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ABSTRACT

The study and modelling of angular variation of thermal signatures are paramount for designing efficient
thermal camouflage pattern painting schemes for military vehicles. To model and experimentally measure the
effect of tilt angle on thermal signatures of different emissivity surfaces, a test panel was prepared with different
emissivity paints (¢ = 0.4 to 0.9). Thermal signatures (Apparent temperatures) of the test panel were measured in
Middle Wave Infrared (MWIR, 3-5um) and Long Wave Infrared (LWIR, 8-12um) for variable tilt angles of surface
normal to test panel concerning horizon ranging from -60° to 60° under different ambient conditions. The thermal
signatures of the test panel were also simulated using thermal signature prediction software- TAITHERM IR. The
simulated thermal signatures were compared with measured thermal signatures, and they agreed considerably.
However, some deviations were observed, which may be attributed to using approximate assumed values of the
Bi-directional Reflectivity Distribution Function (BRDF) of paints as input parameters in software. The paint of
lower Emissivity (< 0.6) showed a larger variation in thermal signatures with tilt angle than the higher emissivity
paint. Further, the variation of thermal signatures with tilt angle is more pronounced in LWIR (8-10°C reduction
in apparent temperature) than in MWIR. This study may provide valuable inputs for developing and assessment

new IR stealth techniques.
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1. INTRODUCTION

Thermal signatures are strongly dependent on various
parameters like the optical properties of the surface,
environmental parameters, performance parameters of the
thermal camera, and several other parameters, such as surface
orientation and tilt angle. The Emissivity of the surface, the
camera’s viewing angle, the surface-to-camera angle, the
distance between the surface and the camera, etc., may be
the sources of uncertainty in thermal signature measurement.
These factors must be accounted for before thermal signature
studies are taken up.

Aot of studies have been carried out to examine the effect
of Emissivity, viewing angle, distance, angular variation of
Emissivity, etc, on thermal signatures. Saunders first reported
the angular measurement in thermal infrared region'. He
discussed the angular variation in aerial measurement of sea
surface temperature measurement. Based on Saunders’s study,
several other authors discussed the angular variation of thermal
signatures until 1980. The study carried out by these authors
was mainly focused on sea surface temperature measurement
through aerial / satellite imagers**.

The issue of angular variation of thermal infrared radiation
of ground-based natural surfaces was first addressed by Rees
and James®. They carried out a study of the angular variation of
the infrared Emissivity of ice and water surfaces. Sobrino and
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Cuenca moved a step ahead, and they discussed the angular
variation of thermal infrared Emissivity of some natural
surfaces like sand, clay, water, slime, gravel and glass using
an IR thermometer and Goniometer system®. These studies
were related to the angular variation of Emissivity, which has a
strong effect on the thermal signatures of surfaces.

The studies of angular variation of Infrared brightness
temperature or apparent temperature were also carried out. In
this series, Dozzier and Warren discussed the effect of viewing
angle on the infrared brightness temperature of snow’. Friedl
and Davis described the sources of variation in radiometric
surface temperature over a tall grass prairie®. Lagouarde et al.
conducted an experimental study of angular effects on surface
temperature for various plant canopies and bare soils’. Mcatee
et al. discussed the angular behaviour of emitted thermal
infrared radiation (§um-12pum) at a semi-arid site'®. J Cuenca et
al. also carried out an experimental study of angular variations
of brightness surface temperature for some natural surfaces like
sand, clay, water, slime, gravel, etc '". Although many studies
have attempted to determine the angular behaviour of thermal
infrared radiation, the effect of tilt angle and orientation of
surface combined with Emissivity has yet to be reported to the
best of our knowledge.

Surface tilt angle and orientation are two main factors,
which may affect the temperature of a surface up to great
extent'!3, This may attribute to the fact that the surface
angle and orientation affect the amount of sky radiation, solar
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radiation and ground radiation reaching to the surface which
in-turn affect the apparent temperature of the surface and hence
the thermal signature of the same.

Recently, signature management has gained much
importance as far as the survivability of military vehicles is
concerned. Effective signature management may be achieved
with the judicious application of different emissivity paints
on differently tilted surfaces of military vehicles. This gives
impetus to investigating the effect of the tilt angle of different
emissivity surfaces on thermal signatures. This study is also
necessary to predict the contribution of differently tilted
surfaces to all thermal signatures of objects.

The objective of this paper is to investigate the effect
of the tilt angle of different emissivity surfaces on thermal
signatures through modelling and experiments.

2. THEORITICAL CONSIDERATIONS

The total radiance leaving from a surface may be written
as the sum of emitted radiance as well as reflected radiance by
the surface and given as

L T:L + (LSKY+L GR) (1)
where, L is the total radiance leaving the surface, L is the
emitted radiance by the surface, L, is the sky radiance
reflected off the surface, L, is the ground radiance reflected
off the surface. Here, it is essential to note that reflected
sky radiance may be from the horizontal sky or zenith sky.
Similarly, ground radiance may have two parts, i.e. vertical and
horizontal ground radiation.
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Figure 1. Considerations of tilt angle 0 for the study.

To start the study, the tilt angle needs to be defined. Tilt
angle © may be defined as the angle between the surface normal
and the horizon. The orientation of the surface towards the sky
is more if the tilt angle is more than 0°and the orientation of
the surface towards the ground is more if the tilt angle © is less
than 0°. These different conditions of tilt angle © are shown in
Fig. 1.

If ©= 0°, then the total radiance leaving the surface is
given as

LT =L +LHSKY + LHGR @
where, the horizontal component of sky radiance is reflected off
the surface, and the horizontal component of ground radiance
is reflected off the surface.

If© > 0° then total radiance leaving the surface is given as

L = LCOSl el + LHSKY COS 2| 9' + LVSKY Sln 2| 9| + LHGR
Cos 2 |T9| 3)
where, is the zenith sky radiance reflected off the surface.

If <0° then the total radiance leaving the surface is given
by Eqn. (4)

LT =L Cos|0|+L,,, Cos 2| 0| + L, Sin2|0| +L,g,
Cos 2| 0] 4)
where, L. is the vertical component of ground radiance
reflected off the surface.

It is clear from Fig. 1 and also from Eqn. (2), Eqn. (3)
and Eqn. (4) that if the surface tilt angle is different, then the
total radiance leaving the surface will be different, which will,
in turn, produce different IR temperatures to be sensed by a
thermal camera.

3. EXPERIMENTAL
3.1 Instrumentation

The details of equipments and software used in this study
are provided at Tablel.

3.2 Test Panel

A special test panel consisting of supporting stands, a main
supporting frame, an angular marker and an Aluminium Plate
of Size 1.5m X 1m was designed for this study. The thickness
of the plate was chosen to be 3mm. The angular marker was
used to provide a specific angle to the test panel with respect
to the horizon. The plate has been divided into five equal-sized
regions coated with different emissivity paints. These five
regions on the plate have been marked as 1 to 5. The schematic
of the test panel is shown in Fig. 2. The details of the paints
applied on regions 1 to 5 are given in Table 2. The Emissivity
of the paints was measured using an emissometer, and the solar
absorptivity of the samples was calculated based on the solar
reflectance of the sample using an albedometer.

3.3 Measurement Methodology
The measurements for the study were carried out in the
open field area of the Defence Laboratory, Jodhpur (Latitude:
26.24°N, Longitude: 73.02°E, Ground FElevation: 235
meters). The test panel was placed in the open field area in
the direction of 180° relative to North (South Facing) with an
elevation of 4°. The thermal cameras were placed at a distance
of 30 mtr from the test panel at an angle of 0° relative to the
North. The measurements were carried out for three different
days of different seasons for 24 24-hour periods. During the
363
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Table 1. Details of equipment and software used in the study

Long Wave Infrared (LWIR) thermal Make: FLIR, Spectral Region: 8 um - 9.4 um, Detector: HgCdTe, Array Size: 640 X 512,

camera Sensitivity: 10mk, Field of View (FOV): 12°X10°
Middle Wave Infrared (MWIR) cooled ~ Make: Cedip-FLIR, Spectral Region: 3.7 pm — 4.8 um, Detector: HgCdTe, Array Size: 320 X
thermal camera 240, Sensitivity:10mk, Field of View (FOV): 12°X10°

Make: NovaLynx, Model: 16-GE- 1610, Measured Parameters: Wind Speed, wind direction, air

Field portable weather station . o . L S
P temperature, atmospheric pressure, solar radiation, relative humidity and visibility

Pyrgeometer Make: Kipp & Zonn, Measured Parameter: Long Wave Sky Radiance in 4.2pum -42um

Make: Surface optics, USA, Model: ET-100
Measures reflectance in Infrared Spectral band and calculates the directional thermal emissivity.

Emissometer Makes measurements at 02 incidence angles i.e. near normal 20° and near grazing 60°,
Uncertainty: +£0.01
Make: EKO, Model: MS-80S
It consists of 02 pyranometers and a special Albedo kit so as to measure Albedo (Surface Solar
Albedometer

Reflectance).

Irradiance Range: 0-4000 W/m?, Wavelength Range: 285-3000nm, Uncertainty: +0.01

Make: Thermo analytics, Capability: Modelling of thermal signatures of surface at variable tilt
angle under given weather conditions

TAITHERM IR software package

Table 2. Details of paints over test panel measurements, the angle of surface normal with respect to
Paint Paint colour Emissivity Solar absorptivity horizon of test panel was varied from - 6p° to + 60° in a span
number of 10° and thermal images were acquired through factory
Paint 1 White 0.90 0.23 calibrated MWIR and LWIR camera for each angular position
Paint 2 Light olive green  0.63 0.78 of test panel. The acquired thermal images were analyzed
Paint 3 Military green 0.93 0.95 using camera software FLIR RIR for apparent temperature
Paint 4 Tan 0.61 0.72 estimation, and an average temperature value was estimated
Paint 5 Aluminium 0.40 0.55 for each paint in the MWIR and LWIR bands. The schematic

of the experimental setup is shown in Fig. 3.

During the measurements, the weather parameters were
also recorded for every 10-minute interval. The weather station
was placed close to the test panel.

3.4 Signature Modelling
A number of coupled physical phenomena have to be

Ang; considered in the modelling of thermal signatures. Heat transfer,
., Sle . . .
e, atmospheric effects, and radiometry need to be modelled in

order to predict the in-band radiance / apparent temperature
detected by thermal cameras'. In this study, TAITHERM
IR-thermal signature prediction software developed by M/s
Thermo Analytics was used. General input parameters for
thermal signature modelling are as follows: -

Supporting Stands <—

* Model drawing: A CAD model of an object and
terrain is the main prerequisite for thermal signature

Figure 2. Schematic of test panel. modelling.

* Thermal parameters: Thermal parameters are of
paramount importance for physics-based modelling
and simulation of thermal signatures. The main
thermal material parameters are density (kg/m3),
thermal conductivity (W/m-K) and specific heat
(J/Kg-K). The values for these parameters may be
derived from experiments or taken from literature.
In addition, some geometrical inputs like thickness
of material, number of layers are also needed for
the completion of thermal properties'.

e Optical Parameters: These parameters include paint
reflectance data, paint emissivity data, types of
paints, absorptivity of paints etc.

Figure 3. Schematic of experimental setup. e Weather data: It data includes air temperature, relative
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humidity, wind speed, wind direction, solar radiation, long
wave sky radiation, etc.

3.4.1 Methodology for Thermal Signature Modelling
To start with, the geometry of the test panel was created
using CAD software and exported to mesh generation software
(In this case, HyperMesh) for the creation of mesh over
geometry. The coarse mesh (Element Size: 50 mm) was created
and exported to thermal signature modelling and simulation
software TAITHERM IR. A simple surface with desert sand-
like spectral reflectance was also used in TAITHERM IR
to simulate the background. The entire model (Test panel
and sand background) was tilted and rotated to simulate the
experimental setup conditions. Then boundary conditions

along with all material parameters such as bulk and surface
properties, including the number of layers, material thickness,
etc., were set. The measured weather parameters were input to
TAITHERM IR through a weather file, and geo-locations of the
measurement site were also input. After this, the view factors
were calculated, and thermal simulation was invoked. As soon
as the thermal solution was completed, the diffuse radiosity
solution was invoked, and BRDF rendering was carried out
in order to generate the thermal image in the desired spectral
band.

3.4.2 TAITHERM IR Calculations
TAITHERM IR first takes up the view factor calculations
and saves the results in to a separate. vfs file'”. In the next step,
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Figure 4. Angular variation of apparent temperature with angle in MWIR for day time.
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a thermal solution is invoked, and the energy balance is solved
simultaneously for convection, conduction and radiation. The
last step is radiance calculation, which is to be taken up for
each specified wavelength band separately.

4.

RESULTS AND DISCUSSION
In the previous section, we briefly described the

measurement setup and methodology along with input
parameters and how the thermal signature simulation is
performed using TAITHERM IR. In this section, we present
the results of the measurement and simulation study. The
results have been presented in terms of representative data of
measured and modelled apparent temperature with tilt angle
for day as well as night time. Though the data were measured
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almost constant irrespective of the tilt angle and emissivity .
values

For positive tilt angle, the apparent temperature varies
significantly with respect to tilt angle by eqn (5). The

paint with much lower Emissivity shows more variation

in apparent temperature than other paints, which indicates .
that when a low emissivity surface is tilted more towards

the sky, the apparent temperature decreases. This effect is

more pronounced in the LWIR band than in the MWIR

band due to the major sky radiance in the LWIR, causing .
low emissivity surfaces to reflect a much colder sky
background. Here, it is important to note that for opaque
surfaces, Emissivity + Reflectivity = 1, which is why the

low emissivity surfaces tend to have more reflection of .
major background radiation

For anegative tilt angle (-60 <0 <0), the major background
is the sand background, which has a temperature slightly
higher than the ambient temperature. This corroborates
that a negative tilt angle’s apparent temperature is almost
constant

For a positive tilt angle, the major background is the sky
background, which has a temperature quite lower than
the ambient temperature, and this lower temperature is
reflected by the surface having a positive tilt angle

In the daytime, solar absorption compensates for the
reflection of colder sky radiation by low-emissivity
surfaces, resulting in a small variation in apparent
temperature up to a 30° tilt angle

Although the Emissivity of paint 1 and paint 3 are very
near (0.9 and 0.93), there is a ~5°C difference in the
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Figure 8. Comparison of acquired and simulated LWIR thermal images at 40° angle for night time.
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apparent temperature of both paints due to the difference

in their solar absorptivity

*  The effect of sky radiance on apparent temperature is
much more prominent at night time than in daytime.

o If the tilt angle is positive, the variation in apparent
temperature of high emissivity surfaces (¢ > 0.9) is greater
at night than during the day due to the absence of solar
radiation

e The measured and modelled temperatures are in
agreement. However, a nearly constant difference is
observed between them. This may be attributed to the use
of modelled reflectivity values for the sand background
and the assumption of approximate BRDF values.

The experimentally acquired and simulated thermal image
of the test panel at angle 40° for night time in LWIR band is
shown at Fig. 8 for illustration. It is clear from this images that
the acquired thermal image of test panel is almost similar to
simulated thermal image of test panel except background as
the real background has vegetation and its reflectance values
are different than the modelled background having sand.

5. CONCLUSIONS

In this paper, the results of the measurement study,
as well as the simulation study of the effect of tilt angle on
thermal signatures of different emissivity surfaces, have
been presented. The effect of angular variation on apparent
temperature for different emissivity surfaces was modelled
using TAITHERM IR. The simulated data show good
agreement with measured data, which may be considered a
validation study for TAITHERM IR. This study may serve as
a basic tool for designing IR stealth technology for military
vehicles using paints/coatings. The present study gives more
impetus for providing certain inputs that may be taken care of
while designing camouflage using a low observable technique
using surface treatment. Further, this study may be a framework
for designing disruptive thermal pattern painting for military
vehicles.

REFERENCES

1. Saunders, PM. Aerial measurement of sea surface
temperature in the infrared. J. Geophysical Res., 1967,
72(16),4109-4117.
doi: 10.1029/jz0721016p04109

2. Chedin, A.; Scott, N.A. & Berroir, A. A single-channel,
double-viewing angle method for sea surface temperature
determination from coincident METEOSAT and
TIROS-N radiometric measurements. J. Appl. Meteology,
1982, 21, 613-618.

3. Malkevich, & Gorodetsky, A. Determination of ocean
surface temperature taking account of atmospheric effects
by measurements of the angular IR-radiation distribution
of the “ocean-atmosphere” system made from the satellite
“cosmos-1151.” Remote Sensing Rev., 1988, 3(3), 137—
161.
doi: 10.1080/02757258809532093

4. Holyer, R. A two-satellite method for measurement of sea
surface temperature. Int. J. Remote Sensing, 1984, 5(1),
115-131.

doi: 10.1080/01431168408948793

5. Rees, W.G. & James, S.P. Angular variation of the infrared
emissivity of ice and water surfaces. Int. J. of Remote
Sensing, 1992, 13(15), 2873-2886.
doi: 10.1080/01431169208904088

6. Sobrino, J.A. & Cuenca, J. Angular variation of thermal
infrared emissivity for some natural surfaces from
experimental measurements. Appl. Optics, 1999, 38(18),
3931.
doi: 10.1364/20.38.003931

7. Dozier, J. & Warren, S.G. Effect of viewing angle on the
infrared brightness temperature of snow. Water Res. Res.,
1982, 18(5), 1424-1434.
doi: 10.1029/wr018i005p01424

8. Friedl, M. & Davis, F. Sources of variation in radiometric
surface temperature over a tallgrass prairie. Remote
Sensing of Environ., 1994, 48(1), 1-17.
doi: 10.1016/0034-4257(94)90109-0

9. Lagouarde, J.; Kerr, Y. & Brunet, Y. An experimental study
of angular effects on surface temperature for various plant
canopies and bare soils. Agricult. Forest Meteorology,
1995, 77(3-4), 167-190.
doi: 10.1016/0168-1923(95)02260-5

10. Mcatee, B.K.; Prata, A.J. & Lynch, M.J. The angular
behavior of emitted thermal infrared radiation (812 pm)
at a semiarid site. J. Appl. Meteorology, 2003, 42, 4598-
4602.

11. Cuenca, J. & Sobrino, J.A. An experimental study of
angular variations of brightness surface temperature for
some natural surfaces. Appl. Optics, 2004, 43(23), 4598-
4602.
doi: 10.1364/20.43.0043.004598

12. Kocer, A.; Yaka, I.; Sardogan, G. & Gungor, A. Effects of
tilt angle on flat-plate solar thermal collector systems. Br:
J. Appl. Scie. Technol., 2015, 9(1), 77-85.
doi: 10.9734/bjast/2015/17576

13. Montoya-Marquez, O. & Flores-Prieto, J.J. The effect of
the angle of inclination on the efficiency in a Medium-
temperature flat plate solar collector. Energies, 2017,
10(1), 71.
doi: 10.3390/en10010071

14. Nelsson, C.; Hermansson, P; Winxell, T. & Sjokvist, S.
Benchmarking and validation of IR signature programs:
Sensor vision, CAMEO-SIM and RadTherm IR. 2004,
Report, No. RTO-MP-SCI-145, 1-15. https://www.sto.
nato.int/publications/STO%20Meeting%20Proceedings/
RTO-MP-SCI-145/MP-SCI-145-15.pdf
(Accessed on 10 May 2024)

15. TAITHERM IR User’s Manual (Proprietary Software).

CONTRIBUTORS

Mr Pushpit Tiwari is presently working as a Junior Research
Fellow (JRF) at DRDO-Defence Laboratory Jodhpur. He obtained
his M.E. from M.B.M. Engineering College, Jai Narain Vyas
University, Jodhpur.

In the current study he contributed in thermal modelling using
TAI ThermIR, weather file creation, preparation of CAD models
& assistance in writing the manuscript.

369



DEF. SCI. J., VOL. 75, NO. 3, MAY 2025

Dr Amit Kumar Sharma obtained his PhD from Jai Narain
Vyas University Jodhpur and working at DRDO-Defence
Laboratory, Jodhpur. His area of research include: Thermal
signature generation, thermal signature measurement and
management, and thermal signature modelling.

In the current study he done conceptualisation of work &
writing the manuscript.

Mr Sanjay Sharma obtained MTech in Instrument Technology
from IIT Delhi. He joined as a Scientist at DRDO-Defence
Laboratory, Jodhpur. His areas of interest include: Infrared
signature measurement, modelling & management, thermal
signature generation and simulation technologies.

In the current study he conclude results and discussion &
supervision of thermal modelling,

370

Dr Ravindra Singh obtained PhD in MEMS Technology
from IIT Delhi. He joined as a as Scientist at DRDO-Defence
Laboratory, Jodhpur. His areas of interest include: Infrared
signature measurement & management, thermal signature
generation and simulation technologies.

In the current study he contributed by measuring through
MWIR thermal camera & Analysis of acquired thermal images
through MWIR thermal camera.

Mr Pankaj Agrawal obtained his BTech (Electrical Engineering)
from MNIT, Jaipur (Deemed University), Rajasthan and PGDBA
from Symbiosis University, Pune. He is working as a Scientist
at DRDO-Defence Laboratory, Jodhpur. His areas of interest
include: FPGA-based instrumentation and infrared signature
management.

His current contribution: Measurement through LWIR thermal
camera and analysis of acquired thermal images through LWIR
thermal camera.



