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1.0 Abstract

This paper documents the research for and development of 
the unified wind turbulence model block for a Commercial 
Off-the-Shelf (COTS) software package that allows for a 
graphical hierarchical block diagram representation of entire 
vehicles including environment and control models. 
Recognized standards were used as a basis for the COTS wind 
turbulence block's operational requirements. Standards used 
were MIL-F-8785C and MIL-HDBK-1797, which provide 
guidelines for modeling wind turbulence. Additionally 
multiple papers on wind turbulence were referenced. 

This paper is not only a collection of information from 
different versions of the standards and multiple papers, but 
also an interpretation and a integration of this information. 
This research involves the continuous Von Kármán 
turbulence, the continuous Dryden turbulence, and the 
discrete Dryden turbulence. There are many topics to be 
covered in documenting this research. Some topics of interest 
are the multiple interpretations of the angular rate filters, the 
variation in scale lengths in the different versions of the 
recognized standards, and their effects on the Von Kármán 
and Dryden filters. Other topics to be discussed in this paper 
are the application of the low altitude model, the application 
of the medium/high altitude model, and, particularly, a 
method for transitioning between the two models. A 
concluding topic discusses how these differences in the 
standards can be integrated into a single unified graphical 
model.

2.0 Symbols

3.0 Interpretation of the Standards

The military guidelines for modeling wind turbulence are 
complicated partially because their implementation is not 
always obvious. Therefore, to use the guidelines properly, 
much analysis and interpretation of the guidelines is required. 
For those who are not directly interested in the study of wind 
turbulence, this paper provides the unique service of being a 
compilation of military standard wind turbulence information 
and implementation. Much of the information needed for a 
basic understanding and implementation of wind turbulence 
models defined by military guidelines is contained in the 
following sections.

3.0.1 Definitions of Turbulence Spectra

According to the military references[1, 2], turbulence is a 
stochastic process defined by velocity spectra. The turbulence 
field is assumed to be visualized as frozen in time and space 
(i.e.: time variations are statistically equivalent to distance 
variations in traversing the turbulence field). This assumption 
implies the turbulence-induced responses of the aircraft result 
only from the motion of the aircraft relative to the turbulent 
field.

ω Temporal frequency
b Aircraft wingspan
h Altitude
u20 Wind speed at 20 feet
ug Disturbance velocity along the x-axis
vg Disturbance velocity along the y-axis
wg Disturbance velocity along the z-axis
pg Disturbance angular velocity about the x-axis
qg Disturbance angular velocity about the y-axis
rg Disturbance angular velocity about the z-axis
Lu Scale length of ug

Lv Scale length of vg

Lw Scale length of wg

σu Root-mean-square intensity of ug

σv Root-mean-square intensity of vg

σw Root-mean-square intensity of wg

Φu Spectrum for ug

Φv Spectrum for vg

Φw Spectrum for wg

Φp Spectrum for pg

Φq Spectrum for qg

Φr Spectrum for rg
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In the military references[1, 2], either the Dryden spectral 
representation or the Von Kármán spectral representation can 
be used to generate turbulence by filtering band-limited white 
noise with an appropriate forming filter derived from the 
spectral representation. 

The following two tables display the longitudinal spectra 
functions for Dryden and Von Kármán turbulence from both 
military references.

The following two tables display the lateral spectra 
functions for Dryden and Von Kármán turbulence from both 
military references.

The following two tables display the vertical spectra 
functions for Dryden and Von Kármán turbulence from both 
military references.

Examining the previous tables, minor differences can be 
seen in the spectra from MIL-F-8785C[2] and MIL-HDBK-
1797[1]. These differences are due to changes to the lateral 
and vertical scale lengths in the two references. An additional 
notable detail is the sign of the lateral and vertical angular rate 
spectra. This is due to multiple approximations of turbulence 
angular rates.

MIL-F-8785C MIL-HDBK-1797

Table 1: Dryden Longitudinal Spectra

MIL-F-8785C MIL-HDBK-1797

Table 2: Von Kármán Longitudinal Spectra

MIL-F-8785C MIL-HDBK-1797

Table 3: Dryden Lateral Spectra
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Table 4: Von Kármán Lateral Spectra
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Table 5: Dryden Vertical Spectra
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Table 6: Von Kármán Vertical Spectra
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3.1 Multiple Approximations of Angular Rates

There are multiple definitions of the angular rate filters 
due to multiple approximations of turbulence angular rates. 
The spectral density definitions are dependent on these 
approximations of turbulence angular rates that are defined in 
the references as three variations. These turbulence angular 
rates variations are displayed in the following table.

The variations in definitions affect only the vertical (qg) 
and lateral (rg) turbulence angular rates, since the longitudinal 
turbulence angular rate spectrum, , is a rational 
function. This rational function is derived from curve-fitting a 
complex algebraic function, not the vertical turbulence 
velocity spectrum, , multiplied by a scale factor. 
Because the turbulence angular rate spectra contribute less to 
the aircraft gust response than the turbulence velocity spectra, 
it may explain the variations in the angular rate definitions.

The turbulence angular rate variations lead to the 
following table of sign combinations for vertical and lateral 
turbulence angular rate spectra. These sign combinations were 

previously represented in the lateral and vertical spectra tables 
(tables 4 through 6). The selection of sign combinations for 
the lateral and vertical turbulence angular rate spectra directly 
affects the sign of the resulting angular rate filters. These 
resulting filters can be seen in the next section.

3.2 Resulting Velocity and Angular Rate Filters

To generate a turbulence signal with the correct 
characteristics, a unit variance, band-limited white noise 
signal is passed through or used in the appropriate filters. 
These filters are ultimately derived from the turbulence 
spectra. Three forms of the filters are covered in the military 
references[1,2]

• Continuous Von Kármán,

• Continuous Dryden, and

• Discrete Dryden.

The details of each type of filter are discussed in the 
following paragraphs.

3.2.1 Continuous Von Kármán Filters

To use the continuous Von Kármán filter properly, the unit 
variance, band-limited white noise signal is passed through 
the Von Kármán forming filters. Deriving forming filters 
requires that the spectral square roots be obtainable from the 
spectrum equations. Since the Von Kármán spectra are not 
spectrally factorable, the Von Kármán spectra must be curve-
fitted to a satisfactory degree of approximation with a 
factorable spectral form for which transfer functions may be 
obtained[3]. The Von Kármán forming filters are then derived 
from the spectral square roots of the approximated spectrum 
equations. 

MIL-F-8785C &
MIL-HDBK-1797

(Notice 1)
MIL-HDBK-1797 Reference [6]

Table 7: Angular Rate Approximations

MIL-F-8785C &
MIL-HDBK-1797

(Notice 1)
MIL-HDBK-1797 Reference [6]

Vertical

Lateral

Table 8: Signed Vertical and Lateral Spectra
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Defined in references [1] and [5], the forming filters, 
approximations of the Von Kármán velocity spectra, are valid 
in a range of normalized frequencies of less than 50 radians.

An interesting side note is that since the Von Kármán 
turbulence spectra must be curve-fitted, it is possible to create 
alternative or higher-order forming filters. These alternatives 
are not covered in the military references[1,2].

3.2.2 Continuous Dryden Filters

To use the continuous Dryden filter properly, the unit 
variance, band-limited white noise signal is passed through 
the Dryden forming filters. Deriving forming filters requires 
that the spectral square roots be obtainable from the spectrum 
equations. Since the Dryden spectra are spectrally factorable, 

the Dryden forming filters are then derived from the spectral 
square roots of the Dryden spectrum equations. 

3.2.3 Discrete Dryden Filters

To use the discrete Dryden filter properly, the unit 
variance, band-limited white noise signal is used in the digital 
filter finite difference equations. To derive the discrete Dryden 
finite difference equations, the euler integration method is 
applied to the continuous Dryden forming filters.

MIL-F-8785C &
MIL-HDBK-1797

Table 9: Continuous Von Kármán Turbulence Transfer Functions
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Table 10: Continuous Dryden Turbulence Transfer Functions
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The following table displays the digital filter finite 
difference equations.

3.3 Application at Altitude

The method of applying the wind turbulence models is 
defined in the military references[1, 2]. The turbulence model 
is divided into two distinct regions, low altitude and medium/
high altitude, affecting the turbulence scale lengths and 
intensities used to generate wind velocities and angular rates. 
Additionally, the turbulence axes orientation also differs in 
these regions. 

3.3.1 Low Altitude Model

The low altitude model is defined as altitude less than or 
equal to 1000 feet. Three values are defined in this region; 

• turbulence scale length,

• turbulence intensity, and

• turbulence axes orientation.

According to the military references[1, 2], the turbulence 
scale lengths at low altitudes are represented in the following 
table. 

According to the military references[1, 2], the turbulence 
intensities are given in the following equations.

(1)

(2)

Typical values for wind speed at 20 feet are defined in the 
military references[1, 2]. These typical values are defined in 
the following table.

In the low altitude region, the turbulence axes orientation 
is defined as

• Longitudinal turbulence velocity, ug, along the 
horizontal relative mean wind vector, and

• Vertical turbulence velocity, wg, aligned with vertical. 

In this region, the output of the COTS block is transformed 
into body coordinates.

3.3.2 Medium/High Altitude Model

The medium/high altitude is defined as altitude greater 
than or equal to 2000 feet. Three values are defined in this 
region; 

• turbulence scale length,

• turbulence intensity, and

• turbulence axes orientation.

According to the military references[1, 2], for medium to 
high altitudes the turbulence scale lengths and intensities are 
based on the assumption that the turbulence is isotropic. In the 

MIL-F-8785C MIL-HDBK-1797

Table 11: Discrete Dryden Turbulence Difference Equations
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Table 12: Low Altitude Turbulence Scale Lengths

Turbulence Level u20
Light 15 knots

Moderate 30 knots
Severe 45 knots

Table 13: Typical Wind Speeds at 20 feet
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military references[1, 2], the scale lengths are represented by 
the following equations. 

In the military references[1, 2], the turbulence intensities 
are defined in a diagram that provides the turbulence intensity 
as a function of altitude and the probability of the turbulence 
intensity being exceeded (Figure 1). These turbulence 
intensities are implemented in a lookup table within the COTS 
software.

Figure 1: Medium/High Turbulence Intensities

The relationship of the turbulence intensities is 
represented in the following equation.

(3)

In the medium/high altitude region, alignment of the 
turbulence axes with either the body or stability coordinates is 
deemed equally acceptable in references [3,7]. For the COTS 
block, the turbulence axes orientation is chosen to be aligned 
with the body coordinates.

3.3.3 Method for Transitioning Between Regions

For the COTS block, the altitudes in the transition region 
are defined as between low and medium/high altitudes, i.e. an 
altitude above 1000 feet and below 2000 feet. This region is 
undefined within the military references[1, 2]. In order 
provide a turbulence model that is continuous in altitude, a 

method for transitioning between the two regions was 
developed for the COTS block.

The method developed for transitioning between low and 
medium/high altitudes is reasonably straightforward. At 
altitudes between 1000 feet and 2000 feet, the turbulence 
velocities and turbulence angular rates are determined by 
linearly interpolating between the value from the low altitude 
model at 1000 feet transformed from mean horizontal wind 
coordinates to body coordinates and the value from the high 
altitude model at 2000 feet in body coordinates.

3.4 Effects of Scale Length

The general effects of an alternate scale length value are a 
change in the power spectral density asymptote and gust load 
of the turbulence. It is acceptable to use scale lengths that 
differ from those specified by the military references[1,2], but 
the resulting turbulence does not conform to the turbulence of 
those references. 

The effects on the turbulence filters due to changes in the 
scale lengths between military references[1,2] are discussed 
below. For the continuous Dryden filters, evaluating the 
turbulence scale lengths within the transfer functions results in 
the same final transfer functions. This is due to the factor of 
two differences in turbulence scale lengths and turbulence 
transfer functions offsetting each other. For the continuous 
Von Kármán filters, the references[1,5] refer to the same 
transfer functions for both military specifications. The 
turbulence scale lengths changes between military references 
have not impacted the form of the continuous Von Kármán 
turbulence transfer functions. For the discrete Dryden filters, 
the scale lengths do not affect the difference equations. The 
difference equations are defined in terms of Lu, which does 
not change between the military references.

4.0 Development of Unified Block in COTS

Using the collected information from the military 
references[1,2], a unified wind turbulence model block for a 
COTS software package, Simulink®, was developed. A 
general overview of the block, such as the block's user 
interface is given. The block’s structure and method of 
implementing all three wind models is shown. The graphical 
implementation of the interpolation method for transitioning 
between the low and medium/high altitude models is also 
shown. 

4.1 Availability of COTS Block

The unified COTS wind turbulence model block will be 
available within a future release of the Aerospace Blockset 
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Table 14: Dryden Turbulence Scale Lengths

 MIL-F-8785C MIL-HDBK-1797

Table 15: Von Kármán Turbulence Scale Lengths

Lu Lv Lw 1750= = = f t Lu 2Lv 2Lw 1750= = = ft

Lu Lv Lw 2500= = = f t Lu 2Lv 2Lw 2500= = = ft

σu σv σw= =



from The MathWorks, Inc. An overview of library contents of 
that version of Aerospace Blockset is shown in Figure 2.

Figure 2: Aerospace Blockset Library Overview

To locate the unified wind turbulence model block, open 
the environment library, which exposes the atmosphere, 
gravity and wind libraries. By opening the wind library, the 
block is exposed. Using the Simulink library feature of linked 
blocks, all variations of the unified block are shown in Figure 
3. The unified block does not include the Discrete Wind Gust 
Model block, the Wind Shear Model block, or the Horizontal 
Wind Model block, which are also shown in Figure 3. 

Figure 3: Wind Library

4.2 Block Inputs and Outputs

The various wind turbulence models have the identical 
inputs and outputs, which made creating a single unified block 
easier. The inputs to the block are

• altitude,

• aircraft speed, and

• direction cosine matrix.

The outputs of the block are

• a three-element signal containing the turbulence 
velocities, and

• a three-element signal containing the turbulence 
angular rates.

Since no adjustments are needed due to the inputs or outputs, 
inputs and outputs have no affect on the structure of the block. 

4.3 Mask Parameters

Select parameters are needed to simulate the wind 
turbulence model. Since these parameters are the same for all 
models, the block dialog does not change. The parameters are 
set by the block dialog shown in Figure 4.

Figure 4: Wind Turbulence Dialog

Below are detailed descriptions of the parameters in the 
dialog.

Units 
Define the units of wind speed due to the turbulence. 

Specification 
Define which military reference to use. This affects the 
application of turbulence scale lengths in the lateral and 
vertical directions.

Wind Velocity Altitude Airspeed

Metric (MKS) Meters/second Meters Meters/second

English 
(Velocity in ft/s)

Feet/second Feet Feet/second

English 
(Velocity in kts)

Knots Feet Knots



Model Type 
Select the window turbulence model to use.

Wind speed at 6 m defines the low altitude intensity 
The measured wind speed at a height of 20 feet (6 meters) 
provides the intensity for the low-altitude turbulence 
model.

Wind direction at 6 m (degrees clockwise from north)
The measured wind direction at a height of 20 feet (6 
meters) is an angle to aid in transforming the low-altitude 
turbulence model into a body coordinates.

Probability of exceedance of high altitude intensity
Above 2000 feet, the turbulence intensity is determined 
from a lookup table that gives the turbulence intensity as a 
function of altitude and the probability of the turbulence 
intensity’s being exceeded.

Scale length at medium/high altitudes
The turbulence scale length above 2000 feet is assumed 
constant. From the military references, a value of 1750 
feet is recommended for the longitudinal turbulence scale 
length of the Dryden spectra. From the military references, 
a value of 2500 feet is recommended for the longitudinal 
turbulence scale length of the Von Kármán spectra.

Wingspan
The wingspan is required in the calculation of the 
turbulence on the angular rates.

Band-limited noise sample time (seconds) 
The sample time at which the unit variance white noise 
signal is generated.

Noise seeds 
There are four random numbers required to generate the 
turbulence signals, one for each of the three velocity 
components and one for the roll rate. The turbulences on 
the pitch and yaw angular rates are based on further 
shaping of the outputs from the shaping filters for the 
vertical and lateral velocities.

Turbulence on 
Selecting the check box generates the turbulence signals.

Although no changes are needed in the number or type of 
block parameters, the parameters affect the subsystems of the 
block. The biggest effects are the subsystem changes required 
to simulate the selected turbulence model type.

4.4 Structure of COTS Block

The top level structure of the unified wind turbulence 
block does not change. The block is conveniently structured 
so that entire subsystems may be replaced to simulate the 
selected wind turbulence model. Figure 5 shows the highest 
level of the block.

Figure 5: Top Level of Wind Turbulence Block

The replaceable subsystems are the filters on velocities 
subsystem and the subsystems shown in Figure 6. The 

Model Description

Continuous Von Kármán (+q -r)

Use continuous representation of Von 
Kármán velocity spectra with positive 
vertical and negative lateral angular rates 
spectra.

Continuous Von Kármán (+q +r)
Use continuous representation of Von 
Kármán velocity spectra with positive 
vertical and lateral angular rates spectra.

Continuous Von Kármán (-q +r)

Use continuous representation of Von 
Kármán velocity spectra with negative 
vertical and positive lateral angular rates 
spectra.

Continuous Dryden (+q -r)
Use continuous representation of Dryden 
velocity spectra with positive vertical and 
negative lateral angular rates spectra.

Continuous Dryden (+q +r)
Use continuous representation of Dryden 
velocity spectra with positive vertical and 
lateral angular rates spectra.

Continuous Dryden (-q +r)
Use continuous representation of Dryden 
velocity spectra with negative vertical and 
positive lateral angular rates spectra.

Discrete Dryden (+q -r)
Use discrete representation of Dryden 
velocity spectra with positive vertical and 
negative lateral angular rates spectra.

Discrete Dryden (+q +r)
Use discrete representation of Dryden 
velocity spectra with positive vertical and 
lateral angular rates spectra.

Discrete Dryden (-q +r)
Use discrete representation of Dryden 
velocity spectra with negative vertical and 
positive lateral angular rates spectra.



subsystems in Figure 6 are within the top level subsystem, 
filters on angular rates.

Figure 6: Filters on Angular Rates Subsystem

Figure 7 shows a library of replaceable subsystem options. 
The filters on velocity subsystem can be either continuous 
Dryden turbulence, continuous Von Kármán turbulence, or 
discrete Dryden turbulence. There are multiple combinations 
of filters on angular rates based on the sign of the turbulence 
angular rate spectra.

Figure 7: Library of Turbulence Filters

4.5 Implementation of Interpolation Method

The unified wind turbulence block calculates both low 
altitude turbulence and medium/high altitude turbulence. If 
the altitude is above the low altitude region then the 
turbulence is calculated at 1000 ft or if the altitude is below 
the medium/high altitude region then the turbulence is 
calculated at 2000 ft. Within the turbulence selection 
subsystem, shown in Figure 8, the appropriate altitude 

turbulence is selected for the block’s output via a set of if-
elseif-else subsystems.

Figure 8: Turbulence Selection Subsystem

If the altitude lies within the low altitude region, the if 
subsystem is enabled. The if subsystem, shown in Figure 9, 
contains the low altitude turbulence selection and 
transformation to body axes.

Figure 9: Low Altitude

If the altitude lies in the medium/high altitude region, the 
elseif subsystem is enabled. The elseif subsystem, shown in 
Figure 10, contains the medium/high altitude turbulence 
selection, which is in body axes.

Figure 10: Medium/High Altitude



If the altitude lies in neither the low nor the medium/high 
altitude region, the interpolation method is implemented. The 
interpolation method takes turbulence values and linearly 
interpolates between the value from the low altitude model at 
1000 feet transformed body axes and the value from the high 
altitude model at 2000 feet in body axes.

Figure 11: Altitude Interpolation

This turbulence selection subsystem and interpolation 
method are used for both the wind turbulence velocity and the 
wind turbulence angular rates.

5.0 Application of Unified Wind Turbulence Block

To use the wind turbulence block within the COTS 
software is relatively easy. Reference [3] describes the 
application of wind turbulence to be the simple addition of the 
wind turbulence velocity and the velocity of the aircraft in 
body coordinates along with the simple addition of the wind 
turbulence angular rates and the angular rates of the aircraft in 
body coordinates.

6.0 Conclusion

This compilation of military standard wind turbulence 
information in a single location should be helpful to those who 
are not directly interested in the study of wind turbulence, but 
are required to use these wind turbulence models to validate 
their air vehicle stability, control, or structural designs. These 
individuals should also benefit from having this unified block, 
which not only seamlessly transitions between models, but 
also easily selects multiple wind turbulence models for 
simulation, analysis, and code generation within Simulink, a 
COTS block diagram software package.

7.0 References

[1] U.S. Military Handbook MIL-HDBK-1797, 19
December 1997.

[2] U.S. Military Specification MIL-F-8785C, 5 Novem-
ber 1980.

[3] Chalk, C., Neal, P., Harris, T., Pritchard, F., Woodcock,
R., “Background Information and User Guide for MIL-
F-8785B(ASG), 'Military Specification-Flying Quali-
ties of Piloted Airplanes',” AD869856, Cornell Aero-
nautical Laboratory, August 1969.

[4] Hoblit, F., “Gust Loads on Aircraft: Concepts and
Applications,” AIAA Education Series, 1988. 

[5] Ly, U., Chan, Y., “Time-Domain Computation of Air-
craft Gust Covariance Matrices,” AIAA Paper 80-
1615, Atmospheric Flight Mechanics Conference,
Danvers, MA., August 11-13, 1980.

[6] McRuer, D., Ashkenas, I., Graham, D., “Aircraft
Dynamics and Automatic Control,” Princeton Univer-
sity Press, July 1990. 

[7] Moorhouse, D., Woodcock, R., “Background Informa-
tion and User Guide for MIL-F-8785C, 'Military Spec-
ification-Flying Qualities of Piloted Airplanes',”
ADA119421, Flight Dynamic Laboratory, July 1982.

[8] McFarland, R., “A Standard Kinematic Model for
Flight Simulation at NASA-Ames,” NASA CR-2497,
Computer Sciences Corporation, January 1975.

[9] Tatom, F., Smith, R., Fichtl, G., “Simulation of Atmo-
spheric Turbulent Gusts and Gust Gradients,” AIAA
Paper 81-0300, Aerospace Sciences Meeting, St.
Louis, MO., January 12-15, 1981.

[10] Yeager, J., “Implementation and Testing of Turbulence
Models for the F18-HARV Simulation,” NASA CR-
1998-206937, Lockheed Martin Engineering & Sci-
ences, March 1998.

[11] Aerospace Blockset version 1.5, The MathWorks, Inc.,
2003.


	Title - Creating a Unified Graphical Wind Turbulence Model from Multiple Specifications
	Heading1 - 1.0 Abstract
	Heading1 - 2.0 Symbols
	Heading1 - 3.0 Interpretation of the Standards
	Heading3 - 3.0.1 Definitions of Turbulence Spectra
	Heading2 - 3.1 Multiple Approximations of Angular Rates
	Heading2 - 3.2 Resulting Velocity and Angular Rate Filters
	Heading3 - 3.2.1 Continuous Von Kármán Filters
	Heading3 - 3.2.2 Continuous Dryden Filters
	Heading3 - 3.2.3 Discrete Dryden Filters

	Heading2 - 3.3 Application at Altitude
	Heading3 - 3.3.1 Low Altitude Model
	Heading3 - 3.3.2 Medium/High Altitude Model
	Heading3 - 3.3.3 Method for Transitioning Between Regions

	Heading2 - 3.4 Effects of Scale Length

	Heading1 - 4.0 Development of Unified Block in COTS
	Heading2 - 4.1 Availability of COTS Block
	Heading2 - 4.2 Block Inputs and Outputs
	Heading2 - 4.3 Mask Parameters
	Heading2 - 4.4 Structure of COTS Block
	Heading2 - 4.5 Implementation of Interpolation Method

	Heading1 - 5.0 Application of Unified Wind Turbulence Block
	Heading1 - 6.0 Conclusion
	Heading1 - 7.0 References




