
Solar Energy 262 (2023) 111821

A
0
(

Contents lists available at ScienceDirect

Solar Energy

journal homepage: www.elsevier.com/locate/solener

High resolution imaging spectroscopy of the sky
Yiwei Mao a,b,∗, Chris H. Lee c, Charles M. Bachmann b,c, Bradley J. Evans b,d, Iver H. Cairns a,b

a School of Physics, The University of Sydney, Sydney, 2006, NSW, Australia
b ARC Training Centre for CubeSats UAVs & their Applications, The University of Sydney, Sydney, 2006, NSW, Australia
c Chester F. Carlson Center for Imaging Science, Rochester Institute of Technology, Rochester, 14623, NY, United States of America
d School of Environment and Rural Science, University of New England, Armidale, 2351, NSW, Australia

A R T I C L E I N F O

Keywords:
Radiance
Luminance
Solar spectrum
Diffuse scatter
Imaging spectroscopy
Hyperspectral

A B S T R A C T

Diffuse sky radiance is a key variable for resolving the global energy budget, weather forecasting, radiative
transfer modelling and estimating solar energy potential at the Earth’s surface. This study is the first attempt to
directly measure a full-sky view of the sky radiance using a pushbroom imaging spectrometer. We mounted the
open-source hyperspectral imager (OpenHSI) on a tripod and rotation stage during a clear day in Rochester,
NY, USA, and resampled the swaths to a sphere using the HEALPix projection. We achieved a 0.45◦ angular
resolution, which is an order of magnitude better than any previous experimental study. Our results showed
agreement with analytic studies using radiative transfer codes, and with photometric studies, demonstrating a
strong wavelength dependence for sky radiance distributions. Along the principal plane, we observed a spectral
steepening that transitioned from predominantly Mie scattering in the circumsolar region to predominantly
Rayleigh scattering. We also compared our results to a CIE standard clear sky. Although all the data were
collected within one hour, the movement of the Sun during this time is noticeable in the results. Nevertheless,
our study provides confidence in using existing models and introduces a new technique for high resolution
mapping of the sky radiance distribution using pushbroom imaging spectrometers.
1. Introduction

During the day, the surface of the Earth is illuminated directly by
light from the Sun, and a significant fraction of this energy is scattered
by small liquid or solid particles suspended in the atmosphere. This
fraction varies based on fluxes in atmospheric chemical composition.
The diffuse radiation from the sky is dominated by the process of
Rayleigh scattering on a clear day as blue light is strongly scattered,
with some Mie scattering caused by aerosols in the atmosphere. On
cloudy or overcast days, the sky appears grey due to the increased
diffusion of light, driven by the presence of the water vapour in the
clouds.

For remote sensing studies, estimating the reflective properties of
the Earth’s surface requires accurate prediction of solar radiance and
atmospheric conditions. Process-based models estimate the physical
processes in the atmosphere, such as radiative transfer models. For
instance, [1] simulated the sky radiance for various aerosol profiles at
a resolution of 1◦ in elevation and 2◦ in azimuth, and varied the sun
zenith angle.

Early theoretical studies in atmospheric scattering focused on mod-
elling the gradation and scattering indicatrix [2,3] for the purposes of
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predicting indoor natural lighting conditions for various sky conditions.
More studies were motivated by a desire for energy conservation by
improving indoor lighting conditions. These studies produced sky lu-
minance distributions in various cities around the world [4–7]. The
applications included indoor illuminance [8,9], sky-view factors and
urban heat [10–12], and analysis of shading [13–16].

Radiation-aerosol-cloud interactions in the atmosphere, specifically
the processes of absorption and scattering, have a significant effect on
the Earth’s energy budget, and subsequently our ability to accurately
model the processes. [17] reported significant uncertainties: 30% un-
certainty in estimating aerosol direct forcing, and 100% uncertainty
in estimating aerosol-cloud interactions. Recommendations from [17]
included investigations into better understanding radiation-aerosol in-
teractions in the atmosphere and specifically radiation-cloud-aerosol in-
teractions. Key to achieving this understanding is better characterising
the sky viewed from both space and Earth.

In other applications, the power production of photovoltaic cells,
which are spectrally sensitive, was evaluated in a variety of sky con-
ditions and partial shade [18–20], in particular, to optimise the inci-
dence angle [19,21]. Furthermore, spectral sky radiance was studied in
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forestry to predict the distribution of light under canopies [22–25], and
in biology to calculate vitamin D absorption in humans [26]. Rendering
realistic sky scenes in computer games also requires accurate models of
the sky radiance distribution [27–30].

Estimates of sky luminance were obtained using a CCD camera
and fisheye lens, providing high temporal resolution but yielded 5%–
20% deviations from a separate spectroradiometer [31]. This was then
followed by [32] who employed additional camera setups and a sun-
shade to evaluate the relation between windows and indoor lumi-
nance. They separated the dome into 145 sky patches according to
CIE 1994 [33], with an angular resolution of around 11◦. Scientists
also used almucantars with a narrow field of view lens [7] to map sky
luminance.

In this work, we focused on measuring the diffuse sky scatter in
the visible to near-infrared range on a clear day. The goal was to
map the sky near solar noon at a <1◦ resolution and include ground
targets for analysis. We wanted to evaluate the wavelength dependence
of sky radiance in the presence of an atmosphere exhibiting Rayleigh
scattering from gas molecules and Mie scattering from aerosols with an
angular resolution better than previous experimental studies. As far as
we know, this is the first study to map the sky at such a fine resolution
using a pushbroom imaging spectrometer.

The following section will describe the methodology to combine
multiple hyperspectral swaths to a data-sphere. This is followed by dis-
cussion of the distribution of diffuse radiation as it varies by wavelength
and zenith angle. Finally, limitations of this study and key findings are
summarised.

2. Method

We used the open-source hyperspectral imager OpenHSI [34] to
sweep across the sky, recording spectral radiance in the visible near-
infrared from 430–900 nm. The compact and lightweight nature of the
pushbroom instrument allowed the camera to be mounted on a tripod
and rotation stage, as depicted in Fig. 1. On the roof of the Chester
F. Carlson Center for Imaging Science at the Rochester Institute of
Technology (43.0848◦ N, 77.6715◦ W), we performed this experiment
under clear sky conditions on October 24th 2022, soon after solar noon.

The tripod’s azimuth position was controlled with one knob against
a protractor and the elevation angle was controlled by a rotation stage,
which swept out 360◦ along great circles at 15◦/s. Due to the narrow
field-of-view of 11◦, multiple swaths were necessary to cover the full
sky. We acquired 34 imagery swaths targeting 50% overlap, including
the start and end positions. Being near the roof edge allowed the
camera to see more of the car park and straight roads, which was a
key feature to ensure the azimuthal positions could be verified and fine-
tuned between swaths. An accurate parametric model also allowed the
start and end swaths to be aligned.

A Spectralon™ panel was placed in the field of view to facilitate an
empirical reflectance calculation. To maximise signal, an exposure time
of 15 ms was chosen, as this was the limit just before the digital counts
saturated when the camera was pointed at the Spectralon™ panel.
Over the course of an hour of data collection, the solar zenith angle
shifted from 58◦ to 65◦. An inclinometer was used to verify the camera
orientation. Despite changing the exposure time, direct sunlight always
saturated the sensor, so the circumsolar region needed to be masked
once the data were mosaiced and resampled.

Fig. 2 depicts the steps to turn raw pushbroom hyperspectral data
into a spectral radiance data-sphere.

2.1. Removing dead-time and spectral radiance

Since the control of the rotation stage and camera were independent
of each other, we let the camera start recording before the rotation
and only ended recording after a full rotation was completed. While
dead-time is apparent in the unchanging spatial–spectral portion at the
2

Fig. 1. The OpenHSI hyperspectral imager scans the sky from a tripod and rotation
stage. We set up the camera and Spectralon™ panel on the roof to minimise occlusions.

beginning and end of each swath, the time delay between the start of
recording and rotation was not consistent. To automate the clipping
of dead-time, a Sobel filter in the along-track direction was used on a
greyscale image and a peak finding algorithm returned the appropriate
along-track pixels to remove.

The raw data were corrected for smile error, converted to radiance,
and binned to 3 nm bands using the OpenHSI software package [34].

2.2. Reconciling azimuth and elevation between adjacent swaths

Despite having a 360◦ protractor fixed to the tripod to assist in
ensuring a separation of 6◦ between swaths, any small error would
result in misalignment between the start and end of the image swaths.
Since standard pattern matching with similar features relies on having
no curvature, the same technique cannot be applied to the image swaths
collected. While possible for local features, each swath fundamentally
has curvature. Additionally, the rotation of the camera reverses the
perspective of left and right after reaching zenith. Therefore, visual
inspection of similar features was required. Examples of the RGB com-
posites used are shown in Fig. 3, where the shift in azimuth can be
adjusted.

Due to the physical constraint of mounting a rotation stage, the
camera was displaced from the tripod centre, causing parallax for any
closeby objects in Fig. 3. This can be seen in the misalignment of the
nearby roof railing and shadows. In the far field, this is not an issue,
since there are fewer pixels due to the smaller angular displacement
covered. We found that roads and cars assisted best in aligning straight
edges and colours. The same features were used to adjust any elevation
shifts.

2.3. Assigning azimuth and elevation angles

Each swath corresponded to a section from a sphere as shown in
Fig. 4(a). The pixels in each swath were assigned an azimuth and
elevation angle, although not every pixel was necessary to cover the
whole sphere. From spherical geometry, the area for a slice of con-
stant azimuth is bound by two sinusoids. See Fig. 4(b) for a visual
representation.
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Fig. 2. Flowchart of steps to take raw data to final form.
Fig. 3. Overlaying a translucent swath shifted over another swath. The shift can be adjusted until objects in the far field align. The nearby railings suffered from parallax so we
used straight lines from far-field roads and car colours to fine-tune the azimuth shift.
Fig. 4. Mask applied to each swath. The shaded region corresponds to an 11◦ change in azimuth set by the field of view of the OpenHSI camera.
2.4. Resampling to a spherical projection

Once each pixel has a unique azimuth and elevation, we need to
resample the data onto a spherical grid. We used the Hierarchical
Equal Area isoLatitude Pixelization (HEALPix) projection, which is
commonly used in astronomy to create maps of the cosmic microwave
background [35]. This projection has the useful property that each pixel
covers the same surface area. We set the HEALPix parameter nside
to 128, balancing the tradeoff between data size and resolution, and
resulting in an angular resolution of 0.45◦. Since the healpy Python
library [36] only supports scalar heatmaps, we developed routines to
enable it to work with spectral data-spheres. When multiple swath
pixels corresponded to the same sky pixel, we took the average.

2.5. Masking invalid pixels

The final step was to mask pixels where the sensor saturated near
the Sun. Therefore, we masked any pixel with any wavelength compo-
nent that saturated the sensor. These pixels were subsequently masked
in visualisations.

3. Results and discussion

An RGB composite image of the processed data-sphere is shown
in Fig. 5. Even though we were on the roof, other buildings at the
3

Rochester Institute of Technology obstructed part of the horizon. Other
than the bright circumsolar region, the horizon also appeared brighter
than the rest of the sky due to the longer atmospheric pathway for
light to scatter before reaching the sensor. Since the Spectralon™ panel
at approximately −40◦ elevation shifted positions between swaths, the
resampling scheme caused some ‘‘seams’’ to appear.

For reference, a panorama taken with a phone during data collection
is shown in Fig. 6. Located near the roof edge, the OpenHSI camera
had vantage of the roads and carpark below, which proved important
for fine-tuning the azimuth angle between adjacent swaths.

In Fig. 7, the sky dome is shown for 450, 550, 650, and 750 nm.
The radiance appeared most isotropically distributed in the blue (band
450 nm), and the distribution became more anistropic as wavelength
increased. This is consistent with what we expect for Rayleigh scat-
tering. At 750 nm, almost the entirety of the power was concentrated
around the circumsolar region. The highest intensity was observed
in the circumsolar region between 500 and 550 nm, which is not
surprising given that this range is close to the wavelengths with peak
solar power expected for the Sun’s blackbody spectrum.

Fig. 8 shows the spectral radiance for the same wavelengths as
Fig. 7, but now using a Mollweide projection to include ground fea-
tures. The increase in radiance at 750 nm for the well-maintained
university lawns (see the bright feature below the horizon at 300–180◦
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Fig. 5. Mollweide projection of the data-sphere with selected red (640 nm), green (550 nm), and blue (470 nm) bands. Histogram equalisation was applied. The solar zenith angle
was 58◦ and the patch of white around −40◦ elevation was the Spectralon™ panel which was moved between subsequent swath collections.
Fig. 6. Rooftop panorama overlooking a carpark and forests taken with a phone camera. Near the camera and tripod is a Spectralon™ panel and railings.
azimuth), compared to at 650 nm, is a sign of chlorophyll rich vege-
tation. From the changing positions of the Spectralon™ panel, we can
also observe the angular dependence of the bidirectional reflectance
distribution function. While raised on a box to minimise dust blowing
onto the surface, the uneven floor caused a small tilt so the panel
appeared brightest at an azimuth of 330◦ rather than the expected 0◦.

3.1. Luminance

By integrating the spectral radiance 𝐿 with a photopic luminosity
function 𝑦(𝜆) across wavelengths 𝜆, we obtain the luminance

𝐿𝑣 = 𝐾 ∫

∞

0
𝑦(𝜆)𝐿(𝜆)𝑑𝜆 (1)

where 𝐾 is 683 lm/W. The photopic luminous efficiency function 𝑦,
shown in Fig. 9, is based on the response of the human eye and is thus
appropriate for assessing daylighting.

The experimentally measured luminance of our sky dome is shown
in Fig. 10(a) normalised to zenith. It contains features that indicate
a clear day: the anisotropic bright circumsolar region, a bright ring
around the horizon, and a darker region approximately 90◦ away from
the Sun. This also appears consistent with the characterisation of the
five CIE standard clear skies presented in [37] where the subtle changes
in the dark section depend on atmospheric aerosols and turbidity.

The simulated luminance [38] was based on the historical Ener-
gyPlus weather data [39] from the Rochester International Airport
situated 4 km from Rochester Institute of Technology. The estimated
CIE sky parameters were used in the Perez model and the result is seen
in Fig. 10(b).

We expected the circumsolar brightening to be symmetric but
Figs. 7, 8, and 10(a) show the circumsolar side opposite the building to
appear slightly fainter. This is due to a 15 min delay in data collection
as we backed up data and the associated changes in the Sun’s position.
Despite using the minimum exposure time, direct exposure to the Sun
saturated our sensor so we masked affected pixels. Nonetheless, the
4

Fig. 7. Orthographic projections of the spectral radiance for various wavelengths. The
solar zenith angle was 58◦. Saturated pixels were masked. The minor asymmetry in
isotropic scatter is due to a 15 min time delay during data collection.

circumsolar behaviour is a defining characteristic of a clear day. The
closest CIE sky type was Standard Clear Sky 14: cloudless turbid sky
with broad corona.

The horizon brightening effect in our measured luminance appeared
more intense than the simulated Perez equivalent (compare Figs. 10(a)
and 10(b) below 10◦ elevation). Our measurements appear to be con-
sistent with simulated radiative transfer studies such as [1]. Our re-
sults indicate that the Perez sky model underestimates the horizon
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Fig. 8. Mollweide projections of the spectral radiance data-sphere for various wavelengths. The solar zenith angle was 58◦. Saturated pixels were masked and the colour scale
was capped between the 2%–98% percentiles.
Fig. 9. The photopic luminous efficiency function, interpolated to the OpenHSI
wavelengths.

brightening due to multiple scattering effects near the ground surface,
which is unaccounted for and is site specific.

3.2. Principal plane

In radiative transfer, Rayleigh scattering in the sky is modulated by
two functions [40] called the indicatrix and gradation. The principal
plane is the vertical plane containing the solar incidence angle and the
view zenith angle. Along this plane corresponding to the indicatrix, we
observed a peak in the radiance in the circumsolar region. For a clear
sky, the indicatrix is approximately proportional to 1 + cos2 𝜃 where 𝜃
is the angle between the solar zenith angle and a position along the
principal plane. Near 𝜃 = 90◦ corresponding to a sky pixel zenith angle
of −32◦, we observed the theoretical minimum. This phenomenon is
seen in Fig. 11 where the spectral radiance for selected visible bands
decreases further away from the Sun before gradually rising again near
the horizon (𝜃 = −90◦). As demonstrated by the separation between the
curves at the minimum point, blue light was scattered more strongly
than red light.

Fig. 12 shows the spectral radiance along the principal plane as the
solar zenith angle increases from 5◦ towards the horizon. Close to the
Sun within the circumsolar region, the diffuse radiance is dominated
by Mie scattering from aerosols and particulates in the atmosphere.
The effect of this is an almost white glare and this is seen by the
spectrally flat curve at 5◦. As the zenith angle approaches 90◦, the
curves gradually become steeper. This corresponds to a transition from
predominantly Mie scattering to predominantly Rayleigh scattering.
From the dotted lines which indicate the wavelength raised to select
integer exponents, the radiance at 𝜃 = −90◦ appears to sit between 𝜆−3
5

and 𝜆−4. Pure Rayleigh scattering would have a 𝜆−4 relation so this is
an indication of minor contributions from Mie scattering. Beyond this
point, as the angle approaches the horizon, the radiance increases again
but retains its slope.

Dividing by the Sun’s blackbody spectral radiance, we can quantify
the scattering component without also seeing the effects of a blackbody
emission spectrum. In Fig. 12, we still observe the steepening of the
radiance curves towards the minimum point and the effects of horizon
brightening. The slope is approximately 𝜆−3 indicating a mixture of
Rayleigh and Mie scattering.

3.3. Limitations and future work

Despite our best efforts to mosaic neighbouring swaths accurately,
the stitching and resampling process created noticeable seams. Part
of this is due to the change in the solar zenith angle, increasing
from 58◦ to 65◦ during data collection. A more accurate rendering of
the continuous distribution of diffuse scattering could be achieved by
weighting the boundary pixels of each swath less in the resampling
process. While we expected a symmetry about the principal plane, this
was offset marginally and some sections of the sky appeared fainter;
this corresponded to the 15 min time delay while backing up data
midway through collection. Future field experiments would need to
consider the tradeoff between angular resolution and time required for
data collection. While the lightweight and compact form factor of the
OpenHSI camera made this experiment possible, the narrow field view
of 11◦ increased the number of swaths needed to completely scan the
sky.

The main challenges to using this setup were a sturdy tripod and a
smooth actuating rotation stage. Our first attempt with a small rotation
stage exhibited knocking when the mounted camera caused an off-
axis load. We settled on the Standa SM 13846 which could handle the
weight, and the high torque meant full rotation could be achieved at
more or less constant speed, with negligible acceleration time. A second
rotation stage in azimuth could be used to fully quantify a parametric
model and forego the manual fine-tuning of azimuth angles. This is
something to consider when mounting other imaging spectrometers to
scan the sky.

Our results presented here are specific to the atmospheric conditions
in Rochester, NY, USA during a cloudless sky. Future work could use
the Spectralon™ panel we placed within each swath to evaluate the
relationship between sky and ground. Finally, more data collected over
a wide variety of solar zenith angles and polarimetric studies could be
used to build and fine-tune the predictive power of analytic models.
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Fig. 10. Experimentally measured and simulated luminances for a clear day in Rochester, NY, USA. We used the orthographic projection for this visualisation. We measured more
horizon brightening compared to the Perez sky model.
3)
Fig. 11. The spectral radiance in the principal plane. The vertical dotted line indicates
the solar zenith angle. The region in the circumsolar region is not shown due to sensor
saturation. Minimum appears close to 90◦ away from solar zenith.

4. Conclusions

High resolution imaging spectroscopy of the entire sky allows for
more accurate estimation of atmospheric parameters and prediction of
available solar energy for remote sensing applications, indoor daylight-
ing design, aerosol modelling, and power production for photovoltaics.
This work describes the first attempt to use a pushbroom imaging
spectrometer to directly measure diffuse sky radiance of the whole sky
and surroundings using a tripod and a rotation stage. The compact and
lightweight nature of the open-source hyperspectral imager (OpenHSI)
made this setup possible. We solved the challenge of mosaicing swaths
on a sphere and resampling spectral data with the HEALPix projection.
The end result is a radiance data-sphere at 0.45◦ angular resolution
(a magnitude better than previous experimental studies) containing
both the sky and ground features. We showed that diffuse scattering
on a clear day is mostly isotropic for short wavelengths and strongly
6

anisotropic for longer wavelengths past blue. We compared our mea-
sured luminance to a simulated Perez model, revealing a more intense
horizon brightening in our results which we hypothesise to be due to
multiple scattering near the ground. In the principal plane, the mini-
mum appeared approximately 90◦ from the solar zenith as predicted
by the indicatrix function. At this minimum point, we showed that the
spectral fall-off is close to 𝜆−3 after normalising by the Sun’s black-
body spectrum, indicating Rayleigh scattering and small contributions
from Mie scattering. These results agree with analytical studies done
with radiative transfer codes, and with experimental studies of sky
luminance.

While our experiment is specific to the atmospheric conditions in
Rochester, NY, USA, and time of day, it provides confidence in the
use of analytic models and a new methodology for future experiments
with other imaging spectrometers. By streamlining the data collection,
the movement of the Sun’s position in the sky can be minimised. Our
results will inform stakeholders in efficient daylighting, the prediction
of photovoltaic energy output in partial shading, and the modelling of
atmospheric aerosols.
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a

Fig. 12. Left: Radiance of sky pixels along the principal plane. Near the Sun, the combination of Rayleigh and Mie scattering causes a white glare. Away from the Sun, the spectral
fall-off approaches 𝜆−4. Right: Departure from an ideal blackbody. The spectral radiance curves still show a decreased slope away from the Sun and then the radiance increases
gain near the horizon. Dashed lines for 𝜆−2, 𝜆−3, and 𝜆−4 were added for reference.
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