the scintillometer path given the experimental setup of this study (see Sect. 4.1).
Thus, we can assume that the increase in σ 2

ln I is caused by a wake vortex. However, a wake
vortex is not detected for all the aircraft that landed; For example, the aircraft with a wake
turbulence category of heavy landing at 033437UTCdoes not lead to awake vortex detection.
The increase of σ 2

ln I after the aircraft landed is only small (with a maximum of 1.4 × 10−4

compared with a
−−→
σ 2
ln I of 6.4× 10−5), and only a few points show an elevated σ 2

ln I (6, albeit
not consecutive). Thereby, the detection criteria stated in Sect. 3.1 are not met. It is possible
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Fig. 3 a Time series of σ 2
ln I measured by the scintillometer on DOY 186 between 0330 and 0350 UTC.

The solid lines indicate when an aircraft was landing (blue for an aircraft with wake turbulence category of
medium, and red for an aircraft with wake turbulence category of heavy). The green dots indicate when σ 2

ln I
is high to indicate a wake vortex. The black squares indicate until when a wake vortex is taken into account.
The orange shaded areas indicate the time period over which the algorithm specified in Sect. 3.1 finds a wake
vortex. bWind direction and c crosswind measured by KNMI over the same time period (1-min average)
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Fig. 4 Time series of σ 2
ln I measured by the scintillometer on DOY 184 between 1320 and 1340 UTC. The

solid lines indicate when an aircraft was landing (blue for an aircraft with wake turbulence category ofmedium,
and red for an aircraft with wake turbulence category of heavy)

that the wake vortex had already decayed before reaching the scintillometer path, or that it
was transported away from the scintillometer path (with a wind direction of 223◦ at the time).
Note that other factors such as the exact place of landing/taking off and plane morphology
can also affect the decay and detectability of wake vortices. Figure 3 shows a typical example
of the detectability of wake vortices during the night. In the end, we can conclude that, for
these nighttime stable conditions, the scintillometer is, in general, able to detect when a wake
vortex is present.

Figure 4 shows σ 2
ln I for similar wind conditions as Fig. 3 (not shown here, but 220◦ ≤

WD ≤ 250◦ and −5m s−1 ≤ U⊥ ≤ −2.5m s−1), during daytime conditions. For these
conditions, the influence of the wake vortices on the scintillation signal is not visible. Appar-
ently, during the day the scintillometer signal is dominated by the background atmospheric
turbulence, making it impossible to detect wake vortices from σ 2

ln I . To ensure that there
are no false detections of wake vortices due to the background atmospheric turbulence, the

criterion of σ 2
ln I < 2× 10−4 is included in the detection algorithm (see Sect. 3.1). Implicitly

this criterion is a stability filter; the lower σ 2
ln I , the more stable the atmosphere.

Before looking into the number of wake vortices detected by the scintillometer, we first
investigate the wind direction and speed under which landings and take offs occur (Fig. 5a, b).
Note that, in this figure, only aircraft for which the wake vortices can potentially be detected
(using the criteria stated in Sect. 3.1) are taken into account. There is a clear difference inwind
directions under which landings and take offs occur, since aircraft need to keep their nose
into the wind. Landings mainly take place for wind directions of 180–270◦, while take offs
take place for wind directions of 350–60◦. The wind speed is in general greater for aircraft
landing (typically 6–7m s−1) than taking off (typically 4–5m s−1). Given the scintillometer
set-up in this experiment (see Sect. 4.1), the landings should be more easily detectable, since
the wake vortices are transported towards the scintillometer path.

The wind roses of the wake vortices detected by the scintillometer are shown in Fig. 5c, d.
The wake vortices created by aircraft landing are detected for wind directions of 220–230◦,
while thewakevortices created by aircraft underwinddirections of 180–220◦ are not detected.
This implies that the wake vortices are indeed transported by the wind. For aircraft taking off
the wake vortices are mainly detected when the wind speed is relatively weak (≤4m s−1).
The wake vortices created by aircraft taking off under the influence of strong wind speed
would be transported away from the scintillometer path. There are also some (in total 39)
wake vortices detected when there was no aircraft landing or taking off within the previous
3.5min, which we refer to as false detections. The wind rose of these false detections is
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Fig. 5 Wind roses of aircraft a landing and b taking off in conditionswhere thewake vortices are detectable by
the scintillometer, coloured according to the horizontal wind speed. Wind roses of the detected wake vortices
for aircraft c landing, d taking off and e false detections, coloured according to the horizontal wind speed

Table 1 Number of aircraft for which the wake vortices can potentially be detected by the scintillometer,
together with the number of wake vortices (landing, take off and false) detected by the scintillometer given
the corresponding wake turbulence category of the aircraft

U⊥ Landing Take off False

Medium Heavy Total Medium Heavy Total

Aircraft > 0 35 6 41 92 12 104

Aircraft < 0 161 52 213 25 3 28

Detected > 0 4 0 4 9 4 13 20

Detected < 0 71 44 115 7 0 7 19

plotted in Fig. 5e. The false detections seem to occur for random wind directions and wind
speed.

Table 1 states the number of wake vortices detected by the scintillometer, as well as the
number of wake vortices that are potentially detectable using the criteria stated in Sect. 3.1.
Note that we do not expect that all the wake vortices created by aircraft will be detected,
since some wake vortices can decay before reaching the scintillometer path or not reach the
scintillometer path at all due to transport by wind. From the total of 386 potentially detectable
wake vortices, 139 wake vortices were detected. There were also 39 false detections, which
occur due to other phenomena that influence the scintillometer signal, such as background
atmospheric turbulence, insects and dust. As expected, the scintillometer detects more wake
vortices created by aircraft landing than taking off (63 % compared with 15 % of the total
potentially detectable), which is highly likely to be caused by the wind directions under
which each process occurs (Fig. 5). The influence of transport of wake vortices by wind is
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Fig. 6 Histogram of occurrence (in %) of wake vortex intensities for aircraft with wake turbulence category
of a medium and b heavy, where 2 on the x axis stands for a SWV in between 1 and 2, 3 for a SWV in between
2 and 3, and so on

also apparent from the higher number of wake vortices detected when U⊥ < 0 than when
U⊥ > 0 (as a percentage of the total detectable 50 % compared with 12 %, respectively).
Therefore, in order to increase the detectability of wake vortices for U⊥ > 0 and for aircraft
taking off, a scintillometer would also need to be placed at the other side of the runway (in
this case, west).

In Table 1 we note a difference between the percentage of wake vortices detected for
aircraft with a medium and heavy wake turbulence category. For both aircraft landings and
take offs, there is a clearly higher detectability of the wake vortices created by aircraft with
wake turbulence category of heavy (76 and 27 %) compared with wake turbulence category
of medium (38 and 14 %). This seems to imply that either wake vortices created by aircraft
with a wake turbulence category of medium decay faster than those created by an aircraft
with a wake turbulence category of heavy or the wake vortices created by an aircraft with
wake turbulence category of medium are weaker.

To investigate the capability of the scintillometer to give a measure of the strength of the
wake vortices (SWV), Fig. 6 shows the occurrence of different SWV values for aircraft with
wake vortex class of medium (Fig. 6a) and heavy (Fig. 6b). For aircraft with wake turbulence
category of medium, SWV in between 1 and 2 occurs most often (41 %), while for wake
turbulence category of heavy, SWV greater than 6 occurs most often (26 %). The strength of
the wake vortices is not influenced by U⊥ (not shown), nor by whether an aircraft is landing
or taking off. From Fig. 6 we conclude that the scintillometer indeed measures stronger wake
vortices when created by an aircraft with wake turbulence category of heavy.

Besides the strength of a wake vortex, the scintillometer can also give a measure of the
size of a wake vortex, which is expressed as the time the wake vortex signature is present in
the scintillometer signal (see Fig. 7). There is no clear visible difference for wake vortices
created by aircraft with a wake turbulence category of medium and heavy. For both categories
the wake vortices are mostly present in the scintillometer signals for between 25 and 75s.
However, somewake vortices are present in the scintillometer signal for up to 125s. Figure 7a
indicates that the wake vortex signature is present in the scintillometer signal for longer when
|U⊥| is weak (< 1m s−1).

Figure 8 depicts the separation time between an aircraft landing or taking off and the
scintillometer detecting the correspondingwake vortex for differentU⊥ values. This confirms
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of a medium and b heavy, where 25 on the x axis stands for a WVLength in between 0 and 25 s, 50 for a
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Fig. 8 Bar plots of the time between an aircraft landing or taking off and the scintillometer picking up the
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for a separation time in between 0 and 40 s, 80 for a separation time in between 40 and 80 s, and so on. The
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thatwake vortices leave the runwaywith different time scales.Mostwake vortices are detected
between 0 and 80s after the aircraft lands or takes off. The figure illustrates again that the
wake vortices are transported by the wind; the more negative U⊥ (darker colours in Fig. 8),
the faster the wake vortices are detected. The aircraft with a wake turbulence category of
heavy are in general detected rapidly with often (25 %) only 0 to 40s in between the aircraft
landing or taking off and the detection. For aircraft with a wake turbulence category of
medium, separation times between 40 and 80s occur most often (25 %). From Figs. 7 and
8 we can conclude that taking a set separation distance between aircraft landing and taking
off is in reality not necessary, and unnecessarily limits airport capacity. Thus, during stable
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Fig. 9 a Scatterplot of the 10-min average of U⊥ measured by the scintillometer (U⊥Scint) and KNMI
(U⊥KNMI). b Scatterplot of the maximum U⊥ measured by the scintillometer (MaxU⊥Scint) and KNMI
(MaxU⊥KNMI). For both plots the corresponding regression statistics are plotted on the left-hand side and the
black line indicates a one-to-one relation

conditions, a scintillometer can detect when a wake vortex has left the runway, leading to an
increase of airport capacity.

5.2 Crosswind

The crosswind was measured by the scintillometer over a 3-s time window, while KNMI data
were saved every 12s (see Sect. 4.1). Note that the clocks of the scintillometer and KNMI
measurements were not synchronised. Furthermore, the measurement location and height
of the scintillometer and KNMI wind data are not the same (see Sect. 4.1). Therefore, the
comparisonbetweenU⊥ measuredby the scintillometer (transposed tomeasurement height of
10m, see Sect. 4.2) and KNMI is performed over 1-min averages. This comparison is plotted
in Fig. 9a. The agreement between the two measurement devices is highly satisfactory. We
observe a linear regression slope of 0.89 and a low amount of scatter (R2 = 0.90), leading to
an RMSE of 0.89m s−1. Concluding, the scintillometer is capable of obtainingU⊥ correctly
near an airport runway over a 3-s time window.

An important parameter in aviation is the maximum U⊥ value over the last 10min
(MaxU⊥). The results of MaxU⊥ are plotted in Fig. 9b. There is a good correlation between
the scintillometerMaxU⊥ measurements andKNMIMaxU⊥ measurements, albeit withmore
scatter between the two (R2 = 0.89) than for U⊥. However, this slightly higher scatter is
expected since MaxU⊥ corresponds to a 3-s U⊥ value. These 3-s values can more easily
differ from one another given the different measurement locations and measurement heights
of the devices.

5.3 Visibility

Before going into detail about the calibration of IT, we first look at Fig. 10a, which shows
the normalised scintillation signal against MOR measured by the visibility sensor. From this
figure it is apparent that there is a sharp drop in IR∗ when MOR is below 10km. However,
for the early morning hours (in between 0500 and 0700 UTC), there are events where the
visibility is above 10kmwhile IR∗ is below 2

3 of IR,max (corresponding to a value of 10,000).
These events are probably caused by water droplets on the apertures of the scintillometer due
to dew, which lowers the scintillometer signal. Therefore, cases in between 0500 and 0700
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Fig. 10 a Plot of MOR measured by the visibility sensor (MORKNMI) against IR∗ colour-coded with time
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of IR against e−L ln(0.05)/MOR , with the regression equation and R2 with a fit through the origin given in
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UTC where IR∗ < 2
3 IR,max and MOR > 10km were excluded from the rest of the visibility

analysis.
The calibration of IT is shown in Fig. 10b, where IR∗ is plotted against e−L ln(0.05)/MOR .

According to Eqs. 2 and 4, these two quantities should have a linear relation, where the
regression slope gives IT. There is indeed a linear relationship through the origin visible in
Fig. 10b. However, the scatter is reasonably large with an R2 value of 0.64. This scatter can
be caused due to the different measurement locations of the scintillometer and the visibility
sensor (see Fig. 2). The regression slope of 1.46 × 104 given in Fig. 10b is in fact the value
of IT. In Fig. 10a, the grey line indicates the values of MOR calculated with Eq. 5 given the
value of IR∗ and using IT = 1.46 × 104. Given the measurements of MORKNMI, there is
indeed good correspondencewith theMOR calculated from the scintillometermeasurements
(MORScint) for the different values of IR∗.

Figure 11 shows MOR measured by the visibility sensor (MORKNMI) and scintillometer
(MORScint) over the measurement period. From Fig. 11a we note that there is a lot of
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Fig. 11 MOR measured by the visibility sensor (MORKNMI) and the scintillometer (MORScint) for a all
values on logarithmic axes, and b zoomed into a MORScint within 0 and 30km on normal scale, including
the regression statistics. The grey lines indicate a one-to-one relation
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scatter between MORScint and MORKNMI for values of MORScint above 15km. Therefore,
Fig. 11b shows values of MORScint in between 0 and 15km of MORScint. Also for these
low MOR values, there is a high amount of scatter between that measured by KNMI and by
the scintillometer (R2 = 0.39). Besides the scatter, the fit of MORScint with MORKNMI is
also poor, with a regression slope of only 0.25. As discussed above, some of this scatter can
be caused by the different measurement locations of the two devices. Thus, it seems that the
scintillometer has problems to quantify MOR correctly. However, the scintillometer is able
to identify when the visibility drops below 10km.

6 Conclusions

We investigate the use of a scintillometer installed alongside a runway at Schiphol airport to
detect wake vortices, crosswind and visibility. We conclude that, during the night, when the
turbulence intensity in the atmosphere is low, a scintillometer is able to detect the presence
of a wake vortex in its path, by an increase in σ 2

ln I . However, during the day, the scintillation
signal, and therefore σ 2

ln I , are dominated by the background atmospheric turbulence, making
it impossible to detect wake vortices from the scintillation signal. Besides detecting the
presence of a wake vortex, we also develop an algorithm to determine how strong a wake
vortex is. The algorithm performs satisfactorily, for aircraft with a heavy wake turbulence
categorymore often producing high values of SWV (>6) than for thosewith awake turbulence
category of medium. For the present scintillometer set-up, the wake vortices created by
aircraft that landed are more often detected than those created by aircraft that took off. This
is probably due to the different wind regime during landing and taking off (mostly south-
south-west during landing and north-north-east during take off). In order to increase the
detectability of wake vortices created by aircraft that take off, another scintillometer needs to
be set up at the other side of the runway (in this case at the west side). It is also possible that
the different evolution of wake vortices created by aircraft which are landing and taking off
(fully developed versus in the process of development) result in differences in detectability.
Further, the detectability can also be increased by placing the scintillometer as close as
possible to the runway. We detected 39 wake vortices even though no aircraft landed or took
off in the previous 3.5min (i.e. false wake vortex detections), which are probably caused
by an increase of σ 2

ln I related to the background atmospheric turbulence. The results of the
detection of the wake vortices show that the time it takes for a wake vortex to be transported
away from the runway is variable (mostly in between 40 and 125s), making a set separation
time unnecessary.

Our results show that a scintillometer is able to obtain correct values of the crosswind
also near an airport runway over a 3-s time window. However, in order to achieve correct
crosswind estimations, a filter on outliers has to be applied.We highlight that after the filtering
procedure it is still possible to obtain the maximum crosswind over a 10-min time window,
which is an important quantity for aviation.

For visibility we find that it is difficult to obtain the exact value of MOR from the signal
intensity of the scintillometer. Albeit with some scatter, the scintillometer is able to obtain
the visibility up to 10km. In order to achieve these results some issues have to be addressed.
First, alignment issues can result in a decrease in the scintillometer signal, which can be
misinterpreted as low visibility conditions. Therefore, in this study the signal is adjusted for
alignment issues. Second, dew on the apertures of the scintillometer can result in a lowering
of the scintillation signal. Thus in order to measure visibility it is recommendable to use
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scintillometers that heat the aperture, to minimise the influence of dew on the scintillation
signal.
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