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(U) Summary

There is a large number of factors which may influence the performance of thermal
surveillance systems used in any given scenario. Some of the parameters needed
for making an accurate performance prediction might be known, but many more are
typically unknown or must be loosely guessed based on past experiences and information
about similar systems and comparable situations. It is hardly realistic that operators will
have access to a comprehensive list of parameters nor the numerical tools required to
perform accurate predictions of the effective detection range during real-world operations.
Simpler range estimation methods might be needed and rough guesses of system and
environmental parameters might be necessary in order to get a reasonably good sense of
the effective range of thermal sensors in operational settings.

This report gives an introduction to the topic of thermal acquisition range estimation. It
describes two common methods for performing calculations of this kind. The first method
is formulated by a very simple equation but only considers target size and the most basic
sensor properties. The second method, as formulated in STANAG 4347, is originally a
non-linear equation which is commonly solved geometrically. This makes the method
less suited for quick and automated estimation. Therefore, this report proposes a new,
parametric second-order algorithm based on the STANAG 4347 method, where range can
be estimated with model uncertainties easily being taken into account.

To illustrate the use of the new algorithm, this report provides numerical examples
relevant to the Norwegian Armed Forces. We look at 8 different thermal camera setups,
ranging from low-weight binoculars to relatively large, vehicle-mounted systems. Since
the second method takes into account atmospheric attenuation, a separate model for
estimating the extinction coefficient for different climatic conditions has also been de-
veloped. The model is described in some detail. In addition, extensive tables are provided
which list the extension coefficient calculated for a wide range of different weather and
climate scenarios. In practical use, the idea is that an operator will have access to the
tables rather than the full atmospheric model.
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(U) Sammendrag

Det er mange faktorer som kan veere med pa a bestemme ytelsen til termiske over-
vakningssystemer brukt i bestemte scenarioer. Noen av parametrene som trengs for &
utfore noyaktige prediksjoner om ytelse, vil kunne veere kjent. Langt flere parametre vil
likevel typisk veere ukjent eller ma lgselig anslas basert pa erfaringer og informasjon om
lignende systemer og sammenlignbare situasjoner. Det er lite realistisk at operaterer vil
ha tilgang til fullstendige parameterlister eller de numeriske verktay som trengs for & kunne
gjennomfare noyaktige prediksjoner av effektiv deteksjonsrekkevidde under realistiske
scenarioer. Enklere metoder for overslag av rekkevidde basert pa omtrentlige antagelser
om system- og miljgparametre kan utgjere ngdvendige verktgy for & oppna en god for-
staelse av effektiv sensorrekkevidde i en operasjonell situasjon.

Denne rapporten gir en innfaring i temaet termisk rekkeviddeestimering. Den beskriver
to metoder som er i vanlig bruk ved estimering av rekkevidden til termiske kameraer. Den
forste metoden kan uttrykkes gjennom en enkel ligning, men tar kun hensyn til malets
starrelse og de mest grunnleggende sensoregenskapene. Den andre metoden, slik den
er formulert i STANAG 4347, er opprinnelig en ikke-lineger ligning som vanligvis blir last
geometrisk. Dette gjor metoden mindre egnet til raske og automatiserte estimater. Av
den grunn, blir det i denne rapporten foreslatt en ny parametrisk, andre-ordens algoritme
basert pa metoden fra STANAG 4347, der sensorrekkevidde estimeres pa en slik mate at
modellusikkerheter enkelt kan tas med i betraktning.

For & illustrere bruken av den nye algoritmen gir rapporten numeriske eksempler
relevante for det norske Forsvaret. Vi tar for oss 8 ulike termiske kameraoppsett, fra lette
kikkerter til sterre, kjgreteymonterte systemer. Siden den andre beregningsmetoden tar
hensyn til atmosfeerisk dempning, har ogsa en separat modell for utregning av dempnings-
koeffisient ved ulike klimatiske forhold blitt utviklet. Denne modellen er relativt detaljert
beskrevet i rapporten. | tillegg er det utarbeidet omfattende tabeller som lister opp
dempningskoeffisienten ved et stort spekter av ulike vaer- og klimatyper. | praktisk bruk
er tanken at en operater vil ha tilgang til disse tabellene heller enn den fullstendige
atmosfaeriske modellen.
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1 Introduction

Target acquisition, the detection, identification, and location of a target, is an essential part of
any military operation. For this reason, it is of vital importance to have a realistic view of the
capabilities of the electro-optical equipment involved in a given scenario. Often, this boils down to
answering the questions:

* How far can we/the enemy see?
e What will we/the enemy be able to see/detect on a given distance?

There are many factors that play a role in determining the range capability of a camera. Some of
these factors are of course determined by the technical specifications of the camera in question,
such as the focal length, the view angle, the pixel pitch, resolution and noise level. It is also quite
obvious that the range capability will be affected by weather and atmospheric conditions (e.g.
atmospheric turbulence, humidity, rain, fog, or snow). In addition to this, the characteristics of the
observed scene should be taken into account. The first of the two posed questions logically requires
an answer which only provides information about a specific distance. It does not consider the scene
at all. The latter question, at least expects an answer which specifies a target (with a known size and
shape) at a specific distance. Still, this is only a small fraction of the information that characterises
a scene. What is the contrast between a potential target and the background? Is the target moving or
is it static? What is the orientation of the target? Is the target partially covered by other constituents
of the scene (for instance vegetation). These are all examples of relevant questions regarding the
scene which might affect the detectability of a specific target at a given distance. And last but not
least, detection is not made by the camera itself and isolated from any tactical scenario. There must
be a human operator or an automatic detection software (virtual operator) which makes the actual
detection based on the images captured by the camera. How well a system performs will inevitably
depend on the properties of this operator, whether the aim is to detect, recognise, or identify the
target, and in the case of a human operator, how the physical and mental state of the operator is at
time of observation.

1.1 The electromagnetic spectrum

Camera properties will also depend strongly on what part of the electromagnetic spectrum the
sensors are designed to detect. We have all seen the x-ray images which expose bone structures
buried underneath a layer of tissue. In contrast, cameras based on reflected ultraviolet light can
reveal surface features not detectable in other parts of the spectrum. Cameras sensitive to visible
light (corresponding to wavelength range of 0.4 — 0.7um) is obviously the most common. Apart
from reproducing what we can observe with the naked eye, they benefit from what is normally
a fairly high atmospheric transmission rate in this part of the spectrum. But sensors operating
in visible or near-infrared (corresponding to wavelength range of 0.7 — 1.4um) light, depend on
reflected light to detect the surroundings. This limits the use to scenarios where a proper light
source is available, either natural (e.g. daylight or moonlight) or artificial (e.g. streetlights or IR
light source). Thermal sensors on the other hand, utilise the fact that any object with a temperature
above absolute zero emits electromagnetic radiation. The reason why this radiation cannot be
utilised by cameras operating in the visible and near-infrared sections of the spectrum, is easily
explained from physics.

First, we assume that the radiation can be described sufficiently accurate using the black-
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body approximation, which means that the radiation spectrum is only dependent on the surface
temperature. According to Planck’s law, the spectral radiance as a function of the wavelength, A,
from a black-body with a temperature T (in units of Kelvin) is given as

2hc? 1
B(A,T) = — e ) (1.1)
A exp(ye7) — |

where h = 6.626 - 1073 Js is the Planck constant, k = 1.38 - 102 J/K is the Boltzmann constant
and c is the speed of light (which is 3.00 - 10® in vacuum). The total radiated power from the
black-body is obtained by integrating over all wavelengths. Stefan-Boltzmann’s law is given as

P=oT* (1.2)

where the Stefan-Boltzmann constant, o, equals roughly 5.67 - 1078 Js~!m=>K~*, and shows the
strong temperature-dependence of the radiated power. By taking the derivative of Eq. 1.1 rather than
integrating the function, we obtain what is known as Wien’s displacement law which states that
the peak spectral radiance is located at a wavelength, A,,, inversely proportional to the temperature

as
b

T
where Wien’s displacement constant, b, equals roughly 2900 um - K.

John W. Draper in 1847 concluded that most solid materials start emitting light visible to
the human eye once the temperature rise above roughly 800 K. This has since been known as
the Draper point. For temperatures closer to typical ambient temperature levels, most thermal
radiation is emitted in the range 3-20 um. Fig. 1.1 shows the spectral radiance as a function
of wavelength from a black-body with a temperature equal to 200 K (red), 300 K (green), 400
K (turquoise), 500 K (blue), and 600 K (black). We see that thermal radiation from an object
with a temperature of around 300 K is best picked up by a camera operating in the mid-wave
infrared (MWIR) range of 3-8 um or the long-wave infrared (LWIR) range of 8-20 um. When
nothing else is specified, we will in this report limit the discussion to electromagnetic waves in the
MWIR and LWIR ranges when we use the term thermal radiation. Due to atmospheric absorption,
the practical operating ranges for thermal cameras are reduced to 3-4 yum (MWIR) and 8-14 um
(LWIR).

Am = (1.3)

1.2 Emissivity (¢)

A black-body represents an ideal, upper limit to the thermal radiance from an object, and for
some materials the deviation from the black-body spectrum is substantial. The ratio of the thermal
radiation from a material surface and a black-body surface at a given wavelength, is known as the
emissivity, denoted s(/l)l, and the material surface radiance is then given as

L(A,T)=¢g(1)B(4,T), (1.4)

where B(A,T) is the black-body radiance given in Eq. 1.1. If 0 < & < 1 is independent of
wavelength, we have what is known as a grey-body. This again is only an approximation to real
materials, but useful when considering sensor’s operating in a relatively small interval of the

!In the current context, we neglect the small, but non-zero temperature-dependence of &.
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Figure 1.1 ~ Spectral radiance (in units of W/m*um) as a function of wavelength (in units of
um) from a black-body with a temperature equal to 200 K (red), 300 K (green),
400 K (turquoise), 500 K (blue), and 600 K (black).

spectrum. Polished metals have often very low emissivity (< 0.1) while organic materials, soil and
water typically has emissivity close to or above 0.9 (Brewster, 1992). If we combine Eqgs. 1.1, 1.3,
and 1.4, we find that the peak radiance, L,,, from a material surface with temperature 7 is

Ly = &) B(Am, T) = Ce,, T°, (1.5)

where C is merely a constant. The thermal sensors under consideration in this work measures the
thermal radiation coming from a surface in a spectral interval close to the radiance peak for most
relevant temperatures. And since sensors typically assume the radiation to be that of a black-body
(¢ = 1), an emissivity smaller than 1 will usually cause the sensor to underestimate the temperature.
The apparent or measured temperature, 7, would then become

T, = &'/°T. (1.6)

Note that temperature, as always, must be given in Kelvin and that we here refer to wavelength-
averaged emissivity for the material. As an example: if the surface temperature is 50 °C and the
emissivity is 0.61, a sensor will most likely measure the surface temperature to be around 20 °C.
Also, this expression for the difference between the true and measured surface temperature does not
include atmospheric attenuation, which also can affect the measured temperature. This is described
in more detail in section 5.

1.3 Report structure

The fact that thermal sensors can operate without an external light source, makes them particularly
interesting from a target acquisition point-of-view. But the distinct differences between infrared and
visible radiation, both when it comes to emission and atmospheric absorption, make it even more
challenging to assess the effective range of a thermal camera system compared to a system based on
visible light. Although there are many works found in the literature that discuss the effectiveness of
thermal sensor systems (Borcan & Spulber, 2013; Chrzanowski, 2010; Howe, 1993; Johnson, 1958;
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Peric et al., 2019), we thought it useful to write a review of two of the simpler methods available
for producing range estimates. Based on the second method, described in STANAG 4347 (NATO
STANAG 4347, 1995), we propose a new parametric range estimate algorithm. In addition, this
report provides examples where the two methods are applied to scenarios relevant to the Norwegian
Armed Forces, both in terms of sensor systems and in terms of weather conditions.

First, we define in section 2 some basic concepts helpful in the following discussions, as well
as a description of the specific camera systems to be used as examples in section 3. Then in section
4, we go through the simpler of the two methods for estimating the range of thermal camera, the
Pixels-on-target method. Section 5 gives a necessary introduction to atmospheric attenuation
before we in section 6 can focus on the main part of this work, MRTD-based range estimation.
Section 7 provides practical examples where the two methods are compared. Finally, in section
8, we make some conclusive remarks about the usefulness of each method. Appendix A gives a
detailed description of the model used for calculating the atmospheric extinction coefficient, while
Appendix B provides tables of ready-to-use extinction coefficients for a wide selection of weather
and climatic conditions calculated using the extinction model.
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2 Camera-enabled target acquisition concepts

Before we start discussing specific methods to estimate the effective range of thermal cameras, we
need to introduce some fundamental concepts related to camera-based target acquisition. First, we
go through some basic properties of cameras, before introducing the Johnson Criteria.

2.1 Basic camera properties

In order to make any meaningful comparison of different camera systems, we need to know a
minimum of parameters for the systems in question. Some parameters are coupled, so that unknown
parameters can in some cases be calculated on the basis of known parameters. We will make a few
assumptions in order to simplify the equations that describe the relation between these parameters.
Fig. 2.1 illustrates some of the optical parameters assuming the thin lens approximation which
states that the thickness of the lens is negligible to the radii of the lens surfaces. In the sketch,
we have indicated the sensor width (d), the field of view («), the focal length (f), the image
distance (R), and the image width (D).

Figure 2.1  Sketch of a camera lens according to the thin lens approximation with annotations
indicating the sensor width (d), the field of view («), the focal length (f), the
image distance (R), and the image width (D).

The sensor width, d, is related to @ and f by the simple trigonometric expression

d=2ftan%. @2.1)
Due to geometric similarity, we also have that
dR
D=—. (2.2)
f
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To simplify Eq. 2.1, we can assume the small-angle approximation which states that for sufficient
small angles 6 given in radians, tan @ = . The error in applying this approximation is roughly
0.25%, 1.0%, and 1.6% when 6 equals 10°, 20°, and 25°, respectively. Applying the small-angle
approximation gives us the following simple relation between d, f, and « (in radians):

d=fa. 2.3)

Since the sensors are digital, we have to consider the pixel size of the sensor in question,
denoted by N, x N,. The pixel pitch (9) of the sensor is the spatial distance, center-to-center,
between adjacent pixels and is typically given in micrometer (um). Let N = N, the pixel pitch is
then given as

0= (2.4)

Each pixel is said to have a certain field of view, so-called instantaneous field of view (IFOV),
which will be denoted by € and can be expressed as

€=—. 2.5)

If, as often is the case, ¢ is given in units of ym and f in units of mm, we get € in units of
milliradians (mrad). By eliminating f using Eq. 2.3 and ¢ using Eq. 2.4, we can also express €
simply as

(2.6)

SE

Hence we see that:
* € decreases when the number of pixels (N) increases.
¢ ¢ decreases with reduced field of view (€).
* Lower € means higher increased target resolution i.e. higher “camera performance”.

In short, camera performance will increase when the number of pixels increases or the field of view
is reduced (or both).

2.2 The Nyquist frequency

The Nyquist frequency is a concept originally introduced in electrical engineering but which has
an equally important role in other discrete signal processing systems. The quantity, which in this
report will be deonted by vy, can in general terms be defined as half the sampling rate of the
discrete signal. In the context of image processing the signal is spatial rather than temporal and
the sampling rate is the inverse of the instantaneous field of view, which means that the Nyquist

frequency can be expressed as
1

YN = 5o 2.7

To illustrate the importance of the Nyquist frequency, we first look at the most obvious example,

a discretised sinusoidal wave. In Fig. 2.2 we see two periods of a continuous sinusoidal wave,
drawn with black, solid lines. The wave is here reproduced with two different sampling rates where
the discrete signals are indicated by the red, dashed lines. On the left hand side (panel a), the
sampling rate is 14 times the wave frequency, which corresponds to 7 times the Nyquist frequency.

On the right hand side (panel b), the sampling rate is exactly equal to the Nyquist frequency. Above
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the wave curves, we also see the discrete signals visualised as greyscale images. We see how
the higher sampling rate gives a better approximation to the original wave shape and much more
accurate amplitude. At the Nyquist frequency, the signal just switches between two values. Still,
the correct signal frequency is maintained. If we were to decrease the sampling rate below the
Nyquist frequency, however, we would not be able to reproduce the correct signal frequency. We
would then experience the effect known as aliasing. In addition, the amplitude of the discrete signal
would decrease until the sampling rate is equal to the continuous wave frequency. At which point,
the discrete amplitude becomes exactly zero.

A 4
P NG e
'
q
h ; "
i\
i i H '
| '
! '

a)

Figure 2.2 Continous sinusoidal wave (black solid lines) reproduced discretely (red dashed
lines) with a samling rate of 14 (a) and 2 (b) times the wave frequency. The latter
sampling rate corresponds to the Nyquist frequency. The discrete signals are also
visualised as grayscale images.

Often, the relevant continuous signal is nowhere near a sinusoidal. Still, the concept of the
Nyquist frequency is important. An example more relevant to the analysis of spatial images, is
shown in Fig. 2.3. The figure combines 4 small images where each image in turn shows a series
of 4 snapshots of a bright square object moving from the lower left to the upper right corner.
Superimposed on the images, one can discern a blue grid which indicates the pixel size in each
image. Looking at either the start or end position of the bright squares, we see that the size of the
square is 4 X 4 pixels (panel a), 2 X 2 pixels (panel b), 1 X 1 pixels (panel ¢) and 0.5 x 0.5 pixels
(panel d). For each snapshot (within each image), the true size of the objects is also indicated by a
green, open square.

The start and end orientations and positions of the square objects were chosen to give optimal
representations on the discrete grid. This means that the object edges were aligned with the grid
cell edges for the first and last snapshots. For the two intermediate snapshots in each image, such
alignment is not achieved. As a consequence, a certain level of smearing occurs. In panel a, the
4 x 4 square affects a 5 X 5 region in the intermediate snapshots. Also, the edge brightness appears
to be reduced relative to the true brightness exhibited in the start and end snapshots. When the
object size is reduced to 2 X 2, we see from panel b that the apparent object size is changed to 2 X 3
in the intermediate snapshots, where the true brightness is reproduced in less than half this area.
We are not dealing with a periodic signal in this case, but if we did, panel ¢ would correspond to
the Nyquist frequency. Here the bright square object has the same size as a pixel. Because of the
optimised start and end positions, the object is perfectly reproduced in the first and last snapshots.
In the intermediate snapshots however, the radiation from the object is spread out in 2 X 2 regions,
4 times its true size. The brightness is reduced accordingly. In the last image, panel d, the object
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Figure 2.3 Four snapshots of four bright squares moving from lower left to upper right. The
size of the squares are 4 X 4 pixels (panel a), 2 X 2 pixels (panel b), 1 X 1 pixels
(panel ¢) and 0.5 x 0.5 pixels (panel d). The pixel size is indicated by the blue
grid superimposed on the images, and the true object size in each image is shown
by the green, open squares.

is only half a pixel wide. This means that even at the start and end positions, the size will be
overestimated and the brightness underestimated. If the true brightness of the object is sufficiently
large, the object might still be detected, but this will be increasingly hard if the object-to-grid size
ratio is decreased further.

2.3 The Johnson Criteria concept

In the late 1950’s, John Johnson of the US Army Night Vision and Electronic Sensors Directorate
proposed an important method designed to determine the resolution needed for an operator to obtain
a specified level of information about a given target with a certain statistical success rate (Johnson,
1958). Three distinct tasks or levels of information collection were formulated. The simplest task,
detection, is the act of determining that a (possible) target is located in the scene. The intermediate
level task is to recognise which class the target belongs to; whether it is a person, a vehicle, or
something else. Finally, the task of identification requires the operator to be able to separate this
particular target from other targets of the same class (e.g. type of animal, distinguish armed forces
personnel from civilians, or class of vehicle).

14 FFI-RAPPORT 21/00388



Task P =50% P =70% P =90% Uncertainty

Detection 1.00 1.25 1.75 +0.25
Recognition 4.0 5.2 7.2 +0.8
Identification 6.4 8.3 11.5 +1.5

Table 2.1 Number of bar cycles required across a target’s critical dimension for each of the
three main discrimination tasks (detection, recognititon and identification) with
success rates of 50%, 70%, and 90% and an uncertainty given by the last coloumn
(Howe, 1993).

Johnson claimed that for the purpose of determining resolution requirements any target could
be replaced by an equivalent target, a square with sides equal to what is known as the critical
dimension of the target. The critical dimension according to the Jonhson Criteria should be the
geometric mean of the target height and width. Others use the height as the critical dimension
(Howe, 1993), or something closer to the minimum of the two (FLIR Systems Inc., 2019). Johnson’s
point was that the probability of successful task accomplishment correlates with the number of
bars in a target bar pattern which is resolvable across the equivalent target. It also depends on the
acquisition task in question. The optical contrast between target and background, which obviously
plays a role in target acquisition, is not considered by the Johnson Criteria.

The target bar pattern consists of alternating bright and dark bars, either horizontally or vertically
orientated. Each bar is one pixel wide meaning that a bar cycle, a single pair of a bright and a dark
bar, is two pixels wide. With increased resolution (or decreased target distance), the number of bar
cycles fitting across the critical dimension of a target increases as well. The number of bar cycles
required in order to obtain a certain success rate for a given task, will vary according to which
publication you refer to. Table 2.1 lists numbers according to Howe (1993). Each row focuses on
one of the three specified tasks, detection, recognition, or identification. Columns 2 to 4 give the
number of bar cycles required within the target critical dimension to obtain a success rate of 50%,
70%, and 90%, respectively. The last column indicates the level of uncertainty associated with the
bar cycle count for that specific task.

In practice, it is useful to express the Johnson Criteria as a pixels-per-meter (n,,,) requirement
at the target distance. Mathematically this requirement can be formulated as

2J bee
n m = 9
PP! L
where J,.. is the Johnson bar cycle criteria and L is the critical dimension of the target. The inverse

of n,,, tells us how many meters per pixels we can accept at the target distance if we are to meet
the Johnson Criteria.

2.8)

2.3.1 The Johnson Criteria applied to concrete examples

Often, only the required bar cycle numbers at 50% success rate (denoted by N50 and listed in
coloumn 2 of Table 2.1) will be listed. The bar cycle numbers at any other success rate (between
0 and 1) will be given by what is known as the target transform probability function (TTPF).
The TTPF is plotted in Fig. 2.4, although the argument and function has switched roles relative to
what is shown in Howe (1993). The graph shows the required cycle bars for any possible success
rate relative to the requirement for 50% success (N50). From Table 2.1, we know that N50 is 1.00
for detection, 4.0 for recognition, and 6.4 for identification. With this in mind, Figure 2.4 can be
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used for all 3 discrimination tasks. The dashed lines indicate the result for the three success rate
cases given in Table 2.1, 50%, 70% and 90%.

201
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o

Figure 2.4  Required ratio of cycle bars to the 50% cycle bar as a function of the success
probability.

In order to demonstrate the Johnson Criteria, we examine three different examples. First, we
look at a human model, 1.8 m tall and 0.5 m wide, with a critical dimension just under 1 m. The
model is shown in Fig. 2.5d with a green square representing the equivalent target. Let’s say we
want to operate with a success rate of 80%. By combining the information from Table 2.1 and Fig.
2.1, we find that we need to resolve 1.5 bar cycles (corresponding to 3 pixels) across the critical
dimension to achieve detection with the prescribed probability. This is illustrated in Fig. 2.5a by
the red-toned, vertical bars covering the equivalent target shape. At this minimum resolution, the
human shape itself has been reduced to a 1-by-6 pixels large, half-lit rectangle. At this point, it
is not possible to recognise the shape as human. To be able to that, we need approximately 6 bar
cycles across the critical dimension. With this resolution, one should have a fairly good chance
at recognising arms and legs, indications that the observed target is indeed a human. This case is
shown in Fig. 2.5b. Finally, to be able to identify a human with a probability of 80%, you will
need about 10 bar cycles across the critical dimension. This might still not be enough to identify
a specific individual, as Fig. 2.5c¢ indicates, but should make you capable of obtaining additional
information about the target.

The next example, taken from FLIR Systems Inc. (2019), is also a human with roughly the
same size as in the previous case. In this case, we look at thermal images of a man holding a rifle.
This time, the probability of task success is set to 50%. From table 2.1, we find that the required
number of bar cycles across the critical dimension for detection, recognition, and identification is 1,
4, and 6.4, respectively. Fig. 2.6 shows how the target will appear through a thermal camera with
the given resolution levels. The man is detected when a single pixel covers roughly the width of the
man. With 4 pixels spanning the man’s width, we start to realise this is a human being, and when
the resolution has increased to 6-7 pixels across the man’s width, we can even start to identify the
rifle he is pointing upwards to his right.

The final example is of a vehicle, namely a tank. In Peri¢ et al. (2019) where this example is
taken from, they assume the critical target dimension is 2.3 m, although this is not important to
illustrate the Johnson Criteria. Again, the probability of success is set to 50%. The required number
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Figure 2.5 Johnson Criteria demonstrated on a 1.8 m tall and 0.5 m wide human model
reproduced in panel d. The green squares represent the equivalent target, and
the red/brown stripes indicates the bar cycles. Panel a, b, and ¢ show the

minimum resolution required for detection, recognition, and identification at 80%
probability.

Figure 2.6  Another example of the Johnson Criteria applied to a 1.8 m tall and 0.5 m wide
human, this time holding a rifle. Panel a, b, and ¢ show the minimum resolution

required for detection, recognition, and identification at 50% probability. Taken
from FLIR Systems Inc. (2019).

of bar cycles for a given task is therefore the same as in the previous example, despite the fact that
the target is completely different from that of the previous case. This illustrates a key point of the
Johnson methodology, that the resolution requirement can be formulated independently from the
target shape, through the introduction of the equivalent target shape. Fig. 2.7 reproduces one of the
figures from Peri€ et al. (2019) which illustrates the Johnson Criteria applied to a generic tank.
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DETECTION (D) RECOGNITION (R) IDENTIFICATION (1)

Figure 2.7 Johnson Criteria demonstrated on a tank with a 50% success rate (Peric et al.,
2019).
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3 Examples of thermal camera systems

The technical specifications of the thermal camera system is obviously one of the factors that
influences the maximum distance at which relevant target information can be obtained. We have
selected 6 different thermal cameras to use as examples when calculating detection range using
the two methods described in this report. The two most relevant cameras, the FLIR A655SC
camera and the Jim Compact binocular, are considered in two different configurations, both in
a narrow angle and a wide angle setup. Since we treat them here as separate systems, we are in
total considering 8 different camera systems. The other systems included are chosen both because
the required technical specifications for these systems are easily available and because they in
combination make up a fairly representative selection of thermal camera systems available on the
market. A complete list of the camera systems is given in Table 3.1 with the technical specifications
used in this report.

FLIR A655SC/A655MAG

FLIR A655SC is a fairly compact (216 mm long) uncooled microbolometer which operates in the
LWIR spectral range with a temperature resolution of 30 mK. It can stream 16-bit data at 50 Hz (up
to 200 Hz with windowing). In its base configuration, the field of view is 25° which makes it more
suitable to surveilling a larger area rather than tracking smaller targets. However, the camera can be
fitted with a compatible lens which reduces the field of view to 7°. This latter configuration will in
this work be referred to as A655MAG. The FLIR A655SC is shown in Fig. 3.1d.

Safran Jim Compact

Jim Compact is a pair of light-weight (less than 2 kg), long-range multifunction binoculars acquired
by the Norwegian Army in 2018. The thermal (MWIR) sensor is provided by Sofradir (which in
2019 merged with a subsidiary to form Lynred). It boasts a powerful zoom which can deliver a
field of view ranging from 4.5° to 13.5°. In this work, we consider the two extreme zoom settings
as two separate systems. The Jim Compact binoculars are shown in Fig. 3.1a.

Hensoldt Z:NightOwI®ZM

Z:NightOwl®ZM is a much larger system then the first two. It was designed for remote-controlled,
standalone or network operation. It is suited for stationary solutions or for vehicle integration and
has a full 360° observation sector. The system weighs 59 kg and has a power consumption of up to
100 W. Like the Jim Compact binoculars, this system uses an MWIR sensor. A continuous 12.9x
optical zoom allows the horizontal field of view to be increased from 0.95° to 12.2°. In our range
discussion of the system, we look at the smallest field of view, 0.95°. Z:Night0w1®ZM 1s seen in
Fig. 3.1b.

Vlatacom systems 1 & 2

The next two systems are similar in size and design to the Z:NightOw1®ZM system. They are
solely included because they are reasonably well documented in the work of Peri¢ et al. (2019), not
because they are expected to be directly relevant to the Norwegian Armed Forces. Both systems
were developed by Vlatacom Institute in Belgrade, Serbia, and have a spectral range of 3.6-4.2um,
and both systems have a fixed field of view. System 2 has twice the pixel size of the previous
systems in Table 3.1. The two systems are seen in Figs. 3.1e and 3.1f, respectively.
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Vayu HD

The last thermal camera to be considered, shown in Fig. 3.1c, is an example of a modern, small-
pixel, uncooled LWIR microbolometer. Vayu HD is produced by Sierra-Olympic (Oregon, USA)
and is the only camera on the list with a pixel pitch as small as 12um. The number of pixels, on
the other hand, is the largest found on the list, with 7.5 times more pixels than that found on the
FLIR camera and the Jim Compact binoculars. It also has the largest field of view, over 52°, of the
camera systems considered here. The weight is comparable to Jim Compact, only 2.7 kg.

a) b)

d)

Figure 3.1 Images of thermal cameras used as examples in this report: Jim Compact binocu-
lar (a), Z.'NightOWl® ZM (b), Vayu HD (c¢), FLIR A655SC (d), Viatacom system
1 (e), and Vlatacom system 2 (f).
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4 Method 1: Pixels-on-target (POT)

We want to estimate the maximum range at which we can expect to successfully accomplish a
specific acquisition task on a given target. The first and simplest method that we will explore,
which we will be referring to as the pixels-on-target (POT) method, is based solely on the Johnson
Criteria in combination with expressions of the basic camera properties. Being the simplest range
estimation method also implies that is relies on the most simplifying assumptions. The most
important of these assumptions are:

1. The temperature difference between the target and the background is large. If the target is
sufficiently resolved, it will easily be distinguished from the background.

2. The atmospheric attenuation is negligible. In other words, the weather is optimal.

3. The detector noise is negligible, the camera optics have an optimal design, and the display is
perfect.

4. No image processing, which could sharpen images, enhance contrast, or suppress noise, is
considered.

5. The performance of the human observer (assuming manual and not automated detection)
does not deviated significantly from the observer model in the Johnson Criteria.

We start by rewriting Eq. 2.2 to get an expression for the target distance:
D
R=—f. 4.1
7 f 4.1

Since D is the real width of the entire image with pixel width N, and the inverse of n,,,, given in
Eq. 2.8, is equal to image meters per pixels, we get D in meters as

D=—. (4.2)

From Eq. 2.4 we can express the sensor width d in terms of N and the pixel pitch ¢, and from Eq.
2.5 we can replace the focal length f with the ratio of ¢ to the instantaneous field of view e. If we

do this, we can rewrite Eq. 4.1 as
L

k= 2Jpec€
Eq. 4.3 is the mathematical formulation of the POT method. We see that according to this
estimation method, the effect of camera properties on the acquisition range can be expressed by a
single parameter, the instantaneous field of view. If we replace € with the Nyquist frequency, we get

4.3)

L

R =
chc

VN - (4.4)

The range is also proportional to the Johnson bar cycle count, which in turn depends on the specific
acquisition task as well as the desired probability of success, and the critical target dimension.

4.1 POT-estimated acquisition range
Using Eq. 4.3, we estimate the acquisition range according to the Pixels-on-target method for all

8 systems listed in Table 3.1. We estimate effective range for all 3 tasks (detection, recognition,
and identification) and with varying probability of success. We also look at varying target size. In
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particular, we will look at 3 specific targets, a hypothetical object the size of an A3 paper, a human,
and a CV90 tank. The width and height of the A3 target is 0.42 m by 0.30 m resulting in a critical
dimension of 0.35 m, while we assume the same human model as before with height 1.8 m and
height 0.50 m by 1.8 m giving a critical dimension of 0.95 m. As for the CV90, the length, width,
and height is 6.8 m, 3.2 m and 2.8 m, respectively. If the CV90 is observed from the front, the
critical dimension becomes 3.0 m. If instead, the vehicle is observed from the side, the critical
dimension increases to 4.4 m. Assuming the orientation is likely to vary in time, we choose the
arithmetic average between the length and width as target’s effective width. This gives the CV90 an
average critical dimension of 3.7 m.

First, we focus on simple detection with the two most relevant camera systems, the FLIR
bolometer and the Jim Compact binoculars. In Fig. 4.1, the detection range according to the POT
method as a function of a target size ranging from 10 cm to 10 m is plotted. Estimates are shown
for FLIR A655SC (panel a), FLIR A655MAG (panel b), Jim Compact WFOV (panel ¢), and Jim
Compact NFOV (panel d). The black, blue and green lines correspond to a probability of success
of 50%, 70%, and 90%, respectively. As given by Eq. 4.1, we see that the estimated range is
proportional to the target size (both axis are logarithmic). The plotted lines also illustrate how
the estimated range drops by 20% and 42%, when the rate of success is increased from 50% to
70% and 90%, respectively. The best range according to the POT-estimate, is achieved with Jim
Compact NFOV. An A3-sized target should be identified with 70% probability at a distance of over
1000 m. In comparison, equipped with a FLIR A655SC camera, you would have to get closer than
600 m to detect a human with the same chance of success.
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Figure 4.1 Detection range according to the POT method plotted as a function of target size
with the probability of success set to 50% (black lines), 70% (blue lines), and
90% (green lines). Estimates are shown for FLIR A655SC (a), FLIR A655MAG
(b), Jim Compact WFOV (¢), and Jim Compact NFOV (d).
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Fig. 4.2 shows plots of similar type, this time for all 8 camera systems considered in this report.
Panels a, b, and ¢, show estimated range for detection, recognition, and identification, respectively,
and all the estimated ranges refer to 70% probability. 5 of the 8 systems are compact and can be
hand held, while the remaining 3 are larger systems, either stationary or vehicle mounted. Not
surprising, the large systems provide the longest acquisition ranges, but bear in mind that long
range usually comes at the expense of a small field of view. If we assume a observation distance of
3 km, we should, according to the POT estimate, be able to detect a 10 cm target with the Vlatacom
2 system, a 20 cm target with Z:NightOW1®, and an A3-sized target with Vlatacom 1. With any of
the compact systems used at the same distance, we should be able to detect a human using the Jim
Compact binoculars at maximum zoom, a 1.5 m target with FLIR A655MAG, a CV90 observed
from the front using the Jim Compact binoculars at maximum field of view, an orientation-averaged
CV90 with Vayu HD, and a 5.5 m target with FLIR A655SC. If we want to be able to recognize
these targets, the observation distance according to the POT estimate has to be reduced to about
800 m, and if we require identification of the targets, the observation distance has to be reduced
further to 500 m.

How the estimated detection range depends on the probability of success, is illustrated in Figs.
4.3 and 4.4. In the first figure, the probability of successful detection of an A3-sized target (black
curves), a human (blue curves), and a CV90 vehicle (green curves) is plotted as a function of
distance to target for the systems FLIR A655SC (a), FLIR A655MAG (b), Jim Compact WFOV
(¢), and Jim Compact NFOV (d). In the second figure, panels a, b, and ¢ show the same function
when the target is an A3-sized object, a human, and a CV90 vehicle, respectively, for all 8 systems
listed in table 3.1. In both cases, we see that the estimated detection range is fairly insensitive to
the probability of success, unless the probability is set to larger than 80% or less than 20%. Apart
from this, Fig. 4.4 illustrates the differences between the different camera systems quite nicely.
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Figure 4.2  Comparison of estimated range according to the POT method plotted as a function
of target size for all 8 camera systems. The probability of success is set to
70% and the acquisition task is specified to be detection (a), recognition (b),
and identification (c). The 8 systems are identified by the colours black (FLIR
A655SC), blue (FLIR A655MAG), green (Jim Compact WFOV), red (Jim Compact
NFOV), yellow (Z:NightOwl® ), orange (Vlatacom 1), brown (Vlatacom 2), and
grey (Vayu HD).
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Figure 4.3  Probability of successful detection of an A3-sized target (black curves), a human
(blue curves), and a CV90 vehicle (green curves) according to the POT method
as a function of target distance. Estimates are shown for FLIR A655SC (a), FLIR
A655MAG (b), Jim Compact WFOV (¢), and Jim Compact NFOV (d).
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5 Introduction to atmospheric attenuation

We all have experienced how visibility can be reduced due to non-ideal atmospheric conditions,
whether it be due to natural weather conditions, such as haze, fog or snow, or due to air pollution,
predominantly in high populated areas. This extinction effect, which is called atmospheric attenu-
ation, is important to be aware of when observing in infrared just as it is in visible light. Even so,
atmospheric attenuation is highly dependent on wave length and common knowledge from visible
light is not directly applicable to observations in infrared. It is also important to be aware of that the
net atmospheric attenuation is the combination of many attenuating effects, normally divided into
the main categories absorption, scattering and refraction. It is also useful to distinguish attenuation
due to atmospheric gases from attenuation caused by aerosols.

We present a brief introduction to the topic of atmospheric attenuation here. A relatively detailed
model estimating the atmospheric attenuation associated with a range of common atmospheric
conditions has been implemented and is described in Appendix A. The attenuation model is applied
to the examples presented in section 7 and used to generate the extinction coefficient tables provided
in Appendix B.

5.1 Gas attenuation

Light travelling through a media such as the atmosphere, will to some extent be absorbed, primarily
due to interactions with gas molecules. How much of the light is absorbed in a given distance
is dependent on the wavelength and to what degree different molecules with absorption bands
covering the wavelength are present. Water vapour is by far the most important absorbing gas
in the atmosphere when it comes to infrared transmission. Unfortunate from a range prediction
perspective, it is also the most variable gas in the atmosphere. Together with CO,, water vapour
defines what is known as the 3-5 ym and 8-14 um atmospheric windows. Fig. 5.1 is taken
from Thomas & Duncan (1993) and shows the absorption of the seven most significant molecule
absorbers in a model atmosphere as a function of wavelength. We see that in addition to H,O and
COa, there are important contributions to the overall absorption from especially N,O and Os. At
the bottom, the combined absorption of all seven species is shown.

Molecules can also cause scattering which is a process where the light emitted from the target
and originally directed towards the sensor is deflected due to interactions with the atmosphere. In
practice, scattering will cause the amount of radiation reaching the sensor from the target to be
reduced in the same way as absorption does. Gas scattering is normally due to what is known as
Rayleigh scattering.

5.2 Aerosol attenuation

In addition to gas molecules, the atmosphere contains particles in the form of dust, sand, water
droplets, ice, salt spray etc., and the main contributors are sea spray, fog, haze, dust storms
and air pollution, although there are many processes that can generate a wide range of different
aerosol types. Attenuation caused by aerosols is dominated by scattering where the ratio between
the wavelength and size of the aerosol particles is of great importance. With potentially large
temporal and spatial variation in both the aerosol size distribution and concentration, it can be very
challenging to estimate the attenuation caused by particles.
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Figure 5.1 Laboratory absorption spectra of the 7 most significant molecule absorbers in
the atmosphere as a function of wavelength, compared with the corresponding
low-resolution solar spectrum (taken from Thomas & Duncan (1993)).

5.3 Beer’s law

If we were to properly take into account atmospheric attenuation and how this would affect the
range prediction for a thermal camera system, there are a number of different factors we should
include. Before even considering the atmosphere itself, we should keep in mind that radiation
emitted from the target might very well deviate from the Planck radiation law (described in section
1). This deviation is normally given by the emissivity which is a dimensionless parameter. The
same will apply to the background. Also, the spectral response of the sensor might not be ideal
and might be more sensitive at certain wavelengths. Assuming we neglect all these non-ideal
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effects that are not connected with the atmosphere, we still face a challenging task in estimating the
atmospheric attenuation given that it depends on so many physical processes and varies so much
with wavelength.

Faced with the options of either neglecting the atmospheric attenuation altogether or having to
make highly complex calculations which rely on detailed information about the state of the local
atmosphere, a common solution is to resort to an approximation known as Beer’s law where the
atmospheric transmission, T = 7p, is given as

3(R) = ek, (5.1)

where vy is an appropriate extinction coefficient and R is the distance. The approach is described
in detail in Goodell & Roberts (1979). It is stressed that this approach can only be expected to
be useful for very narrow spectral intervals (roughly monochromatic radiation) or in cases where
the attenuation exhibits a weak dependence on wavelength. The authors claim the method to be
reasonably accurate within the two main infrared observation intervals of 3-5 ym and 8-14 ym
if the attenuation is dominated by aerosol particles, H,O, and N,O. However, since the water
content in the atmosphere drops off quite rapidly with altitude, this approach also tends to be highly
inaccurate if the observation path spans an altitude range of several kilometers.

Temperature differences, which is what a thermal sensor is meant to detect, will appear smaller
when observed from a distance if the atmospheric transmission is not ideal. For practical use
in range estimation, it is therefore desirable to translate atmospheric transmission into apparent
temperature difference (ATD) as a function of observation distance. Several different methods
for estimating ATD are evaluated in Vinson et al. (1998). The simplest approach estimates ATD,
denoted AT, by

AT, (R) = ATo7(R), (5.2)

where AT is the true temperature difference between the target and the background. If we assume
Beer’s law, we arrive at the much used (and some claim abused) expression for ATD:

AT, (R) = ATye "R (5.3)

Vinson et al. (1998) investigates the errors associated with different ATD estimates for the 3-5
pm and 8-12um bands. According to their results, the errors associated with the use of Beer’s law
to estimate 7(R) instead of integrating the transmission along the observation path are much larger
than the errors incurred by assuming the coupling between apparent temperature and broadband
transmission (as given by Eq. 5.2). This is especially true in the 3-5 ym band. It is also worth noting
that the errors in estimating ATD using Eq. 5.3 is larger in their summer atmosphere model than
in their winter atmosphere model due to the higher ground level humidity. The reported errors in
ATD are up to 12% per km range and 8% per km range for the 3-5 um summer and winter models,
respectively. The corresponding errors for the 8-12um band is 4% per km range for the summer
model and only 1.2% per km range for the winter model. A positive error means that the estimated
ATD drops faster with distance than in reality. However, it does not state anything specific about
the inclination of the observation path, although a vertical observation path in this case appears to
be likely. Despite the inaccuracy, we will use Beer’s law in the method to be presented in section
6. Partly, becuase this allows us to formulate simple algebraic range estimates. Also, we will
primarily limit ourselves to low altitude, more or less horizontal observation paths. This to some
extent justifies using atmosphere-averaged extinction. As an example, if a sensor is placed at an
elevation of 30 m above sea level and directed towards the horizon, the observation path will not
exceed its original altitude unless the path length is larger than 40 km.
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6 Method 2: MRTD-based estimation

Predicting the effective range of thermal sensors is difficult due to the many factors that can affect
the real-world range. The Pixel-on-target (POT) method, described in section 4, dealt with this
by neglecting most of these factors, at the expense of accuracy. In the current section, we will
describe a method aimed at providing slightly more realistic range predictions. For example, the
method takes into account the finite temperature difference between target and background and
the weather dependent atmospheric attenuation (although in a simplified manner). Factors such as
detector noise, image processing in the camera and human observer performance (assuming manual
detection) are all assumed to be incorporated in the experimental data which the method relies on
and has received its name from.

6.1 Performance measures for thermal sensor systems

Several related performance measures for thermal sensor systems have been defined to help predict
the effective range of the systems and a good overview is given in Ratches (1976).

6.1.1 Noise equivalent temperature difference (NETD)

A quantity which is fairly often referred to is the noise equivalent temperature difference
(NETD). NETD is defined as the temperature difference above 300 K between a sufficiently
large target and its background giving rise to a peak signal to nose ratio (SNR) equal to unity at
the detector output. Of the camera systems described in section 3, A655SC, Z:NightOwl®ZM and
Vayu HD all have NETD levels in the range 30-35 mK. We do not know the NETD value for Jim
Compact. However, as it is a modern, commercial system, it is reasonable to believe that its NETD
value is similar to the other commercial systems. The two Vlatacom systems, on the other hand,
appear to have NETD values around 100 mK based on the MRTD curve provided, although this is
not explicitly stated (Peri¢ et al., 2019).

6.1.2 Minimum detectable temperature difference (MDTD)

NETD is strictly a measure of system sensitivity and does not include display or observer char-
acteristics. More specifically, the quantity does not reflect the performance of a human observer.
Minimum detectable temperature difference (MDTD), which is assumed to be proportional to
NETD, is a laboratory measure of thermal systems which also include the effect of the human
observer. The quantity is defined as the temperature difference between a square target and a
uniform background required for a trained observer to detect the target using a given thermal
imaging system. As we saw in section 2.2, a small target might appear larger but cooler than it
really is due to spatial aliasing. This effect increases with decreasing target size. The apparent
cooling causes the MDTD to increase with decreasing target area. As the radiation from the target
is averaged over minimum one pixel, there is however no limit to how small a detectable target
might be assuming the target is sufficiently hot.

With this in mind, one might conclude that there is no lower limit to the size of detectable
targets if one assumes sufficiently large target temperatures. In practise, this is not so. First of all,
there are limits to how large the temperature difference can become in real-world scenarios. Also,
the background will not be completely thermally uniform, as specified by the MDTD definition.
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Given a non-negligible temperature variation in the background, also known as thermal clutter, a
small target can become impossible to distinguish from the background if the target-background
temperature difference is not large enough. Even if the task is to merely detect the target, one might
depend on a certain level of recognition in order to distinguish a static target from the background.
This leads us back to the Johnson Criteria introduced in section 2.3 which is also used by the
pixel-on-target range prediction method.

6.1.3 Minimum resolvable temperature difference (MRTD)

In order to couple the concepts of Johnson with an appropriate performance measure, the parameter
called minimum resolvable temperature difference (MRTD) was introduced. Like MDTD, this
parameter is a subjective measure of image quality. MRTD is defined as the minimum temperature
difference above 300 K required for an observer viewing through the tested imaging system to
resolve a four-bar pattern from the background. It is important to emphasise that the observer must
be able to see 4 distinctive bars at the MRTD. The bars should have an aspect ratio of 7:1 and be
vertically aligned”. MRTD, like MDTD, is defined as an laboratory measurement which should
ideally be determined experimentally for all imaging systems where range predictions are desired.

Unfortunately, it has been difficult to obtain good quality, reproducible data. This is because
the results depend not only on the sensor system itself, but also on the training, motivation, and
visual capacity of the observer. For this reason, determining the MRTD experimentally requires
averaging the results from many different observers. Variation in the measured MRTD for a given
system is said to be as high as 50% from laboratory to laboratory, and as high as 20% within any
one laboratory (Holst, 1993). According to Krapels et al. (2002), test results often suffer from a
lack of rigorous test procedures as well fundamental under-sampling issues related to focal-plane
array (FPA) sensors, the category to which most modern-day sensors belong. By moving the sensor
relative to the target, one can eliminate issues related to phase-related variability (Krapels et al.,
2002). This can in turn reduce the tendency of experimentally obtained MRTD-curves to exhibit
a flattening in the frequency range of roughly 0.6-1.0 times the Nyquist frequency (Holst, 1993;
Krapels et al., 2002; van Rheenen et al., 2018).

Although, the MRTD-curve should ideally be obtained experimentally, a theoretical model of
MRTD also exists (Ratches, 1976). It depends on a number of other parameters, e.g. the NETD
parameter. Unfortunately, most of these parameters are not easily obtained for a given system.
But there are general remarks that can be made regarding MRTD. The MRTD-curve should be
a monotonically increasing function of the spatial bar cycle frequency. The low-frequency limit
is mostly determined by the low-frequency sensor noise and is expected to lie between 0.3 and
0.7 times the NETD value (Holst, 1993). In the high-frequency domain, the MRTD response is
largely determined by phase error effects, as described in section 2.2. At around 0.6-0.8 times the
Nyquist frequency, vy, these errors normally present themselves (Holst, 1993). As a consequence,
the bars no longer appear equal in width and intensity. Experience shows that observers often can
identify four bars at frequencies as high as 10% above v, . However, an absolute cut-off must exist
at sampling rate frequency, 2v,,, as the bar pattern would then be perceived as a uniform 4-by-7
rectangle.

2 An extension to include horizontally aligned patterns exists (Krapels et al., 2002).
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6.2 STANAG 4347

A method of MRTD-based range estimation is described in STANAG 4347. It is proposed as
a standardised criteria for comparing the static range performance of different thermal imaging
systems (NATO STANAG 4347, 1995). It is said to be applicable to ground targets “seen from
the surface or from slightly elevated positions” for the spectral ranges 3-5 um or 8-14 um or parts
of these ranges. What is referred to as the nominal range performance of a system is calculated
for a target 2.3 m X 2.3 m in size with a 2 K temperature difference relative to the background. It
uses a graphic-based solving technique which combines the Johnson Criteria, the MRTD-curve
for the sensor system being tested, and Beer’s law as stated in Eq. 5.3. The number of bar cycles
required for detection, recognition, and identification is assumed to be 1, 3, and 6, respectively.
Two different extinction coefficients, 7y, are included. To simulate good transmission conditions y
is set 0.2 km™!, while vy =1.0 km™! corresponds to “limited” transmission conditions.

First, the method requires the orientation averaged MRTD-curve (the method for obtaining
the average of the horizontal and vertical MRTD-curves are given in the STANAG). Secondly, the
curve must be transformed into 3 different functions, one for each of the 3 discrimination tasks, by
making a change of variable from frequency (v) to distance (R). By replacing the fixed Nyquist
frequency (vy) in Eq. 4.4 with a variable v, we get the following relation between distance and
frequency:

R(v) = L 6.1

() = s (6.1)
where in this particular case L = 2.3 m and J,. is 1, 3 or 6 depending on task. By the help of Eq.
6.1, we can now plot the MRTD-curve as a function of distance. Finally, the apparent temperature
difference (AT, (R)), as specified by Eq. 5.3, is plotted in the same graph as the MRTD-curve. The
estimated range for the specified task, is given by the intersection of AT, (R) and MRTD(R). It is
common practice to make this plot with a logarithmic temperature scale, in which case the function
expressing the apparent temperature becomes a straight line.

The graphical range prediction method described in STANAG 4347 is illustrated in Fig. 6.1.
In addition to the monotonically increasing MRTD curve for an unspecified sensor system, there
are two straight lines in the graph; one for each of the two extinction coefficients specified by the
standard. The grey, dashed line shows the apparent temperature difference as a function of distance
when y = 0.2km™!, while the black, solid line gives the corresponding result for y = 1.0km™'.
In the former case, intersection with the MRTD-curve is achieved at a distance of roughly 7 km
when the apparent temperature difference is about 0.5 K. In the latter case, the detection range is
estimated to be only around 3.5 km with an apparent temperature difference of about 0.06 K.

6.3 Parameterised MRTD (PMRTD)

The graphical approach is useful in that it can be applied directly to an experimentally obtained
MRTD-curve. However, this requires that MRTD values have been found for a sufficiently large
frequency range. Also, the method does not provide a simple algebraic expression with which
to estimate sensor range and is therefore unsuited for automatic range estimation. To derive an
expression for the sensor range, we want to use a parametric MRTD-curve that approximates the
experimental MRTD-curve and which can also be used to estimate the MRTD-curve outside the
frequency interval for which there exist experimental data.
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Figure 6.1 Graphically determined detection range for a given MRTD-curve, target size 2.3
m, and extinction coefficient equal to 0.2km™" (grey dashed line) and 1.0km™"
(black solid line). The graph is reproduced from NATO STANAG 4347 (1995).

Based on the general characteristics of MRTD-curves, we propose the following parameterised

MRTD form
Xe—1

y = ymin + Dy X, (62)

Xe—X
where we have defined the logarithmic minimum resolvable temperature difference, y = log(AT),
to be a function of the normalised frequency x = v/vy. The model parameter y,;, = log(AT,)
is the logarithmic MRTD at zero frequency, while Dy = yy — Yo, Wwhere yy = log(ATy) is the
logarithmic MRTD at the Nyquist frequency (corresponding to x = 1). The final model parameter,
X¢, indicates the asymptotic frequency where the MRTD value becomes infinite. In Fig. 6.2, we
see two examples where MRTD curves are approximated by parameterised curves. The left-hand
panel refers to the Vlatacom 2 system (Peri¢ et al., 2019), while the right-hand panel uses the same
example MRTD curve as STANAG 4347. In both cases, the original MRTD curves are plotted
using filled, black circles. The dashed horizontal and vertical lines indicate the zero frequency
minimum resolvable temperature and the (normalised) Nyquist frequency, respectively. The three
solid curves in each panel represent parametric MRTD curves, with a functional form given by Eq.
6.2, which to a varying degree fits the experimental MRTD curves.

In panel a, AT,,, = 0.05 K and ATy = 4 K is chosen for all three approximations. For this
reason, all three curves coincide with the original MRTD curve at these two points. The only
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Figure 6.2 Two MRTD-curves as functions of spatial frequency normalised by the Nyquist
frequency (vn ). AT(0) and v/vyn = 1 is indicated by the dashed, horizontal and
vertical lines, respectively. The filled, black circles show the original MRTD-
curve as taken from Peric¢ et al. (2019) (panel a) and NATO STANAG 4347 (1995)
(panel b). The solid red, green, and blue lines are parametric MRTD-models with
varying asymptote frequency, ve.

difference between the three approximations, which results in the difference in curvature, is the
chosen critical frequency, x.. The blue curve, which has the greater curvature, has a critical
frequency which is only 1.5 times the Nyquist frequency. The red curve has the smaller curvature,
resulting from choosing x. = 3.0. In comparison, the green curve, which fits the original MRTD
curve the best in the frequency range x < 1, has x. = 2.0. Recall that in section 6.1.3 an absolute
cut-off was identified at exactly twice the Nyquist frequency. Similarly to that of panel a, a triplet
of MRTD approximations are shown in panel b. This time AT, = 0.023 K and ATy = 1 K was
chosen for all three approximation, while x. once again was set differently between the three. The
blue, green, and red curves has x. set to 1.4, 1.75, and 2.3, respectively, where the middle value
once again gives the better fit in the range x < 1.

6.4 Range prediction using PMRTD

In order to calculate predicited range, we need to estimate apparent temperature difference as a
function of distance. Despite its short-comings (as described in section 5.3), we use Beer’s law as
proposed in STANAG 4347. We start by taking the logarithm of Eq. 5.3 to obtain the logarithmic
apparent temperature difference as function of the observation distance R:

va = log(AT,) = yo — ylog(e)R, (6.3)

where yo = log(ATy) is the logarithm of the true temperature difference between the target and the
background. The relation between the observation distance and spatial frequency is given by Eq.
6.1. The distance associated with the Nyquist frequency, which is identical to the range estimate
according to the pixels-on-target method and which we now will denote by Ry, is given by Eq. 4.4.
Combining these two equations, we see that

x =v/vy = R/Ry, (6.4)
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and with this relation established, we can rewrite Eq. 6.3 as
Ya = yo —I'x, (6.5)

where I' = y log(e)Ry -

Since we are interested in the largest acquisition range, we set the apparent temperature
difference, given by Eq. 6.5, equal to the minimum resolvable temperature difference, given by Eq.
6.2. After some rearrangement, this gives us the easily solvable second-order equation:

[x? = [[xc + Ey + Dy(x. — D)Ix + Eyx. =0, (6.6)

where E\, = yg — Y. If there is no atmospheric attenuation, I' = 0, the predicted normalised range
becomes
Eyx.

X = m (67)

If on the hand, T > 0, Eq. 6.6 is solved through standard methods. This will provide exactly one
solution in the range 0 < x < x. provided 7y > T,;,. For convenience, we define a new quantity 3
as

B =Tx.+E,+Dy(xc—1). (6.8)

Then the predicted normalised range is given as

B — | B? - 4TEyx.

= 6.9
x T (6.9)
The physical range according to the parameterised MRTD method is then
R = Rnx. (6.10)

64.1 Characteristics of the PMRTD range solution

A relevant question is how much will range estimation based on the PMRTD method vary with
varying instantaneous field of view (IFOV), MRTD parameters, target-background temperature
difference, target size, and extinction coefficient. The main properties of the thermal acquisition
range estimate given by Eqs. 6.9 and 6.10 will therefore be illustrated in the following. Again, we
primarily use the FLIR A655 camera and the Safran Jim Compact binoculars as example systems.
To further simplify the discussion, the only acquisition task considered here is detection with a
success rate of 50%.

First, we investigate the uncertainty in range estimates which arise from uncertainties in MRTD
parameters. In principle, we could perform experiments with a sufficiently large number of test
persons to accurately determine the MRTD curve. If so, we would be able to approximate the
experimental MRTD curve with a parameterised MRTD curve with a well-defined accuracy. In
practice, however, the idealised conditions of an MRTD experiment may not be fully relevant to a
real-time acquisition scenario (Krapels et al., 2002).

Another major source of uncertainty is the choice of the extinction coefficient, y, describing
the effect of the atmospheric on the observed temperature differences. Usually, the range estimate
will be associated with specific weather and atmospheric conditions. A model for estimating the
extinction coefficient based on easily observable weather parameters is presented in Appendix A.
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Figure 6.3 PMRTD-estimated range for 50% successful human detection as a function of
the extinction coefficient (y) using the FLIR A655MAG system (panel a) and
Jim Compact binoculars on maximum zoom (panel b). The target-background
difference, ATy is 2 K, while AT,,, = 0.015 K. For the two remaining MRTD
parameters, ATy is 0.25 K (blue curves), 1.0 K (orange/red curves), and 4.0 K
(green curves), while x. is chosen to be 1.4 (darkest shade), 1.8 (medium shade),
and 2.6 (brightest shade).

There will be uncertainties relating how accurately the weather conditions can be characterised and
in the models translating this into a given extinction coefficient. There will also be errors related
to the attenuation method, as described in section 5.3. Fig. 6.3 illustrates variation in estimated
detection range for a human target due to variations in assumed MRTD parameters and y. Results
are shown for the FLIR A655MAG system (panel a) and Jim Compact binoculars on maximum
zoom (panel b). The target-background difference, AT is set to 2 K, while the zero-frequency
MRTD is fixed to AT,,, = 0.015 K since it is reasonable to relate this parameter to specified NETD
values. Since we have no data from MRTD experiments on these two systems, the two remaining
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MRTD parameters, the Nyquist frequency MRTD, ATy, and the normalised critical frequency, x..,
are more uncertain. Based on information given in van Rheenen et al. (2018), Peri¢ et al. (2019)
and NATO STANAG 4347 (1995), we have chosen to consider ATy = 0.25 K (plotted in Fig. 6.3
with blue curves), ATy = 1.0 K (orange/red curves), and ATy = 4.0 K (green curves). Based on
the discussion in section 6.1.3, x. is chosen to be 1.4 (darkest shade), 1.8 (medium shade), and 2.6
(brightest shade).

The extinction coefficient is varied from 0 km_l, meaning no attenuation at all, to 4 km~'. In
comparison, STANAG 4347 uses 0.2 km™! as good conditions, while y = 1.0 km™! corresponds
to “limited” transmission conditions. With even more challenging conditions, such as heavy rain
or snow, one could expect y up to 4 or more to be relevant. For FLIRA655MAG, we see from
Fig. 6.3a that the estimated range using the “median” MRTD model (indicated by the thick, black
curves) is about 2.6 km in idealised weather conditions, 1.6 km when y = 2 km~! and about 1 km
if y = 4 km~!. The dashed curves show the variation in the results when the MRTD parameters
are varied. We see that ATy is more important to the outcome than x., as one might expect. The
overall variation in estimates for a given value of y but varying MRTD parameters is illustrated
by the thickness of the light blue region. Comparing the graphs in panels a and b, we see that the
Jim Compact binoculars with maximum zoom is likely give a 60% increase in the human detection
range in perfect weather conditions relative to FLIR A644MAG. Considering the uncertainites in
MRTD parameters, the range with no attenuation is expected to be in the interval 3.5-5.2 km, which
correspond to a range uncertainty of +20%. As the extinction coefficient increases, both the range
uncertainty and the difference in estimated range between the two systems is predicted to decrease
to about 10%.

Fig. 6.4 shows the PMRTD detection range with 50% success rate for the FLIR A655SC (panel
a), FLIR A655MAG (panel b), Jim Compact WFOV (panel ¢), and Jim Compact NFOV (panel
d) as a function of target size. Results are shown for 5 different atmospheric conditions, y equals
0.2 (black), 0.7 (blue), 1.2 (green), 2.3 (red), and 3.0 (brown). Uncertainty in estimates due to
uncertainties in MRTD parameters (as in Fig. 6.3) is indicated by the thickness of the shaded
regions. The first observation to be made is that the uncertainties in MRTD parameters are less
important than the target size. Secondly, we note that the estimated range is largely insensitive to y
for small targets where the detection range is small in any case. For larger targets, the detection
range is expected to drop significantly with increasing atmospheric extinction.

The results in Fig. 6.4 can also be directly compared to the black lines plotted in Fig. 4.1 for
the simpler POT method which doesn’t take atmospheric attenuation into account at all. Again, the
deviation between the two methods is small for small targets. For targets with a critical dimension
of 10 m, the PMRTD estimate can in some cases be substantially smaller than the POT estimates.
For FLIR A655SC, the PMRTD estimate is only about 4.2% smaller than the POT estimate if the y
is assumed to be 0.2. If instead y = 1.2, the PMRTD estimate is less than half the POT estimate.
For the other 3 systems, FLIR A655MAG, Jim Compact WFOV and Jim Compact NFOV, the
detection range for a 10 m-sized target is predicted to be 36%, 17%, and 53% smaller, respectively,
than the POT estimate if v = 0.2. For the considerably poorer atmospheric condition of y = 1.2,
the predicted range for the 3 systems is reduced by between 72% (Jim Compact WFOV) and 90%
(Jim Compact NFOV) relative to the POT detection range estimate.

In addition to taking into account atmospheric attenuation, the PMRTD estimate expands on the
POT estimate by considering a finite target-background temperature difference. Fig. 6.5 illustrates
how the estimated detection range for a human target changes as the target-background temperature
difference, AT, increases from 0.1 K to 10 K. Results are shown for FLIR A655MAG (panel a) and
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Jim Compact NFOV (panel b), and for 3 different atmospheric conditions, y = 0.2 (black curves),
v = 1.0 (blue curves), and y = 3.0 (green curves). Although the temperature difference changes
by 2 orders of magnitude, the effect on the estimated detection range is not dramatic. If we use
the AT = 1 K as reference, we see that the estimated detection range decreases by about 40-50%
if AT is reduced by a factor 10. If the temperature difference instead is increased by a factor 10,
the relative change in detection range is more dependent on the atmospheric conditions. In good
weather conditions (y = 0.2), the relative increase in detection range is only about 15-20% for
the two systems we are considering here. With y = 1.0, the detection range is seen to increase
by 33-35% following a factor 10 increase in AT, and for y = 3.0, the detection range is roughly
doubled for AT = 10 K compared to the case AT = 1 K.

Finally, we compare all 8 systems listed in Table 3.1 in the context of parameterised range
estimation. We will assume that the MRTD-curve presented in Fig. 6.2a is roughly correct for both
the two Vlatacom systems and can be parameterised with AT,;, = 0.05 K, ATy =4 K and x. = 2.0.
For Vayu HD, we assume the same MRTD parameters as previously used for the two FLIR systems
and the two Jim Compact versions, with AT,;, = 0.015 K, ATy = 1 K and x. = 1.8. For the last
system, the Z:NightOw1® ZM, only AT, is slightly higher than the assumed parameters for the
other commercial systems, increasing from 0.015 K to 0.018 K. In Fig. 6.6, the MRTD estimated
detection range of a human (panel a) and a CV90 (panel b) with 50% success rate is once again
plotted as a function of the atmospheric attenuation. There is one curve for each of the 8 systems,
but in this case, the 8 systems can be identified only through their IFOV values. The colour of the
curves indicate the IFOV on a decibel scale. From bright yellow to black, the 8 curves represent
FLIR A655SC, Vayu HD, Jim Compact WFOV, FLIR A655MAG, Jim Compact NFOV, Vlatacom
1, Z:Night0w1® ZM, and Vlatacom 2.

For large atmospheric attenuation, the difference between the different systems becomes less
important. This is consistent with what we saw in Fig. 6.4, where the uncertainties in the MRTD
parameters were less important for large y than for small y. From Fig. 6.6, we see that the estimated
range for a human target increases by a factor 2, from about 500 m to just over 1 km, when replacing
FLIR A655SC with the Vlatacom 2 system if v = 4. On the other hand, if y = 0 the relative
increase in estimated range is about 50, from around 700 m to some 35 km. The same trend is seen
with the bigger target. For y = 4, all systems are predicted to deliver about 1 km detection range,
with a system-to-system variation of only 10%. Assuming perfect weather conditions however,
the CV90 should ideally be detectable at distances ranging from 3 km (FLIR A655SC) to 90 km
(Vlatacom 2).

6.4.2 Effect of overestimating the size of hotspots

We also want to consider the effect of target size on estimated detection range from a slightly
different perspective. Let us assume that a target has a very inhomogeneous temperature distribution;
most of the target surface has only a small or negligible temperature difference relative to the
background. One or more hotspots, however, have a temperature which is considerably higher
than the surroundings. If a hotspot is small, there will be a tendency of smearing the effect of the
hotspot over a larger area than the actual hotpot area, especially if the hotspot is irregularly shaped.
This will cause the effective hotspot area to increase and the observed temperature difference
to drop. For frequencies close to or above the Nyquist frequency this will be an optical effect,
illustrated in Fig. 2.3, which is incorporated in the MRTD curves. For larger hotspots, optical
smearing should be negligible. However, during range estimation based on thermal images taken at
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relatively short ranges, not during an actual detection situation, it might be tempting (or necessary)
to simplify the assumed hotspot shape and thereby overestimate the hotspot area. Let us for
instance assume that we want to estimate the detection range due to a thermal hotspot on a vehicle.
The hotspot-background temperature differ-
ence is ATy and the true critical size of
the hotspot is Ly. In assessing the char-
acteristics of the hotspot, either manually
or through some automatic algorithm, the
hotspot area is estimated to have the critical
size Ly > Lg. The ratio of the estimated
and true hotspot critical size is defined as

z=—>1. (6.11)

Fig. 6.7 illustrates this for the idealised case
of a square hotspot, although estimating the
hotspot area in case should be fairly easy. To
compensate for the increased hotspot area,
we replace the true hotspot temperature dif-
ference with an estimated temperature dif-
ference, AT, given as

Figure 6.7 Sketch of a square, thermal hotspot
with temperature To + ATy and size

ATy L%{. The box evaluated by the sensor
ATs = ——. (6.12) ; D gino T2
S$T2 includes the hotspot with size Ly >
L2
e

The assumed hotspot area increases as
72, while the estimated temperature differ-
ence relative to the background decreases at the same rate. The question is how the PMRTD-
estimated detection range will vary with increasing z. As indicated by the previous plots presented
in this section, the answer to this question depends on several parameters. Fig. 6.8 shows the
detection range as a function z, normalised by the detection range at z = 1. The Jim Compact
WFOV camera properties are assumed in combination with MRTD parameters AT,;, = 0.015 K,
ATy = 0.25 K, x. = 1.8, and the extinction coefficient is assumed to be 0.5 (panel a) or 4.0 (panel
b). Results are shown for Ly equal to 0.2 m (dark shading) and 5.0 m (bright shading), and for
ATy equal to 4 K (blue curves), 15 K (red curves) and 40 K (green curves). For small to medium
atmospheric extinction levels, the estimated detection range for the smaller target increases (almost)
linearly with increasing z. This is in particularly true when the hotspot temperature difference is
large. The corresponding results for the larger target shows only a weak dependence on z. This
means that unless the extinction is sufficiently large, the primary parameter which restricts the
detection range is the target size.

If instead the atmospheric extinction is large, the PMRTD-estimated detection range is less
prone to increase with increasing estimated hotspot area. As shown in panel b of Fig. 6.8, the
estimate detection range actually decreases with increasing z for the case of the larger hotspot (dark
shaded curves). If the hotspot temperature difference is 4 K, the estimate detection range drops
by almost 50% if the hotspot critical size is estimated to be 20 m instead of the correct size of 5
m. Considering the smaller target, the estimated detection range still increases with increasing z.
For example, the calculated detection range is doubled if the hotspot critical size is assumed to be
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0.8 m rather than 0.2 m and the hotspot temperature difference is 15 K. If on the other hand, the
temperature difference is merely 4 K, the estimated detection range is only 60% higher if z = 4
compared to the z = 1 case.
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Figure 6.4 PMRTD-estimated range for 50% successful detection as a function of target
size when ATy = 2 K. Panels a, b, ¢, and d show results using the FLIR A655SC,
FLIR A655MAG, Jim Compact WFOV, and Jim Compact NFOV, respectively. The
extinction coefficient (y) is assumed to be 0.2 (black), 0.7 (blue), 1.2 (green), 2.3
(red), and 3.0 (brown). Uncertainty in estimates due to uncertainties in MRTD
parameters (as in Fig. 6.3) is indicated by the thickness of the shaded regions.
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Figure 6.5 PMRTD-estimated range for 50% successful human detection as a function
of target-background temperature difference using the FLIR A655MAG system
(panel a) and Jim Compact binoculars on maximum zoom (panel b). MRTD
parameters are AT,,;,, = 0.015 K, ATy = 025 -1.0K, and x. = 1.8. The
extinction coefficient (y) is assumed to be 0.2 (black), 1.0 (blue), 3.0 (green).
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Figure 6.6 PMRTD-estimated range for the detection of a human (panel a) and a CV90
(panel b) with ATy = 2 K and a success rate of 50% plotted as a function of the
extinction coefficient (y). With one curve for each of the systems listed in Table
3.1, the colour indicates the IFOV on a dB(mrad) scale. MRTD parameters are
AT,;,, =0.025 K, ATy = 1.0 K, and x. = 2.0.
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Figure 6.8 Normalized PMRTD range for 50% successful hotspot detection as a function
of the estimated-to-actual hotspot area ratio. Results are shown for vy equal to
0.5 (panel a) and 4.0 (panel b). Curves are shown for Ly equal to 0.2 m (dark
shading) and 5.0 m (bright shading), and ATy equal to 4 K (blue curves), 15 K
(red curves) and 40 K (green curves).
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7 Practical examples of thermal acquisition range
estimation

We have, in sections 4 and 6.3, described two different methods for estimating the acquisition range
of thermal sensors. The first method, the pixels-on-target (POT) method, neglects atmospheric
attenuation and assumes that the sensor limitations can be described by the Nyquist frequency
alone. The acquisition range according to the POT method is given by Eq. 4.4. The second method,
parameterised MRTD (PMRTD), incorporates atmospheric attenuation, albeit using a simplified
atmospheric transmission model. In addition, PMRTD requires information (determined either
from experiments or through an educated guess) regarding the detectable temperature difference
as a function of target frequency. For all 3 sensors considered in this section, we will assume the
following PMRTD parameters: AT,,;, = 0.015 K, ATy = 0.25-1.0K, and x. = 1.6 — 2.0. The
PMRTD estimated acquisition range normalised by the corresponding POT range estimate is given
by Eq. 6.9 (or Eq. 6.7 if zero atmospheric attenuation is assumed). The thickness of the graphs
showing PMRTD estimates reflects the uncertainty in the MRTD parameters. In this section, we
will illustrate the use of the two methods on a handful of real-world scenarios. We will highlight
the differences in estimated range between the two methods under varying conditions. A detailed
explanation on how atmospheric parameters such as temperature, relative humidity, aerosol model,
meteorological visibility and precipitation affects the atmospheric extinction is found in Appendix
A.

7.1 Detection of a single, static person in rural, winter con-
ditions

First, we revisit the classic task of detecting an isolated, static person with 50 % probability. We
will restrict ourselves to winter conditions and assume that the person is completely separated from
other heat sources so that the background temperature is uniform and equal to the air temperature.
Just as in section 2.3, we will assume the person to be roughly 1.8 m tall and 0.5 m wide, resulting
in a critical size of about 1 m. The person is otherwise assumed to wear relevant winter clothing
(retail or military outfit). In addition to considering a full length person as a target, we will make a
separate evaluation of a scenario where only the face is visible. Based on anthropometric data in
Dreyfuss (1967), we assume the critical length of the exposed part of an average face to be about
15 cm. Despite being a much smaller target than a full length body, this configuration, unlike in
the first case, is assumed to expose uncovered skin which indicates a much higher temperature
difference than the full length target.

From Gavhed et al. (2000), we have that observed facial skin temperature relative to the
surroundings increases from about 12 °C at ambient temperature 20 °C to about 28 °C at ambient
temperatures below -5 °C. By fitting this data to a simple second order polynomial, we can for
instance estimate the temperature difference between facial skin and the surroundings to be roughly
17 °C, 25 °C, and 27 °C when the ambient temperature is 10 °C, 5 °C, and 0 °C, respectively. In
comparison, experimental data has shown that the temperature difference between a body covered
by suitable winter clothing and its surroundings can be expected to be about 5 °C at ambient
temperature -25 °C. We will furthermore assume that the temperature difference between the
clothes and the background is more or less zero at ambient temperature 10 °C or higher.

We assume that the relative humidity is at 80% and that the atmospheric aerosol mixture is
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given by the rural aerosol model described in section A.2.1. We will look at two different cases
when it comes to precipitation: one scenario without any precipitation and one scenario where
the precipitation rate is set to 1.0 mm/hr. Furthermore, we assume that the precipitation comes
in the form of rain when the ambient temperature is positive and in the form of snow when the
ambient temperature is negative. The attenuation models in the two cases are described in sections
A.3.1 and A.3.2, respectively. Snow results in much higher extinction than rain assuming the
same precipitation rate, as can be seen by comparing Figs. A.8 and A.9. This will cause the
total atmospheric extinction in these scenarios to drop markedly when the temperature goes from
negative to positive. The aerosol concentration is in all cases set so that the visibility is limited to
20 km in the zero precipitation case. With a precipitation rate of 1.0 mm/hr, Tables B.6 and B.31
show that the extinction due to rain will be roughly 0.4 1/km in the MWIR and slightly bigger in the
LWIR bands. Using Eq. A.20, we find that this should result in a combined visibility of around 6.5
km. In case of a 1 mm/hr rate of snowfall, the atmospheric extinction will be completely dominated
by the precipitation. According to Fig. A.9, the extinction will be a little over 2 1/km in the MWIR
band and just over 3 1/km in the LWIR band.

Fig. 7.1 shows the estimated detection range for the two configuration of the target as a function
of the ambient temperature, for 3 different sensor systems: FLIR A655MAG (a), Safran Jim
Compact NFOV (b), and Hensoldt Z:N ightOwl® (¢). The dashed lines show the POT estimate for
the two configurations, which does not depend on atmospheric conditions or target-bakcground
temperature differences. The red and blue curves represent the detection range for the full length
person target in dry weather and with 1 mm/hr precipitation, respectively. Since the precipitation
is assumed to be snow only for sub-zero temperatures, the detection range increases sharply at 0
°C ambient temperature in the precipitation case, but not in the dry weather case. The detection
range for configuration 2, where the target is only a face, is mostly about 10 times smaller in dry
weather than the corresponding detection range for the full length configuration. The only dry
weather deviations from this is if the ambient temperature increases to nearly 10 °C, at which point
the target-background temperature difference in configuration 1 approaches zero. The difference in
estimated detection range between the dry and wet atmospheric case is much less for configuration
1 than it is for configuration 2. This is particularly evident for the Z:NightOwl® sensor, which
has the longest detection range of the 3 sensors compared. This is consistent with the general rule
that the target-sensor combination which provides the longest detection range, will also be most
affected by non-ideal atmospheric conditions such as rain or snow.

7.2 Drone detection

Drone detection has become a highly relevant issue in recent years. We will consider detecting a
drone with 70 % probability under different atmospheric conditions but with fixed relative humidity
to 80%. It should be stressed that the detection range strictly speaking only applies to a static drone
being detected under the condition of no observation time limit. Detection is done using the Safran
Jim Compact sensor and we start out by assuming maximum zoom has been applied, as this gives
the highest theoretical range but also the range most sensitive to atmospheric conditions. It will,
however, be difficult to detect a drone which approaches from an unknown direction on full zoom
without combining a large number of such sensors in order to achieve sufficient sensor coverage of
the sky. In practise, it is therefore likely that an intermediate zoom needs to be chosen and that the
practical detection range therefore will be considerably smaller than that reported in this section.
We will consider two different drone sizes; a medium-sized drone, with a critical length of
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about 35 cm, and a larger drone, with a critical length of 100 cm. A commercial example of the
first kind is the popular DJI Phantom 4 (SZ DIJI Tech. , 2020), while an example of the second
type is the Griff 135 from Griff Aviation (Griff Aviation, 2020). The ambient temperature is set
to 10 °C and the temperature difference between the targets and the background i assumed to be
20°C. Detection range for the two targets is plotted as a function of rain rate in Fig. 7.2. The red
and green curves show the PMRTD estimate for the larger drone assuming the urban and maritime
aerosol models, respectively. The corresponding range for a 35 cm-sized drone is shown in brown
(urban) and blue (maritime). Referring to the zero precipitation case, the meteorological visibility is
either 20 km (panel a) or 2 km (panel b). The dashed lines, black and grey, show the POT estimate
for the two drone sizes, large and medium, respectively. Because the POT estimate does not take
into account atmospheric conditions, these estimates are identical in the two panels.

The detection range for the larger drone is between 2 and 4 times larger than the corresponding
detection range for the smaller drone. The difference is at its largest in good atmospheric conditions;
most importantly that there is negligible precipitation. Visbility also plays a role, but much less
than in visible light and mostly when considering the larger drone in combination with the maritime
aerosol model. In this case, the detection range can be seen to increase from around 3 km to
4 km when the visibility is increased from 2 km to 20 km. Rainfall up to 4 mm/hr causes the
detection range to drop by 20-25%, and if the rain rate increases to10 mm/hr the drop relative to the
zero-precipitation case has increased to 30-35% in total. For the smaller target, there is negligible
effect of the atmospheric conditions on the detection range, and it is typically 10-30% larger than
the POT estimate for this target.

7.3 The effect of emissivity on the detection of tents

So far, we have assumed only ideal, black-body radiation in these practical examples. Real materials
exhibit deviations from black-body behaviour which normally are expressed using the concept of
emissivity (&), the ratio of the thermal radiance from a material surface and the radiance from a
black-body with the exact same temperature as the material surface. While the emissivity can be
expected to vary with wavelength, we argued in section 1 that a useful simplification approximates
the emissivity as a constant near the wavelength of peak radiance. Eq. 1.6 relates the measured
surface temperature to the emissivity of the material and the true temperature. Tents will tend to be
warmer than its surroundings because of the heating mechanisms utilized by a tent, in combination
with potential heating sources inside the tent. It can therefore be desirable from a signature point-of-
view to use a tent material with a lower emissivity than that of the background. A detailed review
of different approaches to modifying the emissivity of tent materials is found in Hall (2017). The
author also presents emissivity data on woven polyester tent fabrics. Untreated fabrics exhibit an
emissivity of over 0.8, while fabrics coated to a various degree with aluminium coating, have a
measured emissivity of between 0.2 and 0.7.

7.3.1 Apparent temperature differences

How much smaller the tent emissivity ideally should be, really depends on the real temperature
difference between the tent and the background. If the tent emissivity gets too low, the tent will
appear to be noticeably colder than the background. If, for instance, the background is dominated
by vegetation, the emissivity of the background will be 0.9-1.0 (Brewster, 1992). A tent emissivity
of less than 0.9 would then potentially improve the tent’s camouflage properties, assuming the tent
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is warmer than its surroundings. In Fig. 7.3, we have illustrated this problem for two temperature
scenarios where the background is assumed to have a fixed emissivity of 0.9. In the first scenario,
indicated by the blue curves in Fig. 7.3, the true ambient temperature is -15 °C which is equivalent
to an apparent temperature of about -20 °C. The true tent temperature in this case is assumed to
be 10 °C, which means that the true temperature difference between the tent and the vegetation in
this scenario is 25 °C (indicated by the blue, dashed line in Fig. 7.3). Because the apparent tent
temperature depends on the tent emissivity, the measured temperature difference between the tent
and the background will also vary with emissivity. Inspecting the blue , solid curve in Fig. 7.3, we
see that the apparent temperature difference drops as the tent emissivity drops below 0.9, until it
reaches roughly 0 at € = 0.56. This can according to Hall (2017) be achieved by coating the tent
fabric with 9 um at a wet weight of 5 %. That the tent can be made to blend perfectly with the
background by simply tailoring the emissivity comes directly as a consequence of the simplifying
grey body assumption. In reality though, there will always be a certain level of thermal mismatch
between an artificially made target and a natural background. If the tent emissivity is decreased
below 0.56, the measured temperature difference between the tent and the background starts to
increase, this time with the tent being the colder component, until it reaches 30 °C when & = 0.3.

In the second scenario, indicated by the red curves in Fig. 7.3, the ambient temperature is
+15 °C which is equivalent to an apparent temperature of about 9 °C. The true tent temperature is
assumed to be 20 °C, making the true temperature difference between the target and the background
5 °C. In this case, the two apparent temperatures become equal if the tent emissivity is about 0.82,
as seen in Fig. 7.3. This corresponds to the emissivity level measured by Hall (2017) of untreated,
woven polyester. If on the other hand, the tent emissivity is reduced all down to 0.3, the measured
temperature difference between the tent and the background will have increased to over 50 °C. For
such a scenario, the biggest risk from a signature perspective is to have a too low rather than a too
high tent emissivity.

7.3.2 Detection range as function of emissivity

We have seen how the measured temperature difference between a target, in this case a tent, and the
background varies with varying target emissivity for two temperature scenarios. The next question
is how the detection range can be expected to be influenced by modifications to the target emissivity.
To answer this, we adopt the same two temperature cases used in the previous section, now referred
to as a winter and a summer scenario, and a background with the same, fixed emissivity as before of
0.9. We will consider 3 different atmospheric conditions, but the relative humidity will be set to 90
% and the rural aerosol model is chosen for all 3 atmospheres. We are interested in detection with
a probability of success rate of 50 %, and consider data aquisition using 3 different sensors: the
Safran Jim Compact WFOV, the Safran Jim Compact NFOV, and Hensoldt Z:N ightOw1®, hereafter
referred to as sensors 1-3.

The first case assumes good weather conditions with a meteorological visibility of V = 20 km
and no precipitation. Fig. 7.4 shows the estimated detection range as function of tent emissivity,
with the results for sensors 1, 2, and 3 identified by squares, circles, and triangles, respectively. The
blue graphs correspond to the winter scenario, while the red graphs shows the results for the summer
scenario. For sensors 1 and 2, the difference between the winter and summer scenarios is small, with
the winter detection range being about 2 % and 9 % larger, respectively. The emissivity-averaged
detection range is estimated to be just under 5 km for sensor 1 and 14-15 km for sensor 2. For the
last sensor, the difference between the detection range in the two scenarios is larger, almost 30 %,
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with an emissivity-averaged detection range of 40 km in the summer scenario and almost 65 km
in the winter scenario. The reason why the winter scenario results in a larger detection range is
not primarily because the true temperature difference is 4 times larger in the winter scenario, but
because the atmospheric attenuation in a high-humidity atmosphere is noticeably smaller when the
ambient temperature is 30 degrees lower.

Just as the measured temperature difference was shown in Fig. 7.3 to reach a minimum at
& = 0.56 for the winter scenario and & = 0.82 for the summer scenario, the detection range graphs
in Fig. 7.4 exhibit dips at the appropriate emissivity values. According to the model, the sensor 3
detection range can be expected to drop to 40 km in the winter scenario and 12 km in the summer
scenario if the emissivity is tailored to the scenario. For sensor 2, the corresponding detection
ranges are 10 km and 5 km. Although this result should be qualitative correct, the quantitative
strength of these dips depends on how much the emissivity varies with frequency within the sensor
wave bands.

In the second atmospheric case, there is still no precipitation but the visibility is assumed to
have dropped to 2 km. The detection range for this case is shown in Fig. 7.5. For sensor 1, the
change of visibility has almost no effect on the detection range. This is because the sensor optics is
the primary limiting factor. Even for sensor 2, the changing atmosphere does not have a big impact,
giving ony about 30 % reduction in the estimated detection range. For sensor 3, on the other hand,
the reduction in the meteorological visibility causes a major drop in estimated detection range,
dropping from 65 km (winter) and 40 km (summer) to 23 km (winter) and 18 km (summer). For the
last calculations, we return to an atmosphere with V = 20 km. This is assuming no precipitation.
Then, we add 1 mm/hr precipitation, which falls as rain in the summer scenario and as snow in the
winter scenario. As is shown in Fig. 7.6, the snow in winter has a considerably stronger effect on
the detection range than the rain in summer. In the winter scenario, there is almost no difference
in the performance between the three sensors, with a detection range of around 2.5 km. For the
summer scenario, there is still some difference in the performance of the three. Sensor 1 is almost
unaffected by the light rain since the detection range is so small even in dry weather. For sensor 2,
the detection range is about 10 km on average, slightly smaller than the corresponding detection
range in the previous atmospheric case. The same is more or less true for sensor 3, where the
emissivity-averaged detection range in this case is just under 15 km.

7.4 Comparison of detection range for compact ICE and BEV
cars

The last example explores a new vehicle trend and how it might affect thermal detection. The
power train transition from internal combustion engine (ICE) to battery electric vehicles (BEV).
BEVs is gradually making an inroad in some markets and is expected to accelerate in the next
5-10 years. So far, BEVs are virtually non-existing in military applications, but they are expected
to play a role in future military operations, in particular if you include plug-in hybrids (PHEVs)
which can operate completely on the electric motor for a meaningful period of time. An example of
the latter is the Scarabee presented by Arquus Defence in 2019 (Arquus, 2019), a light armoured
4X4 vehicle designed for reconnaissance, scouting and support. Apart from innovative modes of
movement due to separate motors on each wheel, the electric operation should offer possibilities for
reduced signature. It is expected that a BEV would radiate less heat than an ICE vehicle due to a
more efficient power train. This was clearly demonstrated by the Youtube channel Fully Charged
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which used a FLIR T1K HD camera to compare the thermal signature from two compact cars, a
Nissan Leaf (electric) and a Ford Focus (diesel) (Czerski, 2019). The measured temperatures of
various parts of the BEV is generally substantially smaller than that of the ICE vehicle. But there
are also indications in the video that the low emissivity of the body of the cars will complicate
this picture. Assuming the cars are observed in daytime and given the right weather conditions,
reflected sunlight can make parts of a car look hotter, even when the car is not turned on. This effect
can prevent the temperature difference between for instance a BEV and the surrounding vegetation
from becoming very small. In nighttime or in cloudy weather, this effect should be negligible and
the difference in thermal signature between a BEV and an ICE vehicle is expected to be more
pronounced.

Based on the measurements in (Czerski, 2019), the following scenario is set up. Detection with
a probability of 50% from the front and from the side is considered.The two cars are of roughly of
the same size the Nissan Leaf and Ford Focus, and the critical length for front detection is estimated
to 1.3 m, while the critical length for side detection is set to 2.0 m. The ambient temperature is
set to 12 °C, the relative humidity is again set to 80%, the rural aerosol model is assumed, no
precipitation is included, and the background is assumed to be dominated by vegetation and soil
so that the emissivity of the background is fairly close to unity. Due to the low emissivity of the
body of the cars, and since the BEV has limited heat production in itself, the BEV-background
temperature difference is expected to be lower at night and low light than in broad daylight. We
will therefore consider both a daytime and a nighttime scenario. This is not expected to play a
role for the detection of the ICE vehicle. The BEV is estimated to have a day-time temperature
difference relative to the background of about 1 °C, both in front and on the side. At night, this
temperature difference is assumed to be reduced to roughly 0.1 °C (this is a loosely based estimate).
The ICE vehicle exhibits a larger temperature difference with its surroundings, in particular in the
front. The front temperature difference is estimated to 10 °C although parts under the hood have
much higher temperatures. On the side of the car, the temperature difference is estimated to be
reduced to 6 °C. The same temperature differences are assumed to apply at night.

In Fig. 7.7 we show the estimated detection range for 4 different targets: frontal BEV (red
curves), frontal ICE (brown curves), sideways BEV (blue curves), and sideways ICE (green curves),
all plotted as functions of the meteorological visibility. The dashed curves show the POT-estimated
detection range for the frontal and sideways targets, and results are shown for the daytime (panel a)
and nighttime (panel b) scenarios. For all the PMRTD estimates, the visibility plays an important
role if it gets sufficiently small, below around 2 km where the fog models start to come into effect.
In the high visibility regime, how much the range estimates depend on the visibility is dependent
on the target characteristics. The detection of the frontal ICE vehicle is least sensitive to variation
in the visibility in the medium-to-high visibility regime. This is because it exhibits the largest
temperature difference relative to the background and is the smaller of two geometries. This makes
the sensor resolution the most important parameter. While the detection range for the frontal
ICE target increases by less than 10 % when the visibility increases from 2 km to 20 km, the
corresponding increase for the sideways BEV is roughly 24 % in the daytime scenario. In this
case, the temperature difference between target and background is small, in addition to the critical
length being slightly larger than for the two frontal targets. In the nighttime scenario, the sideways
BEV detection range increases by almost 50 % as the visibility goes from 2 km to 20 km since the
temperature difference is even smaller in this case.

To summarise the results presented in Fig. 7.7, we can say that changing the detection orientation
from frontal to sideways typically increases the estimated detection range with slightly less than 20
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% when the visibility is as low as 1 km, while the frontal-to-sideways increase is almost 50 % when
the visibility is 20 km. So how much larger is the detection range for an ICE vehicle compared to a
BEV? This depends on the visibility and whether it is the day or night scenario. During the day,
the ICE detection range is almost 20 % larger than the corresponding BEV detection range when
we are in the high visibility regime. If the visibility is reduced to 1 km the detection range of an
ICE vehicle is estimated to be about 40 % larger than the BEV detection range. Note, that this is
during daytime when we expect low-emissivity effects to contribute to the apparent temperature
difference between a BEV and its surroundings. In the nighttime, when we have assumed that the
BEV-background temperature difference has been reduced by a factor 10, the thermal detection
range for an ICE vehicle is predicted to be almost twice the detection range of the corresponding
BEV target.
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Figure 7.1 Estimated range for 50 % probability of detecting a static person either as a full
length body (configuration 1) or as a face only (configuration 2) as function of
background temperature. The dashed lines show the POT estimate for the two
configurations. The red and orange curves show the PMRTD estimate with no
precipitation in configuration 1 and 2, respectively. The blue and green curves
show the corresponding results with 1 mm/hr precipitation. Results are shown for
the sensors FLIR A655MAG (a), Safran Jim Compact NFOV (b), and Hensoldt

Z:Nightowl® (c).
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Figure 7.2  Estimated range for 70 % probability of detecting a static drone when the met-
eorological visibility equals 20 km (panel a) and 2 km (panel b) as a function
of rain rate. The red and green curves show the PMRTD estimate for the 100
cm-sized drone assuming the urban and maritime aerosol models, respectively.
The corresponding range for a 35 cm-sized drone is shown in brown (urban) and
blue (maritime). The dashed lines show the POT estimate for the two drone sizes
and is identical in the two panels.
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Figure 7.3 Apparent temperature difference between a tent and the background as a function
of the tent emissivity in two separate scenarios, where the real tent temperature
is 10 °C (blue) or 20 °C (red) and the corresponding background temperature is
-15 °C (blue) or 15 °C (red).
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Figure 7.4 Detection range as a function of tent emissivity for the winter (blue) and summer
(red) scenarios with meteorological visibility V. = 20 km and no precipitation
when using one of the 3 sensors: Safran Jim Compact WFOV (squares), Safran
Jim Compact NFOV (circles), or Hensoldt Z.'Night0wl® (triangles).

FFI-RAPPORT 21/00388 55



range (km)

Figure 7.5 Detection range as a function of tent emissivity for the winter (blue) and summer
(red) scenarios with meteorological visibility V = 2 km and no precipitation when
using one of the 3 sensors: Safran Jim Compact WFOV (squares), Safran Jim
Compact NFOV (circles), or Hensoldt Z.'Night0wl® (triangles).
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Figure 7.6  Detection range as a function of tent emissivity for the winter (blue) and summer
(red) scenarios with meteorological visibility V = 20 km and 1 mm/hr precipit-
ation when using one of the 3 sensors: Safran Jim Compact WFOV (squares),
Safran Jim Compact NFOV (circles), or Hensoldt Z.'Night0wl® (triangles).
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Figure 7.7 Estimated 50 % probability detection range as a function of visibility for a
compact-sized BEV and a similar ICE vehicle. Range estimation is performed
both for a daytime (panel a) and a nighttime (panel b) scenario. The vehicles
have either the front (red/brown curve for the BEV/ICE) or the side (blue/green
curve for the BEV/ICE) towards the observer. The dashed lines show the POT
estimate for the front (grey lines) and the side (black lines).
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8 Summary

This report serves as an introduction to the topic of thermal acquisition range estimation by
discussing camera-dependent properties, atmospheric effects, and to a limited extent, target-specific
factors. We discuss the simple Pixels-on-target (POT) estimation method, as well as the more
elaborate Parameterized Minimum Resolvable Temperature Difference (PMRTD) method.
The latter method represents, as far as the author is aware, a new approach to utilizing the concept
of MRTD-curves in range estimation. The new method has advantages both when it comes to
estimating the acquisition range itself as well as estimaging the uncertainty in the calculated
range caused by uncertainties in the MRTD parameters. PMRTD, unlike POT, includes effects of
atmospheric attenuation and requires a separate extinction model which has been constructed on
the basis of experimental data from the literature (see Appendix A).

There are many different sources of errors and uncertainties which might affect the estimated
aqcuisition range predicted by the PMRTD method in a given scenario. There are uncertainties
associated with the model parameters which specify the MRTD-curve for the sensor being evaluated.
There are also uncertainties associated with the atmospheric conditions and the target emissivity.
Uncertainties in all these parameters can easily be reflected in the predicted acquisition range using
the PMRTD method. In addition, there are uncertainties caused by spatial and temporal variations
in the thermal properties of both the target and the background, as well as errors accumulated by
the simplified radiation transfer model applied (see discussion on Beer’s law in section 5.3). It
should also be stressed that all range estimates assume static targets being detected, identified or
recognized by an observer with infinite observation time at his or her disposal. The effects that
these uncertainties, or sources of errors, have on the predicted acquisition range cannot be estimated
using PMRTD.

Unfortunately, we have not had access to data suitable for a rigorous validation and comparison
of the two estimation methods presented in this report. However, practical examples were presented
in section 7 which highlights the differences between the two methods in different scenarios.
Typically, the POT method gives estimates consistent with the PMRTD estimates if the target-
background temperature difference is large and the atmospheric conditions are reasonably good.
If one of those conditions are not properly met, the POT method is likely to overestimate the
acqusition range. However, the PMRTD estimated range can in some cases be larger than the POT
estimated range. This is due to the difference between the practical and theoretical upper limit to
detecting high-frequent targets.
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A An atmospheric attenuation model

In section 6, we looked at how the MRTD function can be used to improve on the estimated thermal
sensor acquisition range provided by the simple Pixels-on-target (POT) method (see section 4).
One of the main differences between the two approaches is that the PMRTD method, in contrast to
the POT method, takes atmospheric attenuation into account. The discussion in section 6 assumes
that the strength of atmospheric attenuation is known and thereby belies the fact that estimating the
wavelength-dependent dampening of electromagnetic signals through the air is in itself a challenging
task. The accuracy of the range estimates will be determined, not only by the uncertainties in the
sensor properties and the errors associated with the use of Beer’s law (see section 5.3), but also
by how well we can estimate the atmospheric attenuation in the frequency band we are interested
in. MODTRAN® is an example of a well-established, commercial software which provides high
resolution, line-by-line radiative transfer calculations through a stratified atmosphere (Berk &
Hawes, 2017). The model includes 6 standard atmospheres (tropical, mid-latitude summer/winter,
sub-arctic summer/winter, and US standard 1976) and 4 aerosol classes (rural, urban, navy aerosol,
and desert).

In order to produce the quantitative examples of real-world scenarios described in section 7,
we developed a separate atmospheric attenuation model. The aim of the model was to provide
reasonably accurate extinction coefficients in the MWIR and LWIR frequency bands based on
easily observable weather parameters (air temperature, humidity and meteorological visibility), and
the model includes attenuation due to both water vapour and aerosols, including rain and snow.
Although much simpler than MODTRAN®3 and with much lower spectral resolution, the new
model is build on much of the same raw data as MODTRAN®. In this section, the attenuation
model is explained. First, we look at the separate sub-models before discussing how the they
are combined. Appendix B provides tables with extinction coefficient values for a wide range of
atmospheric conditions calculated using this attenuation model.

A.1 Gas attenuation model

Gas attenuation in the MWIR and LWIR atmospheric windows is usually less important than
aerosol attenuation unless the visibility is very good or the climate is hot and humid. But while
the aerosol attenuation, at least as it pertains to fog, sand or precipitation, can be highly variable
in time and space, the gas attenuation will typically have a more consistent effect on the range of
thermal sensors. As such, the gas attenuation often represents a minimum attenuation level under
given climatic conditions. As mentioned in section 5.1 and illustrated in Fig. 5.1, water vapour is
the dominant contributor to gas attenuation. In the current attenuation model, we therefore only
consider gas attenuation which involves water vapour.

Water vapour spectra is made from a combination of narrow absorption lines, arising from
transitions between rotational and vibrational energy levels, and a relatively smooth, underlying
continuum absorption caused by collisional broadening of the absorption lines. Given the complex-
ity of modelling individual absorption lines, and the fact that we are not interested in calculating
absorption in narrow frequency bands, absorption from individual lines is not treated explicitly in

3n contrast to the MODTRAN® model, the current model is restricted to sea level conditions and does not describe
how atmospheric conditions change with altitude. This is a reasonable simplification as long as the observer and the
target is located at roughly the same, not too high altitude (mountain region scenarios can be treated by choosing humidity
and visibility appropriately) and the acqusition range does not exceed roughly 100 km.
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the current model. Instead, we use a water vapour continuum model which is derived from line
absorption properties. A commonly used model of this type is the CKD model (Clough et al., 1989)
and the subsequent MT CKD model (Clough et al., 2005). In the current work, we have chosen
a more recent model, known as the BPS model, which is said to be more correct in the MWIR
and LWIR bands (Paynter & Ramaswamy, 2011). By not including the line absorption, we will
underestimate the absorption coefficient not only locally, but also when integrating over a wider
frequency band. Based on plotted spectra in e.g. Baranov et al. (2008) and comparing the integrated
BPS absorption with LWIR band absorption levels in clear-sky conditions provided in Love (2017),
we estimate the continuum fraction of the total water vapour absorption to be just under 60%. We
compensate this in our model, by multiplying the BPS absorption by a factor, Ay, of about 1.6.

The continuum absorption has two contributions: absorption due to interactions between water
vapour molecules only and absorption resulting from interactions with other gases. Absorption due
to the former class of interactions is referred to as the "self-continuum", while interactions of the
latter kind give rise to the "foreign continuum”. In all spectral regions, the self-continuum absorption
coefficient is greater than the foreign cotninuum coefficient. In addition, the self-continuum, as
opposed to the foreign continuum, has a strong, negative exponential temperature dependence. The
total extinction coefficient due to water vapour, o, in our model can then be written as

T, T) = Ajpelos (v, T) + 0 (v, T)], (A.D)

where v is the wavenumber (in units of 1/cm) and 7 is the temperature (in K). The self- and foreign
continuum extinction coefficients can in turn be expressed as

_ P (Pw) (To
osnT) = = (Po ) ( T ) GO 1) (A2)
and
Py (Pr\(T;
o) = 2 (P—J;) (?0) Cr(v). (A3)

Py is the reference atmospheric pressure (1 atm) and 7y is the reference temperature (297 K). P,,
is the partial pressure of water vapour, Py = Py — P,,, and k is the Boltzmann constant. The
partial pressure is the product of the relative humidity, ¢, and the temperature-dependent saturation
pressure, Py(7T). A formula which manages to combine accuracy with simplicity is the Buck
formula (Buck, 1981). According to this formula, the saturation pressure of water vapour can be
written as

T T
Py(T) = Pg exp | (A= =-)(

B TC + T) ’ (A4)

where Pg = 611.21 Pa = 6.032 - 1073 atm, A = 18.678, Tz = 234.5 °C, and Tc =257.14 °C if the
temperature 7 (given in Celsius) is non-negative. If T < 0 °C, the following parameter values are
used in the Buck formula: Pg = 611.15 Pa = 6.032 - 1073 atm, A = 23.036, T = 333.7 °C, and
Tc =279.82 °C.

The foreign continuum coefficient, Cy, is only dependent on the wavenumber, and the logarithm
of Cy is plotted in the top panel of Fig. A.1. The temperature-dependence of the self-continuum
coefficient Cg(v,T) can be expressed by the function 6(v) so that

Cs(v,T) = Cs(v) exp [(T' = To) b5 (v)]. (A.5)
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Figure A.1  Water vapour continuum according to the BPS model (Paynter & Ramaswamy,
2011). The top and middle panels show the logarithmic absorption coefficients
of the foreign (Cy) and self (C,) continuum coefficients, respectively, as functions
of the wavenumber. Cy and Cy are given in unit of cm*atm™"molecules™. The
bottom panel shows 6y, the coefficient in the temperature dependent factor of the
self-continuum, in units of 1/K.

The wavenumber-dependent functions log[Cs(v)] and 6(v) are plotted in the middle and bottom
panels of Fig. A.1, respectively. The coefficients Cy and Cy are given in units of cm?atm™'molecules™!,
and 6, is given in the unit 1/K.

We use Eq. A.1 to calculate the water vapour absorption for varying air temperature and relative
humidity. This is plotted as a function of wavelength in Fig. A.2. There are two blue, two green,
and two red curves which show results corresponding to air temperatures of -10 °C, 10 °C, and 30
°C, respectively. The brighter shaded curve of each pair has been calculated assuming a relative
humidity of 20%, which is similar to what you could expect to have in arid regions. The darker
shaded curve of each pair is found by setting the humidity to 90%. For the 30 °C case this would
correspond to a tropical climate. All 6 curves have roughly the same shape, with relatively low
absorption levels in the MWIR (3-5 um) and LWIR (8-12 um) atmospheric windows and much
higher levels of absorption in between. Absorption increases with increasing temperature and
increasing relative humidity as expected. From Fig. A.2 we see that the gas absorption is roughly
the same if the air temperature is -10 °C and the relative humidity is 90% or if the temperature was
10 °C with a relative humidity of only 20%. If the temperature is increased to 30 °C, the absorption
levels are roughly 10 times larger at 20% humidity and roughly 100 times larger at 90% humidity.
The absorption is slightly lower in the MWIR band than in the LWIR band. For a typical Norwegian
summer scenario of 20 °C with 90% relative humidity, the band averaged absorption is about 0.12
for the MWIR band and 0.30 for the LWIR band.

A.2 Aerosol models

Scattering and absorption by droplets or aerosols suspended in the air is often the dominant
attenuation effect in the lower the parts of the atmosphere, in particular under low visibility
conditions. However, the aerosol concentration, size, and composition might vary greatly which
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Figure A.2  Water vapour absorption according to the BPS model as a function of wavelength.
Results are shown for air temperatures -10 °C (blue curves), 10 °C (green curves),
and 30 °C (red curves). The relative humidity is either 20% (bright shading) or
90% (dark shading).

will have a huge impact on the aerosol contribution to the total atmospheric attenuation. The
absorption and scattering of light due to the aerosols can be calculated from the size distribution
and refractive index from Mie theory. Instead of performing these calculations from scratch, we
base our aerosol models on the graphs presented in Shettle & Fenn (1979) and Longtin et al. (1988),
which is also the foundation for the aerosol models in MODTRAN (Berk & Hawes, 2017). The aim
has been to arrive at aerosol models which are only dependent on easily observable parameters such
as humidity and meteorological visibility. The latter parameter is related to the total attenuation
in the visible part of the spectrum, usually represented by the wavelength 0.55 um. Assuming a
contrast limit of detection of € = 0.02, the meteorological visibility V is given by Kochsmeider’s
relation as

Ine 3.912

b
Yoss Yoss

(A.6)

where 7,55 is the total attenuation at 0.55 um. For a specific wavelength-dependent profile of
the extinction coefficient, the assumed aerosol concentration is adjusted to produce a visibility in
accordance with observations. In Shettle & Fenn (1979), the size distribution and refractive index
as a function of humidity is presented for 4 moderate-to-high visibility aerosol models, rural, urban,
maritime, and tropospheric, as well as 4 fog models for moderate-to-poor visibility scenarios. As
the name suggests, the tropospheric model applies to the troposphere above the boundary layer and
is therefore not of interest in the current setting. Furthermore, we only use one of the fog models in
our description of poor visibility attenuation. A separate desert attenuation model is proposed in
Longtin et al. (1988). In the following, the different aerosol models and how they are combined
into a single aerosol attenuation model are described.
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A.2.1 Rural aerosol model

The rural aerosol model describes land-based, naturally occurring aerosols with no influence from
urban or industrial sources. The model, which would be appropriate to use for instance in woodland
areas, assumes a mixture of 70% water soluble material and 30% dust particles. Fig. A.3 shows the
aerosol attenuation according to the rural model for relative humidity equal to 0% (blue curve), 80%
(turquoise curve), 95% (green curve), and 99% (red/yellow dashed curve) assuming a reference
aerosol concentration of 15.000 particles per cm®. The increase in attenuation with increasing
humidity comes from a roughly doubling in reference particle radius as the relative humidity
increases from 0% to 99%. The corresponding increase in the attenuation is about a factor 10. The
dotted, vertical line indicates the 0.55 um wavelength where the attenuation level is related to the
visibility through Eq. A.6. With the chosen aerosol concentration, the visibility decreases from
around 25 km to about 5 km as the humidity goes from 0% to 99%. Spectrally, the general trend is
that the attenuation decreases with increasing wavelength although there are some locale spikes,
most notably at roughly 3 ym and 10 um. The attenuation is for instance nearly 4 times larger at 3
pm than at 8 um according to the rural model.

o (1/km)

A (um)

Figure A.3  Extinction coefficient as a function of wavelength according to the rural aerosol
model with humidity equal to 0% (blue curve), 80% (turquoise curve), 95%
(green curve), and 99% (red/yellow dashed curve). The yellow dashed curve
shows the spectral variation in extinction under light fog conditions, while the
black, dashed curve shows the same for moderate fog conditions.
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A.2.2 Urban aerosol model

In urban areas the aerosols are assumed to be a combination of 80% rural aerosols and 20% sootlike
particles from industrial or urban activities. The reference aerosol concentration is 20.000 particles
per cm’. We see from Fig. A.4 that the shape of the extinction curves in the urban model is similar
to the corresponding curves of the rural model, but the attenuating effect is larger due to the addition
of the sootlike particles. Even if we take into account the higher reference aerosol concentration,
the visibility is almost double in the rural model compared to the urban model at 99% humidity.

1.00

0.10

o (1/km)

0.01

A (um)

Figure A.4  Extinction coefficient as a function of wavelength according to the urban aerosol
model with humidity equal to 0% (blue curve), 70% (turquoise curve), 90%
(green curve), and 99% (red/yellow dashed curve). The yellow dashed curve
shows the spectral variation in extinction under light fog conditions, while the
black, dashed curve shows the same for moderate fog conditions.

A23 Maritime aerosol model

Sea-salt particles are formed as sea-spray droplets evaporate and grow due to the air humidity.
These make up an aerosol species of oceanic origin which is unique and which mixes with aerosols
of continental origin. This causes the maritime aerosol mix to be distinctly different from the rural
and urban mixes. The continental portion of the mix is assumed to be similar to the rural mix,
but without the largest particles (assumed lost during transportation). The relative amount of the
oceanic and continental aerosols will vary with wind conditions and distance to the coast, however
the standard maritime model in Shettle & Fenn (1979) only has about 1% of oceanic aerosols. Fig.
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A.5 shows the extinction coefficient as function of wavelength in the maritime model for relative
humidity ranging from 0% to 99% for a reference aerosol concentration of 4000 particles per cm?.
A trend which is more pronounced in the maritime model than in the two other aerosol models is
the reduction in the slope of the extinction coefficient with wavelength as the humidity increases.
This is due to the growth of the aerosols, which increases with increasing particle size, and the

corresponding increased contribution of scattering to the total extinction.

T T T T T T T T T <1 T T T T T] T

o (1/km)

A (um)

Figure A.5 Extinction coefficient as a function of wavelength according to the maritime aer-
osol model with humidity equal to 0% (navy blue curve), 50% (blue curve), 70%
(light blue curve), 80% (turquoise curve), 90% (green curve), 95% (olive/yellow
dashed curve), 98% (brown curve), and 99% (red curve). The yellow dashed
curve shows the spectral variation in extinction under light fog conditions, while
the black, dashed curve shows the same for moderate fog conditions.

A24 Fog modelling

Haze, mist, and fog are terms indicating a reduced visible range due to an aggregate of small water
droplets suspended in the atmosphere close to the ground. These phenomena can occur when the
air is close to being saturated with water vapour. There are different types of fog, two of which are
treated by models in Shettle & Fenn (1979). Advection fog arises from the often wind-induced
movement of relatively warm, moist air over a colder ground, like warm air initially above sea
moving in over land. Radiation fog on the other hand, requires little or no wind to form. It forms
typically overnight as the air near the ground cools and stabilises. This type of fog is most easily
formed in sheltered valleys with little wind. The 4 fog models in Shettle & Fenn (1979) cover the
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two fog types in conditions ranging from moderate to poor visibility. In addition, it is noted in
Shettle & Fenn (1979) that

1. In heavy fog, with visibility less than 200-250 m, the extinction coefficient is more or less
independent of wavelength.

2. In light to moderate fog, visibility from around 350 m up to 1000 m, the attenuation in the
LWIR band is substantially less than in visible light and in the MWIR band.

3. In very light fog, with visibility greater than 1 km, the aerosol models with 99% humidity,
and adjusted for visibility, can be used.

Regarding moderate fog levels, it is noted in FLIR Systems Inc. (2019) that calculationS with
MODTRAN show the detection range is about 4 times larger in LWIR than in MWIR and in visible
light when the meteorological visibility is around 600 m. As for heavy fog with visibility of 300 m
or less, MODTRAN calculation referred to in FLIR Systems Inc. (2019) shows that the range in IR
is even lower than in visible by about 4-5 %.

Based on these observations, we propose a simple extension to the aerosol models into the
regime of fog-dominated weather conditions. It does not distinguish between different types of fog.
This extension combines the various sub-models based on the meteorological visibility V. With
heavy fog, V < 0.3 km, a common IR extinction coefficient, oz, models the attenuation in both
the MWIR and LWIR bands. Expressed as a modification to Kochsmeider’s relation (see Eq. A.6),

ok 1S given as
3912 +0.05/V

ow(V) = ————— (A7)
with V given in units of kilometre. With more moderate fog levels, the model utilises fog model 4
in Shettle & Fenn (1979) which originally was constructed for light to moderate fog conditions.
This model is reproduced by the black, dashed line in Figs. A.3-A.5. We see that one characteristic
of this model is that the extinction coefficient, which we denote o4(4, V) is indeed close to 4 times
smaller in the LWIR band than in the visible and MWIR bands. For moderate fog visibility between

0.3 km and 0.6 km, a linear transition from o to o4 is created:

Tnoa(A, V) = [1 = wa(V)]Jow(V) + w2(V)oa(A, V), (A.8)
where V — 0.3 km

With visibility better than 0.6 km, we turn to the normal aerosol models in order to define a
reference profile for light fog conditions. In the rural and urban aerosol models, we use the profiles
corresponding to 99% relative humidity for this purpose, as suggested in Shettle & Fenn (1979). In
the case of the maritime model, we instead use the 95% humidity profile for light fog modelling.
The reason is that the difference between the extinction coefficient in the visible/MWIR bands and
the LWIR band is too small in the 99% humidity maritime case. Since the attenuation level is scaled
to match the observed visibility, it is only the relative spectral variation that is of importance. The
light fog aerosol profile for each aerosol type is indicated in Figs. A.3-A.5 by the yellow, dashed
curve. In the visibility range from 0.6 km to 1.0 km, the light fog regime, the extinction coefficient
is calculated as a linear combination of the dedicated fog model 4 from Shettle & Fenn (1979),
04(4,V), and the aerosol-specific models hereafter referred to as agge(/l, V) (where type is rural,
urban or maritime):

T (AL V) = [1 =w1(N)]o4(4, V) + w1 (V)a 2k (A, V) (A.10)

type
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where V- 0.6k
—U. m

As visibility increases beyond 1 km, the model should gradually transition into the regular
aerosol models described in sections A.2.1-A.2.3. We have again chosen a linear transition which is
completed at 2 km visibility. It represents a fog model under minimal fog conditions, denoted o%,
which in addition to the visibility V and wavelength A will depend on the relative humidity ¢ since
the regular aerosol models, here referred to as 0 2*(4, V, ¢), depend on humidity. This minimal fog
model can be expressed as
AV, P) (A.12)

min reg

T (A, V, ) = [1 = wo(V)]o ™ (4, V) + wo(V)o

where
wo(V) =V —1.0km. (A.13)

A.2.5 Complete humidity-dependent aerosol model

In the sections A.2.1-A.2.4, a comprehensive aerosol model has been described which depends
on the type of aerosols (rural, urban or maritime), the wavelength (1), the air humidity (¢), and
meteorological visibility (V). This model includes the effects of fog, mist or haze due to extra high
humidity. Here we summarise the model by expressing the extinction coefficient of the complete
humidity-dependent aerosol model, o,.(4, ¢, V), as

or(V) for V < 0.3 km;
T moa(A, V) for 0.3 km < V < 0.6 km;
Tpe(A, 9, V) = o-}iyg"hﬁ(/l, V) for0.6km <V < 1.0 km; (A.14)

oA, V,¢) for1.0km <V < 2.0 km;

a¥ (A, V,¢) otherwise,

reg

where o is defined by Eq. A.7, 0., is defined by Eq. A.8, o* is defined by Eq. A.10, and o>

light min
is defined by Eq. A.12. The extinction coefficient in the regular aerosol models, o, is determined
from the profiles in Figs. A.3 (rural aerosols), A.4 (urban aerosols), or A.5 (maritime aerosols).
Using linear interpolation, the extinction coefficients for specific wavelength and air humidity
values are determined, and using scaling, the attenuation levels are adjusted so that the 0.55 um
extinction coefficient matches the specified visibility.

Fig. A.6 illustrates the humidity-dependent aerosol model for all 3 aerosol models. Panel a
uses the rural aerosol type, panel b describes the urban aerosol type, while panel c illustrates the
maritime aerosol type. The band-averaged extinction coefficients for the MWIR band (presented
by blue curves) and the LWIR band (presented by red curves) is calculated assuming a relative
humidity of 20% (light shading) and 90% (dark shading) and plotted as functions of visibility
V. The vertical lines indicate transition between different fog regimes. We clearly see that the
extinction coefficient only dependent on visibility when V' < 0.3 km. The difference between the
MWIR and LWIR attenuation grows in the visibility range 0.3 km < V < 0.6 km, but still without
any dependence on the aerosol type of humidity. In the range 0.6 km < V < 1.0 km, the MWIR
attenuation gets closer to the LWIR attenuation, but the aerosol type determines by how much.

From V > 1 km, the humidity starts to gradually play a role. For the LWIR band with the
rural or urban aerosol types, the extinction coefficient for a given visibility is higher when the

FFI-RAPPORT 21/00388 71



humidity is lower. This might seem counterintuitive since increased relative humidity will increase
the attenuation caused by aerosols if the particle concentration is unchanged. However, in order
to maintain the same meteorological visibility as humidity increases, the concentration of aerosol
particles must go down. Therefore, it all depends on the type-specific aerosol attenuation model
whether the extinction coefficient increases or decreases as the aerosol concentration drops and the
humidity increases simultaneously in such as way that the visibility is kept constant.

If we instead focus on the urban aerosol model in the MWIR band, we see in Fig. A.6b that the
two blue curves, representing widely different relative humidities, overlap almost perfectly even in
the V > 2 km regime. This means that the shape of the urban aerosol extinction profiles (shown
in Fig. A.4) are such that a shift in the 4 = 0.55um extinction coefficient (which is inversely
proportional to the visibility) results in roughly the same shift in the corresponding 3-5 um averaged
extinction coefficient.

A.2.6 Desert aerosol model

The aerosol models considered so far, all depend on air humidity, either directly or indirectly (since
fog, mist and haze as phenomena depend on high relative humidity). In arid regions, aerosols
interacting with water vapour is not the most important contributing factor to aerosol attenuation.
Instead, sand lifted into the atmosphere during dust storms can severely reduce the detection range
both in visible and infrared light. The stronger a storm is, the more sand will it be able to lift into
the air, and the stronger will the attenuation potentially be. For this reason, Longtin et al. (1988)
proposed a desert aerosol model where the extinction coefficient depends on wind speed rather than
air humidity. It is true that local wind conditions provide a mechanism for injecting and transporting
sand. However, measurements show that the correlation between local wind speed and visibility is
a lot weaker than one might expect, especially when looking at gentle to moderate wind speeds (de
Villiers & van Heerden, 2007). This has to do with variation in vegetation, wind direction, effects
of turbulence, and the fact that dust will remain suspended in the atmosphere for quite some time
after the wind has dropped. Sand can also be brought high into the atmosphere at one location
before being transported quite far by moderate winds.

With all these uncertainties regarding the quantitative effects of local wind speed on the
concentration of sand particles in the atmosphere, we have chosen a desert aerosol model which
only depends on the meteorological visibility, in addition to the wavelength. We still make use of
the 4 extinction coefficient profiles provided in Longtin et al. (1988). But instead of relating the
profiles to wind speeds, from 0 m/s to 30 m/s in increments of 10 m/s, we simply relate them to a
decreasing visibility as given by the extinction coefficient at 0.55 pum. The visibility corresponding
to the 4 profiles in Longtin et al. (1988) equals about 101 km, 68 km, 18 km, and 2.1 km. By
interpolation (and extrapolation), we can estimate the spectral extinction coefficient for an arbitrary
value of the visibility. In Fig. A.7, 10 extinction coefficient profiles are plotted for the spectral
range 2-14 um. As the curve colours indicate, the visibility corresponding to these profiles range
from about 1.6 km to 100 km. It is evident from the spectral plots that the variation in extinction
coefficient due to sand aerosols is quite small in the MWIR and LWIR bands. By transforming
the extinction coefficient into an IR range using Kochsmeider’s relation (Eq. A.6), it is also clear
that the detection range in IR will be at least as good as in visible light, and even larger than the
meteorological visibility when the seeing is good and the visibility is more than 20 km or so.
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A3 Precipitation models

So far, we’ve covered atmospheric attenuation of infrared light due to water vapour and aerosols of
various kind. Another source of atmospheric attenuation is precipitation, most commonly rain or
snow. The effects of precipitation on radiative transfer in the visible and infrared frequency range
have been studied for more than 50 years (Chu & Hogg, 1968). Precipitation could be considered
to be special cases of aerosols, but since it is natural to consider the attenuating effect as a function
of precipitation rate, a parameter easily observable, we will regard it as a separate attenuation class.
With snow, we could also foresee the need of an additional aerosol model similar to the desert
aerosol model described in section A.2.6 to describe attenuation in snow storm conditions. A wind
speed dependent attenuation model would probably make more sense when we are considering
snow storms rather than sand storms, however the characteristics of the snow would also be very
important in a snow storm attenuation model. It is beyond the scope of the current work to develop
a detailed snow model, and we will only consider attenuation due to snowfall (and rainfall) when
no wind is present.

A3.1 Rain model

We base our rain model on studies presented in a recent review paper (Sanders-Reed & Fenley,
2018). It contains information about wavelength-dependent visibility (which is translated into
extinction coefficient using Eq. A.6) in the range 0.55-15 um for 4 different rain rate levels: 0.25
mm/hr (light rain), 4.0 mm/hr (moderate rain), 25 mm/hr (heavy rain), and 150 mm/hr (violent rain).
From these 4 spectral visibility profiles, we can interpolate to estimate the extinction coefficient at
an arbitrary rain rate. The extinction coefficient as a function of wavelength in the spectral range
2-14 pm is plotted in Fig. A.8 for rain rates from 0.1 mm/hr to 100 mm/hr. In light rain, the
attenuation decreases slightly with increasing wavelength. But as the rain rate increases beyond 1
mm/hr, this trend has shifted. When the rate rain is about 4.5 mm/hr, the extinction coefficient is
nearly 2.0 1/km at A = 14um but only 1.0 1/km at A = 3um. If the rain rate increases even further,
the difference in attenuation in the MWIR and LWIR bands grows smaller, however the trend is
qualitatively the same.

A3.2 Snow model

Snowflakes can vary greatly in both in size and in water content. It is therefore not surprising that it
is difficult to quantify the attenuating effects of falling snow on electromagnetic wave propagation.
Early studies, most of which focus on visible light, show for instance more than a factor 2 difference
in estimated exponent when fitting data to a power-law dependence of attenuation on snow rate
(Seagraves, 1984). A more recent study uses two digital IR cameras on targets at three different
distances to record the visibility in MWIR (3-5 gm) and LWIR (8-10 pm) bands, respectively (van
Rheenen et al., 2006). We base our IR snow model on the findings from this study. Assuming the
extinction coefficient related to snowfall has a power-law depends on the snow rate, we can write

Taon(b) = Cpp"®, (A.15)

where p is the snow rate in mm/hr and C, and kj, are constants determined from the experimental
data for frequency band b, which is either MWIR, LWIR or visible. For MWIR we find Cyyiz = 2.3
and kywr = 0.50, while for LWIR we get Ciywix = 3.3 and kywr = 0.43. This means that
the attenuation is slightly smaller in the MWIR band than in the LWIR band, which is slightly
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surprising but seems to be consistent with earlier findings (Seagraves, 1984). In visible light, we
use the model constants presented in Bisyarin et al. (1971) for 0.63um where Cyyz = 2.5 and
kwwie = 0.50. Fig. A.9 shows the extinction coefficient as a function of the snow rate for LWIR
(red curve), MWIR (blue curve), and visible light (black curve).

A.4 Complete attenuation model

After having presented each of the different sub-models that make up the currently used attenuation
model, it only remains to combine the sub-models into one comprehensive and consistent attenuation
model. Let y denote the complete atmospheric extinction coefficient due to all the considered
effects. This coefficient will depend on:

e Wavelength (1)

e Air temperature (7)

e Meteorological visibility (V)

e Air humidity (¢)

e Aerosol type (rural, urban, maritime or desert)

* Precipitation rate (p)

* Precipitation type (snow or rain)

Expressing y as the combined attenuation from water vapour, aerosols, and precipitation, we get
7’ = O—gas + T aero + 0—precip7 (A16)

where o, is given by Eq. A.1. If there is precipitation, o .., 1s positive and given either by Fig.
A.8 (in case of rain) of by Eq. A.15 (in case of snow). The aerosol contribution, o, is either given
by Eq. A.14 or, if desert is the appropriate aerosol type, by Fig. A.7. In any case, meteorological
visibility is an input parameter when calculating the aerosol attenuation. In case of precipitation,
the observed visibility will be a result of the combined attenuation of aerosols and precipitation.
Since the aerosol models were made assuming no precipitation, we have to subtract the effect of
the precipitation on the visibility before calculating the aerosol attenuation.

Let us first calculate the attenuation due to precipitation at 0.55um (in case of snow, the
attenuation in visible light is taken at 0.63 um), o-}?r'efi, and let V,, denote the observed (total)
visibility. Once again turning to Kochsmeider’s relation (Eq. A.6), we have

Ce

aero precip

Vi = (A.17)
where Ce = —Ine = 3.912 if € = 0.02. Assuming the precipitation is removed, the finite visibility
would only depend on the aerosol attenuation. The visibility in this case, V,.,, would be

Ce
o055

aero

Vi = (A.18)
The tables of calculated extinction coefficients provided in Appendix B uses the observable visibility
as a main parameter, while the visibility required as input to the aerosol models is V,,. Since we
need to know V,., in order to calculate o, (1), we want to combine Eqgs. A.17 and A.18 to find

Ce

0.55°
CE - ‘/lola-precjp

Viewo = Vo (A.19)
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When discussing hypothetical scenarios, it might be more useful to specify the visibility for the
zero precipitation case and then add rain or snow as an additional effect, if relevant. In order to
make use of the tables in Appendix B, it can therefore be useful to rewrite Eq. A.19 as

C,
Vi = View <

(A.20)
CE + ‘/aeroa—

0.55 "

precip
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Aerosol extinction coefficient as a function of visibility for the rural (a), urban
(b), and maritime (¢) models. Results are shown for the MWIR (blue curves)
and LWIR (red curves) bands with 20% (light shading) and 90% (dark shading)
relative humidity. The dotted, vertical lines indicate transitions between different
fog regimes.
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Figure A.7  Extinction coefficient as a function of wavelength according to the desert aerosol
model. The colours indicate the visibility on a dB-scale for visibility up to 100
km.
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Figure A.8 Attenuation as function of wavelength due to rain. The colours indicate the rain
rate in mm/hr on a dB-scale.
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Figure A.9 Attenuation due to snowfall as a function of the precipitation rate. The attenuation
is integrated over the LWIR (red curve), MWIR (blue curve) and visible (0.63
um) frequency bands (black curve).

78 FFI-RAPPORT 21/00388



B Tabulated atmospheric attenuation

In order to predict the acquistion range of a sensor using the PMRTD method, described in section
6.3 and expressed by Eq. 6.10, one needs to estimate the atmospheric extinction, y, for the
appropriate frequency band. In the following section, we list the y, relevant for sensors operating in
the MWIR and LWIR frequency bands for various atmospheric conditions using the atmospheric
attenuation model described in section A and expressed by Eq. A.16. The extinction coefficient
is given in look-up tables as a function of meteorological visibility (V) and air temperature (T)
when no precipitation is present. In the case of rain, rain rate is an additional variable. For both the
no precipitation case and the rainfall case, each table is made under the assumption of a specific
frequency band, aerosol model and air humidity. In the case of snow, tables are made for a specific
frequency band, aerosol model and a reference air temperature, expressing vy as a function of
visibility, snowfall rate, and air humidity.

This section is split into two main sub-sections: section B.1 focuses on the MWIR frequency
band, while section B.2 pertains to the LWIR frequency band. For each of these frequency bands,
there are sub-sections for each of the 4 aerosol models. There are 8 tables for each of the rural,
urban, and maritime aerosol models. These tables cover air the humidity levels 50-80-90-95 %
for the no precipitation cases and the humidity levels 50-80-90 % for the rainfall case, in addition
to a single snowfall table. In the case of the desert aerosol model, there is a single table for each
frequency band assuming 20 % air humidity.

B4  MWIR (3 - 5um)

This section lists the atmospheric extinction coefficient, vy, in the MWIR frequency band according
to the atmospheric attenuation model described in section A sorted according to: (i) the aerosol
model (ii) no precipitation/rainfall/snowfall (iii) air humidity.

B.1.1 Rural aerosol model

Tables B.1-B.8 list the atmospheric extinction coefficient, y, in the MWIR frequency band assuming
the rural aerosol model according to the atmospheric attenuation model described in section A.

Visibility (km)
020 050 1.00 2.00 5.00 10.00 20.00 40.00 80.00
-30 [20.8 935 0.74 022 0.088 0.044 0.022 0.011 59-107°
20 | 20.8 935 0.74 0.22 0.089 0.045 0.023 0.012 6.6-107°
-10 [ 20.8 935 0.74 0.22 0.091 0.047 0.025 0.014 88-107°
20.8 936 0.75 0.23 0.097 0.054 0.032 0.021 0.015
10 | 20.8 937 0.76 024 0.11 0.067 0.045 0.035 0.029
20 1209 940 0.79 027 0.14 0.099 0.077 0.066 0.061
301209 947 086 034 021 017 0.15 0.13 0.13

Temperature (°C)
o

Table B.1  Extinction coefficient (1/km) in the MWIR band assuming the rural aerosol model
with 50 % humidity but no precipitation as a function of temperature (°C) and
meteorological visibility (km).
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Visibility (km)

020 050 1.00 2.00 500 1000 20.00 40.00  80.00
_[-30[208 935 074 024 0.095 0048 0.024 0013 6.6-10
1201208 935 074 024 0097 0049 0026 0014 8.0-107
v -10 | 208 936 074 024 0.10 0054 0.030 0018 0.012
2l 0]208 937 076 026 0.1 0067 0.044 0032  0.026
8| 10209 940 079 029 0.5 0098 0.075 0063  0.057
El 20209 947 086 036 022 017 015 0.14 0.13
Bl 302101 964 1.02 052 038 033 031 030 0.29

Table B.2  Extinction coefficient (1/km) in the MWIR band assuming the rural aerosol model
with 80 % humidity but no precipitation as a function of temperature (°C) and

meteorological visibility (km).

Visibility (km)

0.20 0.50 1.00 2.00 5.00 10.00 20.00 40.00 80.00
| -30]208 935 074 025 0.099 0.050 0.025 0.013 6.9- 1073
8 20 |20.8 935 074 025 0.10 0.051 0.027 0.015 8.6-1073
el -10 1208 936 0.74 025 0.11 0.057 0.032 0.020 0.014
5 01208 937 076 027 0.12 0.073 0.049 0.036 0.030
g 10 {209 941 0.80 0.31 0.16 0.11 0.087 0.075 0.069
% 20 | 21.0 9.50 0.89 040 0.25 020 0.18 0.17 0.16
Bl 300|212 970 1.09 060 045 040 038 037 0.36

Table B.3  Extinction coefficient (1/km) in the MWIR band assuming the rural aerosol model
with 90% humidity but no precipitation as a function of temperature (°C) and
meteorological visibility (km).

Visibility (km)

020 050 1.00 2.00 500 10.00 20.00 40.00  80.00
_[-30]208 935 074 025 0.10 0051 0026 0013 7.0-107
$1-20]208 935 074 025 010 0052 0027 0015 89107
»|-10 | 208 936 074 026 0.11 0.058 0033 0021 0015
2| 0]208 938 076 027 0.3 0076 0051 0039  0.033
2| 10]209 942 080 032 0.17 0.2 0093 0081  0.075
£l 20|21.0 952 090 042 027 022 019 0.18 0.18
E1 30212 974 113 064 049 044 042 041 0.40

Table B.4  Extinction coefficient (1/km) in the MWIR band assuming the rural aerosol model
with 95 % humidity but no precipitation as a function of temperature (°C) and
meteorological visibility (km).
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T (°C) | p (mm/hr) Visibility (km)
0.50 1.00 2.00 5.00 10.00
0.2 9.38 0.80 0.30 0.17 0.12
0 1.0 943 097 050 037 0.33
4.0 9.63 1.50 1.13 - -
8.0 9.81 1.81 148 - -
0.2 9.39 0.82 031 0.18 0.14
10 1.0 945 099 052 039 0.34
4.0 9.65 1.52 1.14 - -
8.0 9.82 1.82 149 - -
0.2 942 0.85 034 021 0.17
20 1.0 948 1.02 055 042 0.37
4.0 9.68 1.55 1.18 - -
8.0 9.85 1.85 1.52 - -
0.2 949 092 041 028 0.24
30 1.0 9.55 1.09 0.62 049 044
4.0 9.75 1.62 124 - -
8.0 992 192 1.59 - -

Table B.5 Extinction coefficient (1/km) in the MWIR band assuming the rural aerosol model
with 50 % humidity and rain as a function of temperature (°C), rain rate (mm/hr),
and meteorological visibility (km).

T (°C) | p (mm/hr) Visibility (km)

0.50 1.00 2.00 5.00 10.00

0.2 9.39 0.81 032 0.18 0.14

0 1.0 944 099 053 039 034
4.0 9.64 152 1.15 - -
8.0 9.82 1.83 149 - -

0.2 942 0.84 036 021 0.17

10 1.0 948 1.02 0.56 042 0.37
4.0 9.67 1.55 1.18 - -
8.0 9.85 1.86 1.52 - -

0.2 949 092 043 029 0.24

20 1.0 9.55 1.09 0.63 049 044
4.0 9.75 1.63 1.25 - -
8.0 9.92 193 1.60 - -

0.2 9.65 1.08 0.59 045 040

30 1.0 9.71 125 0.79 0.65 0.61
4.0 991 1.79 142 - -
8.0 10.1 2.10 1.76 - -

Table B.6  Extinction coefficient (1/km) in the MWIR band assuming the rural aerosol model
with 80% humidity and rain as a function of temperature (°C), rain rate (mm/hr),
and meteorological visibility (km).
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T (°C) | p (mm/hr) Visibility (km)
0.50 1.00 2.00 5.00 10.00
0.2 9.39 0.82 034 0.19 0.14
0 1.0 945 099 054 039 034
4.0 9.65 153 1.16 - -
8.0 9.82 1.84 1.50 - -
0.2 943 0.86 0.37 0.23 0.18
10 1.0 949 1.03 0.58 043 0.38
4.0 9.69 157 1.20 - -
8.0 9.86 1.88 1.54 - -
0.2 9.52 095 047 032 0.27
20 1.0 9.58 1.12 0.67 0.52 047
4.0 9.78 1.66 1.29 - -
8.0 995 197 1.63 - -
0.2 9.72 1.15 0.67 0.52 047
30 1.0 9.78 1.32 0.87 0.72 0.67
4.0 998 1.86 1.49 - -
8.0 10.15 2.17 1.83 - -

Table B.7  Extinction coefficient (1/km) in the MWIR band assuming the rural aerosol model
with 90% humidity and rain as a function of temperature (°C), rain rate (mm/hr),
and meteorological visibility (km).

¢ (%) | p (mm/hr) Visibility (km)
0.50 1.00 2.00 4.00
0.1 9.52 1.28 0.87 0.76
50 0.3 9.59 1.67 1.35 -
1.0 7.23  2.50 - -
3.0 4.67 - -
0.1 9.52 129 0.89 0.77
90 0.3 9.59 1.69 1.36 -
1.0 7.23 2.53 - -
3.0 4.68 - -

Table B.8 Extinction coefficient (1/km) in the MWIR band assuming the rural aerosol model
as a function of relative humidity (%), snow rate (mm/hr), and meteorological
visibility (km). Calculations made at reference temperature —10°C).
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Visibility (km)

020 050 1.00 2.00 500 10.00 20.00 40.00  80.00
—[-30[208 935 073 028 0.1 0055 0028 0014 7.3-107
$| 201208 935 073 028 011 0056 0029 0015 8.0-107
o] -10 | 208 935 0.73 028 0.11 0058 0031 0017 0010
2] 0]208 936 074 028 0.2 0065 0037 0023  0.017
S| 101|208 937 075 030 0.3 0079 0051 0.037  0.030
£ 20]209 940 079 033 0.7 0.1 0083 0.069  0.062
=1 30209 947 085 040 023 0.8 015 0.14 0.13

Table B.9 Extinction coefficient (1/km) in the MWIR band assuming the urban aerosol
model with 50 % humidity but no precipitation as a function of temperature (°C)
and meteorological visibility (km).

Visibility (km)

0.20 050 1.00 2.00 5.00 10.00 20.00 40.00 80.00
| -30]208 935 0.73 028 0.11 0.057 0.029 0015 7.7-107°
8 20 [ 20.8 935 0.73 028 0.12 0.059 0.030 0016 9.2-107
©|-10]208 936 074 029 0.12 0.063 0.035 0.021 0.014
2| 0208 937 075 030 0.3 0076 0.048 0.034 0.027
2 10 | 209 940 0.78 033 0.16 0.11 0.079 0.065 0.058
S| 201209 947 085 041 024 018 015 0.14 0.13
130|211 964 1.02 057 040 034 031 030 0.29

Table B.10 Extinction coefficient (1/km) in the MWIR band assuming the urban aerosol
model with 80% humidity but no precipitation as a function of temperature
(°C) and meteorological visibility (km).

B.1.2 Urban aerosol model

Tables B.9-B.16 list the atmospheric extinction coefficient, y, in the MWIR frequency band
assuming the urban aerosol model according to the atmospheric attenuation model described in

section A.
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Visibility (km)
020 050 1.00 2.00 5.00 10.00 20.00 40.00 80.00
-30 [ 20.8 935 0.73 029 0.11 0.058 0.029 0015 7.9-107°
20 [ 20.8 935 0.73 029 0.12 0.060 0031 0017 9.6-107°
-10 | 20.8 936 0.74 029 0.12 0.065 0.036 0.022 0.015
20.8 937 0.75 031 0.14 0.081 0.053 0.038 0.031
10209 941 079 035 0.18 0.12 0.091 0.077 0.070
20 | 21.0 950 0.88 044 027 021 0.18 0.17 0.16
30 21.2 970 1.09 0.64 047 041 038 0.37 0.36

Temperature (°C)
o

Table B.11  Extinction coefficient (1/km) in the MWIR band assuming the urban aerosol
model with 90% humidity bur no precipitation as a function of temperature
(°C) and meteorological visibility (km).

Visibility (km)
0.20 0.50 1.00 2.00 5.00 10.00 20.00 40.00 80.00
-30[20.8 935 073 0.33 0.3 0.067 0.034 0.017 9.1-107°
-20120.8 935 073 033 0.14 0.069 0.036 0.019 0.011
-10 | 20.8 936 0.74 034 0.14 0.075 0.042 0.025 0.017
20.8 9.38 0.76 0.36 0.16 0.093 0.060 0.043 0.035
10209 942 0.80 040 020 0.13 0.10 0.085 0.077
20 | 21.0 9.52 090 0.50 030 024 020 0.19 0.18
30 | 21.2 9.74 1.12 0.73 053 046 043 041 0.40

Temperature (°C)
o

Table B.12  Extinction coefficient (1/km) in the MWIR band assuming the urban aerosol
model with 95% humidity but no precipitation as a function of temperature
(°C) and meteorological visibility (km).
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T (°C) | p (mm/hr) Visibility (km)
0.50 1.00 2.00 5.00 10.00
0.2 9.38 0.80 0.35 0.19 0.13
0 1.0 943 098 055 039 0.33
4.0 9.63 1.53 1.16 - -
8.0 9.81 1.84 1.50 - -
0.2 9.39 0.81 0.37 0.20 0.15
10 1.0 945 099 056 040 0.34
4.0 9.65 1.54 1.17 - -
8.0 9.82 1.85 1.51 - -
0.2 942 0.84 040 0.23 0.18
20 1.0 948 1.02 0.60 043 0.38
4.0 9.68 1.57 1.20 - -
8.0 9.85 1.89 1.54 - -
0.2 949 091 047 030 0.25
30 1.0 9.55 1.09 0.66 050 0.44
4.0 9.75 1.64 127 - -
8.0 9.92 195 1.61 - -

Table B.13  Extinction coefficient (1/km) in the MWIR band assuming the urban aerosol
model with 50% humidity and rain as a function of temperature (°C), rain rate
(mm/hr), and meteorological visibility (km).

T (°C) | p (mm/hr) Visibility (km)
0.50 1.00 2.00 5.00 10.00
0.2 9.39 0.81 037 020 0.14
0 1.0 944 099 057 040 0.34
4.0 9.64 154 1.17 - -
8.0 9.82 186 1.51 - -
0.2 942 0.84 040 0.23 0.17
10 1.0 948 1.02 0.60 043 0.37
4.0 9.67 157 1.20 - -
8.0 985 1.89 1.54 - -
0.2 949 091 047 030 0.25
20 1.0 9.55 1.09 0.67 0.50 045
4.0 9.75 1.65 1.28 - -
8.0 992 196 1.61 - -
0.2 9.65 1.08 0.64 047 041
30 1.0 9.71 126 0.83 0.66 0.61
4.0 991 181 1.44 - -
8.0 10.08 2.12 1.78 - -

Table B.14  Extinction coefficient (1/km) in the MWIR band assuming the urban aerosol
model with 80% humidity and rain as a function of temperature (°C), rain rate
(mm/hr), and meteorological visibility (km).
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T (°C) | p (mm/hr) Visibility (km)
0.50 1.00 2.00 5.00 10.00
0.2 9.39 0.81 0.38 0.20 0.15
0 1.0 945 099 057 040 0.35
4.0 9.65 155 1.18 - -
8.0 9.82 1.86 1.52 - -
0.2 943 0.85 041 024 0.19
10 1.0 949 1.03 0.61 044 0.38
4.0 9.69 158 1.22 - -
8.0 9.86 190 1.55 - -
0.2 9.52 094 0.50 0.33 0.28
20 1.0 9.58 1.12 0.70 0.53 047
4.0 9.78 1.68 1.31 - -
8.0 995 199 1.64 - -
0.2 9.72 1.15 0.71 0.54 048
30 1.0 9.78 1.33 091 0.73 0.68
4.0 998 1.88 1.51 - -
8.0 10.15 2.19 1.85 - -

Table B.15 Extinction coefficient (1/km) in the MWIR band assuming the urban aerosol
model with 90 % humidity and rain as a function of temperature (°C), rain rate
(mm/hr), and meteorological visibility (km).

¢ (%) | p (mm/hr) Visibility (km)
0.50 1.00 2.00 4.00
0.1 9.52 130 091 0.77
50 0.3 9.59 170 1.37 -
1.0 7.23 2.55 - -
3.0 4.68 - - -
0.1 9.52 130 092 0.78
90 0.3 959 171 1.38 -
1.0 7.23 2.56 - -
3.0 4.69 - - -

Table B.16  Extinction coefficient (1/km) in the MWIR band assuming the urban aerosol
model as a function of relative humidity (%), snow rate (mm/hr), and meteorolo-
gical visibility (km). Calculations made at reference temperature —10°C.
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Visibility (km)
020 050 1.00 2.00 500 10.00 20.00 40.00 80.00
30 [ 20.8 935 273 061 024 0.2 0061 0031 0016
20208 935 273 061 024 0.2 0061 0031 0016
10 | 20.8 935 273 061 025 0.2 0064 0.034 0019
0208 936 274 062 025 0.3 0070 0.040 0.025
101208 937 275 063 027 0.4 0084 0054 0.039
20 (209 940 278 066 030 0.18 0.2 0.085 0.070
30 (209 947 285 073 037 024 0.8 015 0.14

Temperature (°C)

Table B.17  Extinction coefficient (1/km) in the MWIR band assuming the maritime aerosol
model with 50% humidity bur no precipitation as a function of temperature
(°C) and meteorological visibility (km).

Visibility (km)
020 050 1.00 2.00 500 10.00 20.00 40.00 80.00
30208 935 273 112 045 022 0.11 0056 0.029
20208 935 273 1.12 045 023 0.1 0.058 0.030
10 | 20.8 936 273 1.12 045 023 0.2 0.062 0034
0208 937 275 1.13 047 024 0.3 0076 0.048
10 | 209 940 278 1.17 050 027 0.6 0.11 0.079
20 (209 947 285 124 057 035 024 018 0.15
30 | 21.1 9.64 301 140 073 051 040 034 031

Temperature (°C)

Table B.18 Extinction coefficient (1/km) in the MWIR band assuming the maritime aerosol
model with 80% humidity but no precipitation as a function of temperature
(°C) and meteorological visibility (km).

B.1.3 Maritime aerosol model

Tables B.17-B.24 list the atmospheric extinction coefficient, y, in the MWIR frequency band
assuming the maritime aerosol model according to the atmospheric attenuation model described in
section A.
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Visibility (km)

020 050 1.00 2.00 500 10.00 20.00 40.00 80.00
30 [ 208 935 273 121 048 024 012 0061 0031
20]208 935 273 121 049 024 012 0063 0.033
10 | 20.8 936 274 122 049 025 0.3 0.068 0.038
0208 937 275 123 051 027 0.4 0.085 0054
10 {209 941 279 127 055 030 0.8 0.2 0.093
20| 21.0 950 288 136 064 039 027 021 0.18
30 (212 970 3.08 1.56 084 060 048 042 039

Temperature (°C)

Table B.19 Extinction coefficient (1/km) in the MWIR band assuming the maritime aerosol
model with 90% humidity bur no precipitation as a function of temperature
(°C) and meteorological visibility (km).

Visibility (km)
020 050 1.00 2.00 500 10.00 20.00 40.00 80.00
30 [ 208 935 273 137 055 028 0.14 0069 0.035
20208 935 273 138 055 028 0.14 0.071 0.037
10 | 20.8 936 2.74 138 056 028 0.5 0.077 0.043
0208 938 275 140 058 030 0.16 0.095 0.061
10209 942 280 144 062 034 021 014 0.10
20(21.0 952 290 1.54 072 044 031 024 020
30 (212 974 3.12 177 094 067 053 046 043

Temperature (°C)

Table B.20  Extinction coefficient (1/km) in the MWIR band assuming the maritime aerosol
model with 95% humidity but no precipitation as a function of temperature
(°C) and meteorological visibility (km).
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T (°C) | p (mm/hr) Visibility (km)
0.50 1.00 2.00 5.00 10.00
0.2 9.38 2.73 0.67 031 0.18
0 1.0 943 272 083 047 0.35
4.0 9.63 272 1.33 - -
8.0 9.81 281 1.62 - -
0.2 9.39 274 0.68 032 0.20
10 1.0 945 274 0.84 048 0.36
4.0 9.65 273 1.34 - -
8.0 9.82 282 1.64 - -
0.2 942 278 0.71 035 0.23
20 1.0 948 277 088 051 0.39
4.0 9.68 276 1.38 - -
8.0 9.85 285 1.67 - -
0.2 949 284 0.78 042 0.30
30 1.0 9.55 2.84 094 058 046
4.0 9.75 283 144 - -
8.0 992 292 1.74 - -

Table B.21 Extinction coefficient (1/km) in the MWIR band assuming the maritime aerosol
model with 50% humidity and rain as a function of temperature (°C), rain rate
(mm/hr), and meteorological visibility (km).

T (°C) | p (mm/hr) Visibility (km)
0.50 1.00 2.00 5.00 10.00
0.2 9.39 276 1.17 0.50 0.28
0 1.0 944 281 1.27 0.60 0.38
4.0 9.64 297 1.60 - -
8.0 9.82 3.13 1.83 - -
0.2 942 279 120 053 031
10 1.0 948 2.84 130 0.63 041
4.0 9.67 3.00 1.63 - -
8.0 9.85 3.16 1.86 - -
0.2 949 287 127 0.60 0.38
20 1.0 9.55 291 138 0.71 048
4.0 9.75 3.08 1.71 - -
8.0 992 324 1093 - -
0.2 9.65 3.03 143 0.77 054
30 1.0 9.71 3.08 1.54 0.87 0.65
4.0 991 324 1.87 - -
8.0 10.08 3.40 2.09 - -

Table B.22  Extinction coefficient (1/km) in the MWIR band assuming the maritime aerosol
model with 80% humidity and rain as a function of temperature (°C), rain rate
(mm/hr), and meteorological visibility (km).
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T (°C) | p (mm/hr) Visibility (km)
0.50 1.00 2.00 5.00 10.00
0.2 9.39 277 126 054 030
0 1.0 945 283 136 0.63 0.39
4.0 9.65 3.02 1.65 - -
8.0 9.82 3.19 1.87 - -
0.2 943 281 1.30 0.58 0.33
10 1.0 949 287 1.39 0.67 043
4.0 9.69 3.06 1.69 - -
8.0 986 323 191 - -
0.2 9.52 290 139 0.67 042
20 1.0 9.58 296 148 0.76 0.52
4.0 9.78 3.15 1.78 - -
8.0 995 332 2.00 - -
0.2 9.72 3.10 1.59 0.87 0.63
30 1.0 9.78 3.16 1.69 096 0.72
4.0 998 335 1.99 - -
8.0 10.15 3.53 220 - -

Table B.23  Extinction coefficient (1/km) in the MWIR band assuming the maritime aerosol
model with 90 % humidity and rain as a function of temperature (°C), rain rate
(mm/hr), and meteorological visibility (km).

¢ (%) | p (mm/hr) Visibility (km)
0.50 1.00 2.00 4.00
0.1 9.52 2.67 1.12 0.81
50 0.3 9.60 2.58 1.48 -
1.0 8.13 2.79 - -
3.0 6.21 - -
0.1 9.52 290 1.50 0.89
90 0.3 9.60 299 1.68 -
1.0 8.14 3.23 - -
3.0 6.39 - -

Table B.24  Extinction coefficient (1/km) in the MWIR band assuming the maritime aerosol
model as a function of relative humidity (%), snow rate (mm/hr), and meteorolo-
gical visibility (km). Calculations made at reference temperature —10°C.
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Visibility (km)
020 050 1.00 2.00 5.00 10.00 20.00 40.00 80.00
10 [ 2042 8.17 4.09 204 079 038 0.17 0065 0.014
02042 817 409 204 079 038 0.17 0.066 0.016
10 | 2043 8.17 4.09 205 0.80 038 0.17 0070 0.019
20 | 2043 8.18 4.10 206 081 039 0.18 0077 0.026
30 | 2045 820 4.11 2.07 082 040 0.19 0.091 0.040
40 | 2048 822 4.14 2.10 085 043 022 0.12 0.068
50 | 2053 827 419 2.15 090 048 027 017 0.12

Temperature (°C)

Table B.25 Extinction coefficient (1/km) in the MWIR band assuming the desert aerosol
model with 20% humidity as a function of temperature (°C) and meteorological
visibility (km).

B.14 Desert aerosol model

Table B.25 lists the atmospheric extinction coefficient, y, in the MWIR frequency band assuming
the desert aerosol model according to the atmospheric attenuation model described in section A.
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Visibility (km)
020 050 1.00 2.00 5.00 1000 20.00  40.00 80.00
30 [ 20.8 425 045 0.17 0069 0.035 0017 88-10° 45-1072

8 20 | 20.8 425 045 0.17 0.070 0.035 0.018 9.4-102 5.1-1073
©|-10 208 426 045 0.18 0.072 0.038 0.021 0.012 7.7-1073
21 0208 427 046 0.19 0082 0048 0.031 0.022 0.018
E 10 1 209 429 049 0.21 0.11 0.076 0.059 0.050 0.046
% 20 1209 437 057 029 0.19 0.15 0.14 0.13 0.12
=l 30| 211 457 077 049 038 035 033 0.32 0.32

Table B.26  Extinction coefficient (1/km) in the LWIR band assuming the rural aerosol
model with 50% humidity but no precipitation as a function of temperature
(°C) and meteorological visibility (km).

Visibility (km)
020 050 1.00 2.00 5.00 10.00 20.00  40.00 80.00
30 [ 20.8 425 045 0.17 0.069 0.035 0018 9.0-10° 4.7-107°

8 -20 | 20.8 425 045 0.17 0.070 0.036 0.019 0.010 6.1-1073
©|-10 | 208 426 046 0.18 0.077 0.042 0.025 0.016 0.012
2] 0208 429 048 020 0.10 0.067 0.050 0.041 0.037
E 10 | 209 436 055 028 0.17 0.14 0.12 0.11 0.11
é 20 | 21.1 455 0.75 047 037 033 032 0.31 0.30
=1 30| 216 505 125 097 087 083 08l 0.81 0.80

Table B.27  Extinction coefficient (1/km) in the LWIR band assuming the rural aerosol
model with 80% humidity but no precipitation as a function of temperature
(°C) and meteorological visibility (km).

B.2 LWIR (S - 12um)

This section lists the atmospheric extinction coefficient, y, in the LWIR frequency band according
to the atmospheric attenuation model described in section A sorted according to: (i) the aerosol
model (ii) no precipitation/rainfall/snowfall (iii) air humidity.

B.2.1 Rural aerosol model

Tables B.26-B.33 list the atmospheric extinction coefficient, v, in the LWIR frequency band
assuming the rural aerosol model according to the atmospheric attenuation model described in
section A.
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Visibility (km)
0.20 050 1.00 2.00 5.00 10.00 20.00 40.00 80.00
| -30 208 425 045 0.16 0.064 0.032 0.016 8.5- 1073 45-1073
8 -20 | 20.8 426 045 0.16 0.066 0.034 0.018 0.010 6.2-1073
ol -10 208 426 046 0.17 0.073 0.042 0.026 0.018 0.014
é 01208 429 049 020 0.10 0.073 0.057 0.049 0.045
gl 10209 438 058 029 0.19 0.16 0.15 0.14 0.13
% 20 [ 21.2 463 083 054 044 041 0.39 0.39 0.38
= 30 | 21.8 526 146 1.16 1.07 1.04 1.02 1.01 1.01
Table B.28  Extinction coefficient (1/km) in the LWIR band assuming the rural aerosol
model with 90% humidity but no precipitation as a function of temperature
(°C) and meteorological visibility (km).
Visibility (km)
0.20 050 1.00 2.00 5.00 10.00 20.00 40.00 80.00
| -30 208 425 045 0.15 0.062 0.031 0.016 8.2- 1073 44-1073
8 -20 | 20.8 426 045 0.16 0.064 0.033 0.018 0.010 6.3-1073
ol -10 208 426 046 0.16 0.072 0.041 0.026 0.019 0.015
g 01]209 430 050 020 0.11 0.076 0.061 0.053 0.049
gl 10210 440 0.60 030 021 0.18 0.16 0.15 0.15
% 20 | 21.2 467 0.87 057 048 045 044 0.43 0.42
= 30 [ 21.9 537 1.57 127 1.18 1.15 1.13 1.13 1.12
Table B.29 Extinction coefficient (1/km) in the LWIR band assuming the rural aerosol

model with 95% humidity but no precipitation as a function of temperature
(°C) and meteorological visibility (km).
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T (°C) | p (mm/hr) Visibility (km)
0.50 1.00 2.00 5.00 10.00
0.2 421 053 026 0.15 0.12
0 1.0 408 0.76 050 040 0.36
4.0 3.84 1.56 1.33 - -
8.0 382 196 1.75 - -
0.2 423 056 028 0.18 0.15
10 1.0 411 0.79 053 043 0.39
4.0 386 159 1.36 - -
8.0 384 199 1.77 - -
0.2 431 064 036 026 0.22
20 1.0 419 0.87 0.61 050 047
4.0 394 1.67 1.44 - -
8.0 392 207 1.85 - -
0.2 451 083 056 045 042
30 1.0 439 1.07 080 0.70 0.66
4.0 414 186 1.63 - -
8.0 412 226 2.05 - -

Table B.30 Extinction coefficient (1/km) in the LWIR band assuming the rural aerosol
model with 50 % humidity and rain as a function of temperature (°C), rain rate
(mm/hr), and meteorological visibility (km).

Table B.31

T (°C) | p (mm/hr) Visibility (km)
0.50 1.00 2.00 5.00 10.00
0.2 423 055 027 0.17 0.14
0 1.0 410 0.78 052 042 0.38
4.0 3.85 1.58 1.35 - -
8.0 383 198 1.77 - -
0.2 430 0.62 035 024 0.21
10 1.0 4.17 0.85 0.59 049 045
4.0 393 165 142 - -
8.0 391 205 1.84 - -
0.2 449 082 054 044 040
20 1.0 437 1.05 0.79 0.68 0.65
4.0 412 185 1.62 - -
8.0 410 2.24 2.03 - -
0.2 499 131 1.04 094 0.90
30 1.0 487 155 128 1.18 1.15
4.0 462 234 211 - -
8.0 460 274 253 - -

Extinction coefficient (1/km) in the LWIR band assuming the rural aerosol
model with 80% humidity and rain as a function of temperature (°C), rain rate
(mm/hr), and meteorological visibility (km).
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T (°C) | p (mm/hr) Visibility (km)
0.50 1.00 2.00 5.00 10.00
0.2 423 056 027 0.18 0.14
0 1.0 411 0.79 052 042 0.39
4.0 3.86 1.58 1.35 - -
8.0 384 198 1.77 - -
0.2 432 065 036 026 0.23
10 1.0 420 0.88 0.61 051 048
4.0 395 1.67 144 - -
8.0 393 207 1.86 - -
0.2 457 0.89 0.61 051 048
20 1.0 445 113 085 0.76 0.73
4.0 420 192 1.69 - -
8.0 418 232 2.11 - -
0.2 520 152 124 1.14 1.11
30 1.0 5.08 1.75 148 1.39 1.35
4.0 483 255 232 - -
8.0 481 294 273 - -

Table B.32  Extinction coefficient (1/km) in the LWIR band assuming the rural aerosol
model with 90% humidity and rain as a function of temperature (°C, rain rate
(mm/hr), and meteorological visibility (km).

| ¢ (%) | p (mm/hr) Visibility (km)
| 0.50 1.00 2.00 4.00
0.1 421 159 135 1.26
50 0.3 395 225 204 -
1.0 458 343 - -
3.0 564 - - -
0.1 421 159 135 1.27
90 0.3 395 224 204 -
1.0 459 343 - -
3.0 564 - - -

Table B.33  Extinction coefficient (1/km) in the LWIR band assuming the rural aerosol model
as a function of relative humidity (%), snow rate (mm/hr), and meteorological
visibility (km). Calculations made at reference temperature —10°C.
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Visibility (km)
020 050 1.00 2.00 5.00 1000 20.00  40.00 80.00
30 [ 20.8 425 041 0.19 0076 0.038 0019 9.7-10° 49107

8 -20 | 20.8 425 041 0.19 0.076 0.039 0.020 0.010 56-1073
©|-10 208 426 041 0.19 0.079 0.041 0.022 0.013 8.1-107°
2] 0208 427 042 020 0.089 0.051 0.032 0.023 0.018
E 10 | 20.8 429 045 023 0.12 0.079 0.061 0.051 0.046
% 20 1209 437 053 031 019 0.16 0.14 0.13 0.12
=l 30| 211 457 072 050 039 035 033 0.32 0.32

Table B.34  Extinction coefficient (1/km) in the LWIR band assuming the urban aerosol
model with 50% humidity but no precipitation as a function of temperature
(°C) and meteorological visibility (km).

Visibility (km)
020 0.50 1.00 2.00 500 10.00 20.00  40.00 80.00
30 [ 20.8 425 041 0.18 0.071 0.036 0.018 93-107° 4.8-107

8 -20 | 20.8 425 041 0.18 0.073 0.037 0.019 0.011 6.2-107°
©|-10 | 208 426 041 0.18 0.079 0.043 0.026 0.017 0.012
2] 0208 429 044 021 0.10 0068 0.050 0.042 0.037
2 10 | 209 436 051 028 0.17 0.14 0.12 0.11 0.11
% 20 | 21.1 455 0.71 048 037 033 032 0.31 0.30
=1 30| 216 505 120 097 087 083 08l 0.81 0.80

Table B.35 Extinction coefficient (1/km) in the LWIR band assuming the urban aerosol
model with 80% humidity but no precipitation as a function of temperature
(°C) and meteorological visibility (km).

B.2.2 Urban aerosol model

Tables B.34-B.41 list the atmospheric extinction coefficient, vy, in the LWIR frequency band
assuming the urban aerosol model according to the atmospheric attenuation model described in
section A.
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Visibility (km)
0.20 050 1.00 2.00 5.00 10.00 20.00 40.00 80.00
| -30 208 425 041 0.17 0.067 0.034 0.017 8.7- 1073 4.6-1073
8 -20 | 20.8 426 041 0.17 0.068 0.035 0.019 0.010 6.4-1073
ol -10 208 426 042 0.17 0.076 0.043 0.026 0.018 0.014
é 01]209 429 045 021 0.11 0.074 0.057 0.049 0.045
gl 10209 438 054 030 020 0.16 0.15 0.14 0.13
% 20 [ 21.2 463 0.78 054 044 041 0.39 0.39 0.38
= 30 | 21.8 526 141 1.17 1.07 1.04 1.02 1.01 1.01
Table B.36  Extinction coefficient (1/km) in the LWIR band assuming the urban aerosol
model with 90% humidity but no precipitation as a function of temperature
(°C) and meteorological visibility (km).
Visibility (km)
0.20 050 1.00 2.00 5.00 10.00 20.00 40.00 80.00
_|-30 208 425 041 0.19 0.076 0.038 0.019 9.9- 1073 52-1073
8 -20 | 20.8 426 041 0.19 0.078 0.040 0.021 0.012 7.1-1073
ol -10 208 426 042 020 0.086 0.048 0.030 0.020 0.016
g 01]209 430 045 023 0.12 0.083 0.064 0.055 0.050
gl 10210 440 055 033 022 0.18 0.16 0.15 0.15
% 20 | 21.2 467 083 061 050 046 044 0.43 0.42
= 30 [ 21.9 537 1.53 131 1.19 1.16 1.14 1.13 1.12
Table B.37 Extinction coefficient (1/km) in the LWIR band assuming the urban aerosol

model with 95% humidity but no precipitation as a function of temperature
(°C) and meteorological visibility (km).
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T (°C) | p (mm/hr) Visibility (km)
0.50 1.00 2.00 5.00 10.00
0.2 421 049 027 0.16 0.12
0 1.0 408 0.73 052 040 0.36
4.0 3.84 154 134 - -
8.0 382 195 1.75 - -
0.2 423 052 030 0.19 0.15
10 1.0 411 0.76 054 043 0.39
4.0 3.86 1.57 1.37 - -
8.0 384 198 1.78 - -
0.2 431 059 038 026 0.23
20 1.0 419 0.83 0.62 051 047
4.0 394 1.65 1.45 - -
8.0 392 206 1.86 - -
0.2 451 0.79 057 046 042
30 1.0 439 1.03 082 0.70 0.67
4.0 414 185 1.64 - -
8.0 412 225 2.05 - -

Table B.38 Extinction coefficient (1/km) in the LWIR band assuming the urban aerosol
model with 50 % humidity and rain as a function of temperature (°C), rain rate
(mm/hr), and meteorological visibility (km).

T (°C) | p (mm/hr) Visibility (km)
0.50 1.00 2.00 5.00 10.00
0.2 423 051 028 0.17 0.14
0 1.0 410 0.75 052 042 038
4.0 3.85 1.56 1.35 - -
8.0 383 196 1.77 - -
0.2 430 058 035 024 0.21
10 1.0 4.17 0.82 0.59 049 045
4.0 393 163 142 - -
8.0 391 204 1.84 - -
0.2 449 077 055 044 040
20 1.0 437 1.01 0.79 0.68 0.65
4.0 412 1.82 1.62 - -
8.0 410 2.23 2.03 - -
0.2 499 127 1.04 094 0.90
30 1.0 487 151 129 1.18 1.15
4.0 462 232 212 - -
8.0 460 273 253 - -

Table B.39 Extinction coefficient (1/km) in the LWIR band assuming the urban aerosol
model with 80% humidity and rain as a function of temperature (°C), rain rate
(mm/hr), and meteorological visibility (km).
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T (°C) | p (mm/hr) Visibility (km)
0.50 1.00 2.00 5.00 10.00
0.2 423 052 028 0.18 0.14
0 1.0 411 0.75 052 042 0.39
4.0 3.86 1.56 1.36 - -
8.0 384 197 1.77 - -
0.2 432 060 037 027 023
10 1.0 420 0.84 0.61 051 048
4.0 395 1.65 145 - -
8.0 393 205 1.86 - -
0.2 457 085 0.61 051 048
20 1.0 445 1.09 086 0.76 0.73
4.0 420 190 1.69 - -
8.0 4.18 230 2.11 - -
0.2 520 148 124 1.14 1.11
30 1.0 508 1.72 149 139 1.35
4.0 483 253 232 - -
8.0 481 293 274 - -

Table B.40 Extinction coefficient (1/km) in the LWIR band assuming the urban aerosol
model with 90 % humidity and rain as a function of temperature (°C), rain rate
(mm/hr), and meteorological visibility (km).

| ¢ (%) | p (mm/hr) Visibility (km)
| 0.50 1.00 2.00 4.00
0.1 421 157 136 1.27
50 0.3 395 224 204 -
1.0 456 344 - -
3.0 561 - - -
0.1 422 157 135 1.27
90 0.3 395 223 204 -
1.0 457 343 - -
3.0 561 - - -

Table B.41 Extinction coefficient (1/km) in the LWIR band assuming the urban aerosol
model as a function of relative humidity (%), snow rate (mm/hr), and meteorolo-
gical visibility (km). Calculations made at reference temperature —10°C.
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Visibility (km)
0.20 050 1.00 2.00 5.00 10.00 20.00 40.00 80.00
1 -30 {208 425 1.11 021 0.084 0.042 0.021 0.011 5.5- 1073
8 220|208 425 1.11 021 0.085 0.043 0022 0.011 6.1-107°
o -10 | 208 426 1.11 021 0.087 0045 0.024 0.014 8.6-107°
% 0208 427 1.12 0.22 0.098 0.055 0.034 0.024 0.019
E: 10 1209 429 1.15 025 0.13 0.084 0.063 0.052 0.047
% 201209 437 123 033 020 0.16 0.14 0.13 0.12
= 30 | 21.1 457 142 053 040 036 034 033 0.32
Table B.42  Extinction coefficient (1/km) in the LWIR band assuming the maritime aerosol
model with 50% humidity but no precipitation as a function of temperature
(°C) and meteorological visibility (km).
Visibility (km)
0.20 0.50 1.00 2.00 5.00 10.00 20.00 40.00 80.00
| -30 1208 425 1.11 039 0.16 0.079 0.040 0.020 0.010
8 -20 1 20.8 425 1.11 040 0.16 0.081 0.041 0.022 0.012
ol -10 208 426 1.11 040 0.17 0.087 0.047 0.028 0.018
é 0]208 429 1.14 043 0.19 0.11 0.072 0.052 0.043
gl 101209 436 121 050 026 0.18 0.14 0.12 0.11
§ 20 | 21.1 455 141 069 046 038 034 032 031
=1 30216 505 190 1.19 095 088 084 082 081
Table B.43  Extinction coefficient (1/km) in the LWIR band assuming the maritime aerosol

model with 80% humidity but no precipitation as a function of temperature
(°C) and meteorological visibility (km).

B.2.3 Maritime aerosol model

Tables B.42-B.49 list the atmospheric extinction coefficient, v, in the LWIR frequency band
assuming the maritime aerosol model according to the atmospheric attenuation model described in

section A.
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Visibility (km)
020 050 1.00 2.00 500 10.00 20.00 40.00 80.00
30 | 208 425 1.11 045 0.8 0.091 0046 0.023 0012
201|208 426 1.11 045 0.8 0.092 0.047 0.025 0.013
10 | 20.8 426 1.12 046 0.9 0.10 0.055 0.032 0.021
0209 429 1.15 049 022 0.13 0086 0.064 0.052
10| 209 438 124 058 031 022 018 015 0.14
20| 212 463 148 083 056 047 042 040 039
30 (218 526 211 146 1.19 1.10 105 1.03 1.02

Temperature (°C)

Table B.44  Extinction coefficient (1/km) in the LWIR band assuming the maritime aerosol
model with 90% humidity but no precipitation as a function of temperature
(°C) and meteorological visibility (km).

Visibility (km)
020 050 1.00 2.00 500 10.00 20.00 40.00 80.00
30 | 208 425 111 056 022 0.1 0056 0.028 0014
20208 426 1.11 056 023 0.11 0058 0.030 0.016
10 | 20.8 426 1.12 057 023 0.2 0.067 0.039 0.025
0209 430 1.15 060 027 0.16 0.0 0.073 0.059
10 |21.0 440 125 070 037 026 020 0.17 0.16
20 | 212 467 153 098 064 053 048 045 043
30 (219 537 222 168 134 123 117 1.5 113

Temperature (°C)

Table B.45 Extinction coefficient (1/km) in the LWIR band assuming the maritime aerosol
model with 95% humidity but no precipitation as a function of temperature
(°C) and meteorological visibility (km).
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T (°C) | p (mm/hr) Visibility (km)
0.50 1.00 2.00 5.00 10.00
0.2 421 116 029 0.17 0.12
0 1.0 408 132 053 041 0.36
4.0 384 191 1.35 - -
8.0 3.82 223 1.76 - -
0.2 423 119 032 0.19 0.15
10 1.0 411 135 056 044 0.39
4.0 386 194 1.38 - -
8.0 384 226 1.79 - -
0.2 431 127 040 027 0.23
20 1.0 419 143 0.64 051 047
4.0 394 202 1.46 - -
8.0 392 234 1.87 - -
0.2 451 146 059 047 043
30 1.0 439 1.63 083 0.71 0.67
4.0 414 222 1.65 - -
8.0 412 253 2.06 - -

Table B.46  Extinction coefficient (1/km) in the LWIR band assuming the maritime aerosol
model with 50 % humidity and rain as a function of temperature (°C), rain rate
(mm/hr), and meteorological visibility (km).

T (°C) | p (mm/hr) Visibility (km)
0.50 1.00 2.00 5.00 10.00
0.2 423 1.19 049 025 0.17
0 1.0 410 137 0.71 047 0.39
4.0 3.85 2.02 147 - -
8.0 3.83 236 1.85 - -
0.2 430 126 056 032 0.24
10 1.0 417 144 078 054 046
4.0 393 209 154 - -
8.0 391 244 192 - -
0.2 449 145 0775 052 044
20 1.0 437 164 097 074 0.66
4.0 412 229 1.73 - -
8.0 410 2.63 2.12 - -
0.2 499 195 125 1.02 094
30 1.0 487 214 147 124 1.16
4.0 462 279 223 - -
8.0 460 3.13 2.61 - -

Table B.47  Extinction coefficient (1/km) in the LWIR band assuming the maritime aerosol
model with 80% humidity and rain as a function of temperature (°C), rain rate
(mm/hr), and meteorological visibility (km).
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T (°C) | p (mm/hr) Visibility (km)
0.50 1.00 2.00 5.00 10.00
0.2 423 120 055 028 0.19
0 1.0 411 139 076 049 040
4.0 3.86 2.06 1.50 - -
8.0 3.84 241 1.88 - -
0.2 432 129 064 037 0.28
10 1.0 420 148 0.85 058 0.49
4.0 395 215 1.59 - -
8.0 393 250 1.97 - -
0.2 457 153 089 0.62 0.53
20 1.0 445 172 1.10 083 0.74
4.0 420 240 1.84 - -
8.0 418 274 222 - -
0.2 520 216 1.51 124 1.15
30 1.0 5.08 235 1.73 146 1.37
4.0 483 3.02 247 - -
8.0 481 337 284 - -

Table B.48  Extinction coefficient (1/km) in the LWIR band assuming the maritime aerosol
model with 90 % humidity and rain as a function of temperature (°C), rain rate
(mm/hr), and meteorological visibility (km).

| ¢ (%) | p (mm/hr) Visibility (km)
| 0.50 1.00 2.00 4.00
0.1 421 201 137 127
50 0.3 395 249 205 -
1.0 488 346 - -
3.0 612 - - -
0.1 422 211 153 131
90 0.3 396 265 214 -
1.0 489 364 - -
3.0 620 - - -

Table B.49  Extinction coefficient (1/km) in the LWIR band assuming the maritime aerosol
model as a function of relative humidity (%), snow rate (mm/hr), and meteorolo-
gical visibility (km). Calculations made at reference temperature —10°C.
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Visibility (km)
020 050 1.00 2.00 5.00 10.00 20.00 40.00 80.00
10 [ 21.78 871 436 2.18 085 040 0.18 0068 0.014
02178 871 436 2.8 085 040 0.18 0.069 0.016
10 | 21.79 872 436 2.19 085 041 0.19 0074 0.021
20 | 21.80 873 438 220 0.87 042 020 0087 0.034
30 | 21.83 8.77 441 223 090 045 023 0.2 0.066
40 | 2191 8.84 448 231 097 053 031 0.19 0.14
50 | 22.07 9.00 4.64 247 1.13 069 047 036 030

Temperature (°C)

Table B.50 Extinction coefficient (1/km) in the LWIR band assuming the desert aerosol
model with 20% humidity as a function of temperature (°C) and meteorological
visibility (km).

B.2.4 Desert aerosol model

Table B.50 lists the atmospheric extinction coefficient, y, in the LWIR frequency band assuming
the desert aerosol model according to the atmospheric attenuation model described in section A.
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