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List of Acronyms, Abbreviations, and Symbols

AFR Autonomous Flight Rules

AGL Above Ground Level

APA AVOSS Prediction Algorithm

ATM Air Traffic Management

ATPG Atmospheric Turbulence Profile Generator

ASOS Automated Surface Observations System

AVOSS Aircraft VOrtex Spacing System

AWAS AVOSS Winds Analysis System

CW Continuous Wave Lidar

DEN Denver International Airport

DFW Dallas/Fort Worth International Airport

EDR Eddy Dissipation Rate (m?/s*)

EGPWS Enhanced Ground Proximity Warning System

FAA Federal Aviation Administration

IGE In-Ground Effect

M Interval Management

Lidar LIght Detection And Ranging

mae mean absolute error

MEM Memphis International Airport, Memphis, Tennessee
NAS National Airspace System

NASA National Aeronautics and Space Administration
NTSB National Transportation Safety Board

NGE Near-Ground Effect

OGE Out-of-Ground Effect

PL Pulsed Lidar

RASS Radio Acoustic Sounding System

rmse root mean square error

SAO Surface Aerodrome Observations

SAPA Simplified Aircraft Based Paired Approach

TASS Terminal Area Simulation System

TDP TASS Driven algorithms for wake Prediction

bo Initial vortex pair separation (m)

ba Wingspan of the wake vortex generator (m)

o Initial vortex circulation (m?/s)

I* Non-dimensional vortex circulation (normalized by I'¢)
P Air density (kg/m®)

o Potential Temperature/Theta (K)

t* Non-dimensional time

to Time taken for the vortex pair to descend a distance equal to bg
Vs Airspeed of the wake vortex generator (m/s)

Vo Initial vortex pair descent velocity (m/s)

Wa Weight of the wake vortex generator (kg)

Yo Initial position of the vortex pair with respect to the runway centerline (m)
y* Non-dimensional lateral vortex position (normalized by bo)
20 Initial vortex height AGL (m)

z* Non-dimensional vortex height (normalized by bo)
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Introduction

The National Aeronautics and Space Administration (NASA) has been developing fast-time wake
transport and decay models to provide solutions for safe, efficient, and capacity-enhancing spacing
standards for the National Airspace System (NAS). These models are empirical algorithms used for
predictions of wake transport and decay based on aircraft parameters and ambient weather conditions. The
aircraft dependent parameters include the initial vortex descent velocity and the initial vortex pair separation
distance. The atmospheric initial conditions include vertical profiles of temperature or potential
temperature, eddy dissipation rate (EDR), crosswind, and headwind. The model output consists of a time
history of circulation strength and position for the port and starboard vortices. The wake models can be
used for the systems level design of advanced air traffic management (ATM) concepts. It is also envisioned
that at some later stage of maturity, these models could be used operationally, not only within the terminal
airspace but also as onboard tools to support concepts such as dynamic separation of aircraft.

NASA'’s first fast-time wake transport and decay model was developed by Greene (1986). In the late
1990s, under NASA’s Aircraft Vortex Spacing System (AVOSS) project, significant advances were made
in wake vortex modeling based on the data from field experiments and large eddy simulations. The initial
versions of the AVOSS Wake Vortex Prediction Algorithm (APA) were developed during the AVOSS
program (Hinton 2001). The APA model computes the out-of-ground-effect (OGE) decay and descent
based on Sarpkaya (Sarpkaya et al. 2001). The model has an algorithm for enhanced rate of decay during
the ground effect developed by Proctor et al. (2000). The in-ground-effect (IGE) transport accounts for
vortex spreading and rebound. The code development of the early versions of APA is described in Robins
and Delisi (2002). The latest version of the APA model (Version 3.8) has several improvements which
include: 1) better parameterization of atmospheric stratification based on laboratory studies, 2)
improvements in the modeling of countersign vorticity, and 3) improved modeling of vortex rebound in the
presence of the crosswinds. These improvements are described in detail by Delisi et al. (2016).

NASA has also developed the TASS (Terminal Area Simulation System) Derived Algorithms for Wake
Prediction (TDP) model. In the TDP model, the Sarpkaya component is replaced with algorithms developed
from parametric studies using large eddy simulations. The TDP model is described in Proctor et al. (2006)
and Proctor (2009). The current version of the TDP model includes the effects of the crosswind shear
gradient on transport (Proctor and Ahmad 2011). The mechanics of the IGE model are the same as in APA
Version 3.4 which follow an approach similar to Corjon and Poinsot (1996) and Robins et al. (2002). TDP
transitions into near-ground effect (NGE) at a non-dimensional height of z*= 1 while APA's transition is at
z*=1.5. Even with identical IGE modules (which is no longer the case given the improvements made in
APA3.8), the model predictions of the TDP and APA in NGE/IGE can be different since they do not enter
the NGE phase with the same decay rate and their bounding decay rates are also different in the IGE phase.

The wake models have been used in the past for forensic reconstruction of wake encounter related
accidents by NASA (Proctor et al. 2004; Gloudemans et al. 2016), and by the National Transportation
Safety Board (NTSB) (O’Callaghan 2013). Other applications have included safety analysis for new ATM
concepts such as the Simplified Aircraft Based Paired Approach (SAPA). SAPA has been proposed for
closely spaced parallel runways (Johnson, et al. 2013; Guerreiro et al. 2010). The fast-time models may
also be used for dynamic self-separation in advanced ATM concepts such as Interval Management (IM)
(Barmore et al. 2014) and Autonomous Flight Rules (AFR) (Wing and Cotton 2011).

The current distribution includes the latest versions of the APA (3.8) and the TDP (2.1) models. This
User’s Guide provides detailed information on the model inputs, file formats, and model outputs. A brief
description of the Memphis 1995, Dallas/Fort Worth 1997, and the Denver 2003 wake vortex datasets is
given along with the evaluation of models. A detailed bibliography is provided which includes publications
on model development, wake field experiment descriptions, and applications of the fast-time wake vortex
models.



Software Distribution
NASA’s AVOSS Fast-Time Wake Prediction software distribution is given below:

avoss/
1--bin/
|
| +-- apa38.exe
i l-- tdp21l.exe
1--doc/
| ~-- APA-UsersGuide.pdf
l--etc/
| ~-- cases.i, apa.nml
|~--mem95/ Memphis 1995 Wake Vortex Dataset
} l-- ADATA/ aircraft information and initial vortex location
I l-- QDATA/ vertical profiles of eddy dissipation rate
I l-- TDATA/ vertical profiles of potential temperature
I l-- UDATA/ vertical profiles of crosswinds
I l-- UPROXY/ vertical profiles of proxy crosswinds
I l-- VDATA/ vertical profiles of headwinds
I l-- CWP/ Lidar data for port vortex
i l-- Cws/ Lidar data for starboard vortex
1--dfw97/ Dallas/Fort Worth 1997 Wake Vortex Dataset
l--den03/ Denver 2003 Wake Vortex Dataset
1--run/
l__ apa.nml namelist file
l-- cases.i list of cases to run
l-- 1995-08-10-230029.apa38 APA3.8 output
l-- 1995-08-10-230029. tdp21 TDP2.1 output

The directory structure for the Dallas/Fort Worth and Denver datasets (not shown above) is similar to
that of the Memphis dataset. Pulsed Lidar (PL) was deployed in Denver whereas a Continuous Wave Lidar
(CW) was used in both the Memphis 1995 and Dallas/Fort Worth 1997 deployments. Headwinds and proxy
crosswinds are not available in the Denver 2003 dataset.



Model Input/Output Filename Convention

The file names are chosen to give a unique identifier for each case and model run. The unique identifier

has the following form:

YYYY MO DY HRMNSC

where,

YYYY = Four digit year

MO = Two digit month

DY = Two digit day

HRMNSC = Six digit HourMinuteSeconds
Example:

Case *2003_09 19 181019’ has the following associated input files:

2003 09 19 181019.ADATA
2003 09 19 181019.TDATA
2003 09 19 181019.UDATA
2003 09 19 181019.VDATA
2003 09 19 181019.QDATA

Initial Vortex Location & Aircraft Parameters
Vertical Profile of Potential Temperature
Vertical Profile of Crosswind

Vertical Profile of Headwind (if available)
Vertical Profile of Eddy Dissipation Rate

The model output is written to (depending on the model used):

2003 09 19 181019.apa38
2003 09 19 181019.tdp21l

APA3.8 output
TDP2.1 output



Model Input File Formats

Several changes have been introduced in the file formats to account for modifications in the latest
version of the APA model. APA3.8 has the ability to use headwinds (if available). The glide slope and the
wake generator airspeed are inputs in the aircraft parameters input file. In the IGE phase, APA3.8 takes into
account the effect of landuse category on wake decay. Currently, parameters have been defined for only
two landuse categories (trees and grass). While these modifications were made to APA3.8 only, and not to
TDP2.1, both APA3.8 and TDP2.1 use the same format for their input files.

An additional input file apa.nml is also required to run the models. Input file formats are described in
detail in this section.

Namelist File (apa.nml)

The namelist file sets some of the I/O parameters. The model type is needed for post-processing tools
only (default is set to apa38). The Lidar type can be defined as either continuous wave or pulsed. This
option is also used by post-processing and visualization tools only (the default value is cw).

Since TDP2.1 does not use headwinds and there might be cases in which headwinds may not be
available, the availability/usage of headwinds needs to be specified in the namelist file (the default for the
parameter headwinds is set to false).

The models will generate Tecplot® files containing the environmental profiles of crosswind, headwind,
eddy dissipation rate, and potential temperature if env_profiles is set to true (default value is false).

The wake vortex trajectory and circulation decay output is written in non-dimensional form if
nondim output is set to true (the default value is £alse).

The namelist parameters headwinds, env_profiles, and nondim output are used by the wake
models.

NAMELIST FILE (apa.nml)

! - namelist file for apa/tdp code

&namelist input

model type = “apa38” ! apa38; tdp21

lidar type = “CW”, ! CW=Continuous Wave and PL=Pulsed Lidar
headwinds = .false., ! headwinds usage

env_profiles = .false., ! environmental profiles output

nondim output = .false., ! non-dimensional output
/




Case Input File (cases.i)

The first seven lines list the paths to input data. Line number 8 has the total number of cases (maximum
number of cases = 5000) in the file. Please note that the models do not read or use the Lidar data. The rest
of the file lists the unique identifiers for each case. The path names should have a maximum length of 132
characters.

CASE FILE (cases.i)

/home /nnahmad/apa-models/data/MEM1995/ADATA/
/home /nnahmad/apa-models/data/MEM1995/QDATA/
/home /nnahmad/apa-models/data/MEM1995/TDATA/
/home /nnahmad/apa-models/data/MEM1995/UDATA/
/home /nnahmad/apa-models/data/MEM1995/VDATA/
/home /nnahmad/apa-models/data/MEM1995/CWP/
/home /nnahmad/apa-models/data/MEM1995/CWS/
20 ! total number of cases to run
1995-08-06-230412

1995-08-06-232159

and so on.....

Aircraft Parameters Input File (YYYY_MO_DY_HRMNSC.ADATA)

The first line in the file contains a count of the number of header lines that follow. The file shown in the
example below has 11 lines of header information. After the header lines, the file contains the initial vortex
location and the aircraft data: Initial lateral location of the vortex ()v), initial height of the vortex (zo), initial
descent velocity (Vo), the separation distance (bo) of the vortex pair, the airspeed of the vortex generator,
glide slope, and the landuse factor used in the IGE phase. The last three inputs (airspeed, glide slope, and
the landuse) are not used by the TDP model. MKS units are used for all parameters.

AIRCRAFT PARAMETERS FILE (YYYY_MO_DY_HRMNSC.ADATA)

11

# Location: MEM, 18L_TANG

# Run Number: 1026

# A/C Type: AT43

# Wing span* (m): 24.6

# Weight* (kg): 13940

# ACspeed* (m/s): 63.4

# Air Density* (kg/m3): 1.2

# This file was created on 22-Mar-2012 12:42:37 Pacific Time

# File created by Matt Pruis, NWRA, matt@nwra.com

# *If data not provided with original data set, then default values used.
# Data File Format: yo(m),zo(m),Vo(m/s), bo(m), ACspeed(m/s), gslope(deg), gefac
5.2895, 90.03, 0.76635, 19.321, 63.4, 3, 0.3




Potential Temperature Profile (YYYY_MO_DY_HRMNSC.TDATA)

The first line in the file contains a count of the number of header lines that follow. The file shown in the
example below has 11 lines of header information.

The first line after the header information gives the total number of data points in the file. If negative,
then the file contains potential temperatures, otherwise the data are temperatures. The rest of the file has
two columns: the first column lists the AGL height in meters and the second column lists the potential
temperature in K or temperature in °C. If the user inputs a temperature profile, then it is converted by the
model to potential temperature (0). The fast-time wake models use potential temperature in model
calculations.

Please note that the latest version of APA (Version 3.8) requires potential temperature data as the input.
Temperature profile, if provided, is not converted to potential temperature in APA3.8. The user must
provide a potential temperature profile for APA3.8.

At least three data points are required in the initial profile and the points should extend above and below
the heights of vortex descent trajectory. If the input potential temperature profile contains regions of
unstable stratification, then those values are set to zero (neutral stratification) within both the APA and TDP
codes.

Please make sure that in the environmental data profiles the first data point is for height z=0. Even if
the simulations are for the en route applications, it is important to ensure that the first point of environmental
data correspond to z=0.

Observations from various field sensors as well as simulation data from mesoscale models (Ahmad et
al. 2013) can be used to generate the vertical potential temperature profiles.

POTENTIAL TEMPERATURE PROFILE DATA (YYYY_MO_DY_HRMNSC.TDATA)

11

# Location: MEM, 18L_TANG

# Run Number: 1026

# A/C Type: AT43

# Potential modifications from original data include:

# (1) extrapolation above and below profile (with N=0 in these regions)
# (2) removal of unstable regions that are not attached to ground

# (with N=0 in these regions)

# This file was created on 22-Mar-2012 12:42:37 Pacific Time

# File created by Matt Pruis, NWRA, matt@nwra.com

# Data File Format (1lst line): number of points

# Data File Format (remainder of file): z (m) potential temperature (K)
-120

0, 303.98

5, 303.98

10, 304.04 and so on.....




Crosswind Profile (YYYY_MO_DY_HRMNSC.UDATA)

The first line in the file contains a count of the number of header lines that follow. The file shown in the
example below has 5 lines of header information. The first line after the header information gives the total
number of data points in the file. Heights are in meters and the crosswinds are in m/s. Crosswind profiles
can be generated from the Lidar data or estimated from the wake vortex trajectory (Pruis et al. 2011).
Simulation data from mesoscale models can also be used to generate the vertical crosswind profiles. Please
make sure that in the crosswind data profiles the first data point is for height z=0. Even if the simulations
are for the en route applications, it is important to ensure that the first point of environmental data
correspond to z=0.

CROSSWIND PROFILE DATA (YYYY_MO_DY_HRMNSC.UDATA)

5

# Location: MEM, 18L_TANG

# Run Number: 1026

# A/C Type: AT43

# Data File Format (1lst line): number of data points
#
1
0

Data File Format (remainder of file): z (m) Crosswind (m/s)
20
, 2.124
10, 2.074
20, 2.382
30, 3.519 and so on.....

Headwind Profile (YYYY_MO_DY_HRMNSC.VDATA)

Similar in format to the crosswind file, but contains headwind (m/s). Heights are in meters. Headwinds,
if available, are used by APA3.8. The earlier versions of APA and the current version of the TDP model
(Version 2.1) do not use headwinds. Please make sure that in the headwind profiles the first data point is
for height z=0. Even if the simulations are for the en route applications, it is important to ensure that the
first point of environmental data correspond to z=0.

HEADWIND PROFILE DATA (YYYY_MO_DY_HRMNSC.VDATA)
5

# Location: MEM, 18L_TANG

# Run Number: 1026

# A/C Type: AT43

# Data File Format (1lst line): number of data points

# Data File Format (remainder of file): z (m) Headwind (m/s)
120

0, 1.124

10, 0.23

20, 0.54

30, 0.43 and so on.....




Eddy Dissipation Rate Profile (YYYY_MO_DY_HRMNSC.QDATA)

The first line in the file contains a count of the number of header lines that follow. The file shown in the
example below has 5 lines of header information.

The first line after the header information gives the total number of data points in the file. The file shown
in the example below has 100 points in the vertical profile. The rest of the file has two columns: the first
column lists the AGL heights in meters and the second column lists the eddy dissipation rates in m?/s’.

Given observations of EDR at two different heights, the vertical EDR profile can be generated using
atmospheric boundary layer similarity theory (Han et al. 2000). EDR profiles can also be estimated from
Lidar data (Pruis et al. 2013). Input EDR values less than 107m?/s’ are set to 10”"m?/s* within the models.

Please make sure that in the environmental data profiles the first data point is for height z=0. Even if
the simulations are for the en route applications, it is important to ensure that the first point of environmental
data correspond to z=0.

EDDY DISSIPATION RATE DATA (YYYY_MO_DY_HRMNSC.QDATA)

5
# Location: MEM, 18L_TANG

# Run Number: 1026

# A/C Type: AT43

# Data File Format (1lst line): number of data points

# Data File Format (remainder of file): z (m) EDR (m2/s3)
100

0, 0.0026156

5, 0.0026156

10, 0.00250098

15, 0.002405 and so on.....

’
’

Lidar Data File Format
Lidar Data File (YYYY_MO_DY_HRMNSC.CWP)

For each case there are two Lidar data files: one each for the port and the starboard vortices. The filename
conventions are as follows:

2003 09 19 181019.CWP Continuous Wave Lidar Port Vortex Data
2003 09 19 181019.CWS Continuous Wave Lidar Starboard Vortex Data
2003 09 19 181019.PLP Pulsed Lidar Port Vortex Data

2003 09 19 181019.PLS Pulsed Lidar Starboard Vortex Data

In most of the field experiments only one type of Lidar was used and therefore a particular dataset will
have either CW or PL files. In the Denver 2003 Field Experiment (Dougherty et al. 2004) both CW and PL
Lidars were deployed.

The first line in the file contains a count of the number of header lines that follow. The file shown in the
example below has 4 lines of header information. The first line after the header information gives the total
number of data points in the file. The file shown in the example below has 21 data points in the wake
trajectory. The first column in the file is the time followed by the location (lateral and vertical) and the
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circulation strength. Missing data points in the files are marked by a -9999. Please note that it is not
uncommon for the Lidar files to contain points that include valid times and vortex positions, but for which
the circulation cannot be calculated due to missing or invalid data values. Consequently for a given vortex,

the plots of circulation may display fewer discrete points than do the corresponding plots of lateral transport
or altitude.

LIDAR DATA FILE (YYYY_MO_DY_HRMNSC.CWP)

4

# Location: MEM, 18L_TANG
# Run Number: 1026

# A/C Type: AT43

# Data File Format: time p(s), y pos p(m), z pos p(m), Circ p(m2/s)
21

8.88, 5, 87, 125.9091
13.6, 18.4, 92.5, -9999
15.57, 20.5, 83.2, 123.7773 and so on.....

Estimation of the initial circulation from the Lidar data is challenging. It has not been fully determined
what the Lidar is measuring during the rollup process. Until the rollup is complete the Lidar is not measuring
the true circulation of the fully rolled-up vortex system behind the aircraft and may include the vorticity
associated with the flap vortex. In the Lidar track file the time history begins as soon as the aircraft passes
the Lidar scan plane. The models do not take into account the roll-up process and begin with the assumption
of a fully rolled-up vortex pair at the time of initialization. Therefore, in the aircraft data file (ADATA files)
theoretical values of V' and by are used with the assumption of a fully rolled-up vortex pair. This can result
in differences between I'y in the Lidar file and I'y (= 2nVobo) obtained from the ADATA file. Lidar data
from three different wake experiments along with initial circulation estimates from the ADATA file are

shown in Figure 1. It can be seen that the discrepancy between the Lidar data and the I'y obtained from
ADATA file in some cases can be very large.
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Figure 1: Comparison of Lidar data and TI'o obtained from the ADATA file for sample cases from MEM 95

(left), DFW97 (center), and DENO3 (right) wake datasets. The I'o obtained from the ADATA file is shown by
thegreen circle.



Model Output File Format
Model Output File Format (e.g.,, YYYY_MO_DY_HRMNSC.apa38)

The model output file gives the time history of position (lateral distance and altitude) and circulation
strength of both the port and starboard vortices. The output variables are listed in Table 1.

Table 1: Fast-Time Wake Model Output

Column # Variable Description
1 time Time (seconds)
2 Yp Lateral position of port vortex (m)
3 Zp Altitude of port vortex (m)
4 Gp Circulation of port vortex (m?/s)
5 Ys Lateral position of starboard vortex (m)
6 Zs Altitude of starboard vortex (m)
7 Gs Circulation of starboard vortex (m?/s)

The output filename extension is based on the model type:

2003 09 19 181019.apa38 APA3.8 output
2003 09 19 181019.tdp21 TDP2.1 output

The wake trajectory and circulation decay output is written in non-dimensional form if nondim output
is set to true in the namelist file. The vortex locations (y, z) for both port and starboard vortices (Yp, Zp,
Ys, and Ys) are normalized by the initial vortex pair separation (bo) specified in the ADATA file for that
case,

y¥=ylby; z*=z/b, (D

The circulation values in the time history, I" for both port and starboard vortices (Gs and Gp) are
normalized by the initial circulation strength I'o,

r*=T/T, @)

Iy is calculated using the values of initial vortex pair descent velocity, Vo and the initial vortex pair
separation, by from the ADATA file

T, =27V, b, 3)
The non-dimensional time, ¢* is given by
=1/t @)

where ¢, =b,/V, is the time taken by the vortex pair to descend a distance equal to bo.
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In addition to the model output, for each run the environmental initial conditions are also written to files
for plotting purposes if env_profiles is set to true in the namelist file.

2003 09 19 181019.uplt Crosswinds
2003_09 19 181019.vplt Headwinds

2003 09 19 181019.gplt EDR

2003 09 19 181019.tplt Theta/Temperature

Model Output File Example (e.g.,, YYYY_MO_DY_HRMNSC.apa38)

The model output file is written in the Tecplot® format. First three lines in the file contain header
information, followed by the wake vortex track. An example of the output file is shown below.

MODEL OUTPUT (YYYY_MO_DY_HRMNSC.apa38)

TITLE="APA 3.8"

VARIABLES = "Time(s)", "Yp(m)", "Zp(m)", "Gp(mA2/s)", "Ys(m)", "Zs(m)", "Gs(m*2/s)"

ZONE T="31", I= 1097
0.000 8.356 41.821 63.793 25.164 41.821 63.793
0.100 8.300 41.761 63.738 25.108 41.761 63.738
0.200 8.243 41.700 63.683 25.051 41.700 63.683
0.300 8.187 41.640 63.627 24 .995 41.640 63.627
0.400 8.130 41.580 63.572 24.938 41.580 63.572
0.500 8.074 41.520 63.517 24.882 41.520 63.517
0.600 8.017 41.460 63.461 24.825 41.460 63.461
0.700 7.960 41.399 63.406 24.768 41.399 63.406
0.800 7.904 41.339 63.351 24 .712 41.339 63.351
0.900 7.847 41.279 63.296 24 .655 41.279 63.296
1.000 7.790 41.220 63.241 24.598 41.220 63.241
1.100 7.734 41.160 63.186 24 .542 41.160 63.186
1.200 7.677 41.100 63.131 24 .485 41.100 63.131
1.300 7.620 41.040 63.076 24 .428 41.040 63.076
1.400 7.563 40.980 63.021 24 .371 40.980 63.021
1.500 7.507 40.921 62.966 24.315 40.921 62.966
1.600 7.450 40.861 62.912 24.258 40.861 62.912
1.700 7.393 40.802 62.857 24.201 40.802 62.857
1.800 7.336 40.742 62.802 24 .144 40.742 62.802
1.900 7.279 40.683 62.748 24.087 40.683 62.748
2.000 7.222 40.623 62.693 24.030 40.623 62.693
and so on.....

11



Memphis Wake Vortex Field Experiment (1995)

A comprehensive field experiment to measure wake vortices and the associated ambient meteorological
conditions was conducted at the Memphis International Airport in Memphis, Tennessee from August 6
through August 29, 1995 (Zak 1995; Campbell, et al. 1997). The experiment was sponsored under NASA
Langley Research Center’s Aircraft Vortex Spacing System (AVOSS) project (Hinton 1995; Perry et al.
1997). The wake data were collected using a continuous wave Lidar (Figure 1). The meteorological sensors
included radiosondes, sodars, a wind profiler, one 150ft high meteorological tower, a Radio Acoustic
Sounding System (RASS), and NASA Langley’s OV-10 research aircraft. The radiosondes were used to
measure winds and temperature measurements (10s averages) at 50m vertical resolution. The OV-10
aircraft was flown at selected times and took measurements of temperature and winds at a sample rate of
10Hz. Temperature (Smin averages) was measured using RASS every 30min at 14 vertical levels from
127m to 1492m. The 1501t (45.7m) meteorological tower was equipped with a large array of sensor systems.
Winds, temperature, and moisture were measured from the tower at Sm, 10m, 20m, 30m, and 42m heights.
Turbulence quantities (turbulence kinetic energy and eddy dissipation rate) were estimated from wind
measurements at Sm and 40m heights. Rain rate, soil temperature, soil moisture, barometric pressure, and
incoming and outgoing solar radiation also were measured by the sensors deployed on the meteorological
tower. Standard meteorological data such as atmospheric pressure, temperature, moisture, cloud cover,
visibility, etc. were obtained from the National Weather Service’s Surface Aerodrome Observations (SAQO)
and the Automated Surface Observations System (ASOS).

Data Processed for Fast-Time Wake Models

Eddy Dissipation Rate

EDR profiles were estimated using the two sonic anemometers on the meteorological tower and
extrapolating to heights using atmospheric boundary layer similarity theory. The profiles were generated
using the atmospheric turbulence profile generator (ATPG) code which implements the algorithms
described in Han et al. (2000). Turbulence profiles were extrapolated to the ground (z = 0) and to a height
above the observed vortices with a constant EDR value whenever the measured profiles did not extend to
those heights.

Stratification

Temperature profiles were estimated using a fusion of the RASS and temperature sensors on the ASOS
and the meteorological tower. The temperature profiles were converted to potential temperatures using the
dry adiabatic lapse rate. The highest temperature measurement on the tower was at approximately 43m
AGL and the lowest observation of the RASS was at 127m. A known deficiency in the profiles is a frequent
mismatch in these two temperatures, leading to unrealistic gradients in the temperature profile within this
region. This can sometimes lead to highly unstable persistent regions that are not attached to the ground.
The potential temperature profiles were therefore pre-processed to remove these unstable regions by making
the potential temperature constant in these regions.

Crosswinds and Headwinds

The profiles of the mean crosswind and headwind were generated by the AVOSS Winds Analysis
System (AWAS) using an optimal estimation of data fusion from several different wind sensors including
two Doppler radars, the meteorological tower, and the SODAR. There are some known deficiencies in the
AWAS profiles which are discussed in detail by Dasey et al. (1998). In the current distribution, crosswinds
and headwinds are included.

The coordinate system used in the input files is aircraft centric. The port/starboard vortex is always
associated with the port/starboard side of the aircraft. In Figure 2 winds from west to east are shown. The
crosswinds will be considered positive for landings and negative for departures even though the actual wind
direction is same for both cases.
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Figure2: The coordinate system used in theinput filesisaircraft centric. The port/starboard vortex is always

associated with the port/starboard side of the aircraft. In the figure the crosswinds ar e consider ed positive for
landings and negative for takeoffs, even though the crosswinds are from the west to east in both cases.

Aircraft Data

The aircraft data used by the fast-time wake prediction models include the initial position (offset) of the
vortex pair with respect to the runway centerline (), the initial height of the vortices (zo), the initial vortex
descent rate (Vo) and the initial separation of vortices (bo).

The initial position (offset) of the vortex pair with respect to the runway centerline yo was estimated
using an average of the first few data points for each landing. The initial height of the vortices zo was
estimated from backward extrapolation of the altitude trajectory in time. The initial separation distance
between the vortices by was estimated assuming an elliptical wing loading,

T
by = ZbG (3)

where bg is the wingspan of the aircraft. The initial vortex descent rate was estimated from the aircraft
weight, aircraft speed, air density, and the initial vortex separation bo,

/4
Vo=t @)
2 pVs by

where p is the air density - which was assumed to be 1.2kg/m’ for all the landings at Memphis, Vs is the
reported airspeed, and WG is the reported landing weight of the aircraft.

Types of aircraft observed at different measurement sites are listed in Table 2 and a graphical
presentation of aircraft distribution is shown in Figures 3-4. The Armory site was located south of the
airport, while the TANG, Tchulahoma, and Threshold sites were all located at the north end of the airport.
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Table 2: Aircraft Observed at different Measurement Sites

Aircraft Type Armory TANG Tchulahoma Threshold Total
AT42 1 1 = - 2
B727 86 1 3 24 114
B737 3 - - - .
B757 5 2 1 - 8
BA31 - - 2 - 2
DC10 25 - - 2 27
DC9 57 19 6 3 85
EA30 11 - - - 11
EA31 9 - - 1 10
EA32 15 7 2 1 25
FK10 5 2 - - 7
MD11 - - - 1 1
SF34 2 - 8 - 10
Total 219 32 22 32 305

Figure 3: Distribution of the aircraft types in the Memphis 1995 dataset is shown in the left panel. A B757
landing in the background of the NASA Lidar van isshown in theright panel.
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Figure4: Distribution of the Lidar data by aircraft category and location. The Armory site was located south
of the airport, while the TANG, Tchulahoma, and Threshold sites were all located at the north end of the
airport.

Dallas/Fort Worth Wake Vortex Field Experiment (1997)

The deployment at the Dallas/Fort Worth International Airport in 1997 (Dasey et al. 1998; Joseph et al.
1999) was sponsored under NASA Langley Research Center’s Aircraft Vortex Spacing System (AVOSS)
project (Hinton 1995). Wake measurements were obtained from NASA’s 2um pulsed Lidar, the Lincoln
Lab’s 10.6um Continuous Wave Lidar and an array of anemometers (windline). One of the objectives was
to collect meteorological data for the validation of mesoscale models and therefore an impressive array of
meteorological sensors was deployed to quantify the atmospheric state in detail. Two meteorological towers
were installed during this field experiment. Each meteorological tower was equipped with various sensor
systems for the measurement of temperature, relative humidity, wind speed, and wind direction at different
heights. Turbulence measurements were taken with sonic anemometers which measured the three
components of wind at 10Hz. Several sensors were mounted at the base of each tower to measure the
atmospheric pressure, rainfall, and solar radiation, etc. In addition to the two meteorological towers, a wind
profiler, a Radio Acoustic Sounding System (RASS) and a SOnic Detection And Ranging (SODAR) sensor
were also deployed. Special upper air soundings were taken six times a day from five different sites
surrounding the Dallas-Fort Worth International Airport. Standard meteorological data such as atmospheric
pressure, temperature, moisture, cloud cover, and visibility were obtained from the National Weather
Service’s Surface Aerodrome Observations (SAO) and the Automated Surface Observations System
(ASOS) data. The raw data in the Dallas/Fort Worth dataset have been processed to generate initial
conditions for fast-time wake models. There are a total of 208 cases in this dataset that are provided with
this distribution.

The aircraft, crosswinds, headwinds, turbulence, and stratification data from the Dallas/Fort Worth
deployment were processed in the same manner as described for Mempbhis.
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Denver Wake Vortex Field Experiment (2003)

The Denver field experiment was conducted by NASA during late August and September 2003.
Although the primary objective for this deployment was to evaluate wake measurements using acoustic
sensors (Dougherty et al. 2004), wake trajectories and circulation were also measured using pulsed and
continuous wave Lidars. In addition, temperature profiles were measured with the MTP5 sensor
(microwave radiometer), and wind profiles from the pulsed Lidar measurements. During the Denver
experiment, one minute average winds were measured by propeller anemometers that were mounted on a
meteorological tower. The altitudes of the sensors were at 7m, 14.6m, and 32.3m AGL. In addition, wind
measurements at a rate of 10Hz were obtained with an ultrasonic anemometer that was mounted on a 7.3m
pole. The generation of a vertical profile of eddy dissipation rate requires two data points at different heights
(Han 2000). In the Denver 2003 experiment there was only one sonic anemometer, therefore the profiles of
eddy dissipation rates were obtained from the Lidar data using spatial structure functions (Pruis et al. 2013).
The initial conditions for fast-time wake models obtained from this dataset are included in this distribution.

Data Processed for Fast-Time Wake Models
Eddy Dissipation Rate

For the Denver 2003 dataset, the EDR profiles were estimated directly from the pulsed Doppler Lidar
data. To calculate EDR profiles from the Lidar data, azimuthal structure function estimates were used to
estimate the parameters of the turbulent wind field after correcting for the spatial averaging of the lidar
pulse and the contribution from the estimation error of the velocity estimates (Pruis et al. 2013; Pruis and
Delisi, 2011).

The structure function for a Gaussian transmitted Lidar pulse assuming a von Karman model for the
turbulent wind field (Frelich et al., 1998) is

D,y (5,0,L,)=20"G(s/ Ap,Ap/ Ar,(2In2)" > Ap / Ar), (5)

where G is given by Eq. (46) in Frelich et al. (2006), s is the spacing between velocity estimates, 6 is the
variance of the velocity, L, is the outer scale of turbulence, Ap is the range gate length and Ar is the full
pulse width at half maximum. When the estimation error is uncorrelated with the pulse-weighted velocity
estimate an unbiased estimate for the velocity structure function of the mean Doppler Lidar velocity
estimates is

Dy (5) = D, (5) = E(s) (6)
where
A Nk . . 5
Dy, (KAs) = N, —h) ;{V [(J —DAs]=V'[(j +k—DAs]} @)

is the raw estimate of the azimuthal velocity structure function, and N7 is the number of velocity estimate
bins for a given height interval.

This is analogous to the focused continuous wave Lidar technique described by Banakh et al. (1999)
and later extended to pulsed Lidar measurements (Smalikho et al., 2005; Banakh et al., 2010). It assumes
Tayler’s frozen turbulence hypothesis is valid. To estimate the unbiased correction E(s) for the contribution
from the velocity estimation error for the separation distance kAs we used the covariance technique
described in Frehlich and Cornman (2001), where E(kAs)=2Ge(kAs) because the velocity estimation error
is uncorrelated with the pulse-weighted velocity and each estimate is produced with different Lidar pulses
(Frehlich et al., 2006).
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The azimuthal structure functions are computed by binning the pulsed Lidar horizontal in-plane velocity
estimates in both height and azimuthal distance. For this analysis, a 13.5m bin size was used in both
directions. Since the spatial structure functions may vary substantially from scan to scan due to the
stochastic nature of turbulence, fifteen minutes of averaging was done for each estimate.

The parameters of the wind field 6 and L are then estimated by minimizing the x> between the structure
function estimates and the model predictions; that is

1 N2 [D, g (kAS) =D, (kAs, 0, L))’
ZZ — _Z gt . gt 0 . (8)
NT k=1 D (kAS,O-,LO)

wgt

If the azimuthal separation distance is small compared to the outer scale of turbulence (s << L) and the
turbulence is isotropic, then the energy dissipation rate can be estimated (Kolmogorov, 1890; Monin and
Yaglom, 1975) for each height bin as

0.3
£=0.933668—, )
LO

assuming the Kolmogorov constant C, = 2.

Vertical profiles of the eddy dissipation rate for individual landings were then estimated using the
nearest neighbor EDR profiles estimated using the results estimated from the spatial structure functions.
Figure 5 shows EDR profiles using the structure function for September 19™, 2003.

Stratification

Temperature profiles were obtained with a MTP-5 temperature profiler. The MTP-5 profiler estimates
temperature at 50m increments and during the experiment profiles were nominally generated every five
minutes. Profiles were smoothed in time using a 30-minute boxcar filter, and the measured temperature was
converted to a potential temperature profile assuming a dry adiabatic lapse rate of 0.00976 degrees per
meter.

Crosswinds and Headwinds

The profiles of the mean crosswind were generated for each track using the average of the CTI
WindTracer® wind profile taken before and after each wake measurement and written in the track data
files. Headwind profiles were not calculated for this data set.

Aircraft Data

The aircraft data generated for use in the fast-time wake prediction models at Denver was processed in
the same manner as described for Memphis.
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Figure5: Eddy dissipation rate estimated from Lidar data using spatial structure functions every 30 minutes
on September 19", 2003 (Pruis et al. 2013). Times shown are UTC. Local timeisUTC —6 hours.
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Evaluation of Fast-Time Models

Several evaluations of NASA’s fast-time models have been conducted in the past (Proctor 2009; Pruis
and Delisi 2011a; Feigh et al. 2012). Under a NASA Research Announcement, the NorthWest Research
Associates (NWRA) was tasked to conduct an independent evaluation of NASA’s fast-time models over a
three year period. This evaluation concluded that, in general, the model circulation predictions had a mean
root mean square error on the order of 0.2y to 0.317 (I'y is the initial wake circulation), the vertical transport
errors were on the order of 0.5by, and the lateral transport errors were on the order of by (Pruis and Delisi
2011a). NWRA also demonstrated that the lateral transport errors can be reduced to as low as 0.5b¢ if more
accurate crosswind initial conditions (e.g., by using proxy crosswinds as initial conditions) were provided
to the fast-time models (Pruis et al. 2011). In this section the current distribution of the fast-time models
are evaluated using the continuous wave Lidar observations from the Memphis 1995 field experiment, the
Dallas/Fort Worth 1997 field experiment, and the Denver 2003 wake vortex data.

For the Memphis data, the groupings of the landings were based on the measurement site where the
observations were obtained. The OGE observations are the measurements obtained at the 36R_Armory site,
where the mean initial vortex height was 180m (all heights are AGL). The NGE observations were obtained
from the 18 TANG site where the mean initial observations, were at a height of 99m. The IGE data came
from two different Lidar locations; the 27 Tchulahoma and the 27 Threshold data. The mean height of the
initial vortex observation for these two sites was 36m.

The Dallas/Fort Worth data was collected with the Lincoln Laboratory 10.6pum Continuous-Wave (CW)
Lidar. The NGE data was collected for arrivals on runway 17C with a vortex generation height of
approximately 80 to 110 meters height above the ground. The NGE data were collected over 4 days during
which the wind speeds varied between 5 and 20knots. The DFW IGE data were also collected with the
Lincoln Laboratory CW Lidar. The data were collected over two days for aircraft on approach to runway
35C. The vortex generation height for these data was between 10 and 30 meters and the wind speeds ranged
from light and variable up to 9 knots.

The Denver 2003 data were collected in the OGE phase. The data were collected with a CTI (Coherent
Technologies Incorporated) WindTracer® pulsed Doppler Lidar. The data were collected for aircraft on
approach to runway 16L. The vortex generation height was approximately 220 meters above ground. The
Denver data set was collected over a one month time interval (late August and September) and covers a
large range of atmospheric conditions.

The accuracy of predictions for the two models was quantified in terms of root mean square error (rmse),
mean absolute error (mae), and bias. The prediction errors in TDP2.1, and APA3.8 for all Memphis 1995
cases are given in Table 3. The errors in TDP2.1 and APA3.8 categorized approximately by phase (OGE
and NGE/IGE) are given in Tables 4-5. Proxy crosswinds were not used in this evaluation. Model prediction
errors for the Dallas/Fort Worth 1997 and Denver 2003 are given in Tables 6 and 7 respectively.

Table 3: Memphis 1995: All 305 Cases

Circulation Lateral Transport Altitude
(normalized by To) (normalized by ho) (normalized by bo)
Model
rmse mae bias rmse mae bias rmse mae bias
TDP21 0.263 0.224 0.028 1.01 0.832 0.095 0.528 0.45 0.072
APA38 0.251 0.215 -0.037 1.029 0.854 0.222 0.559 0.480 0.16
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Table 4: Memphis 1995 (OGE): 219 Cases

Circulation Lateral Transport Altitude
(normalized by I'o) (normalized by ho) (normalized by ho)
M odel
rmse mae bias rmse mae bias rmse mae bias
TDP21 0.254 0.218 0.037 1.061 0.871 0.166 0.588 0.5 0.065
APA38 0.239 0.205 -0.022 1.091 0.904 0.337 0.63 0.542 0.204
Table 5: Memphis 1995 (NGE and IGE): 86 Cases
Circulation Lateral Transport Altitude
(normalized by I'o) (normalized by ho) (normalized by bo)
M odel
rmse mae bias rmse mae bias rmse mae bias
TDP21 0.288 0.242 0 0.85 0.712 -0.132 0.34 0.29 0.093
APA38 0.291 0.247 -0.088 0.832 0.696 -0.147 0.336 0.287 0.015
Table 6: Dallas/Fort Worth 1997 (NGE and IGE): 208 Cases
Circulation Lateral Transport Altitude
(normalized by I'o) (normalized by ho) (normalized by ho)
Model
rmse mae bias rmse mae bias rmse mae bias
TDP21 0.289 0.242 -0.002 0.643 0.519 -0.215 0.29 0.241 0.047
APA38 0.287 0.241 -0.088 0.597 0.493 -0.089 0.287 0.24 -0.06
Table 7: Denver 2003 (OGE): 775 Cases
Circulation Lateral Transport Altitude
(normalized by I'o) (normalized by ho) (normalized by ho)
M odel
rmse mae bias rmse mae bias rmse mae bias
TDP21 0.306 0.285 0.244 1.301 1.198 0.111 0.657 0.554 -0.054
APA38 0.242 0.222 0.196 1.304 1.2 0.119 0.663 0.560 0.074
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Generation of Initial Conditions for Applications

Pre- and post-processing of the input and output data is required for custom applications. Users can
generate vertical profiles of environmental conditions for their applications using either sensor data or
numerical weather prediction models. The current software design of the fast-time models assumes
operations in the terminal area. For example, the initial lateral position of the vortex pair (o) is treated as
an offset with respect to the runway centerline. If the models are used with flight data then appropriate
coordinate transformations are required. Two application examples are briefly described in this section.

Ahmad et al. (2014) evaluated the wake models using wake encounter flight test data (Figure 6). The
crosswind, stratification, and eddy dissipation rate were estimated from the data collected by sensors on the
aircraft (Vicroy et al. 1998). Two sets of deterministic simulations were performed. In the first set, an
instance of fast-time models was initialized every second along the C-130 trajectory, using the yo, zo, Vo and
crosswinds at that location (Figure 6). In the second set of simulations, averaged values of Vo and
crosswinds along the entire trajectory were used. Coordinate transformations were required to convert the
fast-time output of wake location to latitude-longitude-altitude space for visualization and analysis
purposes.

Figure6: Simulationsof NASA'swake vortex encounter flight test. C-130 wasthe wake generator and the OV-
10 wasthefollower aircraft. An instance of TDP2.1 wasinitialized every second in the simulation shown in the
figure (Ahmad et al. 2014).

The second example demonstrates the application of the fast-time models for safety analysis and
accident investigations. A Cessna Citation aircraft crashed at the Will Rogers World Airport in Oklahoma
City, Oklahoma on December 21, 2012. The NTSB carried out an investigation of this accident and
concluded that the accident was likely due to a wake vortex encounter (O'Callaghan, 2013). To determine
the likelihood of a wake vortex encounter, NTSB investigation data was used to evaluate the fast-time wake
vortex models. The wake models in these simulations were used in the probabilistic mode (Gloudemans et
al. 2016). The input data for this analysis was obtained from the NTSB report and included trajectories and
aircraft parameters for the wake generator and the follower as well as detailed weather data. Publicly
available data from the airport surveillance radar and the Cessna's onboard Enhanced Ground Proximity
Warning System (EGPWS) provided both aircraft’s latitude, longitude, and altitude, and the Cessna's
orientation and airspeed.

Figure 7 shows the creation, evolution, and the advection of the simulated wake vortex bounds with the
crosswinds. The red boxes indicate the area where the wake vortex centers are expected within the 2o-
bounds. The results of this analysis agreed with the NTSB report's estimated vortex location and indicated
the possibility of an inadvertent vortex encounter preceding the Cessna’s un-commanded roll.
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Figure7: The A300 and itstrack are shown in thefigure along with the APA3.4 predicted vortex bounds. The
Cessna encountering the wake bounds predicted by the modé is also shown in the figure (Gloudemans et al.
2016).

APA Subroutine Calling Arguments

In addition to the inputs described in previous sections, the models use several other parameters. The
default values of these parameters are hard-coded in the driver routine. These parameters and their default
values are given in Table 8. Parameters which are read from input files are identified in the Default column
of Table 8 and the output parameters list the output filename in the Default column of Table 8. The user
needs to provide the parameters/data read in from the input files. Other parameters initialized in the main
driver should not be changed. The calling arguments for TDP2.1 and APA3.8 are described in detail in this
section. Default values for previous versions of APA model are also provided in Table 8.

TDP Version 2.1

The following call is made from the driver to the TDP2.1 routine:

call APATDP(YZA, ZZA, VZA, BZA, ZMFA, ZGFA, GMFA, GRFA, GNGA,
NTA, TZA, TA, NUA, UZA, UA, NQA, QZA, QA,
AT1, AT2, NTOGA, AT1IM, AT2IM, NTIMGA,
AT1GEl, AT2GEl, NTGElA, AT1GE2, AT2GE2, NTGE2A,
KMAXA, ADTFAC, AEPS, AH1l, AHMIN,
NB, TB, YPB, ZPB, GPB, YSB, ZSB, GSB, FLAG)

MM MMM

APA Version 3.8

The following call is made from the driver to the APA3.8 routine:

call APA38(YzA, ZzA, VZA, BZA, ZMFA, ZGFA, GMFA, GRFA, GNGA,
NTA, TZA, TA, NUA, UZA, UA, NHA, HZA, HA, NQA, QZA, QA,
AT1l, AT2, NTOGA, AT1IM, AT2IM, NTIMGA,
AT1GEl, AT2GEl, NTGElA, AT1GE2, AT2GE2, NTGE2A,
KMAXA, ADTFAC, AEPS, AHl, AHMIN,
ADOGE, ADIMG, ADGEl, ADGE2, ADFAC, ASPEED, AGLDANG,
NB, TB, YPB, ZPB, GPB, YSB, ZSB, GSB, FLAG)

PN M MMM
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Table 8: Description of Calling Arguments

Defaults

# Par ameter Description

‘TDPZ.l‘ APA32 ‘ APA3.4 | APA38

1 YZA Initial lateral position of the vortex (units in MKS) Read from *. ADATA
2 ZZA Initial altitude of the vortex (units in MKS) Read from *.ADATA
3 VZA Initial descent speed of the vortex, Vj (units in MKS) Read from *. ADATA
4 BZA Initial separation between the vortex pair, b, (units in MKS) Read from *. ADATA
ZMFA ZMFA*BZA is the altitude at which Phase II begins 1.25 L5 L5 1.5
ZGFA ZGFA*BZA is the altitude at which Phase III begins 0.6 0.6 0.6 0.6
0.3 (or 0.18
when over
. . . . trees) Read
GMFA is the ratio of the circulation of the ground effect from
GMFA vortices to the circulation of the primary vortices at the time 0.25 0.4 0.35 * ADATA
they enter ground effect :
(only used
by
APA3.8)
GRFA*BZA is the initial distance of the ground effect vortices
8 GRFA from the primary vortices at the time they enter ground effect 04 04 04 04
GNGA is the absolute value of the initial angle to the vertical
made by the line between the primary and ground effect
& GG vortices. This angle is counterclockwise (clockwise) for the g 40 40 S
port (starboard) vortices
Number of points in temperature profile (should be 3 or more,
10 NTA and e>_(tend aboye ar}d below l_lelghts of vortexopredlctlon) Read from * TDATA
negative value implies potential temperature (°K)
positive value implies temperature (°K)
11 TZA Altitude corresponding to the temperature values (m) Read from * TDATA
12 TA Temperature or Potential Temperature values (°K) Read from * TDATA
Number of points in crosswind profile (should be 3 or more, "
R and extend above and below heights of vortex prediction) SERE TRy
14  UZA Altitude corresponding to the crosswind values (m) Read from *. UDATA
15 UA Crosswind values (m/s) Read from *. UDATA
Number of points in eddy dissipation rate (EDR) profile
16 NQA (should be 3 or more, and extend above and below heights of Read from *.QDATA
vortex prediction)
17 QZA Altitude corresponding to the EDR values (m) Read from *.QDATA
18 QA Eddy dissipation rate (EDR) values (m%/s*) Read from *.QDATA
19 ATI Start time for Phase I 0 0 0 0
20 AT2 End time for Phase I 360 360 360 360
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Defaults

# Parameter Description
TDP2.1| APA3.2 | APA34 | APA38

Number of time points for Phase I. If NTOGA < 0, then as the

evolution proceeds, if circulation goes to zero, the lateral

positions of the vortices at the time this occurs are maintained
21  NTOGA as time increases. If NTOGA > 0, then the vortices are allowed | -3601 -3601 -3601 -3601

to advect with the wind. Since vortices with zero circulation

essentially cease to exist, NTOGA is usually defined as <0.

Once read in, NTOGA is redefined as ABS(NTOGA).
22 ATIIM Start time for Phase II 0 0 0 0
23 AT2IM End time for Phase II 360 360 360 360

Number of time points for Phase II (negative value indicates
24  NTIMGA use of crosswind shear gradient term, positive value will run -361 -361 -361 -361

TDP without the crosswind shear gradient term)
25 ATIGEI1 Start time for Phase III 0 0 0 0
26  AT2GEI End time for Phase I1I 360 360 360 360
27  NTGElA Number of time points for Phase I1I 361 361 361 361
28  ATIGE2 Start time for Phase IV 0 0 0 0
29  AT2GE2 End time for Phase IV 360 360 360 360
30 NTGE2A Number of time points for phase IV 361 361 361 361
31 KMAXA Parameter used by the ODE solver routines 20000 | 20000 20000 20000
32 ADTFAC Parameter used by the ODE solver routines 0.01 0.01 0.01 0.01
33 EPSA Parameter used by the ODE solver routines 1.0E-6 | 1.0E-6 1.0E-6 1.0E-6
34  AHI Parameter used by the ODE solver routines 0.01 0.01 0.01 0.01
35 AHMIN Parameter used by the ODE solver routines 1.0E-10 | 1.0E-10 | 1.0E-10 1.0E-10
36 ADOGE Used in the calculation of circulation decay rate (Phase I) 9999. 9999. 9999. 9999.
37 ADIMG Used in the calculation of circulation decay rate (Phase II) 9999. 8 9999. 9999.
38 ADGEI Used in the calculation of circulation decay rate (Phase III) 35 6 12 12
39 ADGE2 Used in the calculation of circulation decay rate (Phase V) 35 6 12 12
40 ADFAC Determines the decay rate due to EDR 9999. 0.55 0.4 0.4
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Defaults

# Parameter Description
‘ TDP2.1 ‘ APA3.2 | APA3.4 ‘ APA3.8
41 NB Model output: number of time history data points Written to model output file
42 TB Model output: time (s) Written to model output file
43  YPB Model output: lateral position of port vortex (m) Written to model output file
44  ZPB Model output: altitude of port vortex (m) Written to model output file
45 GPB Model output: circulation strength of port vortex (m%s) Written to model output file
46 YSB Model output: lateral position of starboard vortex (m) Written to model output file
47 ZSB Model output: altitude of starboard vortex (m) Written to model output file
48 GSB Model output: circulation strength of starboard vortex (m%/s) Written to model output file
49 FLAG Error flag N/A N/A N/A N/A
Factor used to determine amount of effect crosswind has on
50  cwshi the upwind/downwind vortex in IGE, increases linearly from 0 N/A N/A N/A 1.5
to CWFHI as CW* increases from 0 to CWSHI
AL i secondary vorticty in IGE. o GMFA(L o ewthy | A | NA | NA |03
52 facnge g iztl?rrl dt(ig rfr;:gi:’% ;t(r)ingth of measured crosswind in the Near N/A N/A N/A 1.0
5 e g iztl(:l dt(ig rfr;g(c:itli}; ;t(r)ingth of measured crosswind in the In N/A N/A N/A 1.0
5 NHA and extend tbove and below heghts ot voriex predicion) | Read Fom *-VDATA (only used by APA.9
55  HZA Altitude corresponding to the headwind values (m) Read from *.VDATA (only used by APA3.8)
56 HA Headwind values (m/s) Read from *.VDATA (only used by APA3.8)
57  gslope Glide slope (degree) Read from *.ADATA (only used by APA3.8)
58  ACspeed Airspeed (m/s) Read from *.ADATA (only used by APA3.8)

Code Development and Evaluation

George Greene developed one of the earliest versions of fast-time wake vortex prediction models at
NASA in the 1980s. The primary developers of the APA model are George Greene, Donald Delisi, Turgut
Sarpkaya, Robert Robins, and Fred Proctor. The TDP model was developed by Fred Proctor, David
Hamilton, and George Switzer. In addition, the following have contributed in the development and or
evaluation of the wake models (in alphabetical order): Nashat Ahmad, Donald Bagwell, Fanny Limon
Duparcmeur, David Hinton, Ed Johnson, David Lai, Matthew Pruis, David Rutishauser, and Randal

VanValkenburg.
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