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ABSTRACT
Wake vortices are a safety hazard to landing aircraft. A landing aircraft that encounters a wake may roll,
resulting in a fatal crash if the roll is severe enough and/or if the aircraft is low enough to the ground.
Therefore, aircraft are separated by a sufficient distance to ensure that wakes have time to decay in
strength. However, because of the inherent variability in wake behavior and aircraft separation and
position, there is still a possibility for a wake encounter. The objective of this paper is to estimate the
probability of such encounters. This paper presents a hybrid simulation methodology. The approach is
hybrid in the sense that part of the simulation is conducted using a direct data feed of flight-track data,
while the other part is obtained by simulation of wake-evolution models. We demonstrate the approach on
a one-week sample of flight tracks to predict the frequency of potential wake alerts. In this paper a wake
alert is defined to be an event where the trailing aircraft is in a region of space where the wake is likely to
be. We show how the results depend on atmospheric conditions and other model parameters.
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INTRODUCTION
The objective of this paper is to present a methodology for simulating the probability of a wake vortex encounter,
using flight-track records. Wake vortices are produced by airplanes as they fly (Figure 1). The vortices are coherent
rotating flows of air. A trailing aircraft that flies through a wake may experience an upward force on one wing and a
downward force on the other, producing a roll. If the encounter is severe enough, and/or if the aircraft is low enough
to the ground, this can lead to a fatal crash.

FIGURE 1 Wake vortices from an airplane.
Because of this potential hazard, aircraft must be separated by a distance to ensure that wakes decay to a
sufficiently low strength (see reference (1) for a history of the separation standards). For example, the required
separation during Instrument Flight Rules (IFR) between two landing aircraft at the runway threshold is between 2.5
and 6 nautical miles (nm), where the distance is a function of the weight categories of each plane (heavy, B757,
large, and small).
Separation requirements are one of the key bottlenecks in the capacity of airports. This is particularly true
for airports with closely spaced parallel runways, where adverse weather can reduce two runways to an effective
capacity of one runway. The Federal Aviation Administration (FAA) and the National Aeronautics and Space
Administration (NASA) are currently investigating changes to the wake separation rules for closely spaced parallel
runways (2). Of course, before changes can be made, they must be demonstrated to be safe.
A challenge to ensuring safety is the inherent variability in wake behavior and the inherent variability in
aircraft separation and position. By simulating both sources of variance – that is, by simulating stochastic aircraft
trajectories and by also simulating the evolution of their wakes, it is possible to estimate the probability of a wake
encounter. This basic approach has been taken by several researchers – for example (3, 4). In this paper, we take a
hybrid approach, where the variability in aircraft position is obtained using input flight-track data, rather than using
simulation. Wake positions are obtained using simulation of wake-evolution models. Such a hybrid model could
potentially be integrated with a live radar track feed and used as a real-time wake safety monitor.
This paper is organized as follows. First, we discuss the overall hybrid simulation approach. We describe
the method for obtaining flight tracks from multilateration data and the method for implementing wake evolution
models. Then, we present sample results based on one week of multilateration data. Sensitivity analysis is performed
on various atmospheric parameters. Finally, we discuss conclusions and limitations in the work.
APPROACH
A wake vortex encounter occurs when a trailing aircraft flies through the vortex of a leading aircraft. Thus, two key
pieces of information are needed to predict a wake encounter – the position of the trailing aircraft and the position
and strength of the wake from the leading aircraft. Other factors may also be considered such as encounter
geometry, encounter duration, size of the trailing aircraft, control authority of the trailing aircraft, pilot response, and
so forth. In this paper, we only consider the position of the trailing aircraft, and the position and strength of the wake
vortex in determining a potential hazard from a wake (Figure 2).
In general, it is much easier to model and predict the location of an airplane, compared to the location of a
wake. An airplane can be tracked using radar or other surveillance methods. A wake is invisible. To track a wake,
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one must measure and identify coherent patterns of rotating air. These patterns must be distinguished from similar
patterns occurring naturally in the atmosphere. Thus, it can be difficult sometimes to distinguish between a “wake”
and a “non-wake.”

Trailing Aircraft
Position
(Measured)

Wake
Alert?

Wake Position and
Strength from Leading
Aircraft (Modeled)
FIGURE 2 Elements of simulation approach.
In this paper, we model the locations of aircraft using flight tracks obtained from multilateration data.
Conversely, we obtain the locations of wakes using simulation of wake-evolution models. The combined simulation
is partly data-based and partly model-based.
Figure 3 shows the approach path for aircraft landing at a single runway. The leading and trailing aircraft
follow the same approximate path along the glideslope and localizer. The wake from the leading aircraft decays in
strength over time and typically sinks vertically. At any point x along the approach path, the trailing aircraft may
encounter the wake from the leading aircraft. More specifically, when the trailing aircraft is at longitudinal position
x, a wake encounter occurs if all three of the following events occur simultaneously:
• The lateral positions of the trailing aircraft and the wake (at longitudinal position x) overlap,
• The vertical positions of the trailing aircraft and the wake (at longitudinal position x) overlap, and
• The circulation of the wake (at longitudinal position x) has not decayed below a specified threshold.
In summary, a wake encounter involves three dimensions – lateral, vertical, and time. Separation must be lost in all
three dimensions for a wake encounter to occur. Said another way, if separation is maintained in at least one
dimension, a wake encounter is prevented. (The time dimension is like the longitudinal dimension. If two aircraft are
separated in the longitudinal dimension – say, by 3 nm – then, they are likely to have a sufficient separation in time.)

Trailing
Airplane

Wake
Leading
Airplane

Vertical
Lateral
Longitudinal

Runway

x
FIGURE 3 Wake hazard along the approach path.

In this paper, instead of predicting a wake encounter, we predict an event which we call a wake alert. A wake
alert is defined to be an event where the trailing aircraft enters a region of space where the wake is likely to be
(versus passing through a specific point). We take this approach, because there are inherent limitations in predicting
the location of a wake vortex, due to inherent variability in atmospheric conditions and the sensitivity of wake
behavior to these conditions. More specifically, we define a wake alert and the region of space where the wake is
likely to be as follows: A wake alert occurs when the trailing aircraft is at longitudinal position x (see Figure 3) and
the following events occur simultaneously:
• The vertical position of the trailing aircraft is below the predicted vertical position of the wake (at
longitudinal position x), and
• The circulation of the wake (at longitudinal position x) has not decayed below a specified threshold L.
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This definition of a wake alert differs from the definition of a wake encounter in the following ways: (1) The
lateral dimension is ignored. In other words, we assume a worst-case scenario in this dimension, where the lateral
positions of airplanes and wakes coincide. (2) In the vertical dimension, we assume a potential wake danger
whenever the trailing aircraft is below the predicted location of the wake. (3) The definition in the time dimension is
the same. As a default, we use a wake threshold of L = 70 m2/s, which is approximately the circulation strength of
background air turbulence. This is a conservative threshold, since any wake slightly above the background
turbulence counts as a potential wake hazard. In summary, a wake alert is a less severe event than a wake encounter,
but it is a more likely event. The probability of a wake alert gives a conservative estimate (or upper bound) for the
probability of a wake encounter.
FLIGHT TRACK DATA
A critical variable in predicting wake encounters is the time-separation of aircraft as they land. The probabilistic
variation in time separation has been measured by various researchers. For example, (5) and (6) took direct, visual
measurements of aircraft time-separations using binoculars and a stopwatch. (7) used the Performance Data Analysis
and Reporting System database. (8) measured aircraft separations from radar data. Others have used multilateration
data (9) and (10). In this paper, to demonstrate concepts, we use multilateration data collected at Detroit
Metropolitan Wayne County Airport (DTW) over a one-week period. The data were collected and pre-processed by
Sensis Corporation and the Volpe National Transportation Systems Center. Further processing and analysis were
done in (10) to extract individual landing tracks and to obtain probability distribution fits to the data.
Figure 4 shows a sample plot of three flight tracks, looking down from above. The rectangle on the left is
runway 21L. The coordinates have been rotated so that the runway is aligned with the x-axis. The y-axis is
magnified, distorting the lateral variation of the aircraft tracks. At far distances from the runway threshold, the large
variability in the tracks is likely due to increased inaccuracy in the multilateration data. From the figure, one can also
see some of the taxi-way exits.
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FIGURE 4 Three sample flight tracks.
Figure 5 shows the positions of aircraft at 6 nm, 5 nm, …, 0 nm from the runway threshold. This is one
week of data (1190 distinct landings) at one runway, landing in the same direction. Because the multilateration
system is not always able to track aircraft at far distances, and because some of the tracks are outside the bounds of
the plots at these distances, there are fewer recorded points at 6 nm than at 0 nm. The figure shows a clear pattern,
consistent with expectations: The variability in position decreases as the aircraft get closer to the runway.
WAKE VORTEX MODELS
Wake vortices can be measured in several ways – for example, using light or sound. Some examples of wake
measurements using light (specifically, using a LIDAR instrument – LIght Detection And Ranging) are given in (11,
12). An example of wake measurements using sound is given in (13).
The approach in this paper is to use models of wake behavior, since there are no wake measurements that
correspond to the flight tracks at DTW. Numerous researchers have developed models to characterize wake
behavior. An early model was given in (14). This model, along with modifications in (15), forms the basis for the
NASA AVOSS Prediction Algorithm (APA) (16). Other examples include (17), the large eddy simulation Terminal
Area Simulation System (TASS) (18), a fast-time derivative TDAWP (TASS Driven Algorithms for Wake
Prediction) (19), and the Probabilistic Two-Phase wake model (P2P) (20).
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FIGURE 5 Cross-sectional plots of flight tracks at 1 nm intervals.
In this paper, we use the P2P model. The main reason is that it can be easily implemented in code, it is
relatively fast to compute, and it provides probabilistic bounds for the locations of the wakes. Of course, there is
nothing to prevent implementation of the other algorithms in the same context described in this paper. In particular,
the fast-time simulation TDAWP (19) is similar in spirit to the P2P model. Both are based on fitting approximating
differential equations to the output of large eddy simulation models. The resulting differential equations are fast to
numerically integrate, compared with the large eddy simulation models.
The primary inputs to P2P are: aircraft velocity V, aircraft mass M, aircraft wing span B, air density ρ, eddy
dissipation rate (EDR) ε, and Brunt-Vaisala frequency N. The initial behavior of the wake vortices is characterized
by the following parameters (these constants and equations are typical of many wake models):
• The initial wake circulation is Γ 0 = Mg /( ρ sBV ) , with units of m2/s, where s = π / 4 is a constant.
•

The initial lateral spacing of the vortices is b0 = sB .

•

The initial descent velocity is w0 = Γ 0 /(2π b0 ) .

•

The approximate time for the wakes to descend one initial vortex spacing is t0 = b0 / w0 = 2π b02 / Γ 0 .

Frequently, the outputs of wake models are expressed in normalized units, where circulation is normalized by Γ0,
position is normalized by b0, time is normalized by t0, and velocity is normalized by w0 = b0 / t0.
In P2P, the wake behavior further depends on two atmospheric parameters, ε and N. Eddy dissipation rate ε
is a measure of turbulence in the atmosphere, where higher values correspond to greater turbulence. The BruntVaisala frequency N is a measure of the vertical gradient of potential temperature in the atmosphere. The basic idea
is that as a mass of air (for example, a wake) sinks, the surrounding air increases in density relative to the air mass.
This causes an upward buoyancy force on the air mass, leading to a vertical oscillation. When N = 0 (per second),
there is no buoyancy force and the air is said to be neutrally stratified. Higher values of N correspond to a greater
buoyancy force. In particular, sinking wakes may “bounce” in such conditions. The normalized versions of these
values are:

ε* ≡

(ε b0 )1/ 3 2πε 1/ 3b0 4 / 3
=
w0
Γ0
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Figure 6 shows a sample output of P2P. The input parameters for this figure are: aircraft velocity V = 80
m/s (about 155 knots), aircraft mass M = 273,000 kg (about 600,000 lbs), aircraft wing span B = 64.4 m (about 210
ft), air density ρ = 1.2 kg / m3, ε = 0 m2/s3 (no turbulence), and N = 0 / sec. (neutral stratification). The
corresponding reference values are initial circulation Γ0 = 551 m2/s, initial wake spacing b0 = 50.6 m, initial descent
velocity w0 = 1.73 m/s, and reference time t0 = 29.2 s.
The figure shows several core features of the P2P (Probabilistic Two-Phase) model. First, there are two
phases of decay – a period of slower decay followed by a period of faster decay. Since wake descent is positively
correlated with circulation strength, the period of faster decay corresponds to a period of reduced descent. A second
key feature is the probabilistic component, expressed as upper and lower bounds to circulation and wake descent.
The precise method for computing these bounds is described in (20). When the age of the wake is zero, these bounds
correspond to +/- 0.20 Γ0 for circulation strength and +/- b0 for wake descent. The middle curve is a deterministic
run of the P2P model, corresponding to a predicted average behavior.
In terms of the definition of a wake alert, we conservatively define a wake alert with respect to the upper
bounds of circulation and height. That is, when the aircraft is below the upper bound of wake height, and when the
upper bound of circulation strength is greater than the minimum threshold, we say a wake alert occurs.
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FIGURE 6 Sample output from P2P model.
Figure 7 shows sample effects of EDR ε and Brunt-Vaisala frequency N on wake circulation (see also
figure 2 in (20)). To avoid clutter, the figure shows only the deterministic / middle prediction of P2P. The
atmospheric parameters are expressed in normalized units ε* and N*, as in equation 1. The other inputs are as before:
V = 80 m/s, M = 273,000 kg, B = 64.4 m, and ρ = 1.2 kg / m3. The figure shows the following main effects. An
increase in turbulence ε* leads to a faster onset of the rapid decay phase. Similarly, an increase in stratification N*
leads to a faster onset of the rapid decay phase. The combined effect of increasing both variables is less than the sum
of the individual effects.
RESULTS
In this section, we first show sample output from the simulation for a single pair of landings, and then give results
over a range of landings. Figure 8 shows sample output for two consecutive landings. The upper right figure shows
the vertical profile of the two aircraft trajectories (from a side view perspective). These trajectories are obtained
from the multilateration data. Here, the higher curve corresponds to the leading aircraft and the lower curve
corresponds to the trailing aircraft. In this example, the potential for a wake encounter is evaluated 3 nm from the
threshold. This is denoted by the vertical line in the upper right graph. The location of the trailing aircraft at the 3
nm mark is identified by the star in the graph.
To obtain input parameters for the P2P model, the velocity of the lead aircraft is V = 71.3 m/s (138.7 kts),
estimated from the multilateration data by taking the average velocity of the aircraft over the last 6 nm to the
threshold. For the aircraft wingspan and mass, we use assumed values of B = 48.8 m (160 ft) and M = 67,120 kg
(148,000 lbs). These values correspond to an aircraft on the higher end of the “large” weight category. Since 91% of
the landings are large aircraft or smaller (10), these values represent conservative weight and wingspan estimates for
most of the landings. The air density is assumed to be 1.2 kg/m3 and the atmospheric parameters ε and N are
assumed to be 0.
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The two graphs on the left show the height and circulation strength of the wake from the lead aircraft at 3
nm from the threshold. Both graphs have an upper bound, a lower bound, and a mid-range estimate, as computed by
the P2P model. The graphs show the wake evolution as a function of time. Time t = 0 corresponds to the moment
when the lead aircraft passes the 3 nm mark. In particular, at t = 0 the wake height (specifically, the mid-range
height, dashed line) is the same as the height of the leading aircraft at the 3 nm mark, which can be seen in the graph
to the right. The circulation strength at t = 0 is Γ0, as computed in the previous section.
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FIGURE 7 Effects of atmospheric parameters on wake decay (based on P2P model).
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FIGURE 8 Simulation output for one pair of landings.
Now, for this particular pair of aircraft, the time separation (at the 3 nm mark) between the leading aircraft
and the trailing aircraft is 72 seconds, obtained from multilateration data. The star in the upper left figure
corresponds to the trailing aircraft as it passes the 3 nm mark. The x-value of this point is the time separation of the
two aircraft. In other words, when the trailing aircraft passes the 3 nm mark, the wake from the leading aircraft is 72
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seconds old. The y-value for this point is the vertical height of the trailing aircraft at the 3 nm mark, which can also
be seen in the upper right graph. In other words, the star shows the location of the trailing aircraft relative to the
wake of the leading aircraft as it passes the 3 nm mark. Now, because the star lies below the P2P upper bound
(though not the mid-range estimate), we have the potential for a wake alert. In this case, this is partially due to a
short separation time (72 seconds) and that the leading aircraft takes a higher trajectory than the trailing aircraft.
On the lower left figure, the star denotes the upper bound of wake circulation at the time the trailing aircraft
crosses the 3 nm mark. Again, the wake is 72 seconds old at this time, and the estimate for the upper bound of
circulation strength is approximately 230 m2/s. Because this value is greater than the assumed minimum threshold of
70 m2/s, the condition for a wake alert is satisfied.
In summary, for this pair of aircraft, we have a wake alert at the 3 nm mark because (a) the trailing aircraft
is below the upper bound of the predicted wake height at this point, and (b) the circulation strength of the wake at
this time is above the minimum threshold (70 m2/s). Both conditions must be met for a wake alert. In the simulation
model, all parameters – for example, the atmospheric parameters ε and N and the minimum wake threshold 70 m2/s
– can be easily adjusted, and the analysis re-run.
This example illustrates the main logic for computing wake alerts from the multilateration data and wake
model. We now apply this logic to a week of landings (1190 landings) at a single runway. Figure 9 shows sample
results, based on varying the atmospheric parameters ε and N. The plotted function is the probability of a wake alert.
Keep in mind, we have defined wake alerts very conservatively. A wake alert represents a heightened probability of
a wake encounter – based on conservative assumptions – and does not necessarily imply a wake encounter.
In general, higher values of ε and N lead to a faster onset of the rapid decay phase. Thus, we expect that the
probability of a wake alert decreases in ε and N. In the figure, this is observed for larger values of both ε and N.
However, for small EDR ε, the wake alert probability increases in N. This is because increased stratification (higher
N) causes the wake to sink less quickly and even to “bounce” back up. Thus, even though the wake decays more
quickly, it is at a higher altitude, and does not decay quickly enough (below 70 m2/s) to be out of the path of the
trailing aircraft. A similar effect is observed when N is small and ε increases. Increasing ε causes a faster onset of
the rapid decay phase. In turn, this causes the wake to sink more slowly. Even though the wake decays more
quickly, it is at a higher altitude, and does not decay quickly enough (below 70 m2/s), so it is in the path of the
trailing aircraft.
This counter-intuitive effect is not as pronounced when we increase the wake threshold. Figure 10 shows
the same analysis, but with a minimum wake threshold of 125 m2/s. With this higher threshold, the wake alert
probability is generally much smaller than in Figure 9. It also displays the expected pattern of decreasing as ε and N
increase.
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FIGURE 9 Sample wake alert probability, with wake threshold 70 m2/s.
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FIGURE 10 Sample wake alert probability, with wake threshold 125 m2/s.
CONCLUSIONS
Before discussing conclusions, we note several limitations and assumptions of this analysis. All results presented in
this paper must be qualified with these assumptions.
• All aircraft are assumed to have the same wingspan and landing mass, representative of an aircraft on
the high end of the “large” weight category. More accurate estimates could be obtained by linking the
Mode-S identifier in the multilateration data to the specific type of aircraft.
• The vertical dimension of aircraft position is obtained through Mode-C pressure readings. The
accuracy of the vertical dimension is less accurate than the lateral and longitudinal dimensions
obtained from multilateration data. This is a critical variable.
• A wake encounter (or alert) is defined only with respect to wake circulation and not with respect to
other variables, such as encounter duration, encounter geometry, pilot response, and so forth.
• Wakes are modeled using the P2P model. Some limitations of this model are:
o It does not account for ground effects.
o The percentage of wakes that are expected to fall within the probabilistic bounds is not defined.
• Furthermore, in our implementation of P2P, we make the following simplifications:
o The lateral component of wake position is ignored.
o Wind effects are ignored.
o Single values for the atmospheric parameters ε and N are used at all altitudes.
o The effect of root-mean-squared turbulence velocity on the bounds of descent height is omitted.
With these qualifying remarks, this paper has presented a methodology to estimate wake alert probabilities
based on a direct feed of flight-track data. By varying atmospheric parameters in the accompanying wake models,
one can see the potential range of probabilities over a variety of conditions. The analysis revealed a counter-intuitive
effect: Even if the wakes decay more quickly, there is not necessarily a decrease in the wake-alert probability,
because the wakes may remain for a longer period of time at a higher altitude before they decay in strength below
the critical threshold. All of this highlights the importance of understanding the basic effects of environmental
parameters on the wakes in multiple dimensions, also considering the stochastic behavior of airplane trajectories.
Finally, such analysis has the potential to be extended and implemented in a real-time setting using a live feed of
flight tracks to monitor the safety performance of arrival operations.
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