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Estimation of Reflectance Using All-Sky

Radiance Measured by a Digital Camera
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Abstract

To quantitatively capture seasonal and interannual variations in vegetation, the
accurate acquisition of color information is essential. In observations using
unmanned aerial vehicles (UAVs), a major challenge is that differences in illumination
conditions change both the intensity and spectral distribution of the reflected light
from ground objects. By converting the measured reflectance into reflectance or
reflectance coefficients, it becomes possible to compare and evaluate changes in
vegetation color across different observation dates and locations.

However, differences in weather conditions can significantly affect the appearance
of images. Under cloudy conditions, the primary light source is diffuse radiation
scattered by clouds, whereas under clear—sky conditions, the reflectance from
ground objects varies greatly depending on the phase angle determined by the
observation position and the solar position. As a result, the overall brightness of the
image can also change considerably. Furthermore, even under clear—sky conditions,
differences in atmospheric conditions at different observation times can alter the
appearance of images.

In general, the measurement of reflectance coefficients is used as an evaluation
method that is independent of illumination conditions. Reflectance coefficients are
calculated by reflecting both direct and diffuse radiation from a white reference
panel and measuring the reflected light with a camera. The brightness of the white
panel is used as the denominator in the calculation. However, white reference panels
with stable spectral reflectance characteristics are expensive, and their reflectance
properties may change due to long—term degradation. Therefore, it is difficult to
maintain measurement accuracy when using white panels.

As an alternative approach, the use of reflectance calculated with directly
measured global solar radiation as the denominator can be considered. However, it
has been pointed out that it is difficult to measure both the reflected radiance from
ground objects (numerator) and the global solar radiation (denominator) using a
digital camera. In particular, when measuring global solar radiation, it is difficult to
appropriately record the extremely bright region around the sun and the surrounding
sky in a single—exposure image.

In this study, high dynamic range (HDR) images were generated from multi—
exposure photographs taken under different exposure conditions, and these HDR
images were used to measure global solar radiation. By using HDR images, it

becomes possible to simultaneously capture both the high—luminance regions near



the sun and the low—luminance regions across the entire sky.

Reflectance is calculated as the ratio of the reflected radiance from a ground
object (numerator) to the global solar radiation (denominator). Therefore, accurate
measurement of both quantities is essential for precise reflectance estimation. The
reflected radiance from ground objects is influenced by various factors, including the
reflectance properties of the target, the intensity of incident light, the incident angle,
the observation angle, and multiple scattering from the surrounding environment.

Based on the above considerations, the objective of this study is to estimate global
solar radiation from HDR images captured using a Raspberry Pi camera capable of
rapid multi—exposure imaging, and to estimate the reflectance of ground objects
using the measured radiation.

When reflectance was calculated using the estimated global solar radiation as the
denominator and the reflected radiance from ground objects obtained from the same
sky images as the numerator, the variability in the results was larger than expected.
An analysis of the causes of this variability revealed that cloud cover and the diffuse
radiation component were contributing factors. In addition, analysis of the
relationship between specular reflection and reflectance showed that reflectance
tends to decrease as the specular reflection vector approaches the camera
direction vector.

On the other hand, in the measurement of global solar radiation (the denominator),
sensor noise may have been amplified during the correction process for the neutral
density (ND) filter.

Furthermore, for reflectance calculation, it is desirable that the numerator and
denominator be obtained under the same conditions. In other words, it is important
to properly capture all incoming light, including both direct and diffuse radiation from
all directions incident on the target object, and to use the corresponding global solar
radiation as the denominator. This study demonstrated that such consistency is

important for improving the accuracy of reflectance measurements.
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