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Overview
• Introduction 
• Instrument operations

– Flag poor solar pointing 
– Flag poor heater cycle performance

• TSI results
• Earth Observations
• Next steps
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Matthes et al., 2017, Solar Forcing for CMIP6, Geoscientific Model Development, 6, 10
CMIP6: 6thCoupled Model Intercomparison Project; recommended dataset (TSI, SSI, particles)

Motivation to measure TSI
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• diverging 
reconstruction 
models

• continuous SI-
traceable 
measurements from 
space are required 

• improved TSI 
accuracy and 
stability is absolutely 
crucial
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TSI reconstructions to the past
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Jungclaus et al., 2017

Current Status TSI 
Observations (Ball et al.)

• TSI accuracy: 294 ppm

• TSI stability: 10-40 
ppm/yr

Implications
• Strongly diverging long-

term reconstruction 
models 

• Impact on future 
projections

• improved TSI accuracy and 
stability absolutely crucial

-> Improved future 
projections will be possible

Updated Shapiro et al., 2011 model
SATIRE-M model using 10Be data
SATIRE-M model using 14C data



Forcing attribution to temperature trends
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Forcing Agents to the Early 20th Century Warming. Front. Earth Sci. 6:206. doi: 10.3389/feart.2018.00206 
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Egorova et al. The Early 20th Century Warming

FIGURE 4 | Geographical distribution of annual mean temperature trend (K) during 1910–1940 time period calculated from the results of the first member of the
model ensemble run ALL.

FIGURE 5 | Contribution (%) of different forcing agents to global and seasonal mean temperature trends for the period 1910–1940 from the reference simulation
(ALL). Black, blue, green, red, and orange colors present annual, DJF, MAM, JJA, and SON season means.

weaker trends in the northern part of the Atlantic Ocean can
be potentially caused by the suppressed internal variability in
the analyzed ensemble mean results, leading to a compensation
of di�erent AMO phases in di�erent ensemble members. Less
pronounced warming over the northern landmasses can also
be connected to the underestimated strength of the applied

forcing agents. The results for all members of the ensemble
simulation, however, show that the internal variability does
not play an important role because in 9 out of 10 ensemble
members the model underestimates the warming magnitude.
In one case, global warming is well reproduced, but the
pattern of this warming shown in Figure 4 is characterized by

Frontiers in Earth Science | www.frontiersin.org 5 November 2018 | Volume 6 | Article 206

Contribution (%) of 
different forcing 
agents to global and 
seasonal mean 
temperature trends for 
the period 1910–1940 
from the reference 
simulation.

Colors indicate 
different annual 
season means:
Annual
Dec/Jan/Feb, 
Mar/Apr/May 
Jun/Jul/Aug 
Sept/Oct/Nov

OPR: ozone precursers fixed to pre-industrial
PAR: no energetic particle precibitation
UV: fixed solar UV
VIS: fixed solar VIS and IR
VOL: constant stratospheric aerosols
GHG: fixed WMGHG level



TSI variation and March Temp in Kyoto / Edo bay

Schmutz 2021, SWSC, J. Space Weather Space Clim. 2021, 11, 40, doi: 10.1051/swsc/2021016

beginning of the satellite era, solar activity has been stable on a
high solar modulation potential level. Thus, with our solar
observations over the last 30 years, we have sampled only a
rather unusual time period of the Sun. It is possible that solar
irradiance values were lower in the past when the solar modu-
lation potential was lower than nowadays. But the community
that thinks solar variations are possible splits into different
opinions about how large the irradiance variations could have
been. Estimates range from irradiance variations, which are
insignificant for a potential climate influence, to values with a
substantial forcing potential that might explain the climate
anomalies during the Holocene (see Fig. 10 and Fig. 8, respec-
tively, of Solanki et al., 2013 and Egorova et al., 2018b). All
these reconstructions shown in the cited figures are based on dif-
ferent hypotheses, which are all reasonable, but none of which
is proven.

The basic difficulty is that we know about a proxy, which
measures the open magnetic field of the Sun but which is not
directly related to the physical process that generates irradiance
variations. The status of our current knowledge is that the issue
around the origin of climate forcing during the Holocene has not
yet been conclusively resolved. Similarly, from temperature
reconstructions, it is also not known for sure if there were global
or regional climate variations within the Holocene larger than
fortuitous combinations of natural year-to-year fluctuations.
The task of resolving this issue is not only of academic interest
but is also important for climate prediction in the future.

2 Evidence for solar influence on climate

Aono & Kazui (2008) and Aono (2015)2 were the first to
point out that the cold periods of reconstructed temperature
records in the 17th century and at the beginning of the 19th cen-
tury at Kyoto and Edo bay (Tokyo), Japan, agree with reduced
sunspot numbers during the Maunder minimum and the Dalton
minimum. In Figure 1 averaged terrestrial surface March tem-
perature as deduced from historically recorded dates of cherry
blossom are shown. Also included in the figure are annual solar
irradiance values as reconstructed by Egorova et al. (2018b).
Thus, we are comparing two physical quantities that are
connected by the energy equation for the planet Earth (see
Sect. 4). Therefore, because of the physical relation, a signifi-
cant correlation between the two quantities yields irrefutable
evidence for the influence of solar forcing on the terrestrial
climate.

Since 1650 there are almost uninterrupted records of dates
of cherry blossom at both locations, Kyoto and Edo bay. As
shown in the Appendix, March temperatures for Kyoto and
Edo bay on a 15-year sampling have a standard deviation of
±0.3 !C. Combining the two temperature records results in a rel-
ative climate temperature precision of ±0.2 !C, but with a pos-
sible systematic trend. The uncertainty is larger during early
epochs when flowering dates are more often missing and when
only the Kyoto reconstructed temperatures are available and is
up to about ±1 !C at the beginning of the record around the year
1000.

After the year 1650, not many years have a missing blossom
record and the shown temperature variations are significant at
both locations. The averaged March temperature curves of these
two locations are illustrated by the dotted and dashed green
curves respectively. Kyoto and Edo bay are separated by
500 km and there is a systematic trend and offset between the
Kyoto and Edo bay curves, indicating a systematic bias between
the two locations, which is also found in measured temperatures
at those locations in the 20th century (see the Appendix). How-
ever, overall the reconstructed temperature trends at the two
locations are similar in the common interval 1650–1890 and
the correlation of the two climatic temperature trends is strong
and highly significant (R ! 0.8, P < 0.02%). Thus, the mean
of the two locations, which is shown by the thick black line,
reflects climatic March temperature variations of the Japanese
region from Kyoto to Edo bay. The reconstructed TSI variations
as published by Egorova et al. (2018b) reveal the same variation
pattern as the mean of the two locations, reproducing even the
same relative amplitudes for the Maunder and Dalton minima.
The correlation between the mean of the Kyoto and Edo bay cli-
matic temperature variations and the reconstructed TSI is as
strong as the correlation between the temperatures records of
the two locations and the probability that this correlation is by
chance, i.e. the probability of the zero hypothesis, is less than
P < 0.01%. Thus, the probability for an influence of solar forc-
ing on the mid-southern region in Japan for the epoch 1650–
1890 is larger than 99.99% and testifying an influence of solar
forcing on terrestrial climate beyond a reasonable doubt.

For the years earlier than 1650 a correlation between aver-
aged March temperature and TSI relies on temperature recon-
struction for Kyoto only. When going back in time there are
more and more annual records missing and therefore, the relia-
bility of the climate temperature record is declining. In the

Fig. 1. Reconstructed averaged March temperatures at Kyoto, Japan
(green dotted line) adapted from Aono & Kazui (2008) and Aono &
Saito (2010), where historical records were available since 643 and
reconstructed averaged March temperatures at Edo bay (Tokyo),
Japan, (green dashed line) starting in 1640 adapted from Aono
(2015) using historically recorded dates of cherry blossom2. Both
time series were smoothed by using a 31-yr linear regression. The
mean of the temperature curves at the two locations is illustrated by
the thick black line. The blue lines starting in 1880 show
thermometer measured temperatures in Kyoto (dotted line) and Edo
bay (dashed line) averaged in the same way. Also shown is the
21-year reconstructed TSI as published by Egorova et al., 2018b (red
line, scale on the right axis).

2 The dates of cherry blossom at the two locations and the March
temperatures, which were deduced from the blossom dates, have
been provided in digital form by Aono (personal communication).

W.K. Schmutz: J. Space Weather Space Clim. 2021, 11, 40
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Reconstructed averaged 
March temperatures based 
on cherry blossom  for 
Kyoto (dotted) and Edo 
bay (dashed), Aono & 
Kazui (2008), Aono & 
Saito (2010)
Thermometer 
measurements in Kyoto 
(dotted) and Edo bay 
(dashed)
Mean of reconstructed 
March temperatures based 
on cherry blossom
Reconstructed TSI 
(Egorova et al., 2018)

Probability of 
probability of solar 
forcing increases to 
99.99% Climate temperature precision of ±0.2 °C 



Finsterle, W., Montillet, J.-P., et al., Nature Scientific Reports, 2021

Total Solar Irradiance Variability
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The degradation-corrected 
PMO6-VA time series (light 
grey)

fused PMO6-V-A and -VB 
(PMO6-soft, dark grey)

and the previous versions of 
the VIRGO/PMO6 
degradation corrected TSI 
time series (PMO6-v6 (red 
2015), PMO6-v7 (blue, 2017)).

The dashed lines are 81-day 
running means (R.M.). 
Here TSI is at the “VIRGO” 
absolute scale as it is based 
on raw VIRGO and DIARAD 
data
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data sets. SORCE/TIM is traceable to SI while SOHO/VIRGO was calibrated against the World Radiometric 
Reference (WRR), which is o!set by 0.34% with respect to  SI28, resulting in an o!set of −4.6 W/m2 . During solar 
minimum 23/24 the previous (“classical”) PMO6-v6 and -v7 releases and the new (“machine-learning”) solution 
for VIRGO/PMO6 di!er on the order of magnitude of ∼ 0.2 W/m2 , with the “classical” TSI values being lower. 
#is di!erence is just within the 1-sigma interval of 0.2 W/m2 , which we de$ne as the inter quantile range (i.e. 
di!erence between the 25th and 75th percentile, see Figure A.5).

For DIARAD the machine-learning algorithm suggest a TSI level for solar minimum 23/24 which is between 
the “classical” solutions provided by IRMB (0.05 W/m2 lower) and PMOD/WRC (0.08 W/m2 higher).

Over the full VIRGO mission, we have found that the new TSI time series’ agree with previous releases by 
PMOD/WRC and IRMB in absolute value between ∼ 0.1 W/m2 RMSE (VIRGO/DIARAD) and ∼ 0.25 W/m2 
RMSE (PMOD-v7, Figure A.5).

Data fusion and new TSI composite. We use the data fusion process not only to merge the degradation-
corrected time series of the active and back-up channels into a single time series for each TSI experiment, 
but also to produce the new VIRGO TSI composite from DIARAD and PMO6-V. More generally, the fusion 

Figure 3.  #e degradation-corrected PMO6-VA time series (light grey), the fused PMO6-VA and -VB 
(PMO6-so%, dark grey) and the previous versions of the VIRGO/PMO6 degradation corrected TSI time series 
(PMO6-v6 (red), PMO6-v7 (blue)). #e dashed lines are 81-day running means (R.M.).

Figure 4.  #e new VIRGO TSI composite (purple) based on the fusion of the degradation-corrected 
DIARAD-L (red) and PMO6-VA (green). In the case of DIARAD, an extrapolated degradation curve was 
used to correct DIARAD-L a%er the failure of the backup channel (DIARAD-R) in 2017. Note that the last 
solar minimum (LS—blue box) and the current one (CS—orange box) are estimated for both 2008–2009 and 
2019–2020. #e time series are o!set for clarity. In the inset we give the mean TSI values for each time series ( µ).
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settling within 2 minutes at the end of the slew. The 
Langmuir probes are sensitive to the plasma wake 
created along the spacecraft path of motion, and are kept 
perpendicular to the ram and anti-ram directions. The 
Langmuir probe booms, four in total, are kept parallel to 
each other while orthogonal to CLARA’s line of sight. 
As well, AIS antennas are placed externally and 
orthogonal to each other, while remaining orthogonal to 
the Langmuir booms.   

MISSION AND PAYLOAD OVERVIEW 

This section provides an overview of the mission 
objectives, how each payload satisfies these objectives, 
and discusses key challenges associated with integration 
of three separate and diverse payloads on a small 
microsatellite platform. 

Automatic Identification System (AIS) Receiver 

Space-based AIS detection provides an effective means 
of monitoring maritime traffic over vast ocean bodies, 
which is of especial importance to Norway given the 
large ocean areas within the country’s jurisdiction. Land-
based AIS detection is typically able to track within 40 
nautical miles within coastal region, leaving large areas 
of water outside its reach4. NorSat-1 joins a constellation 
of satellites built by SFL in recent years, successfully 
providing the Norwegian Coastal Administration with 
the ability to monitor maritime traffic in areas beyond the 
reach of coastal networks and utilize this information as 
part of an operational decision cycle: 

x Automatic Identification System Satellite-1 
(AISSat-1)5, launched in 2010; 

x Automatic Identification System Satellite-2 
(AISSat-2)6, launched in 2014; and 

x NorSat-21, launched alongside NorSat-1 in 
2017. 

 

 
Figure 6: An illustration of space-based AIS 

detection on NorSat-1 
The AIS receiver on NorSat-1 is built by Kongsberg 
Seatex AS (KSX) of Trondheim, Norway. It is a more 
sensitive, upgraded version of the receivers flown 
previously on AISSat-1 and AISSat-2, and advances the 
state of art in space-based AIS detection. It is a very high 
frequency (VHF) receiver with a deployable two-
antenna system, and a data processing unit for 
acquisition, decoding, and forwarding operations. It is 
based on a reconfigurable software-defined radio, and 
enables in-flight updates to its algorithms, which can 
serve as a test-bed for new algorithms. The receiver is 
able to detect and process an increased number of AIS 
signals through simultaneous antenna diversity and 
detection on its four channels, and is capable of receiving 
Message 27 (Position report for long-range 
applications) which enables detection of messages with 
increased propagation delays to provide better coverage 
of high traffic areas.  

A key design consideration pertained to minimizing the 
impact of the satellite body, especially the pre-deployed 
solar panel and the multi-needle Langmuir Probe (m-
NLP) instrument, on the AIS antenna pattern. A further 
constraint was the need for the antennas to be 
deployable, owing to their size and the satellite layout. 
Instead of having an in-orbit deployment mechanism, the 
antennas are placed orthogonally as per mission 
requirements, and held down by the separation system 
itself. Upon separation from the launch vehicle the 
antennas are released and deployed through their own 
stored energy. Discussions with the launch provider 
ensured this design posed no risk of contact with any 
other satellites or upper stage equipment. 

NorSat-1 key facts

Norwegian low-cost satellite
Payloads

AIS ship tracker
Langmuir probes
CLARA TSI radiometer

Launch
14 July, 2017

Orbit
Polar Low Earth Orbit 
midnight-noon
at approx. 600 km

30 cm
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downlink capacity), and generates a sequence of time-
tagged commands. These commands are then uplinked 
to the spacecraft for execution at a later date. 

Payload or science data may be polled when it is 
collected at low cadence by an instrument. However, the 
majority of this data is pushed (automatically sent) and 
handled in two ways. Data products are generated 
automatically by the payload either at a fixed cadence or 
in response to an external event (e.g. reception of a valid 
AIS message), and automatically forwarded and stored 
in Payload computer’s non-volatile storage system. 
Payload data can also be immediately downlinked when 
an Earth station is in view, to minimize latency. Data 
aggregation is the normal mode of operations for all of 
the payloads, while the latter method is an additional 
mode used primarily for real-time forwarding of live AIS 
messages. 

LAUNCH AND COMMISSIONING 
NorSat-1 was successfully launched as a secondary 
payload onboard a Soyuz-2.1a/Fregat, which carried its 
main payload, the Russian Earth-observation satellite 
Kanopus-V-IK, along with 71 other smaller satellites. It 
lifted off from Launch Pad No. 31/6 at the Baikonur 
Cosmodrome in Kazakhstan on Friday 14 July 2017 at 
06:36:49 UTC (Figure 15).  

NorSat-1 was placed into a 600 km sun synchronous 
orbit at approximately 09:01:45 UTC by Fregat 
following several orbit changes to drop off other co-
passengers. NorSat-21 was also deployed at the same 
time. At the time, the satellites were flying over the 
South Pacific as shown in Figure 16.  

For the early stages of operations, in order to ensure 
every-orbit coverage, the Earth station at Svalbard was 
used.  The first contact with NorSat-1 was made at 
09:54:32 UTC on the first attempt.  Initial telemetry 
indicated a perfectly healthy satellite. 

A special operation for NorSat-1 that was performed 
immediately upon acquisition prior to any other 

commissioning tasks was to power up CLARA and 
verify the cavity shutters were closed following launch. 

A basic checkout of the core platform avionics followed 
over the remainder of the first contact and into the second 
contact. 

 

Figure 15:  NorSat-1 Lift-off on 
Kanopus-V-IK Cluster Mission 2017 

 

 



NorSat-1 Platform
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Telemetry and Command 

Full-duplex, bi-directional radio communications 
between the spacecraft and ground are realized through 
the standard Space Research / Space Operations Service 
S-band frequency allocations. A dual-patch antenna 
system with antennas on opposite sides of the spacecraft 
is utilized for both uplink and downlink, for a total of 
four antennas operating on Right Hand Circular 
Polarization. Effectively omnidirectional coverage has 
been achieved through passive connection of antennas 
with a combiner and splitter for uplink and downlink, 
respectively. The uplink chain comprises of an external 
band-pass filter and an S-band receiver, and operates at 
a constant bitrate of 4 kbps. The downlink chain is a fully 
integrated S-band transmitter, with Radio Frequency 
(RF) output power amplification up to 28 dBm, and can 
be configured by command to operate between 32 kbps 
and 4 Mbps, depending on link conditions and 
operational requirements. The Satellite Control Centre 
(SCC) is capable of automatically adjusting the 
downlink data rate based on the link conditions, 
maximizing the amount of data that can be downloaded. 
The downlink chain on NorSat-1 achieves a data rate of 
at least 1 Mbps when averaged over the accumulated 
contact time over a 24 hour period, and is able to deliver 
at least 490 MB of data per day to a high latitude station 
in Vardø, Norway. 

Attitude Determination and Control 

The control of the spacecraft attitude profile is handled 
by the attitude determination and control subsystem, 
comprising of sensors, actuators, and control software 
implementing the attitude control algorithms. The 
algorithms are implemented by SFL’s Onboard Attitude 
System Software (OASYS) package, which provides a 
hardware-independent, modular, and mission-
configurable attitude software platform to maintain 
flight-heritage across missions and to minimize costs. 
Nominally, at a cadence of one second, data 
measurements from attitude sensors are processed 
through an Extended Kalman filter (EKF) to estimate the 
satellite attitude and angular rates, which are 
subsequently used by OASYS algorithms to generate 
torques and command actuators to achieve desired 
attitude.  

The primary mechanism of control for fine-pointing 
operations is realized through three orthogonally 
mounted reaction wheels. For de-tumbling and reaction 
momentum management, the spacecraft affects its 
attitude through interaction with the local magnetic field 
using three orthogonally mounted digitally-controlled 
electromagnetic torque coils (or magnetorquers), 
developed by SFL. 

 

Figure 5: NorSat-1 Spacecraft, showing CLARA's 
aperture in relation to local sun vector 

 

Attitude determination is realized using four types of 
sensors, all developed by SFL. Six fine sun sensors, one 
on each body panel, determine the local sun vector in the 
body frame using a CMOS profile-array sensor, while 
coarse estimates are provided by solar array current 
sensors. A three-axis magnetometer senses the local 
magnetic field, and a three-axis Micro-Electro-
Mechanical Systems (MEMS) rate gyro complements 
the attitude estimation for when sun sensors are not 
available, such as in eclipse. 

Additionally, a high-fidelity sun sensor is mounted on 
the same geometric face as CLARA’s radiometer line-
of-sight. This allows the attitude control system to align 
the centre of the radiometer’s Field of View with the 
centre of the sun to achieve a pointing accuracy of ±0.5°, 
3-σ when the sun is visible, as illustrated in Figure 5. 
Furthermore, the GPS receiver introduced previously 
provides an Orbital Extended Kalman Filter (OEKF) 
algorithm with the orbit state solution required to 
produce orbital navigation for on-orbit control trajectory 
generation.  

Each payload on NorSat-1 has independent attitude 
requirements, while the mission design requires 
simultaneous operation of all three. During the sun-lit 
segments of each orbit, the radiometer apertures on 
CLARA, mounted on the –Z axis of spacecraft, are to be 
aligned with the local sun vector with an accuracy of 
±0.5°.  As well, occasional calibrations require the 
spacecraft to slew the radiometer aperture at deep space 
and back, up to 180 degrees, at 0.5°/s or faster while 

GPS Antenna

CLARA 
Radiometer

Precision Sun 
Sensor

-Z Thermal 
Fin

Downlink S-Band 
Patch Antenna 

(1 of 2)

Uplink S-Band 
Patch Antenna 

(1 of 2)

Langmuir Cassette (1 of 2)

+Y

+Z

+X

Fine Sun Sensor 
Aperture (2 of 6)

Local sun vector 
during sunlit orbit 

segments

Schematic view of the payload 
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Figure 7: NorSat-1 Spacecraft inside SFL’s 
Anechoic Chamber, showing AIS VHF Antennas 

and Langmuir Booms deployed 

The AIS receiver is an extremely sensitive VHF radio 
receiver, and any noise generated by either the platform 
or other payloads on the frequencies of operation result 
in lost messages.  Based on experience from previous 
AIS satellites, an EMC strategy was devised very early 
on in the mission design to ensure a design and test 
approach that would result in a very quiet satellite. In 
order to verify the EMC performance, a fully-
representative satellite was built with engineering model 
hardware and tested, demonstrating that the design 
approach was successful. This was further verified in-
orbit, as discussed later in this paper. 

Compact Lightweight Absolute Radiometer  

The Compact Lightweight Absolute Radiometer 
(CLARA) built by PMOD/WRC is a scientific payload 
instrument on NorSat-1 contributing to a seamless 
continuation of space-borne total solar irradiance (TSI) 
observations since 1978. Continuous and precise TSI 
measurements are indispensable to monitoring short and 
long-term solar radiance variations7. The existence of a 
potential long-term trend in the solar irradiance and 
whether such a trend could affect the Earth’s climate is 
still a matter of debate, as the Sun has not yet shown large 
variations within the 40 years of space measurements. 

CLARA is a digitally-controlled Electrical Substitution 
Radiometer based on a new three-cavity detector design 
for built-in redundancy and degradation tracking 
capability (Figure 8). In the measurement procedure, the 
radiative heating at the cavities is substituted by 
electrical heating8. Figure 8 shows the various parts of 
the CLARA instrument, including the three conical 

cavities (TSI detectors) connected via heat-resistant 
labyrinths to the common reference block. CLARA is the 
first flight of a new and versatile type of TSI radiometers 
designed to be small and lightweight to fly on low-cost 
microsatellites. 

 

Figure 8: Interior view of CLARA solar absolute 
radiometer 

 

Figure 9: A view of CLARA (covered) on NorSat-1 
during Vibration Testing at SFL Facilities 

 

Figure 10: CLARA Instrument Exterior 

 

 

AIS VHF 
Antennas (2x)

NorSat-1 at SFL vibration test facility



NorSat-1 internal layout
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interfacing with the three payloads. A Serial Interface 
Board (SIB) provides an interface to perform signal level 
translation between the payloads and the payload 
computer. Each OBC contains 1 GB of flash memory, 
able to store up to 20 orbits worth of payload data 
without loss of data, and runs on an ARM7 processor, 
with clocking frequency of 40 MHz. NorSat-1 also 
carries a GPS receiver with an antenna in the L1 band, 
providing high accuracy clocking signals to achieve 
high-fidelity timing capabilities, within 100 ns of GPS 
time.  

Power System 

Power generation, energy storage, and power 
distribution functionality is provided by SFL’s Modular 
Power System (MPS), implementing a battery-regulated 
bus with a series peak power tracking (PPT) topology. 

Through a passive backplane and a series of modular 
cards performing dedicated power management tasks, 
the MPS system realizes reconfigurable power 
architecture adaptable to different mission power 
capability requirements while retaining flight-heritage. 
Power generation is provided by 8-cell 28% maximum 
efficiency solar arrays. Each body panel on the central 
bus structure contains one array for safe-hold operations, 
while the solar panel contains six arrays for power 
generation during operations when pointing at the sun. 
The spacecraft is able to produce 45 W of peak power to 
provide orbit-average power of 23 W in the nominal 
operations mode. Energy storage is realized using a 6-
cell battery pack, providing a capacity of 9.6 A⋅h. The 
battery is connected to the power system through the 
Battery Interface Module (BIM), which provides battery 
protection and monitoring capabilities.

   

Figure 3: NorSat-1 Internal Layout 

 
Figure 4: NorSat-1 Electrical Architecture 
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CLARA optical geometry
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CLARA: Compact Light-weight Absolute Radiometer
Walter et al. (2017)
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CLARA optical geometry
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CLARA: Compact Light-weight Absolute Radiometer
Walter et al. (2017)
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CLARA Brief Operation History

July 14, 2017 NorSat-1 Launch
Aug 21, 2017 First Light
April 2018 Issues with reaction wheel started
May 13, 2018 CLARA was shutdown
Nov 8, 2019 “2nd First Light”

- NorSat-1 now operates only with two reaction wheels
- Limited fine pointing stability

IPC-XIII            Margit Haberreiter 10/19/21 13



First Light Measurements
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CLARA TSI results 359

Figure 1. First light TSI measurement results of CLARA Channel A, B and C with measure-
ment uncertainties (k=1). Channel B results are considered being the only reliable measurements
so far. Channel A and C results are affected by satellite pointing instabilities (Section 3).

2. First Light TSI Results

The CLARA shutters were opened for the first TSI measurements on the 21st and 22nd

of August 2017 (Fig. 1). Each time-series in Fig. 1 corresponds to TSI measurements dur-
ing the second half of a solar portion of one orbit. Only the second half has been chosen
because the satellite attitude control resulted in pointing instabilities during the first half
where CLARA was not well enough pointed at the Sun to perform reliable TSI measure-
ments. The averages of the three CLARA channels were 1358.37 W m−2 for Channel A,
1360.18 W m−2 for Channel B and 1364.09 W m−2 for Channel C. Channel B measured
stable TSI values and was found being very little affected by the pointing instabilities or
electromagnetic interference of satellite components (see Section 3) compared to Channel
A and C. Therefore, CLARA Channel B TSI values are considered being reliable and
correct (unlike Channel A and C) within the stated measurement uncertainty of ±0.77
W m−2 (k = 1, Fig. 1), which is proven by the good agreement with the VIRGO mea-
surements. The daily average of the VIRGO radiometer was 1360.14 W m−2 for the 21st

and 1360.15 W m−2 for the 22nd. The rather high measurement uncertainties of 0.77-1.24
W m−2 are mainly a result of the limitations of the end-to-end calibration at the TRF
(Walter et al. 2017).

3. CLARA Status

3.1. Pointing sensitivity

The large TSI variations on the 22nd of August 2017 around 16:25 from Channel A in
Fig. 1 are correlated with deviations of ≈ 0.3◦ and ≈ 0.4◦ for X- and Y- angles of the
satellite pointing attitude (Fig. 2). Generally, the optical design of CLARA should be
insensitive to pointing variations of up to ± 1◦. Detailed analysis of the basic CLARA
signals preclude optical and thermal effects being responsible for the TSI measurement
disturbance. That basic current and voltage signals are affected during the pointing
instabilities suggests that electromagnetic disturbances affect the TSI measurements.
This assumption is consistent with the fact that the two strongly affected Channels A and
C are oriented towards the satellite electrical components like the magnetorquers, reaction
wheels or the on-board computer, whereas Channel B is oriented towards space. Further
analysis of this effect is ongoing. The satellite pointing instabilities were a result of the
NorSat-1 attitude control algorithm, which was improved by the satellite manufacturer

�**D),��---�7�$6E 8�9�CE��7CE9�*9E$)���**D),��8C �CE����������3��
	���	����
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Walter, B., Andersen, B., Beattie, A., Finsterle, W., Kopp, G., Pfiffner, D., & Schmutz, W. (2018). 
First TSI results and status report of the CLARA/NorSat-1 solar absolute radiometer. Proceedings of the 
International Astronomical Union, 14(A30), 358-360. doi:10.1017/S1743921319004617



CLARA TSI pointing filter
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all data points
pointing filtered data points   
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CLARA Fine pointing
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Effect of filtering steps
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u Unfiltered CLARA data
u Pointing filter 
+    Pointing and error filter
★ Filtered daily CLARA data 
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TSI measurements with CLARA

• Continuous TSI measurement for more that 1.5 years since the restart of CLARA 
• Solar activity (in particular around 12/2020) is detected with CLARA
• CLARA data show a large scatter compared to VIRGO or TSIS
• Indication of a spurious annual modulation in the CLARA data



Earth Radiation Budget
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(from IPCC 2013; 
adapted from Wild 
et al., 2013). 
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2030 K. von Schuckmann et al.: Heat stored in the Earth system

Figure 8. Schematic presentation on the Earth heat inventory for the current anthropogenically driven positive Earth energy imbalance at the
top of the atmosphere (TOA). The relative partition (in %) of the Earth heat inventory presented in Fig. 6 for the different components is given
for the ocean (upper: 0–700 m, intermediate: 700–2000 m, deep: > 2000 m), land, cryosphere (grounded and floating ice) and atmosphere,
for the periods 1971–2018 and 2010–2018 (for the latter period values are provided in parentheses), as well as for the EEI. The total heat
gain (in red) over the period 1971–2018 is obtained from the Earth heat inventory as presented in Fig. 6. To reduce the 2010–2018 EEI of
0.87 ± 0.12 W m�2 towards zero, current atmospheric CO2 would need to be reduced by �57 ± 8 ppm (see text for more details).

This community effort also addresses gaps for the evolu-
tion of future observing systems for a robust and continued
assessment of the Earth heat inventory and its different com-
ponents. Immediate priorities include the maintenance and
extension of the global climate observing system to assure
a continuous monitoring of the Earth heat inventory and to
reduce the uncertainties. For the global ocean observing sys-
tem, the core Argo sampling needs to be sustained and com-
plemented by remote sensing data. Extensions such as into
the deep ocean layer need to be further fostered (Desbruyères
et al., 2017; Johnson et al., 2015), and technical develop-
ments for the measurements under ice and in shallower ar-
eas need to be sustained and extended. Moreover, continued
efforts are needed to further advance bias correction method-
ologies, uncertainty evaluations and data processing of the
historical dataset.

In order to allow for improvements on the present esti-
mates of changes in the continental heat and to ensure that the
database is continued into the future, an international, coor-
dinated effort is needed to increase the number of subsurface
temperature data from BTPs at additional locations around
the world, in particular in the Southern Hemisphere. Addi-

tionally, repeated monitoring (after a few decades) of exist-
ing boreholes should help reduce uncertainties at individual
sites. Such data should be shared through an open platform.

For the atmosphere, the continuation of operational
satellite- and ground-based observations is important, but the
foremost need is sustaining and enhancing a coherent long-
term monitoring system for the provision of climate data
records of essential climate variables. GNSS radio occulta-
tion observations and reference radiosonde stations within
the Global Climate Observing System (GCOS) Reference
Upper Air Network (GRUAN) are regarded as climate bench-
mark observations. Operational radio occultation missions
for continuous global climate observations need to be main-
tained and expanded, ensuring global coverage over all local
times, as the central node of a global climate observing sys-
tem.

For the cryosphere, sustained remote sensing for all of the
cryosphere components is key to quantifying future changes
over these vast and inaccessible regions but must be com-
plemented by in situ observations for calibration and vali-
dation. For sea ice, the albedo, the area and ice thickness
are all essential, with ice thickness being particularly chal-

Earth Syst. Sci. Data, 12, 2013–2041, 2020 https://doi.org/10.5194/essd-12-2013-2020

Von Schuckmann 
et al., 2020, 
Earth Syst. Sci. Data



Raw CLARA TSI and OLR data
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“uncalibrated 
TSI”

Raw “OLR”



Earth Observation with CLARA
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• Longwave Outgoing Radiation 
(LOR)

• when NorSat-1 is in eclipse

• new application for PMOD’s 
absolute radiometers

• Partial coverage of NASA CERES 
observation as SI-traceable 
measurements 
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Earth OLR measurement with CLARA

• CLARA Earth outgoing radiation (OLR) measurements, smoothed with a 
monthly running mean.

• Preliminary data!!!!
• Needs to be further filtered for nadir-pointing measurements only
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SSI Top of Atmospphere Spectrum

Margit Haberreiter - PMOD/WRC

• COSI synthetic spectrum (red) 
agrees well with the ATLAS3 
spectrum by Thuillier et al. 
(2003)

• Available for all spectral
ranges

• New Reference spectrum:
• Normalized to SSI observational

dataset (Haberreiter et al., 
2016)

• Consistent with nominal TSI 
value by Prsa et al. (2016)

Criscuoli, Rempel, Haberreiter et al. (2020)



SSI ToA Spectrum

25 CEOS WGCV IVOS Discussion, March 28, 2019    
Margit Haberreiter

> 2000nm: 
COSI extension to 
15000nm



Summary
• CLARA TSI

– scatter could already be reduced
– However more analysis is required
– indication that CLARA detects solar irradiance variability

• CLARA TOR
– 1.5-year long time series available
– Filter for nadir pointing needs to be applied

• ToA SSI spectrum available for comparison
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Next steps 

• ISSI International Team lead by Margit Haberreiter
– Towards determining the Earth Energy Imbalance from Space
– Dedicated to compare CLARA TOR data with CERES, PICARD/BOS, 

RAVAN and SIMBA 
– Review paper on capabilities and challenges expected outcome
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TSI at 1 AU = Solar Constant = 1361 W/m2


