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Abstract: Aerial craft against the sky are visible in the ultraviolet (UV) range as dark objects. The
properties of negative UV contrast differ from the properties of positive thermal contrast. The use
of a UV channel in observation devices increases their detection and selection capabilities. The paper
analyses the influence of individual components of UV radiation on the signature of an airborne
objects and presents the results of calculations of UV radiance and negative contrast depending on
the object-observer distance for selected geographical locations and times of day and year as well as
on the range of visibility. It was found that UV radiance mostly depends on the sun’s elevation,
while the contrast depends almost only on the range of visibility, i.e., aerosol’s type and density. A
case of negative contrast in atmosphere was measured and the measured data are compared with
calculations.
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Highlights

UV negative contrast of aircraft in the spectral range 300-400nm depends mostly on aerosols’
scattering just as the extinction of UV radiation during propagation through atmosphere. Therefore
the values of negative contrast are close to the values of UV transmittance of the atmosphere and the
detection ranges of airborne targets for UV observation devices are close to the visibility ranges.

1. Introduction

The primary source of natural ultraviolet radiation that propagates in the atmosphere is solar
radiation which has a temperature of about 5800K. This is the largest UV emitter in nature. Other
objects in the atmosphere and on Earth produce small and insignificant radiation. Some artificial
sources of interest include emissions from rocket engines, forest fires, etc. [1,2]. Due to the absorption
and scattering of oxygen, ozone, and aerosols present in the atmospheric composition [3], only UV-
A and UV-B radiation reaches the earth’s surface, UV-C radiation is almost totally absorbed [4]. Emis-
sion of radiation in the UV spectrum needs so high temperatures that even aircraft engines and its
plumes emit negligible UV radiation [5,6]. The above results in the aircrcraft’s black silhouettes on a
UV solar background (negative contrast). The negative contrast appears because the target blocks the
part of UV path radiation [7].

The paper focuses on calculating the target’s negative UV contrast by taking into consideration
such factors as a target silhouette, background, and solar path radiation. The UV radiance was calcu-
lated using PCModwin software (a version of the Moderate Resolution Atmospheric Transmission —
(MODTRAN) on the Windows platform). MODTRAN resolution is sufficient as the radiation in wide
UV spectral regions is calculated and integrated. First background and object-observer path radiance
has been calculated for the selected targets, next the contrast has been found and finally signal-to-
noise ratio (SNR) for the selected target and UV camera has been determined.

2. Modeling the Negative Contrast

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Optical signatures are referred to as the radiometric characteristics of an object. The optical
signature of an object is characterized by the self-emitted radiant flux, the transmitted flux, and the
flux reflected from the object’s surface [8]. The optical signatures of the target depend on many factors
specific for the objects (targets) and the atmosphere. The main factors are:

- Object properties: Size, shape, surface temperature, texture, emissivity, reflectivity,

- Environmental conditions: solar zenith angle, geographical location, time of a day and season
of the year, density and specification of aerosols, etc.

C.J. Willers et al. have provided a scene simulation model for optoelectronic devices covering
the 0.2-20 pm spectral region [9-11]. The radiation components taken into account in the above model
include (Figure 1):

- Direct sunlight, cloud scattered sunlight, thermal and scattered skylight,

- Ambient reflection and thermal radiation.

- Atmospheric thermal self-exitance, atmospheric scattered sunlight (molecular and aerosol scat-
tering).

- Thermal radiation of the target, radiation reflected by the target (sunlight, skylight, and ambi-
ent light).
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Figure 1. Radiation components in the scene.

In the short wavelength range (300nm-400nm) diffusely reflected skylight, reflected sunlight,
ambient, and thermal radiation are negligible so they can be ignored [6]. Only the atmospheric path
radiance becomes important and is calculated. The substantial difference in the UV region between
path radiance and target thermal radiance is presented in Figure 2.
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Figure 2. Thermal radiation of the target and path radiation (300-400nm)

The horizontal visibility is limited by the composition of the atmosphere, and the specification
of aerosol particles, clouds, and water vapor. We assume that a target not emitting UV radiation is
located against the background (Es) at a distance R from the observer searching for objects through
the background (Figure 3) [12].
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Figure 3. The visibility of the target depends on the distance between the target and the observer. (a) R=0.5km,
Cnegzo.s,' (b) R=15km, Cneg:0.6; (C) R=45km, Cneg=0.22.

Weber contrast C between target and background is defined as:

E,-E
C=_ B 1
. M

The negative contrast C,4 is equal to ( Cpey = —C) :
. _E-E, @)

neg EB

where Es - the background radiance,

Et - the path radiance between a target and a sensor.

If a target perfectly absorbs UV radiation and is too cold to emit UV radiation, it is no reflection
and emission from it. At a short distance, the target is seen as black by the observer. As the distance
between the target and the observer grows, the UV radiation is scattered into the observer’s field of
view, decreasing the contrast between the target and the background. The further away, the more
intense this scattered light is, and at a certain distance from the object the observer can barely distin-
guish between the target and the background.

3. Results and Discussion

In the study, PcModWin software (Modtran code) is used to compare various seasonal and at-
mospheric conditions and locations [13]. The selected locations for calculation are Warsaw (Poland)
with latitude and longitude coordinates 52.2 and 21 respectively, and Hanoi (Vietnam) with latitude
21 and longitude 105.8.

Due to the difference in geographical locations, atmospheric models must be selected accord-
ingly. In PcModWin the Mid-latitude Summer and MID-Latitude Winter atmospheric models are
used to calculate the radiation in Warsaw area and respectively Tropical model is used for Hanoi
area.

In UV and VIS regions scattering caused by aerosols is a main reason for reduced visibility.
Therefore, in the survey, we conducted simulations for four various aerosol models: rural with 23km
visibility, rural with 5km visibility, urban with 5km visibility, urban with 2 km visibility. Radiance is
calculated at noon on summer and winter solstice. The observer looks along a slant-path with zenith
angle 85° (near horizon, elevation 5%. The 300nm-400nm radiance function versus observer-object
distance is calculated for two selected locations and the selected aerosols (rural and urban) and visi-
bilities. The results are presented in Figure 4.
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Figure 4. Path UV (300+400nm) radiance in Warsaw and Hanoi (ground situated observer), rural aerosol with
23km and 5km visibility on summer (a) and winter (b) solstice, urban aerosol with 5km and 2km visibility on
summer (c) and winter (d) solstice.

The results presented in Figure 4 show that the radiation at the observer’s location increases with
the distance to the target. The total value of UV radiation computed for Hanoi is higher than in
Warsaw due to its proximity to the equator and the higher position of the Sun. The results of calcu-
lations show also that the level of path UV radiation is defined by two main factors, which are the
elevation of the Sun (Figure 5) and visibility (aerosol density and size of the particles).

Summer solstice(Warsaw)-Waveband:300 + 400(nm)

Radiance (mW.cm™2. sr=1)

5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Day hours

Figure 5. Radiance dependence on the daytime (61.2° maximum solar elevation angle).

Next, Weber’s contrast between the target and the background has been calculated according to
formula (2). The results are shown in Figure 6.
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Figure 6. Negative contrast versus range, rural aerosol with 23km and 5km visibility on summer (a) and winter
(b) solstice, urban aerosol with 5km and 2km visibility on summer (c) and winter (d) solstice.

It is noticeable that the contrast curves are almost the same and overlap for Hanoi and Warsaw
(Figure 6) despite much higher UV radiation in Hanoi than in Warsaw (Figure 4). It proves that the
UV contrast depends almost only on meteorological visibility defined by aerosol and molecular scat-
tering. Even a type of aerosol has little influence on UV negative contrast, that is noticeable if one
compares the contrast curves for atmospheres with rural and urban aerosols of the same 5km visibil-
ity.

The calculations were compared with some measurements of negative contrast given by a few
buildings in Warsaw located at various distances. The contrast was measured with a Si Avalanche
Photodiode with a UV filter as it is shown in the below photo (Figure 7). Measurements were per-
formed on a partly cloudy summer day at 10 a.m. Relatively good agreement was found between
measurements and calculations for summer atmosphere with urban aerosol and for 3km visibility
(Figure 8).

Figure 7. Measuring device: Si Avalanche Photodiode with a UV filter (upper) with visible sight camera (lower).
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Figure 8. The measured (red points) and calculated (black curve) negative contrast.

It can be noticed that the shape of the contrast and transmittance curves are similar (Figure 6
and Figure 9) for the same aerosol model as both contrast and transmittance depend mainly on aer-
osol scattering. Transmittance is decreasing with propagation distance as the source radiation is scat-
tered out of the observer’s field of view, while contrast is also decreasing with distance between object
and observer as radiation propagating in atmosphere is scattered into observer’s field of view.
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Figure 9. Transmittance in the atmosphere.

Target detection range can be determined based on signal-to-noise ratio (SNR). In general, the
limit of performance of a photon detector depends on the photon noise, which appears as a random
voltage or current at the detector’s output terminals. The total noise from the detector is the root mean
square (rms) sum of the detector’s intrinsic noise plus the photon noise [14].

‘y((Db - (Dts)

1 hc
@-ne,+ron ks nep

SNR =

®)

@t and Do are the radiant flux from a target silhouette area and from background at a pixel, ) is
the quantum efficiency of the detector, h is the Planck constant, c is the speed of light in vacuum, t is
the integration time of image acquisition, A is the central wavelength, NEP is the equivalent power
of the dark current noise of the pixel. Coefficient y depending on the ratio of solid angles of a target
silhouette (Qss) and a single pixel (Qp) is equal to

_[a.re,  ifo<q

4 1 otherwise

(4)
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The signal-to-noise ratio (SNR) was calculated for an observation device (UV camera) with the
following parameters: spectral band 320-400 nm, pixel size 15x15pum, quantum efficiency n=0.5, inte-
gration time Tt equal to 20ms (bandwidth 25Hz), specific detectivity D*=5-10" cm-Hz>W-! (that cor-
responds to NEP of 1.5:10-¥W). The parameters of the objective lens are focal length 50 mm, aperture
20mm (F/2.5, NA=0.196) and optics’ transmittance Topt= 90%.

The radiant flux @ and @b on a single pixel are equal to

G
)

where Lus is radiance from a target silhouette or background and Sp is a pixel area. The radiances
were calculated using PCMODWIN for the noon of spring equinox, cloudless sky, rural aerosols of
visibilities 23km and 5km and urban aerosols of visibilities 5km and 2km.

The calculations were performed for a target of 20m? area and flying at 1km altitude.

It can be noticed that SNRs (and therefore detection ranges) for the defined target depends
mostly on visibility and only slightly on the type of aerosol. It results also from the above diagram
(Figure 10) that the range of detection for the selected device is close to ranges of atmosphere visibil-
ities as scattering is dominant in both UV and VIS bands.
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Figure 10. SNR as a function of distance of various visibilities.

4. Conclusion

The general model for UV signatures of airborne objects includes many factors: radiation from
the target, background, solar path radiation, and others. However, only the solar path radiation plays
a major role in the total radiance at the sensor. The remaining components of the UV signature are
insignificant.

The airborne target blocks the radiation path behind it that produces a negative contrast.
Calculating the negative contrast for various environmental conditions is important for the prediction
of detection, recognition and/or identification ranges of optoelectronic devices.

Comparing simulation results under different conditions, it has been found that:

° background radiation depends mainly on the level of insolation i.e., elevation of the Sun, cloud-
iness, aerosol density and factors impacting visibility, etc.

e  contribution of thermal emission to UV signatures of airborne targets is negligible

* negative contrast of airborne targets does not depend on the level of insolation but only on visi-
bility (cloudiness, aerosol density and characteristics, etc.)

e as the level of direct sunlight is much higher than scattered one, sunlight blinks (sunlight re-
flected by the target) may significantly disturb the process of detection

e negative contrast has a value close to the transmittance of the atmosphere (compare Figure 6(a)
and Figure 6(c) with Figure 9)
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e  detection ranges of airborne targets for the selected UV observation device are close to visibility
ranges (Figure 10).
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