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ABSTRACT

Thermal images of an instrumented ship target against a sea background have
been recorded under varying environmental conditions, using an AGA Thermovision
780 radiometric imaging system with digital data recording. Data were obtained in the
8 - 14 um spectral band at an angle of incidence of approximately 89° against the sea
background. These pictures have been analysed together with measured target
emissivity and meteorological parameters to give the temperature and _radiance
distributions of the target. The influence of reflected sky radiation on the background
radiance was observed under varying sea surface conditions. A predictive model of
effective radiance temperature difference of the target versus sea background in terms
of the envircnmental parameters using the LOWTRAN 6 Radiance, Transmittance
computer code was developed. This effective temperature difference has been shown to
vary both positively and negatively compared with the thermometric temperature
difference depending on the wind speed and the air and sea surface temperatures.
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L. INTRODUCTION

Every object in our environment emits thermal radiaticn. The peak energy of this
radiation is characteristic of the object’s temperature and, for temperatures commoniy
found in our environment, is concentrated mostly in the infrared region of the
electromagnetic spectrum. This physical phenomenon has found many applications
since the second world war as it enables passive detection of targews by their self-
emission alone.

Passive search, detection, identification and tracking have always been of great
importance in naval warfare. Also, the necessity to improve our combative capabilities
in areas where radar performance is degraded (low flving small cross section targets) is
imminent. Infrared technology promises much in this area. The rapid growth of
technology in solid state integrated circuits, microprocessors, infrared detectors and the
better understanding of intrared physics during the recent decades has made it possible
for sophisticated infrared systems to be designed and developed.

A very important step in designing an infrared optical system is the knowledge of
the spatial and spectral radiances of the target and its background as well as the
atmospheric effects on the emitted thermal radiation. Almost always, targeis appear
against a tackground that complicates the detection process since radiation from
objects surrounding the target is confused with radiation emitted or reflected from the
target. In the analysis of thermal imaging systems the target-to-background radiance
contrast is frequently described by the equivalent temperature difference. In the case of
observation at low clevation angles above the sea surface the surface radiance is
strongly Influenced by the reflection of the radiation emitted by the sky. The actual
thermometric temperature difference is no longer a good representation of the radiance
contrast. An “effective temperature difference” can however be defined taking into
account the reflected radiation. Anyv new information and additional data about
background scenes will improve the understanding of these effects and may be used to
optimize computer algorithms or to implement new or imprcved techniques in signal
processing to minimize background effects, thus improving system capabilities and
optimizing performance.




This thesis describes the collection and analysis of thermal iinages of an
instrumented ship target and its background under various well defined environmental
conditicns, followed by the development of a model fer the effective target-to-
background temiperature difference. The target was the oceanographic ship RV
"POINT SUR” and the backzround was sea surface and sky. The data were collected,
stored, and processed using the “AGA 730 THERMOVISION”, a liquid nitrogen
cooled thermographic device with digital recording and data analysis hardware. All
measurements were taken from a distance of about 63¢ meters using the Mercury
Cadmium Telluride (HgCdTe) detector of the Thermovision 780 scanning system in the
8 - 14 pm spectral region. Five experiments were ccnducted during an operationl
oceanography student cruise on mid May 1986 and an adequate number of thermal
image pictures was teken for various env.ronmental conditions on certain dates.

Analysing these thermal images using the measured ship surface emissivity and
the AGA software package, both the radiance and the effective temperature
distributions of the ship were obtaired. The aunospheric transmittance for this purpore
was computed using the LOWTRAN 6 code. and the emissivity was measured from
samptes of tiue ship paint. The eifective sea surface temperatie was also obtained from
thesc pictures. It was obscrved that the apparent ssa surface temperature was affected

v reflected sky radiation, and a model was developed to describe the effeciive target-
to-background temperature difference under varving environmental conditions.

Later. three more experiinents were conducted in mid November 1986 in order to
obtain further, mcre accurate, cata under different environmental conditions, after the
Thermovision had been calibrated. This was done to check the previous results and
improve the information on the reflected sky thermal radiation and the effective target-
to-background temperature difference relation. .

The present work consists of eight chapters. In the first chapter we state the
background problem. In the second chapter we discuss the background radiances which
affected our measurements, the marine background and the sky background. The
atmospheric propagation problem and the LOWTRAN code used to find the
atmospheric transmittance for the various environmental conditions are discussed in
chapter three. Chapter four provides a familiarization with the equipment used to
collect the data. In the fifth chapter we describe the calibration problem and discuss
the derivation of the empirical calibration relations. In the sixth chapter we discuss

how the thermal data we had collected were analyzed to give the temperature and
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radiance dinwribution of the target. A further analysis of these data, to see how the sea
background radiance was atfected by reflected sky.thermal radiation, is given in
Chapter zeven. In this chapter we also calculate the apparent >ea surface temperature
based va envirunmental parameters and compare the target-to-background temperature
difference sensed by vur detector with the actual thermometric temperature difference
measurements. In the last chapter we discuss our conclnsions and recomendations for
further work. The discussion and analysis of the data obtainsd during the raid
Novericer meusuremsants are given in Appendix A. In Appendix B the TI-59 program
used to get the in-band radiant fiux for the radiance calculations is expleined.

The results of this work will lead to a better understanding of the background
effects and may add some information to be used for the implementation of techniques
in signal processing.




II. TARGET AND BACKGROUND

A. BACKGROUND RADIATION NOJSE

Background radiatior: noise is noise generateld in an optical detector by photon
flux reaching it from 2l' points other thap fae targst. This kind of noise usually is
separated into two components [Ref. }|:

1. Temporal, which is due to fluctuations in the background emitted photons.
2. Spaual, whicn .5 due to background strucrural details.

The temporal background noise is generated by the fluctuation in the number of
wcident photons at the detector. This noise usually is referred to as background
photon noise and is not directly related to the target. Detectors sensitive enough to
experience background photon fluctuations noise are called BLIP ( Background
Limited Fhoton Detectors ). ’

In this work we are interested in the spatial component of the background noise,
produced by the structural content of the background and mainly related to the target.
Therefore, from now on whenever we refer to background noise we will mean the
spatial component.

Since a target is always surrounded by some sort of background it is obvious that
radiation reaching our detector from this background is confused with the radiation
emitted or reflected from the target. This is a serious problem that complicates the
detection process and must be well understood for designing a high perforance optical
or infrared system. [Ref. 1]

Background radiation is due to thermal emission and reflected or scattered
incident radiation. Many purameters affect this kind of radiation. Of high importance
among them are the changes in emissivity and reflectance of the various background
surfaces under varied environmental conditions. All the above maie the background
problem complicated and the modeling of a universal background function impossible.

Background radiance can be considered mainly as two categories: .

1. Terrestrial background
2. Celestial background
Terrestrial background refers to radiance seen by infrared systems working within

the aumosphere of the earth. This kind of background consists of radiation that several




surfaces of the earth are emitting or reflecting ( oceans. clouds, vegetation, etc. ). It
also includes sunlight scattered by particles in the atmosphere and atmospheric
molecular emission ( sky radiance ).

Celestial refers to that background seen by a system working in space and
consists of radiation from the stars and the sun reflectance from planets and space
debris.

Of particular interest in this work are the background radiances of the sea surface

and the sky. Detailed discussion of these backgrounds and their spectral radiance
' characteristics, especially for the spectral region of 8 to 14 pm, where we have taken
our measurements, is given in Chapter I11.

Since target and oackground radiances travel through the atmosphere to reach
the detector, they are heavily influenced by the atmospheric absorption under various
meteorological conditions. Detailed analysis of the atmospheric effects on thermal
radiation is given in Chapter IV.

B. BACKGROUND RADIATION CONTRAST

The target-to-background temperature difference is an important factor in the
target detection probability of an infrared system. The higher the temperature
difference between a target and its background, the greater.the distance and the
probatility of detection. i

This temperature difference or radiance difference is usually expressed with the
quantity Radiation Contrast, Cp. defined in [Ref. 2] as

WT - Wpn

CR = s
WT + Wp

where W, and Wy are the target (T) and background (B) radiant emittances (W,‘m:).
The 8 to I4 pum wavelength radiation contrast versus target-to-background
temperature difference for ditferent background temperatures is shown in Fig 2.1 .
When the temperature difference between the target and its background is very
small, or goes to zero, the radiation contrast goes to zero and the detection becomes
very difficult if not impossible. This effect is known as the washcut effect and happens
for “ambient temperature” targets twice a day due to the solar cycle.
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Figure 2.1 Radiation contrast for the §-14 pm region.

In [Ref. 3} Hudson describes an experiment where the importance of the coudrast
effect is shown. In that experiment a vehicle parked in an open field was viewed by an
infrared optical system over a period of 24 hours. During that observation, contrast
variations were found. In the afternoon the contrast was positive, since the vehicle
heated by the sun was warmer than its background. Later in the early evening hours
the contrast was higher, since the vehicle with larger thermal capacity cooled more
slowly than the background. As the night progressed, the contrast passed through zero
and went negative, since the vehicle continued to cool rapidly and at some time became
cclder than its background. During the morning the negative contrast was still present
because the background was warming more rapi'dl}'. After some hours the heating of
the vehicle was enough to give a period of zero contrast and then turned to positive
values again.

Hence, twice in a 24 hour period we are lacking sufficient contrast level between
the target and its background, which means that the detection of any target at these
periods is not possible, and since this effect can not be eliminated we have to utilize
other methods of detection.

C. BACKGROUND SUPPRESSION

Target and background have different spectral radiances and different gcometries,
differences that make it easier for them to be distinguished. Whenever a spectral
radiance diflerence exists between a target and its background an optical spectral filter
can be used to reduce the unwanted background signals. Even if spectral filtering

increases the target to background ratio, this is rarely sufficient to render a system
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operational since usually the irradiance of the background is much higher than that of
the target. A common characteristic of targets is that they are always smaller in
angular extent than their backgrounds, a typical example being a ship against the sea.
The differences in geometry between targets and background can be expressed as
differences between their spatial frequency components. For such geometry differences.
spatial filtering provides a good suppression of backgrounds of this extent relative to
the target radiance.

Spatial filters include all tvpes of reticles discussed in detail in [Ref. 3]. Spatial
filtering is supplemented by spectral filters that define an effective spectral bandpass
for the system and electrical filters that work on an average background threshold level
to chon the background dc¢ signal.

[t is easily understood that spatial filtering is the basic suppression scheme
mainly giving discrimination of the target in an extended background. But for many
military systems. depending on the tasks theyv perform ( identification, tracking. etc.).
this is not enough. We have interference from other smaller kinds of background such
as unwanted objects in the search area, for example buildings, rocks, clouds, etc, or
unexpected objects crossing our detector’s field of view such as birds. different kinds of
ships, etc.

Therefore, more sophisticated and complicated spatial filtering systems have to
be used for all the different purposes. These systems are supported by improved
electronics and computer software, using different implementing techniques to minimize
the background effects and optimize the system’s performance.
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1. BACKCROUND RADIANCE

A.  MARINE BACKGROUND
1. Introduction

The sea surface infrared radiance (L) is the sum of the radiance caused by its

thermal emission (L (1-R)) from below the surface and the radiance due to reflected

’:f_) incident radiation ( LR} (R: reflectance of the sex surface).
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Figure 3.1 Sea surface radicnce.

Major factors that determine the marine background character are the
following [Ref. J]:
a. Infrared optical properties of sea water
b. Geometry of the sea-surface and wave slope Jistributicn
Sea water temperature distribuiion
Properties of ti.e bottom material .
2. Infrarcd Optical Propetties of Sea Water
Thermal radiation from the sea surface occurss at wavelengihs having their
maxima close to the 10 f'm region. As we can see in Fig 3.2 taken trom [Ref. 3] at
these wavelengthe witer is essentialty opugue in thickness of about ©.02 nun. .\t
wavelengths above 3.5 pm only the upper lavers of the sea, of thickness about ¢.C1 cm

and less, deterindne the sea surface therma emission.
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Figure 5.2 Sea water aosorption for sclected wavelength regions.

The radiation emitted from the sea surface is dependent on the underwater
temperature profile, and is little affected by surface contamination. Since the emissivity
1s equal to the absorptivity the sea surface radiance is dependent on the distribution of

the absorption coefficien: K of the sea water as shown in Fig 3.3 .
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Figurz 3.3 Absorption coeflicient K of sea water versus wavelength.
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Subsurface scattering of incident radiation is not significant in the infrared
range, though it happens in the solar raﬁge (0.35 - 3.0 pm). In that region the
absorption coefficient has a very low value and radiation penetrates deeply into the
water and is scattered.

Reflected incident radiation is composed of solar radiation and sky thermal
radiation . Solar radiation dominates at short wavelength and of course is present only
in the dayvtime. In the region from 2 pm to 4 pm reflected solar emission especially at
small angles of incidence is grearer than the thermal emission of the sea surface. In
comparison to this region only about 0.08 percent of the sun radiant energy is found in
the region of § pm to 14 pm wavelengths, which means that only reflected sky thermal
radiation influences this region by day and night.

The influence of reflected sky radiation was recognized by Mc Alister [Ref. 6]
who found. for a clear sky at night, an_apparent sca surface temperature a few tenths
of a °C colder than the actual temperature.

Reflectance, transmittance, emissivity and index of refraction for water., are
shown in Fig 3.4 to Mg 3.7 [Ref. 4}. Here we have to mention that distilled water and
sea water transmittance do not have any significant difference.

For the purpose of this thesis. where we have worked in the 8 to 14 pm

wavelength region, we have taken into account only reflected sky thermal radiation.
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3. Geométr}' of the Sea Surface

The slope distribution of the waves is an important factor in the reflection and
refraction of incident radiation on a roughened sea surface at various wind speeds. In
Fig 3.8, taken from [Ref. 7}, is shown the reflectance of solar radiation from a flat sea
surface { ¢ = 0 ) and from seasurface roughened by a Beaufort 4 wind ( ¢ = 0.2),
where ¢ is the square root of the variance of the wave slope distribution. In this figure
we can see that for an average rough sea ( wind speed of Beaufort 4 ) the reflectance of
the sea near the horizon goes to about 20%% where as the reflectance of the flat surface
is about 90% and above. Consequently we can see how high the emissivity (1 - R ) of
the roughened sea surface is near the horizon. Only at higher angles of incidence, about
40°, does the reflectance of the roughened sea surface go slightly higher than the
reflectance of the flat surface. '

0.0

Log R

Figure 3.8 Reflectance {rom a flat ( ¢ = 0 ) and roughencd sea surface (¢ = 0.2).




_In [Ref. 7] Charles Cox and Walter Munk studied this phenomenon for solar
radiation in the visible range. They assumed unpolarized sun light reflected once no
doubie scattering. They used the index of refraction for uncontaminated sea water as n
=1.338. for calculating the reflection coefficient. Information is lacking for the
infrared wavelength region and for night conditions, but since the sky radiance
variation is almost the same during the day and night, and the reflectance of the sea
water in the visible region of electromagnetic spectrum at zero angle of incidence is
almost equal to the average reflectance in the infrared region from 2 pm to 15 pm ( sce
Fig 3.4 ) these curves are considered helpful. For the purpose of this thesis, we have
used these curves shown in Fig 3.8 from [Ref. 7] after making a correction for the index
of reflraction in the infrared range ( 8 to 14 pm ) we have used in our work. A detailed
discussion of this is given in Chapter VIII.

The problem with these curves is t“at for the dashed portions near the
horizon, above 80¢ angle of incidence, the function being used is not strictly applicable
because of shadowing and multiple reflections. Also the lower and upper branches of
the ( ¢ = 0.2 ) curve represent two assumptions used in [Ref. 7] for the multiple
reflection effect. The basic function used works for light reflected only once as we
mentioned before. True values are expected according to C.Cox and W.Munk to lie
between the indicated limits.

The curves in Fig 3.9 show the sea surface radiance N(nt) divided by the sky
radiance N (0) at the zenith, due to sun light scatte ‘ng by air molecules, as a function
of the vertical angle jt, for a clear skv and an overcast skyv, and 15 also taken from
[Ref. 7].

4. Sea Water Temperature Distribution

The sea surface temperature determines the emitted thermal radiation of the
sea. This temperature is about 0°C (mainly about 4°C) in arctic regiuns and increases
reaching about 29°C near the equator. Currents mey produce anomalies of some
degree in temperature. However the thermal emission of the sea surface has its
maximum peak near the 10 pm wavelength. As we have said before in the infrared
optical properties section. the temperature of the upper laers of the sea surface, of
thickness about 0.01 c¢m, characterizes the thermal emit:ance.

Under evaporation conditions the temperature of the upper layer of 0.1 mm of
the sea surface was measured [Ref. 4] as colder than the water temperature a few

centimeters below the surface of about 0.6°C. In Fig 3.10 [Ref. 4] are shown
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Figure 3.9 Sea surface radiance divided by sky radiance at zenith.

measurements of typical conditions showing the sharpest gradient in the upper layer of
1 mm.
5. Properties of the Bottom Materials
These properties are important in regions of short wavelengths where
radiation can penetrate deep into the water causing subsurface scattering. Such
properties are not important for the work done in this thesis, since we have worked in

. the region of longer wavelength ( § pm to 14 pm ).




R 7 PRI, W AT T T Y R N 7 T ST A T = 3 e e W
HEFRODUCED AT GOVERNMENT EXFEWRST

-

TEMPERATURE (°C)

11 12 13 14
t i i i

-y AT
o

\\ 1 mm Depth Sea
1

4

. 5 March 2200 Hours
Air Temoerature 14.09C
Water Temperature 13.39C
(at 0 mm Depth)
RH. 62%
Wind Less Than 2 Knots
10% Laght Cloud Cover
Sars Visible

DEPIH

~50 mm Depth

! i ! - 1
11 12 13 14

TEMPERATURE (°C)
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B. SPECTRAL RADIANCE OF THE SKY
I. Introduction )

Skv background radiance in the infrared is caused by two different {actors, the
scattering of radiation from the sun and the thermal emission of the .atmospheric
constituents, The scattering factor is tmportant in the short wavelength range, close to
the visible, and is present only in dayvtime. The thermal emission happens at
wavelengths longer than < pm and is present day and night. )

An idealized form of this contribution to the sky spectral radiance is given in
Fig 3.11 [Ref. §]. This figure shows the spectral radiance of a blackbody at 300° K,
close to the temperature of the earth, and the spectral radiance of a blackbody at
6000° K. close to the tempcrature of the sun. On estimating the sky radiance one can
assume that the radiation {rom the sun is difTusely scattered and hence the sky appears
to have a uniform radiant epergy. This kind of maximum brightness, which has an
average radiance about 2 x10™ times the radiance of the sun. can be approximated by

a bright cloud shown as the lower dashed curve in the figure. But normally the sky




does not scatter this large amount of radiation; a nominal value is about one-tenth of
this maximum spectral radiance, shown as the solid curve on -the left, named “clear
sky”. So we can describe the combined effect of the thermal radiation emitted at the
temperature of the earth and the scattered suniight as combination of the two solid

curves shown in this figure.
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Figure 3.11 An idealized spectral radiance of the sky.
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2. Atmospheric Emission
a. General
he atmospheric emissivity in the infrared depends on the amount of water

vapor, carben dioxide and other gases which give riss to absorption bands due to their
vibrationai and rotational transitions. Since the absorptivity equals the enussivity
( Kirchhoff's law ). we can predict the atmospheric emission from the absorption
spectra of these gases.

b. Spectral Radiance of Clear Sky

Skyv temperarure and elevation angle are the main factors determining the
radiance of a clear sky. The elevation angle determines the length of the atmospheric
path and hence the emissivity, while the temperature determines the blackbody
emission characteristics.

The effect of the elevation angle on spectral radiance is presented ir Fig
3.12 [Ref. 8]. At low angles of elevation ( near the horizon ) we can see nearly
blackbody radiation at the ambient temperature. But as the elevation increases above
the horizon and the atmospheric path length Jecreases the optical density decreases
and the emissivity is no longer blackbody ( ¢ = 1 ) everywhere. In the regions
centered about 6.3 pm ( water vapor absorption band ) and about 15 pm ( carbon
dioxide absorption barnd ) emissivity is very nigh, and the sky remains blackbody, even
at the zenith ( 90°). But between these regions. in the region from about § pm to 13
jum the emissivity is poor and the sky 15 no longer black. The general background
emission in this region is due to tke wings of the water vapor and :arbon dioxide
bands. The peak that we see at about 9.6 um is due to ozone emission, which
increases as the elevation angle decrsases frotn the zenith.

Fig 3.12, taken from [Ref. 8], shows spectra of clear sky radiance measured
in September, at night, from a height of 11000 feet above sea level, at the ambieut
temperature of 8°C. The angles of elevation in sequence are 0°, 1.8°, 3.6°, 7.2°,
14.2°,30° and 90°.

The effect of the ambient temperature is very strong for this kind cf
radiation, as shown in Fig 3.13 . This figure is also taken from [Ref. 8] and shows the
zenith sky spectral radiance for two different ambient temperatures. The dashed cuives
are the spectral blackbody radiances corresponding to the ambient temperatures for the
two separate measurements at 27.5°C and 2.5°C. These mecasurements were taken with

different amounts of air mass, which affected the emissivity and hence the radiance of
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Figure 3.12 Sky radiance for several elevation angles above horizon.

the spectrum in the regions with poor emittance [Ref §]. The low temperature
measurement was taken at 14110 feet above sea level and the higher temperature
measurement at 6000 feet above sea level. The.negative values shown are due to
measurement €rror.
¢. Spectral Radiance of an Overcast Sky

Overcast skies have been found te be very good blackbody radiators ( € =

1 ). having a temperature at low altitudes within one or two °C from the ambient
" surface tem‘perazure Ref. §}.

As mentioned before, water in the infrared is a good absorber (see Fig 3.3)
with a small reflectivity. Clouds mostly at lower altitudes consist of water droplets with
radii from 1 pm to about 10 pm at concentrations above 300 cm™ with temperatures
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not far from the surface temperature [Ref. 9. So infrared radiation incident on a cloud
water droplet is highly absorbed and partially reflected and transmitted. ITowever due
to multiple scattering from all neighbouring droplcts in the cloud the transmittance of
the cloud goes essentially to zero.

Hence we can say that clouds in the infrared region are good absorbers and
consequently good emiitters, causing overcast shies to behave as good blackbody
radiators.
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d. Spectral Radiance of Clcuds

Clouds with thickness greater than 100 m and clouds with water droplet
( or ice crystal for higher altitudes ) counts greater than 0.5 g;‘cm2 do not transimit.
Thus absorptivity, and consequently emissivity, is high, approaching one, which means
that clouds show a very good blackbody behavior [Ref. 10].

Fig 3.14 [Ref. 10] shows the emissivity of cloud layers versus wavelength
and thickness AZ . Also in Fig 3.15 [Ref. 10] is shown how the integral emissivity (E),
transmittance (T) and absorptance (A) changes with thickness AZ. Here we can clearly
notice that at thickness AZ abcve 60 m the transmittance goes to zero and above 100
m the emissivity goes to zero.

However, looking at the spectrum of the under side of a cumulus cloud in a
clear sky ( Fig 3.16 ) at an elevation angle 14.5° [Ref. 8] we do not observe a
blackbody spectrum . Since the emissivity of the cloud is expected to be high and since
the sky is partially transparent in the region of 8 - 13pum for the elevation angle of
14.5°, as shown before, we might expect to see clearly the emission of the cloud in that
spectral region. From the figure we see that the emission in this region is characteristic
of a blackbody at -10°C which is reasonable for the temperature of the cloud ( lower
dashad line in figure ). What is really happening in this figure is that we have a
combination of the atmospheric emission at the 6 and 15 pm wavelength regions from
the path below the cloud together with the -10° blackbody emission from the cloud in
the wavelength region at § - 13 pm . .

The effects of thin cirrus clouds in a clear sky modified situation is
presented in Fig 3.18. Here we can see that the emission in region 8 -13 um has been
raised in comparison with the clear sky situation ( see Fig 3.13 ), and also the ozone
emussion 15 reduced since it comes from a region higher than the clouds and is
attenuated passing through them.

Fig 3.17, from [Ref. 8], shows spectra measured in June at sea level with
an ambient temperature about 28°C. The elevation angles are 0°, 1.8°, 3.6°, 7.2°.
14.5°,30° and 90°.

3. Scattering of the Sky Radiation
The position of the sun relative to the area of the observed sky and the length
of the scattering path due to the elevation angle affect strongly the amount of scattered
radiation. We have a large amount of scattering ciose to the sun direction as well as an

increase in scattered radiance with a decreasing elevation angle. Decreasing the
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elevation angle we have a longer atmospheric path from which scaitering can be
produced. But very close to the horizon we have a reduction in the scartered radiance
mainly because of water vapor absorption which reduces the effective observation path.

This Kind of radiation is not important for the work done in this thesis since it
occurs at short wavelengths.
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IV. ATMOSPHERIC TRANSMITTANCE

A.  ATMOSPHERIC PROPAGATION

Thermal radiant flux from a target has to pass through the atmosphere of the
earth vefore it reaches an infrared sensor. During this passage, the thermal radiation of
tne torget is attenuated because of selective absorption due to several atmospheric
gases anud scattering by small particles suspended in the atmosphere.such as aerosols.
rain, snow, smoke, fog and haze. Both absorption and scattering depend on wavelength
(M)

Ta gereral we call armospheric extinction the process by which the radiant flux

from a target is attenuated passing through the atmosphere. This can be expressed as:
'CA()\) = e.c()")R s

where A(k) is the atmospheric transiaission, 6(A) is the extinction coefficient and R is
tne range. The axtinction coefficient is the sum of the absorption cocff'uient ¢(A) and
the scattering ceefficient y(A)

o(M) = a(d) + y(h). :

Both absorption and scattering cefficients are sums of molecular and aerosol
components [Ref. 2]. In the infrared region the absorption process is of greater
importance (particularly in the 8 - 14 pm ) than the scattering process ‘vhich is
important in the visible and near infrared region.

Water vapor, carbon dioxide and ozone are the most significant absorbing gases.
having broad absorbing bands cenered at the specified wavelengths: water vapor ( 2.7,
3.2, 6.3 pm ), carbon dioxide ( 2.7, 4.3, 15 pm ), ozone ( 4.8, 3.2, 6.3 um ). The bands
of carbon dioxide at 2.7 and 15 pm and water vapor at 6.3 jun limit the atmospheric
transmussiornr in the infrared to two atmospheric windows at 3.5 to 5 gm and at § to 14
Hm.

Infrared systems are designed to operate through these windows, and it is very
imnportant for the performance of our system to have a prediction of the atmospheric
atieruation for the wavelength and the environmental conditions in which we are
operat.ng. This prediction process is a complicated problem and has been faced by
computer modeling codes.




Such models are the high resolution models ( HITRAN) and the low resolution
model ( LOWTRAN). The high resolution model codes provide direct computation
with high resolution single frequency results. They are used to predict atmospheric
attenuation for laser radiation. The low resolution model codes are used for a broad
band prediction where the thermal systems work.

LOWTRAN code was used to predict atmospheric transmittance for the work
done in this thesis and is considered in the next sections of this chapter.

B. LOWTRAN 6 CODE
1. General Description
LOWTRAN 6, the latest edition of the LOWTRAN simulation codes. is a
FORTRAN computer . curve-fitting program, relating empirical precomputed
attenuation data to simple meteorological and environmental inserted parameters. It .
was designed to calculate average atmospheric transmittance and thermal radiance
over a specified broad band, ranging from 359 to 40000 em! (0.25 to 28.57 pm ) with

1 averaging bandwidth in steps of 3 em L,

a resolution of 20 cm”

The average transmittance is a function of the total extinction, the product of
the transmittances due to water vapor line absorption, water vapor continuum
absorption, uniformly mixed gases line absorption, nitrogen continuum absorption,
aerosol absorption, aerosol scattering and molecular scattering. A consequence of the
averaging over a finite spectral band is that the rapid fluctuations of the atmospheric
transmittance in that band vanish.

Generally we can say that the LOWTRAN code is a fast but not very
accurate computer simulation code.

2. LOWTRAN 6 Input Data

The LOWTRAN 6 code is activated by submitting four cards of sequential
data. Each card provides data to be selected and asks for data values to be inserted as
follows:
’ The first card provides a selection of six atmospheric models. These models
are the tropical atmosphere, midlatitude summer, midlatitude winter, subarctic summer,
subarctic winter and the 1962 U.S. standard atmosphere. Also in this card we have to
indicate the type of atmospheric path ( horizontal, vertical or slant ), and determine the
execution mode ( transmittance - radiance ).
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The second card provides a selection of the type of extinction for nine
bountary- layer aerosol models and gives a default meteorological range. These models
are ‘the rural (vis = 23 km), rural (vis = 5 km), navy maritime (computes visibility),
maritime (vis = 23 km), urban (vis = 5 km), tropospheric (vis = 30 km). advection
fog (vis = 0.2 km), radiation fog (vis = 0.5 km) and a user defined model (vis = 23
km). Also here we have to specifv the air mass character for the navy maritime model
and some meteorological conditions.

The third card defines the geometrical path and we have to insert some
" parameters like initial and final altitude, initial zenith angle and length of our path.

In the fourth card we have to specify the spectral range over which we want
data for atmospheric transmittance or radiance and the {requency increment over
which we want our data to be averaged. '

A detailed description of the functions of these cards and the required input
data is given in [Ref. 11].

C. LOWTRAN 6 CODE USED IN THIS WORK :

For the work done in this thesis the LOWTRAN 6 code was used to find the
atmospheric transmittance for the different meteorological conditions we experienced .

For our experimental conditions, mostly overcast skies and ambient temperatures
about 10°C to 16°C we selected the midlatitude winter ( 45° N, January ) atmospheric
model for horizontal path. Also for the purpose of this work the navy maritime
bountary layer aerosol model was selected. And thus because this model takes into
account the existence of three components in determining the aerosol population. First
is the continental bomponent which is sensitive to the amount of time the air mass has
spent over the sea; Second is the stationary component which depends on the wind
history and represents aerosols formed by high winds and whitecap conditions,. and the
third one is the fresh component which is characterised by the current wind speed and
consists of whitecap produced droplets. For our geometrical path we inserted target
altitude 10 m and horizontal path length 650 m. Our spectral range was 710 - 1250
el ( 8 - 14 um ) with frequency increment 5 em L.

The results of these calculations are discussed in Chapter VII.




V. FAMILIARIZATION WITH THE EQUIPMENT

A, GENERAL

As mentioned in the introduction, all our data for this work were collected,
stored and processed using the AGA Thermovision 780 system, supplemented with a
digital microcomputer.

The system is designed for both thermal imaging and image analvsis. It
combings real infrared scanning with thermal image measurement capabilities and is
supplemented by a microcomputer for digital image recording, storing and processing.

The particular system we used was a dual scanning system operating in the 3 -
5.6 pm and 8 - 14 pm windows with two different detectors. For the purpose of this
experimental work only the 8 - 14 jim scanner was used.

B. AGA THERMOVISION 780
1. Basic Description

The AGA Thermovision 780 system consists of a real time scanner, a black
and white monitor chassis display and a digital microcomputer.

The real time infrared scanner is the unit that converts the thermal radiant
energy emitted from a target to electronic video signals. These signals are amplified
and transmitted through a cable to the display monitor chassis where with further
amplification they produce a thermal image on a black and white screen. The amplified
signal can also be fed to a color monitor through an interconnecting device in order to
have a real time thermal image presentation. Finally video and data signals are
transmitted through an interconnecting link to a microcomputer. Here the thermal
image is desplayed in color and can be recorded, stored on a data disk and processed
for temperature evaluation using color codes.

2. The Infrared Scanner ’

There are two kinds of scanning unit used in this system, the short wave (SW)
scanner that operates in the 3 to 5.6 pm spectral band and the long wave (LW) scanner
that operates in the 8 to 14 pm band. Scanner systems are designed with single or dual
scanner units which cover both bands simultaneously. Our scanner as we have already
mentioned was a dual type. Such a scanner system is shown in Fig 5.1.

Each scanner unit consists of the following parts :

a. Electro-optical scanning mechanism




b. Infrared detector
¢. Liquid nitrogen dewar for cooling the detector
d. Control electronics and preamplifier
A simplified block diagrain of the scanner unit is shown in Fig 3.2.
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Figure 5.2 Simplified scanner unit block diagram.




Electromagnetic thermal energy emitted from a target is focussed by infrared
lenses into a vertical prism. The lenses for the short wavelength band (SW) are made of
silicon and those of the long wavelength band (LW) are made of germanium. Both
kinds are covered with proper antireflecting coatings. The vertical prism is rotated at
180 rpm and its optical output is passed through a horizontal prism which rotates at
18000 rpm.

Rotating slotted discs coantrol the rotation of both prisms and are
electronically connected to the horizontal and vertical triggering circuits to provide
horizontal and vertical triggering pulses for the monitor. The horizontal and vertical
prisnis are synchrorized in such a way that four fields vach having 100 horizontal
scanning lines produce one interlaced frame. Of these lines only 70 lines per field or
280 per frame are used as active imaging lines.

The output from the horizontal prism passes through a set of relay optics
containing a selectable aperture turret with eight aperture discs between 1.8 and f 20
(£1.8 disc was selected for our case ). It then passes through a filter unit ( no filter for
our case ) and finally is focussed on a single detector located on the wall of the dewar
chamber The detectors arc a photovoltaic Indium-Antimonide (InSb) for the short
wavelength band and a photoconductive Mercury - Cadmium - Telluride (HgCdTe) for
the long wavelength band. Both detectors are cooled with liquid Nitrogen which
maintains the chamber at a temperature of -1960C.

The signal output from the detector is preamplified within the scanner unit
and the video signal produced is applied through a cable to the black and white
monitor chassis [Ref. 12).

The arrangement of the electro-optical components of a scanner unit is shown
in Fig 5.3 [Ref. 12].

3. Black and White Monitor Chassis

The videc output signal from the scanner unit is applied to the input
connector of the black and white chassis. This signal after a further amplilication and
processing within the monitor is applied to the display screen.

Outputs from this monitor chassis are used for a color monitor connection
and the interconnecting link for the microcomputer connection with the system.

A Black and White monitor chassis is shown in Fig 5.4 {Ref. 12).
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4. Technical Data
Technical data for the AGA Thermovision 780 were found in [Ref 13] and are
presented in Table 1.

5. Digital Image Processing System

This system supplements the AGA Thermovision 780 system and consist of
an interconnecting link and thc microcomputer which utilizes the systems softwars
DISCO 3.0

a. Interconnecting Link

The interconnecting link is a digital on-line interface for direct inierfacing
between the Thermovision 780 and the IF 300 model 20 microcomputer. The main
purpose is to digitize the image, hold the imagc data during the time required for
transf‘e; from the Thermovision tc the microcomputer, and control the- data
transferring speed.

b. IF 800 Microcomgputer

IF 300 is z business level personal computer which uses a Z-804A , 4 MHr
clock microprocessor for its CPU. It comprises a Keyboard, a printer, a display unit
and a mini floppy disk drive.

6. DISCO 3.0 Software Description

The software used by this system consists of three main programs the DISCO,
the IMAGE PROCESSING and the UTILITY programs. Various subprograxlls as
shown in the DISCO 3.0 block diagram Fig 3.5 [Ref. 14] supplement the main
programs.

The main program DISCO was the one mostly used for this work to record,
store and process our data. Using this program infrared images were transferred from
the Thermovision 780 svstem to the microcomputer. The subprogram F1 Record
Image was used to record these thermal images and display them in color on the
computer screen. Also this subprogram was used to enter or alter our parameters
(emiscivity, atmospheric transmittance etc.), to select and enter the scanuer
identification characteristics used and store the images on a data disk. The subprogram
F2 Lvaluate Image was used to evaluate the temperature measurement of the image
using color scaling with tables of 3 to 36 different color combinations. Each color was
assigned a particular remperature range. The standard table of the svstem uses $ colors
and was the one used in our case. This subprogram was also used to display
histograms with a frequency distribution of the temperature values, to display single
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X3

AGA THERMOVISION 780 TECHNICAL CHARACTERISTICS

FREFORMANCE

Spectral Range '

Frame Rale t
Eield Rate B
Interlace '

REFLACEABLE FORE OFTICS

13004 Azimuth * 1
Fov Elevation *
IFOV  Azimuth H
IFOV  Elevation :
HEN ¢ T
NDT t

Dynamic Range '

OFTICAL DATA

TABLE 1]

3 - 5.6 mm and/or 8 -~ 14 pm
6.25 gec1
25 gee™l

4: 1

Te
Je

1.1 mrad

1.1 mrad

0.12+¢ at 22e«c
< 0.1ec

-20 to ¥00ec

Effective Aderture Area : 24 om?

Aparture D'lameter

Effective Focal Length

£/numbier

DETECTOR

Type SW H
Lw H

Humber of Elements

Feak Wavelength SWw

LW

COOLING SYSTEM

Laqiid Nitrogen

* NHote: The system can take five different fore Jensey with

FOV 3.5X3.5, 7X7, 12X1z, 20X20, and 40X40. The lens

: 5.5 cm
r 9.9 cm
s 1.8

Fho%ovoltalc InSb
Fhatoconductive ligndle
1

S pm

10 fm

~196¢c

we used was the one with FOV 7X7.
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isotherms, magnifv the image, transfer a new image on the display from those which
had been stored on the cata disk and print data such as temperature profiles using the
system printer. For the last case our system had some limitations since the system’s
maximum capabilities are available only on a color printer which was not available.

C. THERMAL MEASURLMENT TECHNIQUES
1. Introduction

As we know the radiant flux density received by an infrared system does not
have a linear relationship to the object temperature. It is always mixed with reflected or
emitted background radiation and is attenuated by the atmosphere. Therefore, certain
calibration and correction procedures have to be applied to a particular measurement
in order to have an accurate temperature evaluation.

The AGA Thermovision 780 syétem measures thermal radiation between
spectral limits as mentioned before. The numerical value of the received radiation is
called the THERMAL VALUE and is measured in Isorherm Units (IU) which is an
arbitrary unit system. This thermal value is proportional to the received photon flux
density, but is not proportional to the temperature of the target. Therefore, we need a
calibration function as a graphical curve or a computer program to relate the thermal
value ( isotherm units ) with the temperature of the target.

2. Calibration Curves

Calibration curves for all aperturs sizes used by the system in the long
wavelength ( LW ) spectral band, in which we worked, are shown in Figs 5.6 through
5.8 [Ref. 12). These curves have been obtained assuming emissivity € = 1 (blackbody
radiator )} and neglecting atmospheric damping 7, = 1. For situations different from
the above it is obvious that we have to apply correction techniques.

These calibration curves are accurately described by the following equation
taken from [Ref. 12]

A

I = ———— (eqn 3.1)
BT

where [ is the thermal value in isotherm units ( IU ) for the absolute temperature (T)
in oK. A,B.C are calibration constants that depend on the aperture, filter, scanner etc.

This equation was used by the microcomputer program to calculate the
temperature of the target for a known thermal value after the calibration constants
A.B,C for the LW shown in Table 2 had been inserted.
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TABLE 2
AGA THERMOVISION 780 .
LW CALIBRATION CURVYE CONSTANTS

INDIVIDUAL CALIBRATION OF 780 DUAL BBAR

SERIAL NUMBERS

SCA™NER : LWDR 4011
DETECTOR : G 1739
FILTER :NOF

LENS :7 3105

CALIBRATION CONDITIONS

AMBIENT TEMPERATURE : 24 C

RELATIVE HUMIDITY : 35 %
OBJECT DISTANCE : 1.0m
CALIBRATION DATE : 82-09-27

CALIBRATION CURVE CONSTANTS

APERTURE A B C
1.8 - 3581 1506.49 - 0.436
2.5 - 4060 1569.30 - 0.759
3.6 - 6514 1629.70 - 1.824
5.1 5420 1610.70 2.796
7.2 1123 1006.54 1.098

10.0 584 1604.29 (0.885
14.0 306 1610.60 0.773
20.0 195 1650.51 0.767
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3. Basic Thermal Measurements

There are two basic methods we can use to measure temperature using the
thermovision 780. The direct, and the relative measurement method.

In the direct methed of measurement the svstem built in capabilities (clamping
and temperature compensation) per.nit measurement of the temperature of an object
without using any other reference source of radiation.

In the relative measurement method the radiation of an external reference
source with known temperature and emissivity is compared with the radiation received
from the obiject to obtain the object temperature.

The direct method is easier to use but not as accurate as the relative method,
which, however, has the disadvantage that it needs an accurate reference source to be
available. In our case the direct method was used since we didn’t have any reference
source with known temperature and emissivity located near the target.

4. Direct Measurement Procedure

In this subsection we will describe briefly the procedure for the direct
measurement method, using the Thermovision first alone and then supplemented with
a microcomputer as was done to collect data for this work.

To aid in understanding this measurement procedure, the monitor chassis
front panel controls and indicators are presented in Fig 5.9 [Refl 12]. Subsequently a
short description of the operation and function of the controls and indicators referred
to in this measurement procedure is given.

a. THERMAL RAXNGE (itera 9 ) This is a nine position switch calibrated
oetween 2 and 1000 isotherm units. This switch selects the thermal span o
interest.

b. THERMAL LEVEL (item 10 ): This control sets the thermal level of the image.

c. PICTURE MODE "NORMAL” ( item 12b ) It selects the normal image
g}ﬁﬁlgy, where the cooler object temperature appears as black and the hotter as

d. ISOTHERM LEVEL 1 (item 13 ) This control turns on the isctherm function
and identifies the discrete thermal levels on the target. The i1sotherm function is
indicated by saturated white areas, which represent areas of the same
temperature. A marker on the vertical isotherm scale indicates the relative
position of the sclected level.

e. ISOTHERM SCALE (item 16 ). This is a scale calibrated from -0.5 to +0.5. A
reading of the isotherm marker multiplied by the thermal range gives the
relativé thermal value in 1sotherm units.

For both cases either with the thermovision itself or supplemented by the
microcomputer, starting with picture mode in NORMAL, we have to adjust the

THERMAL RANGE and LEVEL controls to obtain a good thermal picture. The
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15.  ISOTHERM WiOTH
18,  ISOTHERM SCALE

Figure 5.9 Monitor chassis front panel controls and indicatcrs.

picture was shown on the Black/White monitor and on the color monitor used The
measurement procedure is shown schematically in Fig 3.10 [Ref. 12]. First with the
THERMAL RANGE control switch we select the thermal span of interest in isotherm
units ( 2 to 1000 ), about the thermal level of the image. In our case thermal ranges of
2, 5 and 10 isotherm units were selected. Then with the THERMAL LEVEL control
knob we set the thermal level of the image. At the point at which a satisfactory
thermal picture is obtained the corresponding thermal value “L” of the image in
isotherm upits, 1s measured (i.e., the thermal value of the isotherm scale at zero puint,
Fig 5.10).

Using the thermovision alone, the control ISOTHERM LEVEL 1 has to be
adjusted to brighten up the point of interest on the target in view. A marker on the
vertical scale indicates the relative position of the selected level. The reading of the
isotherm marker multiplied by the thermal range gives the relative thermal value 1" in
isotherm units, shown in Fig 3.10. Adding the two values "L and “i” we have the
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Figure 5.10 Direct measurement method.

measured thermal value I’y for the particular point of interest. Under the assumed
simplified conditions, having Tg = 1 and € = 1, the calibration curve can be used, as
in Fig 3.10, to translate the measured thermal value I’ ; to temperature.

Using the microcomputer as was done to collect data for this work there was
no need to go through the isotherm procedure. The computer does not use isotherms
but discrete thermal values. Therefore, we had the isotherm marker at zero. The
subprogram F1 Record Image was used to record not only the thermal image picture
but alco the corresponding thermal value and thermal range. These values were used by
the subprogram F2 Evaluate Image to evaluate and present on the display the
temperature distribution of the recorded image in color scaling, using the standard
eight color combination table of the system.




D. COMPLEX THERMAL MEASUREMENTS
1. Introduction _

As mentioned before, the AGA Thermovision 780 system considers an ideal
situation for the values it measures. But as we know there are several factors that
influence these measurements. So the true object measurement must be derived by a
calculation in which we must take into account all the factors that influence the
received thermal radiation.

2. Variables Affecting the Measurement
The most important factors that affect the measured thermal radiation are the
following:
a. Emissivity of the target
b. Background surrounding the target
c. Target opacity
d. Target size
e. Aumospheric effects

Most of the objects in our environment are not blackbodies and hence their
emissivities are less than one. For our case the emissivity of the R/V "POINT SUR”
was found to be about 0.95 as will be explained later. The influence of the background
was discussed in detail in Chapters 1I and 111 and the atmospheric effects were
discussed in Chapter IV.

The target opacity has to be taken into account because some targets are
more or less transparent to infrared radiation { glass, plastics, clouds, etc. ). Radiation
received from objects like these includes radiation transmitted from the background.
Also the enussivity of the target is affected and is hard to estimate. For our case the
target was considered as an opaque Lambertian surface.

The size of the target is another factor to be taken into account. Since the
detector subtends a specific solid angle, if the target is not big enough to cover this
angle the detector receives radiation from the target background. This will tend to
affect the temperature difference indicated between the object and the background. In
our case the target was not big enough to cover the field of view of a 7¢X70 lens at a
distance 650 m. For most measurements it occupied 1,3 to 2/5 of the display screen.

3. Exact Measurement Formula Derivation

The thermal radiation that reaches the detector of our system is the sum of

the target-emitted thermal radiation, the radiation reflected by the target and the

radiation emitted from the atmosphere as shown in Fig 5.11.
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Figure 5.11 Radiation conditions in complex measurement.

[f we assume an opaque object at temperature (T,) and emissivity ( €, ), this
object emits photon flux €535 S is the photon flux of a blackbody at the same ( Ty
temperature. Since the above flux is attenuated by atmospheric transnuttance ( T, ) the
object radiation reaching our detector is €5%uSor

Also assuming that all surrounding surfaces are of the same ambient
temperature ( T, ) which determines that the emissivity is close to one ( €q = 1) we
can say that the radiation reflected by the object is PoSy: S¢ is the photon flux of the

a
reflectance of the object. From the first assumption that the object is opaque we get

surrouadings emitung as a blackbody ( €, = 1) at temperature ( Ty )'and pg is the

Po = 1 - &5 and since the above radiation is attenuated by the atmosphere the
reflected radiation reaching our detector is Tol 1- €515,

Finally the atmospheric radiation is given by ( 1 Ty Satm Where S, s
the photon flux due to atmospheric emission and scattering. Hence we can write that

the photon flux S’ reaching the Jetector is

o = E.TqSg + Tyl - 255, + (1-17,)S

0 otao «Xatm (eqn 5.2) .

This photon {lux relation can be converted into a thermal units relation since,
as we mentioned before, the thermal value ( IU ) measured by the AGA Thernovision
780 is proportional to the photon flux reaching the detector. Therefore we can write




the relation 1 = C X S where ! is the thermal value, C the proportionality constant
and S the photon flux.

Substituting S = [/C in Equation 5.1 we have the same equation in thermal
. values

Iy = t485lg + Tl - gl + (1-7) 1o (eqn 5.3) .

This equation can be solved for I to find the exact temperature through the
calibration curves or can be solved to find the emissivity €, if we know the exact

temperature of the object and consequently I, from the calibration curves. Therefore
frorn Equation 3.3 we have

I o (= L Ly (eqn 5.4)
oo\ e TN P ia o eqn >.a} or
° oo %o € Ta &

I'(o ) taIa -(L- 1:(I)Iatm
€y = (eqn 5.6) .

| tq(lo = Ia)

For our case the computer program calculated for us the exact temperature
using Equation 3.3 after we had inserted certain values for the parameters emissivity,

atmospheric transmittance, ambient tcmperature ané temperature of the atmosphere.
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Vi. EMPIRICAL CALIBRATION OF AGA THERMOVISION 780

A. CALIBRATION PROBLEM

Trying to process the thermal images we had already recorded, we realized that
the temperatures the computer was calculating were much higher than expected for the
particular scene.

[t was obvious that the Thermovision 780 was measuring thermal values ( IU )
higher than the values the calibration curves were giving for certain target
temperatures.

To solve the problem we had to derive new calibration curves to use, for the
exact temperature evaluation of the stored thermal images. At that time we had
difficulty deriving new calibration constants to be inserted in the computer program.
Theretore, we tried to find a relation betwcen the exact temperature of a blackbody
and the temperature the computer program was calculating using the faulty calibradon
curves for the blackbody thermal values measurements. In this way we had an
empirical relation as a curve function, accurate enough to correct the temperatures the
computer program was calculating using the faulty calibration curve on processing the
thermal images we had stored.

B. THE CALIBRATION PROCESS
I. General
For the calibration procedure we required a blackbody working at about the
temperatures we had when the images were recorded. The air temperature at that
period was 9.7 - 11.3eC, the sea surface temperature was 11.2 - 12.80C and the
laboratory ambient temperature, where the calibration procedure was carried out, was
always (8 - 190 C, Therefore we needed to have a blackbody source to work t elow the
ambient laboratory temperature in order to get the calibration relation we wanted.
2. Blackbody Source
For the purpose of this work we built our own olackbody source to use in ou
calibration procedure. As we have already mentioued we wanted this source .0 work
at about the expected target temperatures, which were below the inboratorv ambicnt
temperature.

56

-l R A s




..

WEPRODUCED R GUVENITNMENT EXTFTTTow

The core of this blackbody source was a cylinder 28 cm long and 7.5 ¢m wide
made of thick ( 0.5 cm ) aluminum. One end of this cylinder was cut at an angle about
60¢ rom horizontal and it was covered with a plate of the same thickness of aluminum
for minimizing refiected radiation esnaping out of the cavity. The other end was cut at
90e and it was covered with a same thickness sluminum plate which had a hole of 2
cm diameter. The interior was painted «ith mat high emissivity black paint. Using a
nichrome wire wound unifornily around the cylinder we could heat our source and by
pouting liquid nitrogen inside the cylinder we could cool it below ambient temperature.
The whole source was covered “with a kind of fiber glass insulating material and four
thermoccuples were used to check the temperature stability of the core cvlinder and the
edge plates. In Fig 6.1 a schematic representation of this blackbody source is shown.

This source was well tested showing very good blackbody behavior, stabilizing
and maintaining the temperature we needed quite fast.

1
H
!
— e ¢ f o P . N - ———F e
{ .
i
2 cm o : thermocouples
— b
oy
i %
. . . . . A
o/ \\
- 7.5 cm-- o e prm—y 23 cm e et

Figure 6.1 Bluckbody source used for calibration procedure

-

3. Calibration

We wished to lind a relatien between the exact temperature of an object and
the temperature calculated oy the computer program using the wrong calibration
curves Jor the isothermal values measured by the Thermovision 780.




For this reason our blackbody was set to certain temperatures about the
expected target temperature at the time of the experiment. After these temperatures
were stabilized a measurement with the Thermovision 780 was taken from a distance of
about 2 m. The thermal value was transferred to the computer and the thermal image
was recorded, to be processed for temperature evaluation. For the distance of 2 m the
atmospheric attenuation was neglected ( T, = 1 ). The above procedure was repeated
for all three thermal ranges ( 2, 3, 10 ) used to collect data.

The above caiibration temperature measurements for the three different
thermai ranges are shown in the following Tables 3.4.5. Looking at these
measurements we can notice that there is a linear relation between the blackbody exact
temperature and the temperature the computer was calculating. Using the method of a
least squares linear regression we found the equation of the best fitting straight line.
This line was the calibration curve function we wanted to correct the temperatures of
the stored thermal images. ‘

Plotted calibration data measurements and the best fitting straight line for all
three thermal ranges are shown in the following Figures 6.2 to 6.4.

C. CONCLUSIONS

From the calibration curves given in the previous chapter we can see that the
portion of the cu.es in the temperature region used. for the calibration procedure is a
straight line. The linearity of that region was the confirmation that the linear relation
we were getting was reasonable.

The corrections we were getting from these straight lines were accurate to within
an error of about 3%. The thermal values measured by the thermovision were
accurate 12 within half a thermal unit. This caused an error of 1.5 % in the calculated
temperatures. The variance of the best fitting staight line for each thermal range caused
a 3 % error in the thermal range 2, 3.5 % in the thermal range 5 and 3.7 % in the
thermal :ange 10. Therefore, the total correction error was within 4.5 9% in the thermal
range Z, 5 % in the thermal range 5 and 5.2 % in the thermal range 10. Of course we
have to keep in mind that these calibation functions are only valid for the temperature
regicn about our target temperatures ( 9 to 180C ).
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TEMPERATURES IN DEGREES C TEMPERATURES IN DEGREES C
BLACKBODY_ _ AGA _ DIFFERENCE BLACKBODY __AGA _ DIFFERENCE
XACT = COMPUTED EXACT = COMPUTED
3.0 16.1 13.1 15.5 26.9 1.4
4.2 16.5 12.3 16.0 273 11.3
5.0 17.2 12.2 16.5 27.6 111
5.6 17.8 12.2 17.0 28.0 11.0
6.3 18.2 11.9 17.5 28.3 10.8
7.0 18.7 11.7 18.0 28.9 10.9
8.0 19.7 1.7 18.5 29.4 10.9
8.5 20.1 11.6 19.0 29.8 10.8
9.0 20.5 11.3 19.5 30.2 10.7
9.5 21.2 11.6 20.0 30.7 10.7
10.0 21.8 1.8 20.5 311 10.6
11.0 22.5 11.5 21.0 316 10.6
12,0 23.4 11.5 21.5 32.0 10.5
12.5 23.8 1.3 22.0 32.4 10.4
13.0 24.5 11.5 22.5 33.0 10.5
13.5 25.1 11.6 . 23.0 33.6 10.6
14.0 25.7 11.7 23.5 33.9 10.4
14.5 26.1 11.6
MEAN DIFFERENCE @ 11.03
STANDARD DEVIATION : 1.724
VARIANCE : 2.887

BEST FIT STRAIGHT LINE:Y = (1.0238) X - 11.62
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TABLE 4

THERMAL RANGE 5 .
CALIBRATION TEMPERATURE MEASUREMENTS

TEMPERATURES IN DEGREES C TEMPERATURES IN DEGREES C
‘ BLACKBODY AGA DIFFERENCE BLACKBODY AGA DIFFERENCE
EXACT COMPUTED EXACT COMPUTED
0.0 14.1 14.1 16.0 20.7 10.7
1.0 15.1 . 141 17.0 27.6 10.6
2.0 15.8 13.3 18.0 28.2 10.2
3.0 16.8 13.8 19.0 29.6 10.6
R 4.0 17.6 13.6 20.0 30.5 10.5
5.0 18.2 13.2 21.0 31.0 10.0
6.0 18.9 12.9 22,0 32.3 10.3
7.0 19.2 12.2 - 23.0 32.6 9.6
8.0 20.4 12.4 24.0 34.2 10.2
;1 9.0 21.7 12.7 25.0 34.8 9.8
. 10.0 223 12.3 26.0 36.5 10.5
11.0 ' 23.0 12.0 27.0 36.9 9.9
: 12.0 24.2 12.2 28.0 37.6 9.6
13.0 25.0 12.0 29.0 38.5 9.7
14.0 257 11.7
MEAN DIFFERENCE : 11.55
STANDARD DEVIATION : 1.531
VARIANCE 2 2.265

BEST FIT STRAIGHT LINE:Y = (1.1956) X - 16.646
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TABLE 5

THERMAL RANGE 1 . ]
CALIBRATION TEMPERATURE MEASUREMETNS

TEMPERATURES IN DEGREES C TEMPERATLRES IN DEGREES C
BLACKBODY AGA DIFFERENCE BLACKBODY AGA DIFFERENCE
EXACT COMPUTED EXACT COMPUTED
0.5 14.2 137 165 27.2 10.7
1.5 15.0 13.5 17.5 275 10.0
2.5 15.6 13.1 19.5 29.5 10.0
3.5 16.8 133 20.5 30.6 10.1
4.5 17.7 13.2 21.5 31.2 9.7
5.5 17.9 12.4 2.5 32.4 9.9
6.5 13.6 12.1 23.5 32.3 9.3
7.5 19.4 11.9 %5 343 9.3
8.5 20.1 11.6 255 350 9.5
) 9.5 20.6 1.1 26.5 15.6 9.1
10.5 21.0 16.5 275 36.9 9.4
) 115 2.9 114 28.5 37.5 9.0
12.5 24.1 11.6 295 . 386 9.1
13.5 25.2 1.7
14.5 25.8 113
MEAN DIFFERENCE  : 11.00
STANDARD DEVIATION : 1.489
VARIANCE . 2.141

BEST FIT STRAIGHT LINE:Y = (1.1807) X - 15.656
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VII. SIGNATURE MEASUREMENTS

A. GENERAL

All signature measurements were taken during mid May 1986, on the following

dates and time periods.
1. May 14 09:00 - 09:25
2. May 18 11:57 - 13:07
3. May 21 00:05 - 00:13
4. May?2l 17:18-17:37
5. May 22 00:48 - 01:03

Thermal imaging data were collected for the spectral range 8 - 14 pm using the
LW detector of the AGA Thermovision 780. The thermovision system and its
supporting computer were set up in a laboratory building at the eastern side of the
HOPKINS MARINE STATION grounds, at a window facing directly over the shore
line toward the closest buoy. The laboratory is about 8 - 10 meters above sea Jevel.

The target was the oceanographic ship R/V POINT SUR which was: on an
operational oceanography student cruise. During those periods in which it was made
available for signature measurements the ship maneuvered in the vicinity of the off
shore ( 635 meters ) buoy, displaying various aspects as requested. The distance
between the the ship and our detector was about 650 m. At that distance, the closest
the ship could reach, using a 7¢X7¢ FOV lens we had an image covering almost 2!3 of
the screen. Six thermocouples installed about the superstructure were used to have a
calibration of the actual ship temperature. The thermocouples were sampled at
10-seconds intervals and the output voltages were recorded, to be later converted into
temperatures.

The environmental conditions for the time period in which the measurements
were taken are shown in the data presentation tables. Generally for these periods the
area was under the influence of a high pressure system, with North West winds and
coastal fog, especially during the morning hours.

Thermal images for different ship aspects, were recorded and stored during time
periods in which the ship was available for us and the environmental conditions
allowed. All data were recorded assuming the ideal conditions appropriate to the




Thermovision system measurements, that the target was a blackbody source and
atmospheric attenuation was neglected.

Fig 7.1 is a map of the: Monterey Peninsula showing the area where' the
signature measurements were taken.
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Figure 7.1 Area where the signature measurements were taken.
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B. PARAMETERS FOR TEMPERATURE EVALUATION

As mentioned in Chapter five the processing of the recorded and stored thermal
images was done using the DISCO 3.0 computer program. For temperature evaluation
the program asks for certain parameters to be provided. These parameters, as we have
discussed before in the derivation of the exact measurement formula, in Chapter five,
are the atmospheric (air) termperature, ‘he ambient temperature, the atmospheric
transmittance and the target emissivity.

1. Atmospheric Transmittance

The atmospheric transmittance was calculated using the LOWTRAN 6 code.
For our experimental conditions, temperatures about 10 to 15¢C, we selected the
midla:itude winter ( 450, January ) atmospheric model for a horizontal path. The Navy
Maritime was selected for the boundary layer aerosol model, discussed in detail in
chapter four. For the geometrical path we inserted target altitude 10 m and horizontal
path length 650 m. The spectral range was set at § - 14 um ( 710 - 1250 el ) with
frequency increment 3 e,

The meteorological data needed, mainly wind speed and wind direction, for
determining the air mass character, continental influence, were taken from 10-minute
logged meteofological data recorded from instruments stationed on the ship. Such data
weren't recorded for the last two observation periods on May 21 (-17:18 - 17:37 ) and
May 22 ( 00:48 - 01:03 ). For these pericds meteorological conditions were
approximated using observations taken from the meteorological station at POINT
PINOS, the closest station in the area of the experiment { see Tig 7.1 ). Since the
direction of the wind was from North West the continental influence as we can sce
from the map in Fig 7.1 was not very strong. So on a scale from O ( open ocean ) to 10
( maximum continental infivence ) we inserted mass character scale from 2 to 3.

In Table 6 are shown the meteorological data used, the air mass character
scale ( ICSTL ) and the calculated atmospheric trapmittance for each observation
period.

2. Emissivity

The emissivity of the ship surface was found by evaluating the emissivity of
two metallic pieces taken from different parts on the ship. These specimens were
painted with slightly different white paint, representing the paint coatings of the ship
surface. These had also been expoc< i "inder the same environmental conditions for the
same time period as the whole ship . ce.
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"TABLE 6

NCE

INSERTED METEORQLOGICAL DATA AND ATIAOSPHERIC
TRANSMITTA

DATE WIND SPEED  WIND BIR. ICSTL ATMOSP. TRANSM.
MAY 14 (99:00-09:25) 4.80 m/s 290 - 300 3 0.8677
MAY 18 (11:37-13:07) 6.26 mys 270 - 280 3 0.8539
MAY 21 (00:05-00:13) 5.20 my/s 270 - 300 3 0.8640
MAY 21 (17:18-17:37) 10.20 m's 320 2 0.8178
MAY 22 (00:48-01:03) 9.25 ny's 290 - 300 3

0.8282

Assuming that the emissivity was constant over the spectral region involved,
i we used Equation 3.5 derived in Chapter five, for our calculations

I'o - tala -(1- ta)latm

80=

T4y - 1)

Making some more assumptions for the laboratory eavironment in which we were
- working, this equation was simplified further. First we nad to assume that the ambient
temperature and the atmospheric temperature were the same in our case. This meant
that the equivalent source thermal value for the surroundings ( Iy ) had to be the
same as the atmospheric path ( I, ). So the above equation was then reduced to

Tullo - Iy

Second, for the distance of about 2 m between the detector and specimens being

measured, we assumed no atmospheric attenuauon, so Ty = 1, and the emissivity

equation was reduced again to
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where I"o is the Thermovision 780 measured thermal value, Ia is the calibrated
thermal value for the known ambient temperature and I is the calibrated thermal
value for the known object temperature.

With this last equation we could calculate the emissivity of the specimens,
accurately enough. if we knew exactly the ambient temperature and the temperature of
the specimens. The procedure was started by heating the specimens as uniformly as we
could, using a blower, to a temperature giving good thermal images ¢>ove the ambient
temperature. This temperature was checked using a thermocouple. With the best
thermal image on the screen, the temperature of the specimen, the arabient temperature
and the Thermovision thermal value measurement were recorded. The ambient
temperature was measured using a common thermometer.

Knowing the 2xact temperatures, the calibration curves with an appropriate
correction, discussed i “hapter six , were used to get the thermal values ( I, ) for the
specimen and ( I, ) for the surroundings. Therefore, we had what we wanted for our
calculation.

The above procedure was repeated several times at different temperatures for
each specimen. The results were averaged to the following values.

a. 0.943 first specimen ‘
b.  0.938 second specimen

These values are very close tu the values we found in different books for the
emissivity of all kinds of paint, which was 0.95. For the calculations done in this work
we considered the emissivity of the ship surface to be 0.95, taking the average of the
two values we found.

3. Atmospheric Air Temperature

The atmospheric air temperature measurements were taken from logged
meteorological data recorded on the ship. The air mass temperatures measured close to
our station had strong continental influence, so that they were higher than the
temperatures measured at the ship location and not representative for our situation.

The - mospheric air temperatures are shown for each date in the data
presentation taoles.

4. Ambient Temperature

These temperatures were measured using a common mercury thermometer

near the open window, where our scanner was operating. Their value was between the

higher room temperature and the lower outside temperature.
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The ambient temperature for each date is shown in the data peesenta’ion
tables. '

C. TEMPERATURE DATA EVALUATION AND PRESENTATION

Inserting tha correct parameters, the computer subprogram Evaluaze image was
used to evaluate the temperature distribution of the ship, for each thermal picture
recalled from storage. This temperature distribution was presented on the computer
screen with the standard 8 color scaling combination.

For better presentation of these temperatures we divided the ship image fer each
aspect in small squares and we tried to assign an aver.ige temperature to each square,
A cartesian system was used to present these temperatures for the starboard side, the
port side ard the stern. These temperatures were averaged for each aspect, for each
date, in crder to have the final temperature distribution for the particular aspect at the
time ‘period our data were averaged.

The problem was that the aspect shown by the ship was not always the same,
because she was drifting and had to keep in station using the engines So pictures, say
of the starboard side, taken under several time periods had different aspect angles with
the line of sight. This caused reflection problems, with therma. radiation from hot
surfaces such as the stack reflecting from cooler surfaces. Therefore, our scanner
measured not cnly the emitted thermal radiation but both the reflected and the emitted
thermal radiation from that surface. So the temperature measurement we were
evaluating was higher than the correct temperature corresponding to that surface. To
minimize this problem we tried to average the temperatures only from those pictures
showing the most perpendicular aspect to the line of sight.

Howiever the temperatures obtained were not correct, as discussed in detail in
Chapcer six, since the computer-calculated temperatures had still to be corrected using
the empirical relation already derived. Hence the average temperature {or each square
had to be corrected using the best fit straight line equativn corresponding to the
thermal range in which the data were collected.

The corrected average temoperature distribution {01 the starboard side, the post
side and the stern, available for each date, are given in the following Tables 7 to 11.
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D. TEMPERATURE DATA- ACCURACY
As mentioned before, six thermocouples were installed about the superstucture,
-at the following iocations:
- T1: On the after starboard side of the deckhouse
- T2:On the torward starboard side of the deckhouse
- T3 : On the aft bulkhead of the bridge ( away from the stack )
- T4 : On the aft bulkhead of the deckhouse
- T5: On the port side of the deckhouse
- T6: On the after deckhouse forward of the stack

These thermocoupies were sampled at 10-seconds intervals and the output
voltage; were recorded and later converted into temperatures. Thus, we had an
indication of the actual temperature at six different lecations on the ship, for the whole
time period we were taking our measurements. In this way we had an absolute
reference to compare our data with to estimate the agcuracy of the process of
calculating the temperature of the target from measurements of thermal radiation.

First we had to fit the thermocouples in the squares covering the areas where
they were located. Then we had to find the mean calculated temperature corresponding
to these locations. For example for a thermocouple located at the intersection of two
or four squares, the calculated temperature corresponding to this thermocouple was
taken as the mean temperature of the two or four squares. Finally we had to compare
the above temperature with the thermocouple temperature averaged over for the same
period as the calculated temperature for each square.

In the following Table 12 are shown the thermocouple locations and the
comparison of the actual with the measured and calculated temperatures in degrees C
for each date. '

As we can see, for most of the time the temperature differences were small. The
big negative differences in the stern area for the two first dates ( temperature of
thermncouple higher than AGA thermovision temperature ), are believed to occur
because thie thermocouples were not yet stabilized at that period. That is, at a time
when the ship was turning, hot air from the stack area was blown onto these
thermocouples. making their measurements fluctuate. So for measurements at this time,
just after the turn, the thermocouples did not have the time to be stabilized.
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THERMOCOUPLE - AGA THERMOVISION TEMPERATURE COMPARISON

DATE

SENSOR
T1
12

TS
T3
T4
T6

STERN PORT STARB

DATE
SENSOR

Tl

T2 .

STARB

STERN PORT STARB

TABLE 12

] F|

7 | INEBE E

-0- /

s G /1G]

/8]

Al
PTT3TaT5} [lsllsLMIlsllzlll!loI918l7l6IS_Hﬁlzl1J
- STARBOARD ® PORT ¢ STERN

MAY 14 (09:00 - 09:25)

TEZRMOC. AGA DIFFER.
13.34 1Z.38 - 0.36
12.42 12.53 + 0.12
15.41 14.23 - 1.18
13.27 13.02 - 0.25
16.17 14.07 ~ 2.10
1s5. 84 14.15 - 1.69

MAY 231(00:05 - 00:13)

THERMOC. AGA DIFEER.
11.08 12.69 + 1.83
10.81 11.73 + 0.92

MAY 21 (37:18 - 17:37)

THERMOC. AGA DIFFER.
13.28 14. 30 "+ 1,02
13. 32 14. 38 + 1.06
13.79 12.73 + 0.94
14.04 14.04 0.00
14. 50 14.85  + 0.35
14. 50 15. 15 + 0.55

77

MAY 18 (11:57 = 13:07)

THERMOC.  AGA DIFEER.
11. 84 11.92 + 0.08
12.26 11. 84 - 0.42
14.13 12. 66 - 1.47°
14.02 12.74 - 1.28
13.81 12.51 - 1.30
14.95 12.80 - 2.15

MAY 22 (00:48 - 01:03)

THERMOC. AGA DIFTER.
9.52 9.99 + 0.47
9.24 g.68 + 0.44
9.9%1 9.74 - 0.17
.76 9.72 - 0.04

10.06 10.21 + 0.15
9.53 10. 10 + 0.57




E. RADIANCE CALCULATION

Kuowing the temperature distribution of the ship, ‘we coulg calculate the radiance
for the spectral regior: of the measurements.

Starting with the Planck blackbody radiation law we could write

A

. 1.1 2xhe? 1 W
M= WAL = | (——)( ) dh e

M A A° «chAKT _ 4 cm?

If we let, Cl = 27thc2 and C2 =

we could write the above equation as

follows _ K
Ay Cy W
M=oy &
n, M2 cm?

Solving this integral in the spectral region 8 - 14 pm, for the known temperatures
we found the in-band radiant flux density M in W/zm?. With the assumption that our
surface was an npaque Lambertian surface, we could divide the radiant flux by 7 and
multiply by the emissivity ( € ) to obtain the required spectral radiance,

eM W
L = .

T cmzsr

The integratien was dore rumerically using a program for the Tl - 39 culculator.,

details of which are given iu Appendix B. The results of our calculations are shown in
the foliowing Tables 13 to 17.
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VIl DATA ANALYSIS

A.  INTRODUCTION

In this chapter we wiu analyze how the sea background radiance was affected due
to reflected sky thermal radiation. We will discuss how the reflectance and the
ernissivity of a sea surface roughened by various wind speeds affected the background
radiance. Also we will calculate the apparent temperature of the sea surface, and will
find the effective target to background temperature difference sensed by the
Thermovision under the specific environmental conditions experienced.

B. EFFECTIVE SEA SURFACE TEMPERATURE
1. Sea Surface Radiance .

As mentioned in Chapter III the infr. red radiance of the sea is the sum of the
radiance due to thermal emission and the radiance due to reflected incident rudiation.

The reflected incident radiction in the spectral region of 8§ - 14 pum is only
thermal sky radiation by day and night. The contribution of this radiation to the total
sea radiance depends on the reflectance of the sea surface (R).

Because the water is essentially opaque in the above spectral region the
reflectance also co ..rols the emissivity of the sea suiface, since for an opaque material
we can write € = ] - R.

Therefore, we can write that the total radiance of the sea surface is
Ly=(1-R)Ly +R Lsky* (eqn 8.1)

where LS is the radiance of the sea surface, L, is the radiance due to sea water thermal
emission and L, is the radiance of the sky. To write this equation we assumed that
the ernissivity of the sky, as we have previously discussed in detail, is one.
2. Reflectance of the Sea Surface

Agq important factor in dete mining the reflectance of a surface is its geometry.
For the sea surface this geometry depends on the slope distribution of the waves at
various wind speeds.

In our discussion about the geometiry of the sea surface we have shown. in Fig
3.8, the difference in reflectance between a flat sea surface and a surface roughened by
a Beaufort 4 wind speed.
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These results, as Fig 3.8, were cbtained by Cox and Munk, working in the
visible range with solar radiation. Such information is lacking for the infrared and night
conditions, although the above curves seem tc be helpful in this area also. We make
this assumption since the reflectance of the sea water at zero angle of incidence s
almost equal to the average reflectance in the infrared region from 2 - 15 pm ( see Fig
3.4), and the sky radiance variation is almost the same for day and night conditions.

For our analysis we used the same curves corrected for the average index of
refraction in the spectral region 8 - 14 pm. Actually “e wanted to find a correction
factor for the reflectance. Since we knew the index of relraction of water for both the
visible and 8 - 14 pm regions, we could find the corresponding reflectances at normal
incidence using the equation R(0) = ( n - 1 )2,’( n+ 1 )2. Their ratio gave us the
required correction factor. This factor was used to correct the given curves, assuming
that the correction we found for normal incidence applied (or all incidence angles.

[Ref. 7] gives the index of refraction used to calculate the reflectance, for
uncontaminated sea water. as n = 1.338 and quotes the ' o:responding calculated
value of Ry(0) as 0.020. Even though the reflectance equatiun for n = 1.338 gives
R (0) = 0.02089, we will use for our caiculations the valueof 0.020 used to draw the
curves. The average index of refraction for the region 8 - 14 pm was found from Fig
3.5 to be n = 1.303 ; with this index of refraction the reflectance was calculated as
R;(0) = 0.01731. As we can see the reflectance for the region 8 - 14 pm at normal
incidence is lower than the reflectance in the visible region, in the rativ of R;(0). Ry (0)
= 0.865. With this correction the curves were shirted a little lower.

The following Tables 19 to 23 at the end of ths chapter show the reflectance
(R) values and the emissivity { 1 - R ) values as they were found from the corrected
curves, for a fiat sea surface and one roughened by a Beaufort 4 wind, for certain
angles of incidence. Here we reiterate that the valves obtained for incidence angles near
the horizon are less accurate, because the curves are not strictly applicable in this arez,
as discussed in Chapter I11.

3. Apparent Temperature Calculation

As we said before in section one, the sea surface radiance can be written as

the following sum ( Eqn 8.1)
Ly=(1-R)Ly + RLsky '




that is, that the radiant flux of the sea surface is the sum of the emitted radiant flux
and the reflected incident radiant flux. For the whole spectral region we can write
ST = (1-R)eT,* + RcTsk},4, (eqn 8.2)

where T is the apparent sea surface temperature, T, is the actual sea surface
temperature and T, is the temperature of the atmospheric air. Dividing both sides of
the equation by ¢ wed get the more simpiified form

Tgh= (1-R) Ty + R T ? (eqn 8.3) .

With this equation we could calculate the apparent sea surface temperature,
the temperature that our thermal svstem would sense if it were cperating in the whole
spectrum region and the atmospheric attenuation was neglected.

With the above assumption, we calculated with moderate precision. for the
region of observation, the apparent sea surface temperature for a flat sea surface and
one roughened by Beaufort 4 wind. Calculations were done for incident angles at $9°,
where we had been working, 85°, 80°, 75° and 70°. The reflectance (R) for the two
kinds of surfaces and the incidence angles listed was found using the curves in Fig 3.8,
after being corrected for the spectral region 8§ - ldpm. The actual sea and air
temperatures were taken from the recorded meteorological data on the ship.

The results of these calculations are shown in the Tables 19 to 23 at the end
of the chapter. Detailed analysis and discussion of thase results is given in the {ollowing
section.

4. Calculated Temperature Data Discussion and Presentation

From the equation we used to calculate the apparent sea surface temperature
we can see that the two terms at the right side are inversely related to the reflectance of
the sea strface.

Therefore, when the reflectance of the sea surface is high, the term with the
sky temperature ( Tgy., ) dominates, and conversely when the reflectance is low the
term with the actual ;ea surface temperature ( T, ) dominates. So whenever the
reflectaiice was high the apparent sea surface temperature we had calculated was closer
to the sky temperature. Since for our case the sky temperature was always lower than
the actual sca surface temperature, the apparent sea surface temperatures we have
calculated were lower than the actual. On the contrary, whenever the reflectance was
iow, which means that the emissivity of the sea surface was high, the apparent sea

surface temperatures we have calculated were close to the actual sea surface
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temperatures, but still some tenths of a degree lower, because of the small contribution
from the second term.

Looking at the reflectance vaiues given for the two kinds of surfaces, at
various incident angles, in Tables 19 to 23 we see that, for large incidence angles (i.e.,
grading incidence) the difference in reflectance of the two surfaces is large. But as the
incidence angle decreases the difference decreases and at about 70° goes to zero. (for
more details see Fig 3.8). For this reason the difference between the apparent
temperatures we have calculated is large at high incidence angles ( 89°, 85° ) but goes
to a few tenths at 70 °.

. The calculated temperatures are shown in the T row of the Tables 19 to 23.
In the T 4 row the difference between the actual sea surface water temperature and the
calculated sea surface temperature is shown. T, is the temperature computed by the
Thermovision 780 system, divided by the atmospheric attenuation. This was done
because we wanted to compare this temperature with the T, temperatures. But since
the T, temperatures do not include any atmospheric attenuation, it was necessary
either to include the atmospheric attenuation into these values or amplifvy the
Thermovision measurement, to obtain a value without the atmospheric attenuation.
We followed the second method and we got the values T, shown in the Tables 19 to
23.

Comparing these T, values with the T values we have calculated for incident
angle at 89° we can see clearly how much the reflectance of the sea surface,
roughened at various wind speeds, was affecting the temperature sensed by the
Thermovision.

Finally in the T 4

actual sea surface temperature and the T,, temperature is shown. As we have expected

row of the Tables 19 to 23, the difference between the

this difference is big at low wind ~peeds when the reflectance is high and the apparent
temperature is closer to the sky temperature.

Generaily we can say that the apparent sea surface temperatures found were
lower than the actual sea surface temperatures, since the sky was always colder. Their
difference was related to the incidence angle and the roughness of the sea surface, with

higher values at incidence angles near the horizon and lower wind speeds.
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C. TARGET-TO-BACKGROUND TEMPERATURE DIFFERENCE
1. Effective Temperaiure Difference

An important factor for the target detectiop probability of an infrared system,
is the target-to-background temperature difference. The higher the temperature
difference between a target and its background the greater the probability and the
distance of detection.

But as we said before the effective temperature difference ( AT ) that our
thermal svstem would sense, under various environmenrai conditions, looKing at
various incidence angles, might not be the same as the actus! iemperature difference.

Therefore, the precalculared detection distance, using the actual temperatures,
at which we expect our system to detect a specific target, may not coinside with the
actual distance at which the target is detected by the system.

In this analysis we attempted to find the effective AT, sensed by the
Thermovisicn, under the various environmenzal conditions worked in, and compare it
with the actual AT . The effective AT was found by taking the differenice between the
temperatures the system calculated for the hottest spot on the ship, ie. the stack, and
the sea surface. These temperatures, were calculated under the ideal conditions in
which a thermal imaging system operates, considering emissivity one ( € = 1 ) and
neglecting atmospheric attenuation ( T, = 1), and were corrected using the calibration
relacdion we had derived. The actual AT was found using the temperatufe of the stack,
computed from the radiazion measurements using the exact parameters (emissivity,
atmospheric attenuation, efc. ).

These teruperatures. after being corrected for calibration purposes. were the
most accurate available for our case, since we did not have any thermocouples on ‘he
stack to give a direct indicztion of the actual temperature. The temperature of the sea
surface was taken from the meteorological data recorded on the ship.

From this analvsis we found that the effective A[, for the envircnmental
conditions of the measurements and incidence angles near the horizon. was always
higher, by about a factor of 1.6 to 2 ,than the actual AT. This was an indication that
variations in emissivity and reflectance of the sea surface under the experienced
environmental conditions had affectad the effective AT, seused by tie Thermovision.

Our results are shown in Tables 19 to 23 at the end of the chapter. A more

detailed discussion of these results is given in the following section.
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2. Temperaiure Difference Data Discussion and Presentation

The AGA temperatures shown in the Tables 19 to 23, for the hottest spot on
the ship and the sea surface are temperatures calculated by the computer program
using the thermal values measured with the Thermovision 780, assuming € = | and t
= 1 and corrected for calibration.

Therefore, these temperatures correspond to the thermal radiaticn attenuaied
by the atmospheric effects and the emissivity of the measured surface. They are the
effective temperatures our svstem was sensing under the environmental conditions
experienced on each date, at high incidence angles near the horizon { abovt 897 )

The values we present in the Tables 19 to 23 for both the effective and actual
temperatures are the average values from the data we obtained fer each cbservaticn
date.

Comparing the effective with the actual AT values we got fcr 2ach observation
period, we see that the effective AT for the environmental conditicns experienced was
always higher than the actual. It is obvious that there are two main factors causing the
higher effective AT, the emissivity difference between the wwo surfaces and the reflected
incident radiation. Since the emissivity difference was small, the dominaut factor was
the reflected incident radiation. Because the reflectance of the ship surface was tco
small (¢ = 0.93) to cause such a difference, it was the reflectance of the sea surface we
had to check. But we have already done this in the previous sections the calculatior of
the apparent sea surface temperature. Then the conclusion was reached that the
apparent sea surface temperature was lower than the actual sea surface te/aperature
because the sky was always colder than the sea for the lues! conditions. These lower
temperatures were related t  the incidence angle and the roughness of the sea sucface,
with the lower values notice. at incident angles near the horizor: and low wind speeds.

Hence the Thermovision was seasing lower sea surface temperatures dus to
reflected thermal radiation from the colder sky. This was causicg the effective AT to be
higher than the actual. Therefore, we would expr-ct these lower sea surface
temperatures and high ATs to be related to the wind spesd conditions which control
the roughness and consequently the reflectance ¢f the sea surface since tne mcidence
angle was effectively constant (near the hurizon, about §9° ).

From the tabulated and plotied (Fig 8.1 at the end of the chapter) ratio of he
effective and the actual AT for the varipus wind speed conditions we experienced, a

significant trend can bg seen. Even with the assumptions and cumulative errors
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inherent in the approach it can be seen that for the lower wind speed of 4.8 my, s on the
14th of May we had an effective AT higher than the actval by about a factor of 2.01
and for the higher wind speed 10.2 m/s on the 215 of May ( i7:18 - 17:37 ) we had an
effective AT higher only by about a factor 1.63.

Thus as expected for the 'ower wind speed, higher reflectance, we had the
higher AT and for the higher wind speed, lower reflectance, lower AT. It was obvious
that the effective AT was strongly dependent on the reflected incident sky radiation.
Also within the spread of the plotted points we may conclude that the AT ratios are
proportienal to the wind speeds. .

D. CALCULATION EXaMPLE
1. 1atroduction
To help urderstanding of the fellowing Tables 19 to 23, we give here a
calculation example t¢ show how the data presented were obtained. In this example we
use the information we had for the 18 of May experiment,

DATE - TIME: 18 MAY  1i:57- 1307

AIR TEMPERATURE (T, : 9.7°C
SEA SURFACE TEMPEKATURE (T): 13.1°C
WIND SPEED - DIRECTION : 6.26 m/s(B-4) 280°

OVERCAST, HAZY. VISIBILITY 3 \M
ATMOSFHERIC TRANSMITTANCE  : 0.853

Average temperatures computed from Thermovision values for the hottest
point on the ship {Iot Spot) and the sea surface temperature (8.8.T.), (assuming € =
land T, = 1)are as follows:

UNCALIBRATED VALUES :  Hot Spot @ 22.80°C
SS.T : 2065°C

CALIBRATED VALUES @ HotSpot : 11.72°C
SST : 9.52°C

All Jata for this date were collected using THERMAL RANGE 2 so ithe calibrated
valucs were found using the straight line equaticn Y = (1.0238) X - 11.62 .
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The relation between the Beaufort sea state scale and wind speed (m,s) is
shown below in Table 18.

. TABLE 18
BEAUFORT SCALE

B WIND SPEED mys
0 0.00- 0.46
| ! 0.51- 1.54
| 2 206- 3.08
3 3.60- 5.14
4 565- 823
8.74 - 10.80

5
6 11.31 - 13.89

2. Apparent Sea Surface Temperature

To calculate the sea surface apparent temperature we used Equation 8.3
T = (1-R) Tt + R TG .

Using the values in Fig 3.8 for incidence angle 89°, where we have been
working, we got the reflectance values for the flat sea surface and that roughened by a
Beaufort 4 wind. These values, corrected for the spectral region § - 14 pm using the
correction factor Rj /R, = 0.865, are the following:

FLAT SURFACE R = 0.804
ROUGHENED SURFACE R = 0.110 .

Therefore. {tom Equation 8.3 we get for the flat surface
T3 = (1-0804)(13.1)% + 0.110 (9.7
T, = 10.65°C ,

and for the rough sea surface at Beaufort 4 wind speed we get
T = (1-0.110)( 13.1 ) + 0.110 (9.7
T, = 12.84°C.
‘The Ty values represent the difference ( T, - T ) between the actual sea

. surface temperature and the apparent tzmperature we calculated. Hence. we have for
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the flat surface 13.1 - 10.65 = 2.45°C and 15.1 - 12.84 = 0.26°C for the roughened
surface. )

The T, vatue is the sea surface temperature computed by the AGA system,
but without the atmospheric attenuation. To get this value we proceeded as follows
The uncalibrated value which the system calculated for the sea surface, 20.65°C. is
amplified by the atmospheric transndssion 7, = ©.8539; hencz. we have

20.65 ¢ 0.8535 = 24.40°C .

This value was corrected for calibration purposes uuing tae straight line equation for
thermal range 2, to give

Ty, = 2440 ( 10238 ) - 11.62 = 12.83°C.

As we would expect. this value must be close to the T value for the rovgiened surfaze
( B-4), since the wind speed on this date was 6.26 m/s ( B-4 ).
The T4 -y

the effective temperature sensed by the Thermovision was than the actuai sea surface

values are the differences Ty - Ty and indicate how much coldet

temperature. Hence we have
= 11 — °
Tpg = 15.10- 1233 = 0.27°C.

3. Effective Sea Surface Temperature
As we have said before, the values given for the AGA are the values the
system calculated. corrected for calibration . These values are not corrected for the
atmospheric attenuation and emissivity. Therefore, for the hot spot we have the
uncalibrated value 22.3°C corrected to 11.72°C, using

AGA HOT SPOT = 22.8( 1.0238) - 11.62 = 11.72°C .

Similarly, for the value of the AGA sea surface temperature we have the uncalibrated
value 20.65°C which corrected gives the value 9.52°C.

For the actual conditions, the temperature of the hottest spot on the ship,
since we did not have any thermocouples on this location , was taken as the lighest
temperature we found for this location in the calculated temperature distribudion of the

Slh

ship. This value for the 18" of May was 14.28°C. The sea surface tempe:ature was

taken from the recorded data on the ship.
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the AT vaiue represents the hot spot to sea surface temperature difference.
' Hence, we have effective AT, = 2.20 °C, from

ATy = 11.72-9.52 = 2.20°C.
The actual AT, = 1.18°C, from
AT, = 14.28-13.10 = LI8°C.

The ratio AT,/AT, = 1.864 represents the fractional increase in effective temperature

tor the parzicular envirun nental conditions eucounered.
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TABLE 19
SEA SURFACE TEMPERATURE AND EFFECTIVE AT "A”

DATZ / TIME : 14 MAY 09:00 = 09:25
WIND SPEED / DIRECTION : 4.8 m/sec (B=3) 290e~ 300

AIR TEMPERATURE : 10.5eC

AMBIENT TEMPERATURE : 15eC .
SEA SURTACE TEMPERATURE : 12.6eC

OVERCAST, HAZY, VISIBILITY 4 NM

ATMOSPHERIC TRANSMITTANCE :  0.8379

JANGLE OF INCIDENCE AND SURFACE CONDITIONS

[ s || s || s || s 70°
H i
|erar | 5-s |jrrar | 8-s |lzzar | s-¢ ||rzar | s-¢ ||ruar | 5-¢
. - :
r |lo.s0z}0.110{|0.513]0. 138] 0. 2021 0. 166] | 0. 180] 0. 151] ] 0. 120} 0. 120
1-r ||o.196]0.890]]0. 487}c. 862]]0. 708]0. 834 |0. 820| 0. 845} | 0. 880] 0. 880
s ||211.01]12. 42| |11 66]12.36] [12. 09{12. 32| | 22. 2932. 35 }12. 40]12. 40
e 1] 1.59] 0.18]] 0.94| 0.24]] 0.51] 0.28]] 0.31] 0.25]] 0.20] 0.20
T 11.51
|ma 1.09
i
TEMPER. | HOT SPOT | SEA SURFACE . AT RATTO
aca | a2 | a4 7.38 2.01
ACTUAL | 16.27 | 12.80 3. 67
R : RIFLECTANCE OF THE SEA SURFACE
TLAT: TLAT SEA SURFACE
B-4 : SEA SURFACE ROUGHENED BY BIAUFORT 4 WIND
Ts : GALCULATED APPARENT SEZA SURSACE TEMPERATURE
Td : DIFFIRENCE BETWEZN ACTUAL AND CALCULATED SZA TEMPERATURES
Tm : AGA SEA TEMPERATURE MEASUREMENT WITHOUT ATMOSPHEZRIC ATTENUATION
Tmd : DIFFERENCE BETWEEN ACTUAL AND AGA SEA TEMPERATURES

* ALL TEMFERATURES ARE IN °C
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TABLE 20
SEA SURFACE TEMPERATURE AND EFFECTIVE AT "B”-

DAZE / TIME : 18 MAY 11:57 - 13:07
WIND SPEZD / DIRECTION : 6.26 m/sec (Be4) 270e=280¢

AIR TEMPERATURE t 9.7eC
AMBIZNT TEMPERATURE i 17eC

e A S G LR A IO AL M S S

SEA SURFACZ TIMPERAIURE : 13.1eC
OVERCAST, HAZY, VISIBILITY 3 NM
- ATMOSPEEIRIC TRANSMITTANCE : 0.8539

ANGLE OF |INCIDENCE AND SURFACZ CONDITIONS

89° . 88° a0’ l 75° 70°

|
‘ELAT * 3-4 . FLAT | B=4 | |ZLAT ’ 3-4 ‘ELAT l 3-4 | |FLAT ' B-4
]

R l C.8040.110 0.513‘0.138 Q.29210.166 0.180'0.151 0.120‘0.120

1R 0.196'0.890"0.487 0.8862]0.708]0. 334 0.320'0.849' 0.880‘6.880

s ||10.65)12. 8] |11.72]12. 77| 12. 37]12. 70| | 12. 68} 12. 74 | 12. 82 12. 82

7d || 2.45] 0.26]} 1.38] 0.33]| 0.731 0.40|| o.4al 0.35]} 0.28] 0.28

1 Tm i 12.83
Tmd || 0.27
] rowesR. | mor spor | sza sumsacz AT RATID
aca | 172 | aus2 2.20 | 188
actual |  14.28 | 13.10 | 118 |
3 R : RSFLECTANCE OF TEE SEA SURFACT

FLAT: TLAT SEA SURFACE
| B-4 : SZA SURFACE ROUGHENED BY B3ZAUFORT 4 WIND.
% Ts : CALCULATZEID APPARENT SZA SURFACE TEMPEIRATURE
’ Td : DIZTZRENCE 3SETWEZIN ACTUAL AND CALCULATZD SEA TEMPERATURES
Tm : AGA SZA TEMPIRATURE MEASURZMEINT WITHOUT ATMOSPHIRIC ATTENUATION
Tmd : DIFTIRFANCE BEIWEEZN ACTUAL AND AGA SEA TIMPERATURES

* ALL TEMPERATURES ARE IN °C
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TABLE 21

SEA SURFACE TEMPERATURE AND EFFECTIVE AT "C”

DATE / TIME

WIND SPEED / DIRECTION

AIR TEMPERATURE

AMBIENT TEMPERATURE

SEA SURFACE TEMPERATURE :

CLEAR, VISIBILITY 9 NM

ATMOSPHERIC TRANSMITTANCE :

21 MAY 00:05 - 00:13

5.2 m/sec (B~4) 2700= 3000

11.3eC
17eC

11.90C

0. 8640

"ANGLE OF INCIDENCE AND SURFACE CONDITIONS
89’ 85° 8o’ 75° 70°
i FLAT | B-4 ||FraT | B~4 ||Frar | B-4 ||FraT | 3-4 ||FzAT | B-4
r ||o.so04]0.110!]0.513]0. 138| |c. 202]0. 166 | 0. 180] 0. 151 | |0. 1201 0. 120
1-r |]0.196]0. 890] |0. 487/ 0. 862| | 0. 708]0. 834} | 0. 820} 0. 849} | 0. 880] 0. 880
Ts ||11.42|11.84]]22.60]11.82]|11.73]12. 81| |11. 80{11.81{|11. 8312, &3
Td || 0.48] 0.06]| 0.30] 0.08|| 0.17] 0.09|| 0.10] 0.09]] 0.07| 0.07
m 11.65
Tnd 0.25
TEMPER. | HOT SPOT | SEA SURFACE AT RATIO
aca 12.88 7.74 5. 14 1.90
acruaL |  12.60 | 11.%0 2.70 !
R : REFLECTANCE OF THE SEA SURFACE
SLAT, TiAT SEA SURFACE
3-4 : SEA SURFACE ROUGHENED BY BEAUFORT 4 WIND
Ts : CALCULATED APPARENT SEA SURFACE TEMPERATURE
Td : DIFFERENCE BETWEEN ACTUAL AND CALCULATED SEA TEMPERATURES
Tm : AGA SEA TEMPERATURE MEASUREMENT WITHOUT ATMOSPHERIC ATTENUATION
Tnd : DIFFEZRENCE BETWEEN ACTUAL AND AGA SEZA TEMPERATURES

» ALL TEMPERATURES ARE IN °C
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TABLE 22
SEA SURFACE TEMPERATURE AND EFFECTIVE AT "D~

DATE / TIME : 21 MAY 17:18 - 17:37
WIND SPEED / DIRECTION : 10.2 m/sec (B=5) 320e
AIR TEMPERATURE : 12.2<C

AMBIENT TEMPERATURE : 18eC

SEA SURFACE TEMPERATURE : 13.2¢C

SUN, CLEAR, VISIBILITY 10 NM

ATMOSPHERIC TRANSMITTANCE : 0.8178

ANGLE OF INCIDENCE AND SURFACE CONLDITIONS

89° 8s° 80° f 75° ‘ 70°

FLAT | B-4 ||FLAT | B~4 | |FLAT | 3-4 FLAT | B~4 | |EFLAT I B=4

R

i i
0.804!0.110 0.513]0.138({9.292{0.166!]0.18093.151]10.120/0.:20

1-R 0.196?0.890 0.487]0.862}0.708|0.8354],%.820/0.849|10.88C|{0.880
Ts i12.41l12.10 12.72|13.07 12.93713.05{113.04113.06,(13.09!123.0¢9
Td ; 0.79! 0.10 0. 48 0.13l 0.27! 0.15 0.16; Q.14 0.11; O.11
Tm | 13.18

i Tmd 0. G2

: ———
TEMPER. | EOT SPOT SEA SURFACE | AT § RATIO
—
aAGA 15.30 9.26 | €. 04 1.63
ACTUAL 16. 89 | 13.20 3.89
R RETLECTANCI OF THE SEA SURFACE
FLAT: FLAT SEA SURFACE
B-4 : SEA SURFACE RGUGHENED BY BEAUFCRT 4 WIND
TS : CARCULATED APPARENT SEA SURFACI TEMPERATURE
T4 DIFFZRINCE BETWEEM ACTUAL AND CALCULATED SEA TEMPERATURES
Ta AGA SZA TEMPERATURE MEASUREMENT WITHOUT ATMOSPEERIC ATTENUATION
Tmd : DIFFERENCE BETWEEN ACTUAL AND AGA SE2 TEIMPERATURES
» ALL TEMPERATURES ARE IN °C
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TABLE 23

SEA SURFACE TEMPERATURE AND EFFECTIVE AT “E”

DATE / 71D :

WIND SPEED / DIRECTION
AIR TEMPZRATURZ

AMBIZNT TZIMPERATURE

SEA SURFACZ TEMPERATURE :

CLEAR, VISIBILITY 10 MM

ATMOSPEERIC TRANSMITTANCE

22 MAY 00:48 - 01:Q3

9.5 m/sec (3
§.7eC

17-C

10.89C

0.3232

-3) 2900

ANGLZ OF INCIDENCEZ AND SURFACT COMDITIONS
! 89° ’ 8s° I 80° } 75° } 70°
FLAT | 3-4 ||Fzar | 3-¢ ||rzar | 3a ||ezar | 32 ||rrar | s-s
2 |lo.a04l0.110]l0. 513)0. 1381]0. 20210. 166 0. 1801 0. 151} | 0. 120 0. 120

1-2 ||c.1960. 890} 0. 487]0. 362

0.708]0. 834

Jo.820]0. 849

! T
|0.88010. 880

s || 9.94!10.59]!10.28]10.67]

10.51)10. 54 [ 16. 52| 10. 85

+
10.68110.68

" i i
e |1 0. 86l o.11/| 0. 52/ 0.13]} 0.29] 0.16{} 0.18] 0.15

0.12| 0.12 |

™ || 10.75. |
Tnd | 0.04 |
4
TEMPER. | EHOT SPOT | SEA SURSACZ | AT | raTro
[ 1
aca | ese | es0 | 1.7a | 170
ACTUAL |  11.82 | 10.80 | o102 |
R : RETLICTANCE OF TEE SEA SURFACT
TLAT: TLAT SEA SURFACT
3-1 : SZA SURTACE ROUGHENZD 3Y 3ZAUTORT & WIND

Ts : CALCULATED APPARENT SEA SURFACE TEMPIRATURE

Td DI;FERENCE BETWEEN ACTUAL AND CALCULATED SEA TEIMPETRATURES
Tm ¢ AGA PZA TEIMPERATURE MEASUREMENT WITZOUT ATMOSPHIRIC ATTENUATION
Tmd . DIFFIREINCE 3ZIWEZN ACTUAL AND AGA SEA TIMPIRATURES

* LLL TEMPERATURES ARE IN °C
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IX. CONCLUSIONS AND RECOMMENDATIONS

A. CONCLUSIONS _

Temperature and radiance distributions of an instrumented target measured
remotely by radiometric imaging with the AGA Thermovision 780 system have been
compared with locally measured environmental parameters. The ship-to-background
temperature difference, frequently used as a measure of the contrast, was compared as
measured thermometrically with local temperature sensors and radiometrically using
the Thermovision. Significant differences have been observed, depending on the time of
the day, windspeed, and atmospheric conditions. These differences have been assigned
to effects of the low emissivity and high reflectivity of the sea surface at near grazing
angles.

Reflected thermal radiation from the sky contributed greatly to the sea surface
radiance sensed by the system. Comparison of turget-to-background temperature
differences from radiance and from thermometric measurements show.u large
discrepancies due to the effect of the reflected sky radiation, characteristic of the
atmospheric temperature. This reflected radiation was strongly dependent on the
roughness of the sea surface under conditions of varying wind speed. The differences in
the air and sea surface temperatures caused the effective (radiometric) temperature
differences between the target and background to deviate both positively and negatively
from the true temperature difference. With the sky colder than the sea surface, as was
always found in the first series of measurements, the reflected sky radiation caused the
sea surface temperature measured by the Thermovision to be lower than the actual. As
a result, the effective temperature difference as observed with the Thermovision was
higher than the actual difference. Bcth the temperature decrease and the increase in the
effective temperature difference were related inversely to the sea state conditions.

An expression for the sea surface radiance including the reflected sky radiation
has been developed and used to model the radiometric effective ship-to-background
temperature difference. This model can be evaluated for known atmospheric conditions
using the LOWTRAN 6 computer code and has been found to be consistent with
observations to date.
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In analysis of radiomeiric images of the ship taken at different aspect angles,
apparent differences in radiance distribution were observed. This is considered to result
from thermal radiation from hotter portions of the ship reflecting from cooler regions,
increasing the apparent surface temperature. Consequently, temperatﬁre values from
only those surfaces more near!; perpendicular to the line of sight were averaged to
obtain representative temperature and radiance distributions.

Although the quantitative results cannot be considered to be of great accuracy.
they show clearly the sirong dependence of the reflected sky thermal radiation on the

sea roughness due to the wind speed at the times of the observations.

B. RECOMMENDATIONS

Since we had to calibrate our svstem empirically to achieve the accuracy of our
measurements it is obvious that we have inserted some error factors into our results.
Therefore. we recommend a new series of target and background measurements to be
taken with the whole system being accurately calibrated.

A few months before this werk was completed the Thermovision was tested and
calibrated accurately. The gain of the preamplifier in the scanner was adjusted and new
calibration curves were derived. However there remained a problem in that the
computer did not calculate the exact temperatures because the thermal values inserted
by the system into the computer program were off by four thermal units, even though
a few weeks before this work was completed we took a new series of measurements of
the same target. Our results and analysis are shown in Appendix A.

All our measurements were taken at an incidence angle near the horizon where
the curves in Fig 3.8, used to find the reflectance. are not strictly applicable. Therefore,
depending on the operational use, we may need this information with greater accuracy,
we recommend:

For systems like missiles or airborne forward looking infrared devices a series of
measurements should be taken for incidence angles between 70° and 80° where the
curves in Fig 3.8 are applicable, and where more accurare results can be obtained.

For forward looking devices operating on ships, with incidence gngles near the
horizon, long series of measurements, under all possible kinds of environmental
conditions, may be needed to provide sufliciently accurate information.
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APPENDIX A
DATA ANALYSIS OF LATER MEASUREMENTS

1.  GENERAL

A second set of thermal imaging data were collected in mid November,1936. All
measuremsnts were taken in the spectral region § -14 um as before, using the AGA
Thermovision supplemented with a microcomputer. The ship target was again the R 'V
“POINT SUR", scheduled on an operational oceanography student cruise, and the
geographic location where the thermal imaging device and the ship were positioned
during the experiment was also the same.

These daza were collected in ocrder to obtain further, more accurate,
measurements, under different environmental conditions, after the Thermovision had
been calibrated. This was done to check our previous results and improve the
information on the reflected skv thermal radiation and the effective target-to-
background temperature difference relation.

2.  CALIBRATION TEST

The Thermovision was accurately calibrated after the first measurements had
been taken. The preamplifier gain of the scanning device which was found to be
incorrectly set, was adjusted and new calibration constants were derived and inserted in
the computer program. However, even if the Thermovision was operating accurately on
this occasion, the temperatures calculated by the computer were not accurate. The
problem lay in the thermal values transmitted to the computer from the Thermovision.
The thermal values received by the computer were about 3 to 4 thermal units lower
than measured directly on the Thermovision. The error was minimized by adjusiing
the THERMAL LEVEL control to read about 4 thermal units higher. using the
THERMAL LEVEL ADJ control on the Black/White monitor chassis. In this way the
the computer received almost exactly the thermal values corresponding to the object
in view. Of course this was not the right way to solve the problem, since now the
Thernioviiion was measuring thermal values 4 thermal units higher than previously.
However, the system was empirically calibrated again, following exactly the same
procedure described in Chapter VI.
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The calibration temperature measurements for the two thermezl ranges used in
these series of measurements { 2 and 3 ) ase suown. in the follewing Tables 23 aad 24.
The data were plotted as shown in the following Figures A.1 and A.2 and the best fit
straight line was found. As cau be seen from the mear and varience ct the diff-rence
between the exact and caleulated tumpoerntures. the temyparateres the compurer
calculated were very close to the evact lemperatures. The crrrectior: er-or found this
tirae was within 2.2 9% fur the theimal range 2 and 3.3 % for the Ciermal range 3. Cf
course again we have to keep in ming that these calibration functions are vahd on'y tor
temperatures in the region from 5°C to 25°C

3. MEASURED DATA

Thermal images of the target and ics background were coliected on the BLY
Nevember ¢ 09:07 - 09:12 ), on the 16t of November ( 17:38 - 18:02 ) and on the 18th
of November (03:34 - 08:36 ). All medasurements were taken using the seme equipment
as before, in the same spectral region and geographic location as is descrited iy
Chapter VII. The only difference was that this time the R:V "POINT SUR”"did not
maneuver near the bugy to show different aspects but rassed by the tuoey on her wa.
into and out of the Monterey harbor. The distance between the lab station and the
ship was about 630 m on the 141 2ud 18™ when tie ship was going out of Monterey
Bay showing the port side and about 750 w. on the 16 on her way inte the harbor
showing the starboard side.

The environmental conditions experienced during these measurements are shown
in the data presentation tables for each observation period (Tables 27.28,29).
Generally we had low speed winds blowing irom the North West. overcast skies and
fog on the last day. The air temperature was aiwayvs higher on this occasion ( Within
0.5°C to 1.9°C ) than the sea surface temoerature. '

To analyze the data the same procedure described in Chapter VIII was followed.
The apparent sea surface temperature was calculated and the effective target-to-
background temperature difference, sensed by the Thermovision nnder the local
environmental conditions, was found. These results are presented in Tabies 27,28,29 at
the end of this appendix. Also a plot of the razjos of the effective to actual ATs versus
wind speed is presented in Figure A.3 after the tables.
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THERMAL
1

4 . 2
NEW CALIBRATION TEMPERATURE DATA

TEMPERATURES IN DEGREES C

BLACKBODY __ AGA __ DIFFERENCE
EXACT ~ COMPUTED
50 4.7 0.3
6.0 53 0.2
7.0 6.7 .03
8.0 7.8 0.2
9.0 8.7 03
10.0 9.7 0.3
11.0 1.1 0.1
12.0 12.2 0.2
13.0 128 0.2
14.0 13.7 03
150 14.9 0.1
16.0 15.9 0.1
17.0 17.2 0.2
8.0 18.2 0.2
19.0 189 0.1
206 20.2 0.2
21.0 209 01
22.0 220 0.0
230 23.0 0.0
24.0 241 0.1
25.0 252 0.2
MEAN DIFFERENCE  : 0.0256
STANDART: DEVIATION : 02305
VARIANCE : 00506

BEST FIT STRAIGHT LINE:7 = (0.9798) X - 0.3628
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TABLE 25

) THERMAL RANGE 5
NEW CALIBRATION TEMPERATURE DATA

TEMPERATURES IN DEGREES C

BLACKBODY AGA DIFFERENCE
EXACT COMPUTED

5.0 4.6 0.4
6.0 5.5 0.5
7.0 6.6 0.4
3.0 7.6 0.4
8.0 3.4 0.6
10.0 9.6 0.4
11.0 10.3 0.5
12.0 ‘ 11.4 0.6
13.0 12.5 0.5
14.0 13.6 0.4
15.0 14.6 0.4
16.0 15.7 0.3
17.0 16.7 0.3
13.0 17.7 0.3
19.0 18.6 0.4
20.0 19.6 0.4
21.0 20.7 0.3
22.0 217 0.3
23.0 22,5 0.4
24.0 23.7 0.3
25.0 24.6 0.4
MEAN DIFFERENCE : 0.4047
STANDARD DEVIATION : €.0921
VARIANCE : 0.0081
BEST FIT STRAIGHT LINE:Y = (0.9920) X - 0.5217
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4. DISCUSSION AND ANALYSIS OF THE RESULTS

As was expected, reflected thermal radiation from the warmer sky affected the sea
background radiance under the various sea state conditions due to the wind speeds
encountered. Therefore, the apparent and the effective sea surface temperatures were
found to be higher than the actual. As before, the differences between the apparent and
actual sea surface temperatures were higher at incident angles near the horizontal and
at lower wind speeds.

Since the effective sea surface temperature sensed by the Thermovision was
higher than the actual, the effective AT sensed by the detector was lower than the
actual AT. )

~ The major error factor occurred because we dJid not have an indication of the
actual temperature of the stack, the hottest spot on the ship, and we had to trust again’
the temperature the system calculated for this spot. On this exercise we did not have
thermocouples positioned at various locations on the ship as we had before. to
calibrate the measurements. An attempt was made to record a measure of the stack
temperature, using a common thermometer fastened to the stack ° surface. .
Unfortunately since we could not place the thermometer on the surface viewed by the
system, we did not get accurate measurements.

Even with all the uncertainties about the exact ATs and their ratios, the results
show again that the variations in emissivity and reflectance of the sea surface under the
local environmental conditions had affected the effective AT sensed by the
Thermovision.

From the tabulated and plotted ratios (Fig A.3) of the effective and actual ATs it
can be seen that for the lower wind speed of 1.5 m's ( 16th Nov.), and the higher
reflectance, we find the lower AT ratio of 0.939 . This ratio increases to 0.954 when-
the wind speed increases to 2 m.s ( 18t Nov. } and the reflectance decreases. Normally
one would expect to have the higher ratio on the 14th of November when the wind
speed was 2.9 m's, but unfortunately the measured data do not seem to be consisrent
for that date. The temperature value recorded for the stack on this day appears
inconsistent with the reliably measured values of air temperature. However, the ratio is
close to one, not too far from what it is expected.
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5. CONCLUSIONS AND RECOMMENDATIONS

[t is noticable again in this series of measurements that reflected sky radiation
affected the sea surface radiance sensed by our system. Since the s'ky" was warmer than
the sea surface , during the time periods of observation, reflected sky thermal radiation
caused the sea surface temperatures sensed by the Thermovision to look higher than
the actual sea surface temperature. The higher effective sea surface temperatures
caused the effective ATs sensed by the Thermovision to be lower than the actual ATs
under the various wind speeds experienced.

To improve the accuracy of the data set. it is recommended that a scries of
measurements be taken, with the whole system correctly calibrated and with a

measurement of the actual temperature of the side of the stack viewed by the system.
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TABLE 26 .
SEA SURFACE TEMPERATURE AND EFFECTIVE AT "F~

DATE / TIME : 14 NOV Os: 07 - 0%:12
WIND SPEED / DIRECTION : 2.9 m/sec (B-2) 320°

AIR TEMPERATURE 13.8°C

AMBIENT TEMPERATURE 15°¢c )
SEA SURFACE TEMPERATURE : 12.2°C

TARGET DISTANCE : €50m

OVEZRCAST, VISIBILITY 4 NM

ATMOSPHEERIC TRANSMITTANCE :  O. 8864

ANGLE OF INCIDENCE AND SURFACE CONDITIONS
gs® ! gs® { 80° l 75° 'l 70°
i t
irzar | B-s |lruar | B-2 ||rzar | 5-4 ||riar | B-2 ||FiaT | -4
} i
R |]c.80e|0.110]]0.513]0. 238] 0. 292]0. 166 j0. 180]0. 252] | 0. 120] 0. 220
]
1-r ||0.1960. 290 |0. 287]0. 862| | 0. 708]0. 834] |0. 820/ 0. 825] | 0. 880 | 0. 880
[ i
s |113.80012.34] |13. 12]12. 39| |12. 72| 12. 25 |12. 48] 12. 42| [32. 36{12. 36
4
Ta | |-1.20]-0.14]|~0. 21]~0. 19]]-0. 51]-0. 25 | -0. 28] 0. 22| | -0. 26} -0. 16
Tm 12.56
mé || -0.38
L
memesR. | HoT sPor | SEA SURTAcE AT RATIO
1 aca 15. 00 11. 13 3.87 1.04
ACTUAL 15. 90 | 12.20 3.70
R REFLECTANCE OF THE SEA SURFACE
T FLAT SZi SURFACE
5 SEZ SURFACZ ROUGHENED BY BIAUFORT & WIND
Ts : CALCULATED APPARENT SZA SURFACE TEMPERATURS
TS : DIFFERENCE BETWEIN ACTUAL AND CALCULATED SZA TEMPERATURES
Tr : AG: SEhA TEMPERATURE MEASUREMENT WITHOUT ATMOSPHIRIC ATTENUATION
Tmd : DIFFERENCE BETWEEN ACTUAL AND AGA SEA TEMPERATURES
* ALL TEMPERATURSS ARE IN °C
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TABLE 27

SEA SURFACE TEMPERATURE AND EFFECTIVE AT "G”

DATE / TIME

WIND SPZEID / DIRECTION
AIR TEMPERATURE :
AMBIENT TEMPERATURE

SEA SURFACE TEMPERATURE :
TARGET DISTANCE :

PARTIALLY CLOUDY, VISIEILI
ATMOSPEERIC TRANSMITTANCE :

16 NOV 37:58 - 18:02
1.5 m/sec (5-1) 320°
15.9°¢C

17.5°%c

14°¢

750m

TY 5 NM

C. 8842

i ANGLE OF INCIDENCE

AND SURFACE CONDITIONS

as’® gs*

80° | 75° 70°

FLAT | B-4 | |FLAT | B-4

tar | B-4 ||Frar | B-s ||Fzar | s-¢

0.166 '0.180 0.151 0-120|O.120

R |lo.804}0.1210{]0.51310.138]]0.252
1-r |lo.156]0. 890 |0.287]0. 862} |0. 708 0. 834 |0. 820]0. 843 | 0. 880 0. 380
Ts |]|15.58]|14.25 ‘15.06 14.31]|14. 63114, 74| | 14. 20} 24. 30} }14. 27 24. 27
Td -1.53]-0.25 -1.06{<C.31!{-0.63]~0.74|l-0.40 -o.ael(-o.z7‘-o.27
T 14.95 ’
Tmd -0.95

TEMPER. | HOT SPOT | SEA SURFACE AT raric |

AGA 17.38 13. 22 4.16 0.939
ACTUAL 18.38 | 13.95 4.43

R 1 REFLECTANCE @F THE SEA SURTACE

TLAT: TLAT SEA SURFACE

B~4 : SEA SURFACE ROUGHENED BY BEZAUFORT 4 WIND

Ts : CALCULATID APPARENT SEA SURFACE TEMPIRATURE

I : DIFTZRENCE BETWIZEN ACTUAL AND CALCULATED SEA TEMPERATURES

Im : AGA SZA TIMPERATURE MEASUREMENT WITHOUT ATMOSPHERIC ATTENUATION
Imé : DIFFERENCE BITWEZN ACTUAL AND AGA SEA TEMPERATURES

* ALL TEMPERATURES ARE IN °C
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TABLE 2§
SEA SURFACE TEMPERATURE AND EFFECTIVE AT “H”

DATE / TIME : 18 NOV 08:34 - 08:36

WIND SPEED / DIRE.TIWN : 2.0 m/sec (B-2) 335°

AIR TEMPEPATURE : 14.8°¢

AMBIEZNT TEMPERATURE : 16°C .

SEA SURFACE TEMPERATURE : 14.38°C
TARGET DISTANCE : €30m
OVERCAST, FOGGY, VISIBILITY 1 NN
ATMOSPHERIC TRANSMITTIANCE :  0.8890

ANGLE OF INCIDENCE AND SURFACE CONDITIONS

89" 8s°® l 80° 3 I 75° ' 70°
srar | B¢ |{Fnar | 3¢ |{Frar | ses ||rrar | Bes |[siaz | 54
R ||o.804|u.120] 0. 513}0. 138]|0. 292]0. 366 |0. 280} 0. 252] |0. 120] 0. 320
|

1-r ||0.196/0.890||0. 487]0. 862|]0. 708 0. 834! |0. 820! 0. 845 ] |0. 880] 0. 880
s |114.72]14. 42] |24 6014, a¢]l24.50]14. 45] |1¢. 26)14. 54| |24 43124, 43
1a |]-0.34]-0.04||-0.22]-0.06(]-0.12]-0. 071 |-0. 08]-0. 96] | -0. 05| ~0. 05
o 14.62
Tmd -c.24

TEMPER. | HOT SPOT | SEA SURFACE AT RATIO

i
AGA 14. 67 13.00 | 16 0. 954

ACTUAL | 16,13 14, 38 | 1.
R : REFLECTANCE OF THE SEA SURFACE
FLAT: TLAT SZA SURFACE
B-¢ : SEh SURFACE ROUGHENED BY BEAUFORT & WIND
Ts : CALCULATED APPARENT SIA SURFACE TEMPERATURE
T : DITFERENCE BETWEIN ACTUAL AND CALCULATED Sth TEMPERATURES
Tm : AG: Sk TEMFERATURT MSASURSMENT WITHOUT ATMOSPEERIC ATTENUATION
Tnd : DISFERENCE BETWESN ACTUAL AND AGA SEA TEMPERATURES

* ALL TEMPERATURES ARE IN °C
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APPENDIX B
IN-BAND FLUX CALCULATION USING TI-59 PROGRAM

1.  GENERAL
The program for the TI-539 calculator used to calculate the in-band flux makes
use of the Simpson’s approximation program included in the master library module. It
was originally written for the HP-67 calculator by Robert Pitlak ( Appolo Lasers, 6357
Arizona Circle, Los-Angeles CA., 90045 ). and has been translated for the T1-59.
To use this program the following values have to be inserted:
a. The initial and final wavelengths of the spectral band.
b. The temperature of the object (in °K or °F or °C).

c. The evclan number of intervals to be used by the Simpson’s approximation of the
integral.
2

, . ) 2
The calculated flux is given in Watts/cm*® or photons/cm*“sec
g p

2.  FORMULAE AND CONSTANTS
As we discussed in Chapter VI, Section E, Planck’s blackbody law can be written

in the form
Xy .
Q= §C,qdr photons/cm*sec
A |
A
or M= {C;(q})dr Watts/cm?
M
1 C,
Where q = ——— x = —
)\'4 (eX . l) )\.T
Cy = 2me = 1.883651556 X 103 ( pm3jem?sec )

C; = 2nhc? = 37418.42875 ( Wauts pm¥rem? )
Cy = ch’k = 14388.32334 (pm °K)

The integrations are done numerically using Simpson’s approximation.
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3. PROCEDURE
How to use the program
Load the magnetic card
Press RST
Enter )»1 initial wavelength in pm, press R/S

= L

Enter )»2 final wavelength in wm, press R;'S
e. Enter temperature (T). press

(1) Aifin °K

(2) Bifin °F

(3) Cifin °C

~f. Enter even number of integration intervals
g. Press
(1) D to get the answer in Watts,'cm‘2

N 2
(2) E to get the answer in photons/cm®sec

4. PROGRAM LISTING
In the following Table 24 we give the listing of the program used in the TI-39
calculator.
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