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Abstract

Contrary to its daytime counterpart, nighttime visible and near-infrared satellite im-
agery are currently limited in both spectral resolution and spatial resolution. That
does not mean, however, that the relevance of such a sensor is non-existent, with
possible applications including the estimation of light pollution, energy consump-
tion and socio-economic information, among others. In order to determine the
optimal spectral bands, the required radiometric sampling and the spatial resol-
ution, synthetic top-of-atmosphere spectral radiance values are simulated. These
are computed through the combination of lamp spectra libraries, surface reflectance
libraries, radiative transfer for the estimation of atmospheric effects, and typical lu-
minance values based on well-established lighting standards.

Various spectral band combinations are then evaluated for their ability to cor-
rectly estimate a number of important lighting quality parameters, as well as to
discriminate between different lighting types. The tested lighting indicators include
(1) luminous efficacy of radiance, or the effiency to produce visible light; (2) spectral
G index, which serves as an indicator for emissions in the blue part of the spec-
trum; and (3) correlated colour temperature, which assesses the perceived colour
of a light source. An optimal nanometre-level band selection is found for one pan-
chromatic band and five additional multispectral bands. The selected multispectral
bands are located in the blue, green, yellow, orange-red and near-infrared part of
the spectrum, respectively, thereby offering a good spread over the full visible and
near-infrared part of the spectrum. Since their choice is specifically adjusted to suit
the spectra of artificial lights, however, spectral bands differ significantly from the
typical daytime situation with the Sun as main illuminator, essentially emitting light
equally across the spectrum. Whereas the main interest of daytime optical remote
sensing is in surface reflectance, nighttime optical remote sensing focuses on the
light sources.

With respect to other nighttime sensor proposals and existing sensors, the re-
commended spectral bands reduce the estimation error of luminous efficacy of ra-
diance with 73% relatively, the G index error with 86% and the correlated colour
temperature error with 68%. Similarly, the classification performance of lighting
types improves with about 10%. Based on the generated top-of-atmosphere radi-
ances, detection limits of 10 to 10 W m sr nm and saturation values of
10 to 10 W m sr nm are recommended for the selected spectral bands.
Additionally, results indicate that 12 or more bits are required for information stor-
age.

Finally, some road lighting patterns are simulated using a physically-based ren-
dering software, in order to generate representative imagery. These are then used
to determine the required spatial resolution for individual lighting detection. It is
found that a ground sample distance of 10 m is required in most cases. Overall,

xvii



xviii Abstract

this thesis shows that significant improvements can be made in terms of the sensor
design for nighttime visible and near-infrared remote sensing, opening the door to
a new world of applications.



1
Introduction

1.1. Context
Nocturnal optical remote sensing in the visible and near-infrared (VNIR) part of the
electromagnetic (EM) spectrum is largely inferior both to its daytime counterpart, as
well as to the traditional nighttime remote sensing in the thermal infrared part of the
spectrum. Not only is there a large gap in terms of the amount and the diversity
of available products, but also in terms of understanding its mechanisms and its
potential applications. This does not mean, however, that the demand for such
nighttime products is non-existent. Currently, there is a growing interest in optical
nighttime products, as is evident from an increasing number of applications [1 3].
These include the monitoring of human settlements and settlement dynamics [4],
the estimation of demographic and socio-economic information [5], light pollution
and its influence on ecosystems and human health [6, 7], energy consumption and
demands [8], detection of gas flares [9], forest fires [10] and fishing vessels [11],
natural disaster assessment [12] and the evaluation of political crises and wars [13].
Most of these applications are derived from data linked to artificial nighttime lights,
which emit mainly in the VNIR part of the electromagnetic spectrum. A stronger
focus on optical nighttime remote sensing is, therefore, well-founded.

Early experiments with taking aerial images at night were already performed
during the first World War [14]. However, it wasn t until the emergence of space-
borne missions that their potential was realised. Satellite-based observations of
artificial light at night were first made possible using low-light imaging data from
the Defense Meteorological Satellite Program (DMSP) Operational Linescan Sys-
tem (OLS) in the seventies of the previous century [15]. Although the principal
purpose of DMSP-OLS is the determination of a global cloud cover and cloud top
temperatures, detecting nocturnal VNIR emission sources has been a widely used
by-product ever since [2]. The OLS system, part of the DMSP Block 5D series and
first flown in 1976, was the first remote sensing system to be sensitive enough
to detect both moonlit clouds and nocturnal light sources at radiances as low as

1
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�)�L�J�X�U�H������ �U�H�S�U�H�V�H�Q�W�V �D �V�L�P�S�O�L�I�L�H�G �L�O�O�X�V�W�U�D�W�L�R�Q �R�I �W�K�H �S�D�W�K �R�I�(�0 �Z�D�Y�H�V �X�Q�G�H�U �F�O�R�X�G��
�I�U�H�H �Q�L�J�K�W�W�L�P�H �F�R�Q�G�L�W�L�R�Q�V�� �7�K�H �P�R�G�H�O �F�R�Q�V�L�V�W�V �R�I �W�Z�R �I�X�Q�G�D�P�H�Q�W�D�O �O�L�J�K�W �V�R�X�U�F�H�V�� �L���H��
�D�U�W�L�I�L�F�L�D�O �O�L�J�K�W�V �R�U �V�W�U�H�H�W �O�L�J�K�W�V ���S�U�H�I�L�[ �/�� �D�Q�G �W�K�H �0�R�R�Q ���S�U�H�I�L�[ �0���� �1�R�W�H �W�K�D�W�� �D�O�W�K�R�X�J�K
�L�W �L�V �V�W�U�L�F�W�O�\ �Q�R�W �D �O�L�J�K�W �V�R�X�U�F�H�� �W�K�H �0�R�R�Q �L�V �F�R�Q�V�L�G�H�U�H�G �D�V �R�Q�H �I�R�U �H�D�V�H �R�I �F�R�P�S�X�W�D��
�W�L�R�Q�� �/�X�Q�D�U �U�D�G�L�D�W�L�R�Q�� �D �U�H�V�X�O�W �R�I �U�H�I�O�H�F�W�H�G �V�X�Q�O�L�J�K�W�� �S�D�V�V�H�V �W�K�U�R�X�J�K �W�K�H �(�D�U�W�K	…�V �D�W�P�R��
�V�S�K�H�U�H �W�Z�L�F�H�� �D�V �L�V �W�K�H �F�D�V�H �I�R�U �V�X�Q�O�L�J�K�W �L�Q �G�D�\�W�L�P�H �R�S�W�L�F�D�O �U�H�P�R�W�H �V�H�Q�V�L�Q�J�� �$�U�W�L�I�L�F�L�D�O
�O�L�J�K�W �V�R�X�U�F�H�V�� �R�Q �W�K�H �R�W�K�H�U �K�D�Q�G�� �D�U�H �X�V�X�D�O�O�\ �U�H�O�D�W�L�Y�H�O�\ �F�O�R�V�H �W�R �W�K�H �(�D�U�W�K	…�V �V�X�U�I�D�F�H��
�7�K�H�U�H�I�R�U�H�� �L�W �F�D�Q �E�H �D�V�V�X�P�H�G �W�K�D�W �R�Q�O�\ �X�S�Z�D�U�G �S�D�W�K�V �D�U�H �R�I �L�P�S�R�U�W�D�Q�F�H�� �U�H�V�W�U�L�F�W�L�Q�J
�W�K�H �D�W�P�R�V�S�K�H�U�L�F �W�U�D�Q�V�P�L�V�V�L�R�Q �S�U�R�E�O�H�P �W�R �D �F�R�Q�Y�H�U�V�L�R�Q �I�U�R�P�E�R�W�W�R�P���R�I���D�W�P�R�V�S�K�H�U�H
���%�2�$�� �U�D�G�L�D�Q�F�H�V �W�R�W�R�S���R�I���D�W�P�R�V�S�K�H�U�H���7�2�$�� �U�D�G�L�D�Q�F�H�V�� �&�R�Q�W�U�D�U�\ �W�R �W�K�H �S�U�H�V�H�Q�W�H�G
�G�L�D�J�U�D�P ���)�L�J������������ �L�W �Q�H�H�G�V �W�R �E�H �Q�R�W�H�G �W�K�D�W �U�H�D�O���Z�R�U�O�G �H�Q�Y�L�U�R�Q�P�H�Q�W�V �D�U�H �P�X�F�K
�P�R�U�H �F�R�P�S�O�H�[�� �V�L�Q�F�H �Z�D�Y�H�V �F�D�Q �E�H �V�F�D�W�W�H�U�H�G�� �D�E�V�R�U�E�H�G �R�U �U�H�I�O�H�F�W�H�G �P�X�O�W�L�S�O�H �W�L�P�H�V��
�W�K�H �(�D�U�W�K	…�V �D�W�P�R�V�S�K�H�U�H �L�V �Q�R�W �D �K�R�P�R�J�H�Q�H�R�X�V �R�U �V�W�D�W�L�F �H�Q�Y�L�U�R�Q�P�H�Q�W�� �W�K�H �F�O�R�X�G���I�U�H�H
�D�V�V�X�P�S�W�L�R�Q �X�V�X�D�O�O�\ �G�R�H�V�Q	…�W �K�R�O�G �D�Q�G �S�D�W�K �U�D�G�L�D�Q�F�H �R�U �D�G�M�D�F�H�Q�F�\ �H�I�I�H�F�W �D�U�H �Q�R�W �F�R�Q��
�V�L�G�H�U�H�G�� �)�R�U �W�K�H �G�H�W�H�U�P�L�Q�D�W�L�R�Q �R�I �R�S�W�L�P�D�O �V�S�H�F�W�U�D�O �D�Q�G �V�S�D�W�L�D�O �U�H�V�R�O�X�W�L�R�Q�V�� �K�R�Z�H�Y�H�U��
�D �V�L�P�S�O�L�I�L�H�G �P�R�G�H�O �R�I�(�0 �Z�D�Y�H �S�U�R�S�D�J�D�W�L�R�Q �L�V �V�X�I�I�L�F�L�H�Q�W��



��

���� ���� �%�D�F�N�J�U�R�X�Q�G �W�K�H�R�U�\

������������ �6�X�U�I�D�F�H �L�Q�W�H�U�D�F�W�L�R�Q
�:�K�H�Q �L�Q�F�L�G�H�Q�W�(�0 �Z�D�Y�H�V �F�R�P�H �L�Q�W�R �F�R�Q�W�D�F�W �Z�L�W�K �W�K�H �(�D�U�W�K	…�V �V�X�U�I�D�F�H�� �W�K�H�L�U �H�Q�H�U�J�\
�P�D�\ �E�H �D�E�V�R�U�E�H�G�� �W�U�D�Q�V�P�L�W�W�H�G �R�U �U�H�I�O�H�F�W�H�G�� �7�K�H �S�U�R�S�R�U�W�L�R�Q �R�I �H�D�F�K �R�I �W�K�H�V�H �H�Q�H�U�J�\
�L�Q�W�H�U�D�F�W�L�R�Q�V �V�W�U�R�Q�J�O�\ �G�H�S�H�Q�G�V �R�Q �E�R�W�K �Z�D�Y�H�O�H�Q�J�W�K �D�Q�G �P�D�W�H�U�L�D�O �F�K�D�U�D�F�W�H�U�L�V�W�L�F�V�� �)�R�U
�H�[�D�P�S�O�H�� �W�Z�R �G�L�I�I�H�U�H�Q�W �P�D�W�H�U�L�D�O�V ���H���J�� �J�U�D�V�V �D�Q�G �D�V�S�K�D�O�W�� �O�R�R�N �G�L�I�I�H�U�H�Q�W �L�Q �D �V�D�W�H�O��
�O�L�W�H �L�P�D�J�H �D�V �D �U�H�V�X�O�W �R�I �G�L�I�I�H�U�H�Q�W �P�D�W�H�U�L�D�O �S�U�R�S�H�U�W�L�H�V�� �6�L�P�L�O�D�U�O�\�� �D �S�D�W�F�K �R�I �J�U�D�V�V
�U�H�I�O�H�F�W�V �D �G�L�I�I�H�U�H�Q�W �D�P�R�X�Q�W �R�I �U�H�G �O�L�J�K�W �F�R�P�S�D�U�H�G �W�R �J�U�H�H�Q �O�L�J�K�W�� �$ �Z�L�G�H�O�\ �X�V�H�G �F�K�D�U��
�D�F�W�H�U�L�V�W�L�F �R�I �V�X�U�I�D�F�H �I�H�D�W�X�U�H�V �L�V �V�S�H�F�W�U�D�O �U�H�I�O�H�F�W�D�Q�F�H�� �Z�K�L�F�K �P�H�D�V�X�U�H�V �W�K�H �D�P�R�X�Q�W �R�I
�U�H�I�O�H�F�W�H�G �H�Q�H�U�J�\ �Z�L�W�K �U�H�V�S�H�F�W �W�R �W�K�H �D�P�R�X�Q�W �R�I �L�Q�F�L�G�H�Q�W �H�Q�H�U�J�\ �D�V �D �I�X�Q�F�W�L�R�Q �R�I �W�K�H
�Z�D�Y�H�O�H�Q�J�W�K��

�$�Q�R�W�K�H�U �L�P�S�R�U�W�D�Q�W �F�R�Q�V�L�G�H�U�D�W�L�R�Q �L�V �W�K�H �G�L�U�H�F�W�L�R�Q �L�Q �Z�K�L�F�K �L�Q�F�R�P�L�Q�J �H�Q�H�U�J�\ �L�V
�U�H�I�O�H�F�W�H�G�� �7�K�L�V �G�H�S�H�Q�G�V �P�R�V�W�O�\ �R�Q �W�K�H �U�R�X�J�K�Q�H�V�V �R�I �W�K�H �R�E�M�H�F�W�� �Z�K�H�U�H �V�S�H�F�X�O�D�U
�U�H�I�O�H�F�W�R�U�V �D�Q�G �G�L�I�I�X�V�H �U�H�I�O�H�F�W�R�U�V �F�D�Q �E�H �G�L�V�W�L�Q�J�X�L�V�K�H�G�� �6�S�H�F�X�O�D�U �U�H�I�O�H�F�W�R�U�V �D�U�H �I�O�D�W
�V�X�U�I�D�F�H�V �W�K�D�W �U�H�V�X�O�W �L�Q �P�L�U�U�R�U���O�L�N�H �U�H�I�O�H�F�W�L�R�Q�V�� �,�Q �R�W�K�H�U �Z�R�U�G�V�� �O�L�J�K�W �L�V �U�H�I�O�H�F�W�H�G �L�Q �D
�V�L�Q�J�O�H �G�L�U�H�F�W�L�R�Q�� �Z�L�W�K �W�K�H �U�H�I�O�H�F�W�L�R�Q �D�Q�J�O�H �H�T�X�D�O�O�L�Q�J �W�K�H �L�Q�F�L�G�H�Q�F�H �D�Q�J�O�H�� �'�L�I�I�X�V�H �R�U
�/�D�P�E�H�U�W�L�D�Q �U�H�I�O�H�F�W�R�U�V�� �R�Q �W�K�H �R�W�K�H�U �K�D�Q�G�� �D�U�H �U�R�X�J�K �V�X�U�I�D�F�H�V �W�K�D�W �U�H�I�O�H�F�W �X�Q�L�I�R�U�P�O�\
�L�Q �D�O�O �G�L�U�H�F�W�L�R�Q�V�� �0�R�V�W �U�H�D�O���Z�R�U�O�G �V�X�U�I�D�F�H�V �R�U �R�E�M�H�F�W�V �D�U�H �Q�H�L�W�K�H�U �S�H�U�I�H�F�W�O�\ �V�S�H�F�X�O�D�U
�Q�R�U �S�H�U�I�H�F�W�O�\ �/�D�P�E�H�U�W�L�D�Q �D�Q�G �D�U�H �D �F�R�P�E�L�Q�D�W�L�R�Q �R�I �E�R�W�K�� �7�K�H�U�H�I�R�U�H�� �L�W �L�V �R�E�Y�L�R�X�V �W�K�D�W
�V�S�H�F�W�U�D�O �U�H�I�O�H�F�W�D�Q�F�H �F�X�U�Y�H�V �G�R �Q�R�W �I�X�O�O�\ �J�U�D�V�S �W�K�H �F�R�P�S�O�H�[�L�W�\ �R�I �V�X�U�I�D�F�H �L�Q�W�H�U�D�F�W�L�R�Q��
�D�V �W�K�H�\ �X�V�X�D�O�O�\ �G�R�Q	…�W �W�D�N�H �W�K�H �L�Q�F�L�G�H�Q�F�H �D�Q�J�O�H �R�I �L�Q�F�R�P�L�Q�J �O�L�J�K�W �D�Q�G �W�K�H �Y�L�H�Z�L�Q�J
�D�Q�J�O�H �L�Q�W�R �F�R�Q�V�L�G�H�U�D�W�L�R�Q�� �)�R�U �W�K�L�V �U�H�D�V�R�Q�� �W�K�H�E�L�G�L�U�H�F�W�L�R�Q�D�O �U�H�I�O�H�F�W�D�Q�F�H �G�L�V�W�U�L�E�X�W�L�R�Q
�I�X�Q�F�W�L�R�Q���%�5�'�)�� �Z�D�V �L�Q�W�U�R�G�X�F�H�G ���(�T�������������� �Z�L�W�K
e�k �U�H�S�U�H�V�H�Q�W�L�Q�J �W�K�H�%�5�'�)�� 
Q�k �W�K�H
�U�H�I�O�H�F�W�H�G �U�D�G�L�D�Q�F�H��
J�b �W�K�H �L�Q�F�R�P�L�Q�J �L�U�U�D�G�L�D�Q�F�H���� �k �D�Q�G�ú�k �W�K�H �D�]�L�P�X�W�K �D�Q�G �]�H�Q�L�W�K
�D�Q�J�O�H �R�I �W�K�H �U�H�I�O�H�F�W�H�G �U�D�G�L�D�Q�F�H�� �U�H�V�S�H�F�W�L�Y�H�O�\�� �D�Q�G�� �b�D�Q�G�ú�b�W�K�H �D�]�L�P�X�W�K �D�Q�G �]�H�Q�L�W�K
�D�Q�J�O�H �R�I �L�Q�F�R�P�L�Q�J �O�L�J�K�W�� �$�V �U�D�G�L�D�Q�F�H �L�V �P�H�D�V�X�U�H�G �L�Q �: �P�Å�¼�V�U�Å�» �D�Q�G �L�U�U�D�G�L�D�Q�F�H
�L�Q �: �P�Å�¼�� �W�K�H�%�5�'�)�K�D�V �W�K�H �X�Q�L�W �V�U�Å�»��
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�'�H�U�L�Y�L�Q�J�%�5�'�)�Y�D�O�X�H�V �I�U�R�P �V�S�D�F�H�E�R�U�Q�H �R�U �D�L�U�E�R�U�Q�H �V�H�Q�V�R�U�V�� �K�R�Z�H�Y�H�U�� �L�V �Q�R�W
�V�W�U�D�L�J�K�W�I�R�U�Z�D�U�G�� �,�Q�V�W�H�D�G�� �W�K�H �D�V�V�X�P�S�W�L�R�Q �W�K�D�W �D�O�O �V�X�U�I�D�F�H �R�E�M�H�F�W�V �D�U�H �S�H�U�I�H�F�W �/�D�P��
�E�H�U�W�L�D�Q �U�H�I�O�H�F�W�R�U�V �L�V �D�S�S�O�L�H�G �L�Q �P�R�V�W �F�D�V�H�V�� �,�Q �R�W�K�H�U �Z�R�U�G�V�� �W�K�H �L�Q�F�R�P�L�Q�J �O�L�J�K�W �L�V
�D�V�V�X�P�H�G �W�R �U�H�I�O�H�F�W �H�T�X�D�O�O�\ �L�Q �D�O�O �G�L�U�H�F�W�L�R�Q�V �D�Q�G �W�K�H �G�L�U�H�F�W�L�R�Q �I�U�R�P �Z�K�L�F�K �W�K�H �O�L�J�K�W �L�V
�F�R�P�L�Q�J �L�V �R�I �Q�R �L�P�S�R�U�W�D�Q�F�H�� �7�K�L�V �D�O�O�R�Z�V �I�R�U �W�K�H �F�R�P�S�O�H�[�%�5�'�)�W�R �E�H �U�H�S�O�D�F�H�G �E�\
�W�K�H �U�D�W�K�H�U �X�Q�F�R�P�S�O�L�F�D�W�H�G �G�H�W�H�U�P�L�Q�D�W�L�R�Q �R�I �V�S�H�F�W�U�D�O �U�H�I�O�H�F�W�D�Q�F�H�� �,�W �K�D�V �W�R �E�H �Q�R�W�H�G��
�K�R�Z�H�Y�H�U�� �W�K�D�W �W�K�L�V �V�L�P�S�O�L�I�L�F�D�W�L�R�Q �G�R�H�V �Q�R�W �D�O�Z�D�\�V �V�W�U�R�N�H �Z�L�W�K �U�H�D�O�L�W�\�� �2�Q�H �V�X�F�K �F�D�V�H
�L�V �W�K�H �H�[�D�P�S�O�H �R�I �D �Z�H�W �U�R�D�G �V�X�U�I�D�F�H�� �Z�K�L�F�K �F�O�R�V�H�O�\ �U�H�V�H�P�E�O�H�V �D �S�X�U�H�O�\ �V�S�H�F�X�O�D�U �U�H��
�I�O�H�F�W�R�U�� �$�V �W�K�H �S�U�H�V�H�Q�F�H �R�I �Z�H�W �U�R�D�G �V�X�U�I�D�F�H�V �L�V �K�L�J�K�O�\ �F�R�U�U�H�O�D�W�H�G �Z�L�W�K �W�K�H �S�U�H�V�H�Q�F�H
�R�I �F�O�R�X�G�V�� �D�Q�G �R�Q�O�\ �F�O�R�X�G���I�U�H�H �R�S�W�L�F�D�O �L�P�D�J�H�U�\ �D�U�H �W�D�N�H�Q �L�Q�W�R �D�F�F�R�X�Q�W�� �W�K�L�V �H�I�I�H�F�W
�K�D�V �R�Q�O�\ �O�L�P�L�W�H�G �L�P�S�O�L�F�D�W�L�R�Q�V �D�Q�G �F�D�Q�� �W�K�X�V�� �E�H �Q�H�J�O�H�F�W�H�G��

������������ �$�W�P�R�V�S�K�H�U�H �L�Q�W�H�U�D�F�W�L�R�Q
�$�I�W�H�U �L�Q�W�H�U�D�F�W�L�Q�J �Z�L�W�K �W�K�H �V�X�U�I�D�F�H �D�Q�G �D�V�V�X�P�L�Q�J �W�K�H�U�H �L�V �Q�R �S�D�W�K �U�D�G�L�D�Q�F�H�� �W�K�H �U�H��
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