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Abstract

HYPSO-1, a 6U cubesat carrying a hyperspectral imaging payload for ocean color observation, was launched in
January 2022. During the commissioning and validation phases, the satellite and payload performance were tested.
The hyperspectral imager, a visible to near infrared pushbroom instrument based on a transmissive grating design and
built out of commercial off-the-shelf components, was thoroughly calibrated and characterized prior to launch. During
launch, however, the satellite and payload endured strong forces, and tiny movements or changes to the components,
particularly the components in the optical train of the hyperspectral imager, can affect the resulting data products. Pre-
launch testing showed that sub-millimeter shifts of optics spacing and component orientation resulted in measurable
performance degradation. Careful on-orbit calibration and validation is therefore important to understand the data and
its limitations. Here we present the observed changes in the recorded raw spectrograms between data gathered during
the pre-launch calibration campaign and data from the post-launch validation campaign. Most noticeable is a spatial
shift of 7 pixels, most likely due to movement of the slit, and a smudge appearing on the spectrograms at about 500
nm. In addition, an example of correction by destriping is shown to account for the spatial shift.
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Acronyms/Abbreviations
AOI Area of Interest
COTS Commercial Off-the-Shelf
EM Engineering Model
FM Flight Model
FWHM Full Width at Half Maximum
HAB Harmful Algae Bloom
HSI Hyperspectral Imager
HYPSO HYPerspectral Smallsat for ocean

Observation
NIR Near Infrared
NTNU Norwegian University of Science

and Technology
QM Qualification Model
RMSE Root Mean Square Error
RTS Random Telegraph Signal
SNR Signal-to-Noise Ratio
TVAC Thermal-Vacuum
VIS Visible

1. Introduction
The HYPerspectral Smallsat for ocean Observation

(HYPSO) mission is a mission from the Norwegian Uni-
versity of Science and Technology (NTNU) that aims to
collect oceanographic observations in support of marine
research. The main goal is to detect, map and investigate
ocean color phenomena such as algae blooms, including
Harmful Algae Blooms (HABs), using a Hyperspectral

Imager (HSI). The first satellite, HYPSO-1, is a 6U cube-
sat that was launched January 13 2022 into a 540 km Sun-
synchronous orbit, with mission parameters presented in
greater detail in [1]. It will be followed by a second cube-
sat, HYPSO-2, that is planned to be launch in 2024 with
a similar payload.

The main payload is a pushbroom HSI, which is fur-
ther described in Section 2. It is a pushbroom imager
which covers the Visible (VIS) to Near Infrared (NIR)
spectral range with a spectral resolution of about 5 nm.
The spectral signatures observed by the HSI will be used
to recognize algae blooms in the ocean.

Prior to launch, the hyperspectral payload was thor-
oughly calibrated and characterized, as described in [2].
During pre-launch testing, the spectral and spatial focus
of the instrument was observed to be easily affected by
sub-millimeter shifts of components in the optical train.
This indicates that small movements from launch could
affect the optical performance.

Pre-launch testing was performed on an Engineering
Model (EM) and a Qualification Model (QM), which are
close to identical models of the Flight Model (FM) that is
flown on the satellite. The EM and QM were used for test-
ing on ground to minimize stress on the FM. These tests
include shock, vibration, radiation, thermal, vacuum and
Thermal-Vacuum (TVAC) tests, and are described in [3].
During thermal and TVAC tests, a spectral shift was ob-
served, which was further investigated in [4]. Both small
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Table 1. Specifications of the hyperspectral imager.

Parameter Specification
Sensor Sony IMX249
Image size (1936, 1216) pixels
Area of interest1 pixel (428:1508, 266:950)
Bit depth 12-bit
Spectral range 400 - 800 nm
Grating 300 grooves/mm
Slit dimensions 7 mm x 50 µm
Theoretical FWHM 3.33 nm
Measured FWHM 3.85 nm

1Pre-selected AOI, can be changed if needed.

spectral shifts and change of imaging focus with tem-
perature were recorded. These effects might be present
in the HYPSO-1 instrument after launch too, motivating
the need for the instrument being characterized and mon-
itored using post-launch data.

After launch, time was spent on commissioning, test-
ing and validation of the satellite and hyperspectral pay-
load. This paper presents some of the initial characteriza-
tion of the hyperspectral imager performance after launch.
The findings are compared to the pre-launch calibration
data, and changes from the pre- to post-launch data dis-
cussed. In addition, an simple algorithm for destriping
hyperspectral images shows an example of how additional
in-flight sensor validation could be used to facilitate the
analysis of collected images.

2. Hyperspectral instrument
The hyperspectral instrument onboard HYPSO-1 is a

pushbroom HSI in the VIS-NIR range. It is based on
a transmissive grating design with Commercial Off-the-
Shelf (COTS) components as presented in [5], with mod-
ifications for the space environment as described in [6].
The Area of Interest (AOI) (on the sensor) covers a spec-
tral range from 400 nm to 800 nm, and the measured Full
Width at Half Maximum (FWHM) is less than 4.5 nm
for all wavelengths. More information on the instrument
characteristics prior to launch can be found in [2]. From
a 500 km orbit, the swath width covers 40 km with the
selected AOI, and a spatial resolution of around 100 m is
expected. A summary of the instrument specifications is
shown in Table 1.

Each frame recorded at the sensor is as a spectrogram.
Focused light from the front lens enters a slit, so that a
1-spatial-dimensional image is captured at the time. A
grating disperses the light so that different wavelengths of
light are recorded at different horizontal positions along
the sensor. The spectrogram therefore records spatial in-

Table 2. Specifications of the hyperspectral imager.

Dataset Dates(s) Description
0a 2022-03-18 Dark frame (pre-launch)
0b 2022-03-18 Radiometric calibration

frame (pre-launch)
1a-1 2022-06-20 Dark cube, pointing up1

1a-2 2022-06-20 Dark cube, pointing up
1b-1 2022-05-14 Dark cube, pointing down2

1b-2 2022-06-23 Dark cube, pointing down
1b-3 2022-05-04 Dark cube, pointing down
2a 2022-02-01 Sahara cube
2b 2022-02-01 Sahara frame
3a 2022-08-06 Sørøya cube

1Pointing up towards outer space
2Pointing down towards dark ocean

formation along the y-axis, and wavelength along the x-
axis. In the pushbroom configuration, one spectrogram is
captured at a time with a moving imager (or moving tar-
get), so that the images can be stitched together to form
a hyperspectral data cube. The cube then has a 2-spatial-
dimensional image of the area covered by the instrument,
with a third dimension holding spectral information for
each pixel.

3. Datasets
An overview of the datasets that are used is shown in

Table 2. Dataset 0 is from pre-launch calibration, dataset 1
is dark data collected by HYPSO-1 in-orbit both pointing
up towards outer space and down towards the dark oceans.
Dataset 2 is captured from above the Sahara desert, while
dataset 3 is captured above the island Sørøya in Finnmark,
Norway. Datasets containing a frame denotes that only
one frame/spectrogram is used, while a cube means that
the full hyperspectral cube is used in the analysis.

The HYPSO-1 datasets either consist of full frames
or a binned hyperspectral cube. A full frame is what is
recorded by the sensor at maximum pixel resolution. The
standard data product is a hyperspectral cube that only in-
cludes pixels within the AOI, and spectrally bins the data a
factor of 9 (full frame cubes and/or no binning can also be
captured upon request). The standard data cube consists
of 965 frames.

4. Data analysis
The analysis is performed on raw data. The only cal-

ibration applied is spectral calibration, which assigns a
wavelength to each pixel. Radiometric calibration and
other corrections, such as smile and keystone correction,
are not applied, except for in Section 4.5.
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Fig. 1. Distribution of recorded values in dark datasets.
The datasets are described in Table 2.

4.1 Dark images

Dark signal, here also referred as background val-
ues, is the signal recorded by the sensor when no light
is present, and is caused by thermally generated electrons
collected by the sensor. Shifts in the mean dark signal
can lead to systematic errors if not accounted for, and de-
pends on the residence time of the signals in the sensor, in
addition to increasing with increasing temperature [7].

Several dark data cubes have been captured by
HYPSO-1, both pointing up towards outer space and
down towards the ocean during night time. Different ex-
posure times have been used, as different exposure times
are often used for observations. Other camera settings
such as frames per second, number of frames etc. have
been kept constant. The dark cubes captured only cover
the AOI and are spectrally binned. For the comparison
with dark pre-launch calibration data, the dark frame was
also cropped to AOI and spectrally binned prior to the
analysis. To investigate dark signal in the datasets, a
histogram showing the distribution of pixel values in the
frame is plotted, seen in Figure 1. For the pre-launch dark
calibration frame (dataset 0a), only 1 frame was used,
while for the data cubes the first and last frames (frame
0 and frame 955) in the cube are plotted.

During a capture, power is consumed and heat is gen-
erated and released. Logs show that the temperature typ-
ically increases from 16 to 22 degrees Celsius while cap-
turing a hyperspectral data cube with exposure time of 30
ms. It can be seen in Figure 1 that the last frame contains
higher maximum values, and a larger amount of higher
values than the first frame for all data cubes. This is con-

Table 3. Hot pixels counted in dark datasets. Case 1 is
all hot pixels counted in any frame in the cube, case 2 is
all hot pixels counted in more than half of the frames in
the cube, and case 3 is all the hot pixels counted in every
frame in the cube. The datasets are described in Table 2.

Dataset Case 1: Case 2: Case 3:
(any frame) (1/2 frames) (all frames)
# hot pixels # hot pixels # hot pixels

0a 0 - -
1a-1 2 1 1
1a-2 4 3 1
1b-1 46 18 2
1b-2 41 17 2
1b-3 98 45 6
All 0 0 0

sistent with background values increasing with increas-
ing temperature. In addition, it can be noted that the data
cubes with longer exposure times show higher values in
both the first and last frames, suggesting that the mean
dark signal also increases with exposure time.

4.1.1 Hot pixels
Hot pixels are pixels that record higher values than

what is expected from the incoming light. An investiga-
tion of hot pixels in the HYPSO-1 data was done using
the dark data cubes. A pixel value of two times the aver-
age value in the first frame was used as a threshold, and
all pixels with values above this threshold counted as hot
pixels. Hot pixels were marked in every frame in the data
cube, and the number of hot pixels counted are shown in
Table 3. Case 1 is the number of pixels in the cube that
registered a hot pixel value in any frame, case 2 is the
number of pixels that registered a hot pixel value in more
than half of the frames in the cube, while case 3 is the
number of pixels that registered a hot pixel value in all
frames in the cube. Since only one frame was used from
the pre-launch calibrated data, it is only shown for case
1. In addition, the pixel location of the hot pixels were
marked so that they could be compared between different
datasets. As seen in the table, no pixels recorded hot pixel
values in all of the data cubes.

The results in Table 3 suggest that number of hot pix-
els increases with temperature and exposure time, and
that some hot pixels are random while others last for the
whole capture, but that they are all reset between each
capture. That there are more hot pixels appearing for half
of the frames than for all the frames in the cube sug-
gests that some of the hot pixel values are not constant,
but randomly jumping, known as Random Telegraph Sig-
nals (RTSs) [7]. That the hot pixels are not consistent and
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Fig. 2. Radiometric calibration frame (dataset 0b).

Fig. 3. Relative response of radiometric calibration frame.
Smudge marked at spatial pixels 250:400 and spectral pix-
els 1240:1390.

recorded in the same location every time makes it harder
to correct pixels with a hot pixel mask or similar, since a
new mask would have to be created for each capture.

4.2 Spectrogram artifacts
Some artifacts, such as blobs/smudges and dust stripes

were observed in the spectrogram before launch, as seen
in Figure 2 which shows a spectrogram from radiometric
calibration in the lab. Vignetting is visible at the edges, as
reported in [2], however, two dust stripes can also be seen
in the top of the image at spatial pixel 1050 and 1140.
In addition, a small smudge can be seen at spatial pixel
300 and spectral pixel 1300 (wavelength 720 nm). This
smudge is more prominent in Figure 3 which shows the
relative response of the calibration frame, zooming in on
the location with the smudge in the box. The relative re-
sponse is calculated by dividing the full frame by the ab-
solute response, where the absolute response is the aver-
age signal per wavelength (average row in the frame), as
described in [2]. In the bottom of the image, a darker edge
can be seen, which marks the lower edge of the slit. The

Fig. 4. Sahara frame (dataset 2b).

Fig. 5. Relative response of Sahara frame. The first
smudge marked at spatial pixels 250:400 and spectral
pixels 1240:1390, and the second smudge spatial pixels
625:775 and spectral pixels 650:800.

slit is not centered perfectly, which results in the lower
edge being visible in the spectrogram.

The Sahara Desert is imaged to provide nearly uni-
form illumination so that a spectrogram can be compared
to the ground calibration. Figure 4 shows a full frame
spectrogram of the Sahara Desert, captured by HYPSO-
1 in-orbit. The surface of the desert is quite bright and
uniform. However, as it is not perfectly uniform, some
features are present. This makes the signal vary slightly
across the slit, which appears as horizontal features in the
spectrogram. Atmospheric features, which are also visi-
ble in the data, cause absorption lines which can be seen
as vertical stripes in the frame.

Overall, the intensity in the image is lower in the
Sahara image than in the pre-launch calibration image,
giving lower Signal-to-Noise Ratio (SNR), meaning that
noise might be more apparent in the data. One horizon-
tal dust stripe is visible at spatial pixel 1150, while the
second stripe seen in the calibration data is not as appar-
ent. Either it has disappeared, or it might be mixed with
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Fig. 6. Sahara frame (dataset 2b), center row, with Fraun-
hofer lines marked (dashed black lines).

the features seen across the slit. A smudge appears, but
this time around spatial pixel 700 and spectral pixel 700
(wavelength 500 nm). The first smudge seen in the cali-
bration data is not as distinguishable in the Sahara frame.
This might be due to the lower light level, so that the
smudge feature disappears in the noise, or it might no
longer be present. Zoomed in boxes on both locations are
marked in Figure 5, which shows the relative response of
the Sahara frame.

4.3 Spectral shift
During pre-launch calibration, spectral calibration co-

efficients are found to determine the wavelength corre-
sponding to each pixel element on the sensor. Since the
payload must endure strong forces during launch, and
small movements of components can affect the optical
path, any spectral shift after launch should be reported.

Fraunhofer lines are known absorption lines from the
Sun spectrum. Since these absorption lines appear at
known wavelengths, they can be used to assess the spec-
tral calibration post launch, and detect potential spectral
shifts in the spectrogram. A spectral shift can also be
estimated by monitoring the oxygen A-band, with cen-
ter wavelength around 760 nm [8, 9]. To determine the
shift post launch, the difference of the center position
of the band is calculated. When comparing with pre-
launch data, however, the wavelength location must be
used, since HYPSO-1 did not acquire any data with at-
mospheric absorption lines prior to launch.

The Sahara frame (dataset 2b) is again used to investi-
gate the spectral response. The center of the spectrogram
is used to minimize smile effects, and 50 rows are aver-
aged to minimize noise. The spectrum, plotted together
with known Fraunhofer lines, is shown in Figure 6.

The dips in the recorded spectrum were detected and
compared with the Fraunhofer lines, presented in Table 4.
The largest difference can be found at the oxygen A-band,

Table 4. Spectral shift, detected dips compared with
known Fraunhofer lines.

Designated Fraunhofer Recorded Difference
letter wavelength wavelength [nm]

[nm] [nm]
G1 430.8 429.2 1.6
e 438.4 438.3 0.1
d 486.1 487.0 -0.9
b1 518.4 518.1 0.3
E2 527.0 527.2 -0.2
D1+D2 589.3 590.6 -1.3
C 656.3 657.0 -0.7
B 686.7 688.7 -2.0
A 759.4 761.6 -2.2
Z 822.7 822.4 0.3

1Average value of G(Ca) 430.774 nm and G(Fe) 430.790 nm.

where the reference value is 759.37 nm and the recorded
value 761.6 nm. The oxygen absorption lines come from
absorption in the Earth’s atmosphere, and varies as a func-
tion of height/pressure [10]. This leads to varying center
wavelength of the bands, which can explain some of the
variation seen here. There is no clear trend in the calcu-
lated differences, they are both positive and negative, and
vary across the spectrum. This suggests that no clear spec-
tral shift is detected. From the lines investigated, the Root
Mean Square Error (RMSE) value is 1.21, which is quite
large compared to the spectral calibration RMSE values
reported in [2]. Spectral calibration coefficients of second
order were applied to the data, as suggested in [11], which
may introduce some inaccuracies. However, errors might
also come from noise making it hard to detect the exact
location of the absorption lines, specially for wavelengths
with low SNR. Higher variation in the in-orbit data may
also be caused by variations in the atmosphere, or from
features of the Sahara Desert being present in the dataset.

4.4 Spatial shift
From pre-launch radiometric calibration (dataset 0b),

shown in Figure 2, the edge of the slit is visible at the
lower edge of the frame, and two horizontal stripes are
visible at the top of the frame. In the Sahara full frame
(dataset 2b) in Figure 4, the edge of the slit is again visi-
ble at the lower edge of the frame, while only one of the
horizontal stripes are visible at the top. The exact spatial
pixel location of the edge of the slit and the horizontal
stripes are, however, not the same in the two frames.

The pixel location of both features (edge of slit and
horizontal stripe) were investigated at spectral pixel 968
(corresponding to 600 nm), located approximately in the
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Fig. 7. Spatial shift. Edge of the spectrogram from bottom
of the spectrogram (left), and horizontal line from the top
of the spectrogram (right). Solid lines are before smooth-
ing while dashed lines are smoothed.

center of the spectrogram. The lines (column in the spec-
trogram) were normalized by the maximum value, and
smoothed, as presented in Figure 7. The solid lines show
the lines before smoothing, while the dashed lines are
smoothed. The areas around the features were isolated
to better visualize the shifts.

The shift was calculated as the difference in pixel loca-
tion of 50% of the normalized intensity for the edge of the
slit (left in Figure 7). While for the horizontal stripe which
appears as a dip in the plotted line (right in Figure 7) the
shift was estimated as the change in pixel location of the
minimum value of the dip. The shift was found to be 7
pixels for both the edge of the slit and the horizontal line.
This was repeated for all wavelengths in the visible range
(here 400 nm to 800 nm was used), and the average shift
also found to be 7 pixels. Due to low signal at the edges
of the spectrogram (below 400 nm and above 800 nm) the
features and their shifts were disappearing in noise and
therefore not detectable.

That a shift of 7 pixels is observed both in the up-
per and lower part of the spectrogram for all wavelengths
suggests that either the slit (assuming the horizontal line
is dust on the slit) has moved, or the camera sensor has
moved relative to the optical train. The slit used is a
COTS component, mounted inside a disc with 0.1 mm
extra space within the mount. It is therefore likely that the
shift observed is caused by the slit having moved inside
its casing during launch.

4.5 Destriping
Once the consistency of the sensor calibrations has

been evaluated, strategies for data analysis which can ac-
commodate the shifts in the sensor must be found. The
correction must be powerful enough to mitigate the shifts
in the calibration, but must also be simple enough to avoid
inducing any new errors into the data. Any new set of ra-
diometric calibration coefficients which were deduced by
the Sahara images would be impaired by the spatial fea-
tures in those images, so instead a simple correction to the

Fig. 8. (a) A HYPSO-1 image near Sørøya, Norway
(dataset 3a). (b) The first three principal components of
the water in the image represented in the green, blue, and
red color channels, without destriping. (c) The same three
components after destriping.

Fig. 9. Additive across-track correction calculated from
radiance over water.

ground calibration is tested.
It is common for stripes to appear in hyperspectral

images, due to a number of issues including hot pixels
and spectral calibration shifts [12]. Although these stripes
are typically quite small in magnitude relative to the en-
tire spectral signature, they can interfere with the analysis
of small signals, for example changes to the constituent
particles in water. Because of the shifts in the calibra-
tion noted above as well as hot pixels, these stripes are
present in the hyperspectral data collected by HYPSO-1
(Figure 8a and Figure 8b).

To mitigate the effect of these stripes, their magnitude
was evaluated and an additive correction developed to ap-
ply to the data cube. Although the stripes potentially come
from both multiplicative and additive factors (changes in
radiometric calibration and hot pixels, respectively), only
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water pixels, which have a fairly consistent spectrum, are
selected for the analysis so that both effects can be ap-
proximated by an additive correction. The change in in-
tensity between each pair of neighboring cross-track ra-
diance pixels, ∆I(λ) is calculated. Then, the median of
each along-track column of ∆I(λ) is selected as the cor-
rection. The ∆I(λ) are then integrated cross-track to gen-
erate the additive correction for each position on the spa-
tial axis, for each wavelength, shown in Figure 9.

The similarity of the features in the additive correction
and in the Sahara frame, including the smudge and hori-
zontal lines (Figure 5), suggests that the correction com-
pensates for real artifacts in the data. Moreover, after the
correction is applied to the HYSPO-1 scene (Figure 8c),
horizontal stripes are no longer visible in the the first few
principal components.

5. Conclusions
Overall, the hyperspectral data from HYPSO-1 ap-

pears as expected, except for the new smudge discovered
at spatial pixel 700 and spectral pixel 700 (wavelength 500
nm), and the spatial shift of 7 pixels. Corrections for the
spatial shift could possibly be mitigated by shifting the
calibration coefficients (which might affect the accuracy
of the calibration, this must be assessed during correc-
tion), while the smudge should be characterized by per-
forming radiometric calibration in-orbit. Adjusting the
radiometric calibration in-orbit could also correct the spa-
tial shift. No spectral shift was detected, but monitoring
the spectral position of Fraunhofer lines or the oxygen A-
band can be useful to ensure no spectral drift in-orbit.

The dark images show that most values are at around
8 counts, which is the estimated background value from
pre-launch calibration. Higher background counts are de-
tected when longer exposure times are used, which can be
due to higher temperature increase induced with longer
exposure times. When investigating hot pixels, some are
recorded, and the higher numbers again found for the data
captured with longer exposure times. Hot pixels in differ-
ent datasets are, however, not located at the same pixels,
which makes a general correction harder to provide.

A simple, additive algorithm for destriping hyperspec-
tral images is tested on an exemplary data cube. Because
the generated correction shows features similar to those
found in the radiometric analysis of the Sahara data, it is
likely that further in-flight calibrations can be used to de-
velop a more comprehensive correction to the pre-flight
calibrations, so that a standard destriping procedure can
be developed. Moreover, the success of the destriping is
readily visible in the first few principal components of the
water pixels in an image, indicating that the further de-
velopment of these corrections will greatly enhance the
capacity of HYPSO-1 to contribute to water monitoring
programs.
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