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ABSTRACT

A first version of the integrated model EOSTAR (Electro-Optical Signal Transmission and Ranging) to predict the
performance of electro-optical (EO) sensor systems in the marine atmospheric surface layer has been developed. The
model allows the user to define camera systems, atmospheric conditions and target characteristics, and it uses standard
(shipboard) meteorological data to calculate atmospheric effects such as refraction, turbulence, spectrally resolved
transmission, path- and background radiation. Alternatively, the user may specify vertical profiles of meteorological
parameters and/or profiles of atmospheric refraction, either interactively or in data files with a flexible format.
Atmospheric effects can be presented both numerically and graphically as distorted images of synthetically generated
targets with spatially distributed emission properties. EOSTAR is a completely mouse-driven PC Windows program with
a user-friendly interface and extended help files. Most calculations are performed in real-time, although spectral
transmission and background radiation calculations take up to a few seconds for each new meteorological condition. The
program can be used in a wide range of applications, e.g., for operational planning and instruction.
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1. INTRODUCTION

With the increasing use of long-range electro-optical (EO) sensors, especially in naval applications, there is a growing
need to predict the performance of these sensors under different meteorological conditions. Currently, few if any models
are available that provide all elements of the required information-chain. Thus there are models to predict turbulence in
the marine surface layer'>**, and there are models to predict the transmission and background radiation’, both on the
basis of standard (shipboard) meteorological data, but there is no software that couples these programs and presents the
results in a convenient format.

Recognizing this problem, the TNO Physics and Electronics Laboratory, The Hague, The Netherlands and SPAWAR
Systems Center San Diego, USA, started in 2001 the EOSTAR (Electro-Optical Signal Transmission and Ranging)
project to calculate atmospheric effects on infrared (IR) imaging. The aim of the project is to develop a stand-alone PC-
based computer code with a user-friendly interface, and fully user-definable input parameters. The initial design
requirement was to drive the program from simple input parameters: standard meteorological data, available aboard a
ship, and the necessary properties of the applied camera system. The first stage of the simulation is the solution of a
number of micrometeorological models for the evaluation of the vertical profiles of temperature, humidity, and air
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pressure in the marine surface layer, as well as, refraction and turbulence parameters. Subsequently, these data are used
to calculate ray trajectories that simulate the instantaneous field-of-view of the individual camera pixels and which allow
assessing atmospheric distortion, spectrally resolved path-integrated transmission, path and background radiance and
optical turbulence.

In the second phase of the project, a module was added allowing the user to define targets in the scene. The user may
control the geometry and radiative properties of the target in order to simulate realistic targets. Using the above
information, it is now possible to simulate images as seen by the sensor with and without taking into account
atmospheric effects.

The initial developments in the project have been reported previously’. Presently, two user-interfaces are being
developed for the EOSTAR code. The first one focuses on the operational planning aspects, such as the assessment of
the maximum detection range of a given target by a given sensor. This feature of EOSTAR will be discussed elsewhere.
In this contribution, emphasis is placed on the second user-interface that aims to provide an understanding of the
phenomena that cause image distortion and reduced sensor system performance. An overview is presented of the various
modules in the code, and the current status of the project is described.

2. FRONT END

The objective of EOSTAR is to model the performance of EO sensor systems in the marine atmospheric surface layer,
especially in the IR part of the electromagnetic spectrum. The input should be simple and limited to 1) properties of the
selected camera, 2) current meteorological conditions such as wind speed, air and surface temperature, air pressure and
humidity, and 3) a distant target. In addition, the program should run under Windows on standard PC’s with an easily
accessible user interface and sufficient help files (on-line access, demo-tours, etc).

To meet the first requirement, an input module was developed in which users can define their own camera specifications
such as the spectral band, number and size of the pixels, noise performance and optical parameters. Secondary
parameters, such as the field-of-view (FOV), the instantaneous-field-of-view (IFOV), theoretical point spread function
and alternative parameters to express noise are calculated and presented instantaneously. Options are provided to store
and retrieve the camera properties allowing to quickly change between different camera systems in a scene.

A second module was developed that handles the meteorological data and calculates the vertical profiles of wind speed,
air temperature, humidity and pressure using micrometeorological bulk models. These models are based on the Monin-
Obukhov similarity theory and are widespread™*”*° In turn, this module calculates the vertical profiles of the
atmospheric refractive index and the refractive index structure parameter, which are used to calculate the path integrated
transmission losses and turbulence properties. The reliability of the program can be increased if additional information is
provided such as the time of the day, geographical location, observation direction with respect to the sun, and cloud
cover. At present, the module that handles the additional environmental information is partly integrated with the
EOSTAR code and will be fully integrated in the near future.

To visualize atmospheric distortion effects in IR imagery, EOSTAR is equipped with a third module to simulate a
number of (simple) targets, each constructed from sets of triangles. The triangles are associated with a number of
properties such as geometry, temperature and spectral emission. Other properties can simply be added later on. The
target module is being integrated with a signature calculation to evaluate the radiative properties of the target structural
elements under specific atmospheric conditions. In the future, a tool will be added that handles user-defined targets from
external data files.

3. INTERNAL PROCESSES

The EOSTAR program has a number of internal processes, which are sequentially activated each time one of the control
parameters is changed. Thus when one of the meteorological or micrometeorological parameters is changed, all available
bulk models are solved instantaneously and a new set of ray trajectories is calculated to define the viewing paths of the
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various camera pixels. The latter calculation is also activated if one of the camera properties is changed. Subsequently,
the program updates the atmospheric transfer functions, the scintillation and blur along the paths between the camera and
the position of a user-selectable point source, and presents the updated distorted image of a selected distant target. The
updated information is presented promptly without any noticeable delay. Spectrally resolved atmospheric transmission
losses due to both molecules and aerosols are calculated using two separate programs (MODTRAN and ANAM, to be
described later in the manuscript). However, these processes are relatively time-consuming. Therefore, several small
internal look-up tables are prepared for the current meteorological condition, which are subsequently interpolated for
further processing. With this approach, the time required to calculate the path-integrated transmission becomes
comparable with the other processes in EOSTAR. The following sections provide some details of the internal processes
within EOSTAR.

3.1 Meteorological input

As mentioned above, EOSTAR utilizes bulk models to calculate vertical meteorological profiles on the basis of simple
standard observations. EOSTAR is provided with three different micrometeorological models™** and with two different
sets of stability functions'®''. In addition, users can define their own exchange coefficients to meet their specific
requirements. This particular set-up comprises the Turbulence And Refraction Modeling Over the Sea (TARMOS)
model'? used previously®, but extends the options and offers more flexibility. Each of the six models is solved
instantaneously using the given input parameters. The bulk module calculates and presents a large number of results such
as the wind speed, temperature and humidity at the standard height of 10 m, the scaling parameters and roughness
lengths for wind speed, temperature and humidity, and Monin-Obukhov length. Results are simultaneously available for
all six models and a comparison of individual results can be helpful for detailed studies. The performance of the various
bulk models in the module has been verified'? with data available from literature, in particular Smith’s model*.

The user must select one particular model and only the data from that model are used for further calculations. The
calculated profiles of the meteorological parameters are displayed graphically together with the selected input
parameters. An example of (part of) the output of the bulk module is presented in the upper left panel of Figure 1.
Atmospheric structure function parameters (Cy’, Crq qu and C,’) are calculated using the scaling parameters u«, T+ and
g+, also provided by the micrometeorological model" and the dependence of the refractive index on temperature and
humidity (dn/dT and dn/dg). Functions describing the height dependence can be found in the literature'*"”.

Although bulk models are commonly accepted and very useful, the atmospheric conditions in the surface layer cannot
always be perfectly described by these models. There are situations that users prefer to work with measured or synthetic
meteorological profiles to study more complex situations. For this purpose, EOSTAR is provided with a special module,
which allows users to construct or read their own vertical profiles of temperature, humidity, wind speed, and refractive
index (see the upper panel of Figure 2 for an example). However, at this time no information on turbulence parameters
can be calculated when this mode is used.

The meteorological input module has provisions to store and read user-defined data for individual calculations, as well as
to read and process large data files for multiple (sequential) calculations (e.g., to process trial information). The data
format of these files is very flexible.

3.2 Ray trajectories

EOSTAR uses the meteorological data and Edléns model'®'” for the refractive index of air to calculate the vertical
profile of the atmospheric refractive index. A ray tracer is then used to infer the view or ‘ray trajectories’ of individual
camera pixels. Two different approaches can be used: 1) Snell’s law for spherically layered structures'™'*?° and 2) the
parabolic ray approach’*’. The two approaches yield nearly similar results, but the parabolic approach requires
somewhat less computational time. Updating of the ray trajectories requires very limited computer time and is therefore
done automatically after changing one of the meteorological or camera properties. The ray trajectories are presented in a
‘height above the surface’ versus range chart (see the upper right panel of Figure 1).
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The ray trajectory calculation permits assessment of image distortion due to atmospheric refraction. Atmospheric
refraction becomes important for long range observations and/or under special conditions. Well-known are the mirage
effects over roads and Fata Morgana’s in desert environments>******, Similar effects occur over the ocean, hampering
identification and affecting the maximum visibility ranges of objects. Examples of synthesized images in a non-
refracting and in a refracting atmosphere are presented in the lower panels of Figure 1 respectively. Contour lines around
the elementary triangles are shown to emphasize the individual elements of the target.

Ray trajectories are cut off when they reach the height of the wave crests. To this end, the wave field is represented as a
8™ order fully developed Stokes wave with amplitude that is a function of the wind speed™. The exact cut-off height is
very important”’ in the prediction of the occurrence of mirages (a condition when (part of) an object is seen more than
once by a single sensor and/or with different than the original intensity). Therefore, efforts are presently underway to
extend and improve the near-surface module of EOSTAR.

The current version of EOSTAR uses a single set of locally defined meteorological data, which is equivalent to assuming
horizontal homogeneity. However, EOSTAR can easily be extended to work with multiple meteorological data sets
along the range of interest.
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Figure 1. The upper left panel is part of the graphical input module for bulk models. The square symbols refer to the
user-specified meteorological input data. Also shown are the vertical profiles calculated by the bulk model. The upper
right panel shows the ray trajectories in this atmosphere for a camera at a height of 10 m. The solid line is a
representation of the height and location of a distant target (see lower panels). The left lower panel shows the target in a
non-refracting atmosphere (reference view) and the lower right panel the same target in the refracting atmosphere
defined by the upper right panel. The contour lines in the lower panels indicate the individual structural elements of the
target. The images in the lower panels only show refractive effects, no turbulence, transmission or radiative effects.

Proc. of SPIE Vol. 5237



Ray trajectories; Geom.Horz. 11.5 km;

Relative Humidity in % s

a0 B0 ] a0 a0 100
' '

Height [m]

1040

. " T o T T T T T
-5 0 5 10 15 20 25 30 35
Temperature in °C

Range [km]

Figure 2. As figure 1, except that the user has manually defined the profiles of temperature and humidity without
invoking the bulk models. The lower-right panel shows an actual image recorded with a visual camera (SPAWAR
Systems Center San Diego, Santa Ana conditions, target range approximately 20 km) for comparison. The
meteorological conditions for the actual image are not exactly known.

EOSTAR also allows calculating and visualizing the ray trajectories starting from a secondary camera located on the
target and aiming backwards into the direction towards the primary camera. These trajectories will differ when the two
sensors are not at the same height. Consequently, the forward and backward ray trajectories result in different
atmospheric transfer functions (see below) although, following Fermat’s principle®, at least one fraction of both ray
trajectories follows the same paths.

3.3 Horizon

The horizon is an indication of the maximum observation range of small objects near the surface. However, the horizon
is not uniquely defined because atmospheric refraction causes the maximum observation range to be smaller or larger
than can be expected on the basis of geometry only. Therefore, a distinction is made between the geometrical and the
optical horizon.

The geometrical horizon is defined as the length of the straight line between the position of the camera and the farthest
point where this line is tangent to the Earth, thus under the assumption of a non-refracting atmosphere (and for a flat sea
surface). The geometrical horizon is invariant under the meteorological condition. This horizon is indicated in the upper
right panel of Figure 1 by the green line. As an example, a target at 10 m height is ‘above’ the horizon at a range of 23
km.

The optical horizon, on the other hand, is defined as the distance between the camera position and the point where the
ray with the lowest elevation angle is tangent to Earth (accounting for the wave height). Due to atmospheric refraction,
this distance can be smaller or larger than the geometrical horizon. Under the meteorological conditions used to generate
Figure 1, the optical horizon is given by the maximum range of the red lines (16 km for a target at 10 m height).

Often, terms denoted as sub- and super-refraction®’ are used to indicate whether the maximum observation range is
respectively smaller or larger than under the standard atmospheric condition®. It should be noted, however, that the
‘standard condition’ does not correspond to a non-refracting atmosphere. Thus, the ray trajectories in a ‘standard
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atmosphere’ are not simply straight lines but bent slightly towards the Earth due to the negative atmospheric pressure
gradient. Compared to a non-refractive condition, a standard atmosphere is slightly sub-refractive, i.e., rays bend inward
towards the Earth..

3.4 Atmospheric transfer functions

In a non-refracting atmosphere, the ray trajectories for the individual camera pixels are straight lines and their direction
is independent of range. Images of targets are simply predicted by straightforward geometry (see the lower left panels of
Figures 1 and 2). In a refracting atmosphere, on the other hand, the ray trajectories are bent according to Snell’s law. The
construction of images of distant targets then requires the height distribution of the rays at the location of the target. The
atmospheric transfer functions compare ray heights or ray directions in refracting and non-refracting environments (for a
selected target range). For instance, the relationship between the heights of the rays in a refracting and in a non-refracting
atmosphere is an example of an atmospheric transfer function. Other possible transfer functions can be defined using
combinations of vertical camera pixel row or ray index number, height of the rays above the surface, slope of the rays
and variation of the height and slope with the ray-index number. All these ‘transfer functions’ are directly derived using
the ray trajectory data and they are updated immediately when the position of the target is changed. Within EOSTAR,
the user can currently select between 9 different types of transfer functions.

Figure 3 shows two atmospheric transfer functions for ranges of the targets as shown in Figures 1 and 2 (18.5 km and
17.5 km respectively). The transfer function in the left panel indicates that the minimum observation height from the
position of the sensor is about 15 m above the sea level. Furthermore, the knee in the curve indicates that part of the
target, between 15 m and 20 m height, is imaged twice: first inverted and next erect. The negative values for the ‘non
refracted heights’ along the horizontal axis indicate that one would expect images from parts of the sea surface with the
lowest 30 % of the camera pixels. The remainder of the transfer function is more or less a straight line with a slope of
approximately 1, which indicates that there is no more distortion for objects above 20 m height. The transfer function in
the right panel indicates that more distortion is present for the meteorological conditions of Figure 2. Half of the chart
has a positive slope, indicating an erect image and the other part has a negative slope, indicating an image that is
inverted. In more detail, this chart shows that parts of the target, between about 15.8 m and 17.8 m height, are imaged 4
times. As can be seen in the lower center panel of Figure 2, this corresponds to the stack of the ship.
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Figure 3: Atmospheric transfer functions for the ray heights at the position of the targets shown in Figures I and 2.

3.5 Transmission

Atmospheric transmission losses, which reduce the amount of target radiation reaching the camera aperture and
consequently limit the detection range, are caused by scattering and absorption of radiation both by atmospheric
molecules and aerosols. Molecules mainly absorb radiation, and the absorption varies strongly with wavelength,
especially in the IR. Air temperature and humidity are the primary meteorological conditions that determine the
molecular absorption. Aerosols, on the other hand, predominantly scatter radiation and their presence in the marine
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surface layer is strongly related to the wind speed. Thus, the meteorological conditions play an important role for
assessment of the atmospheric transmission losses.

Within EOSTAR, the molecular transmission losses are calculated using the external program MODTRAN® (MODerate
resolution TRANsmittance Code). MODTRAN is not part of EOSTAR and must be ordered separately. This program
provides the spectral atmospheric transmission, path- and background radiance with a maximum resolution of 2 cm™,
which is sufficient for our application. It should be noted, however, that a large number of input parameters must
carefully be selected to obtain the proper output. This is not a straightforward process®’. To aid the user, EOSTAR
automatically prepares the MODTRAN input file, calls MODTRAN and takes care of the necessary analysis of the
MODTRAN output data file (background- and path-radiation are also calculated by MODTRAN, see next section).

Aerosol transmission is calculated using ANAM, the Advanced Navy Aerosol Model*?, which replaces and extends the
well-known predecessor NAM™> (Navy Aerosol Model). ANAM predicts the aerosol size distribution for heights up to
30 m in the marine surface layer as a function of wind speed, relative humidity, and air mass parameter, and calculates
the vertical profile of the spectral extinction coefficient for the marine aerosol.

Compared to other processes in EOSTAR, the external programs MODTRAN and ANAM are much slower in
generating the required output (on the order of seconds in-stead of fractions of seconds). Therefore, updating of the
transmission is not done automatically after changing one of the input parameters, but needs to be activated explicitly by
the user after specification of the input parameters. To further save time, EOSTAR calls MODTRAN and ANAM at a
fixed number of heights and subsequently interpolates these spectral transmission data for other heights to calculate path-
integrated transmission losses along each ray. The required processor time to calculate the path-integrated spectral
transmission using this interpolation process is negligible compared to calls to MODTRAN and ANAM.

3.6 Background- and path radiation

EOSTAR uses MODTRAN (must be ordered separately) to evaluate the spectrally resolved path and background
radiance for each ray. These spectra are required to generate radiometrically correct images, as well as, to calculate the
contrast of possible targets on the sensor. The spectral background radiance is calculated as a function of elevation angle
over the vertical field-of-view of the camera. This approach is necessary because the type of background (sky and sea,
and, therefore, the spectra) and the intensity of the background changes considerably with elevation angle.

Path radiance is caused by atmospheric particles and molecules, which scatter radiation that does not originate from the
target in the direction of the camera. This reduces the contrast of the target against its background. Ultimately, for targets
at long ranges, the path radiance becomes equal to the background radiance. The spectral path radiance must be
calculated over the path between target and camera, and over the (-vertical-) extent of the target.

There are several limitations and inconsistencies between the approaches outlined above. As an example, the calculation
of the background does not yet include spatial variations (e.g., broken clouds). Furthermore, MODTRAN utilizes NAM
to assess the aerosol concentration, whereas our transmission calculations utilize ANAM. Consequently, transmission
and radiance calculations are made for different concentrations of aerosol. Likewise, the ray tracer in MODTRAN is
slightly different from the ray tracer in EOSTAR, and sometimes the one code finds that a particular ray ends in the
water, whereas the other code finds that the ray ends in the sky. Tools are currently being developed to remedy these
shortcomings.

4. RESULTS VISUALIZATION

EOSTAR provides a large number of different output data (some examples are shown in Figures 1 through 3). The
presentation of these data constitutes the ‘back end’ of the program, and is customized to the needs of a specific user.
Most of the data can be directly copied to the Windows clipboard and pasted in other applications, or sent to a printer for
making hard copies, or stored to disk.
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EOSTAR provides output at different levels. First, the internal bulk models provide direct insight in the
micrometeorological condition of the current atmospheric condition, based on the standard meteorological input data.
Results of six different models are instantaneously available after each change of the input data and can be used to
compare different bulk models at a single glance. The results of one of the models are used for further calculations, in
particular to calculate the vertical profiles of the refractive index and the refractive index structure parameter C,”.

The ray trajectories or the observation paths of the camera pixels, which are derived from the vertical profile of the
atmospheric refractive index, as well as the atmospheric transfer functions, can be considered as a second output data set.

Based on these ray trajectories and the vertical profiles of temperature, humidity and refractive index structure
parameter, EOSTAR calculates the path-integrated and spectrally-resolved transmission, background- and path-radiation,
as well as, the scintillation and blur for a point source at a selected position of a distant point target. All these data, which
can be considered as third level data, have been summarized in a small monitor form on the screen for easy access.
Furthermore, EOSTAR has a number of pre-programmed extended targets that can be placed anywhere in the user-
defined space and viewed from any aspect angle to study the atmosphere effects on IR imaging. These targets are
constructed from triangles, which can be given several properties such as temperature and spectral emission coefficient.
With this information and the spectrally resolved atmospheric transmission, background and path radiation it is possible
to simulate a true spectral image of a target in the scene as seen by the sensor system and to calculate the radiance or
contrast for the selected aspect angle.

A unique and very powerful element of the EOSTAR modeling suite is the inclusion of several stand-alone modules, or
tools. These tools provide more detailed information on various aspects of atmospheric propagation. There is a relatively
simple interface to MODTRAN that calculates and displays the spectrally resolved molecular transmission, background
radiation and path radiation based on a user-defined input data set. This interface can be coupled to the selected bulk
model for the necessary meteorological input data. A second tool based upon ANAM enables a visualization of the
change in the model particle size as a function of the input parameters. This permits the user to vary any of the four
primary input parameters to see immediately the effect on the size distribution and the spectral extinction properties. The
graphics user interface to ANAM is shown in Figure 4. The right graph gives the possibility to change wind speed,
humidity, height and air mass parameter simply by dragging the symbols whereas the left graph gives the spectral
distribution of the aerosol. A provision is made to switch instantaneously between number, area and volume distribution.
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The bulk models input module (shown in Figure 1) also constitutes a separate tool, which provides instantaneously
vertical profiles of air temperature, humidity, wind speed and pressure on the basis standard (bulk) meteorological
observations. In addition, this module gives also instantaneously the numerical results of six commonly used
micrometeorological models based on these observations, which is very helpful to compare the performance of the
different models and to make a proper decision for using a specific model.

Other tools provide information that may be helpful to set parameters for certain types of calculations, such as the
detection range of a particular target. A tool developed around the equations of Planck’s law calculates the emittance,
radiance, and peak wavelength of a black body radiator on the basis of temperature and vice versa. Furthermore, if the
size of the target is defined, the total or band-integrated radiation and intensity are calculated under the assumption that
the source can be considered as a point source. The design of the tool is such that all processes work forward- and
backward and that the user is informed of any lack in the information flow. Furthermore a tool is provided to calculate
properties of wind driven sea waves and a tool to calculate the surface temperature and IR emission of high-speed air
borne targets.

5. VALIDATION

Results generated by EOSTAR have been compared with theoretical and experimental data available from literature.
First, the default bulk micrometeorological model was tested'” and it was shown that the results are in excellent
agreement with earlier published data®. Subsequently, the performance of the ray tracer and the module that generates
synthetic images of point sources was compared with experimental data available from literature®**>***7?%34 to verify
horizon, mirage images, and maximum intervision ranges. This comparison shows that there is a very good agreement
between the experimental results and the same data generated by EOSTAR on the basis of bulk meteo data. Comparison
with other experimental data*"***** both for geometric effects and turbulence effects is currently underway and is
promising. The validation efforts will be reported in full detail in a different manuscript.

6. CONCLUSIONS

An initial version of the computer program EOSTAR has been developed to simulate visual and IR images of targets in
the marine surface layer. The basis for this program is formed by (bulk) meteorological parameters like air temperature,
humidity, pressure, wind speed, and water temperature, and the properties of a selected camera system. Vertical profiles
of the refractive index n and the refractive index structure function C,*, required to predict atmospheric refraction and
turbulence respectively, are calculated using the Monin-Obukhov similarity theory. Using these profiles, EOSTAR
calculates ray trajectories, atmospheric transfer functions, geometrical and optical horizon, scintillation, blur and, finally,
a simulated image of a selected target. Although the program is rather large, the update of this simulated image is almost
instantaneously after changing one of the input parameters.

Spectrally resolved transmission, background and path radiance are calculated using calls to the external programs
MODTRAN and ANAM. However, in comparison with other EOSTAR processes, these external programs are relatively
time-consuming, requiring a few seconds to generate the desired output. Therefore, these parameters are only updated at
the user’s request and the external codes generate small data sets, which in turn are interpolated to obtain the path-
integrated transmission, path and background radiation. These additional parameters, together with the intrinsic radiance
of the target, allow simulating radiometrically correct images of targets as seen by the sensor.

EOSTAR has a user-friendly interface, is completely mouse-driven, runs under Windows on a standard PC and requires
no special installation routines. (However, in order to access the MODTRAN molecular routines, the user must have
installed the MODTRAN code, available from ONTAR™.) The following versions of MODTRAN have successfully
been used with EOSTAR: Mod3, Mod315, Mod3p5, Mod371, Modtran4, Mod4r01, Mod4vr0 and PcModwin. Users can
access and modify most of the program parameters (e.g., define their own camera systems), and provisions have been
made to handle large input data files for automatic analysis. Future developments will focus on an improved description
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of the propagation environment (e.g., the near-surface region), as well as on the customization of the user-interface to
meet specific requirements of (potential) customers.
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