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ABSTRACT

From the SOlar VAriability PICARD (SOVAP) space-based radiometer, we obtained a new time series of the total solar irradiance
(TSI) during Solar Cycle 24. Based on SOVAP data, we obtained that the TSI input at the top of the Earth’s atmosphere at a
distance of one astronomical unit from the Sun is 1361.8 ± 2.4 W m� 2 (1r ) representative of the 2008 solar minimum period.
From 2010 to 2014, the amplitude of the changes has been of the order of ± 0.1%, corresponding to a range of about 2.7 W m� 2.
To determine the TSI from SOVAP, we present here an improved instrument equation. A parameter was integrated from a the-
oretical analysis that highlighted the thermo-electrical non-equivalence of the radiometric cavity. From this approach, we obtained
values that are lower than those previously provided with the same type of instrument. The results in this paper supersede the
previous SOVAP analysis and provide the best SOVAP-based TSI-value estimate and its temporal variation.

Key words. Sun – Total Irradiance – Solar activity – Solar Cycle – Spacecraft

1. Introduction

Solar activity (i.e. total solar irradiance (TSI), solar magnetic
�eld, ultraviolet radiation, etc.) is an important contributor to
natural climate variability. Thus, the long-term monitoring of
the Essential Climate Variable (ECV) TSI is important in
order to understand the change of climate with time. Since
1978, the absolute value of the TSI and its temporal variation
have been measured from space. Prior to the launch of the
SOlar Radiation and Climate Experiment (SORCE) spacecraft
in January 2003, the consensus absolute value of the TSI was
close to 1365.4 W m� 2. The Total Irradiance Monitor (TIM)
instrument onboard SORCE measured deviating values
around 1361 W m� 2 (Kopp & Lean 2011). This result was
independently obtained by the PREcision MOnitor Sensor
(PREMOS) instrument onboard PICARD (Schmutz et al.
2013). Before its launch, PREMOS had been calibrated
relative to the cryogenic Total solar irradiance Radiometer
Facility (TRF) of the Laboratory for Atmospheric and Space
Physics (LASP). PREMOS was also calibrated against the
World Radiometric Reference (WRR) to get a consistent
picture. The measurements of the SOlar VAriability PICARD
(SOVAP) space-based radiometer yielded a TSI value quite
close to TIM and PREMOS results (Meftah et al. 2014).
To obtain this value, the instrument equation was updated
accounting for the thermo-electrical non-equivalence of the
SOVAP radiometric cavity. Moreover, the 35-year Active
Cavity Radiometer Irradiance Monitor (ACRIM) TSI satellite
composite time series has been revised (Willson 2014) using
algorithm updates and corrections to ACRIMSAT/ACRIM3
results for scattering and diffraction derived from testing with
the TRF. Thus, ACRIM3 has lowered its space TSI value after
the comparison of an ACRIM engineering model with the
cryogenic TRF. Finally, the Variability of Irradiance and

Gravity Oscillations (VIRGO) experiment (Fröhlich et al.
1995) onboard the Solar and Heliospheric Observatory
(SoHO) provided a new absolute value of the TSI (new
scale) that is 0.42% lower than the original scale
(~1365.4 W m� 2). The VIRGO results (VIRGO new scale,
VIRGO-PMO6 V and VIRGO-DIARAD) are available at
ftp://ftp.pmodwrc.ch/pub/data/irradiance/virgo/TSI/.

Space observations with these experiments are consistent
with a mean TSI value of 1361 ± 1 W m� 2 (2r ), which is a
representative absolute value of the 2008 solar minimum
period. Despite the advent of the space era, the question
addressing the absolute TSI determination remains open.
Indeed, the debate about absolute TSI determination remains
in a large way limited to the determination of realistic uncer-
tainties. In 2005, it was suggested (Butler et al. 2008) that
every TSI team should critically investigate its own instrument,
and that on-ground comparisons between radiometers in power
and in irradiance modes should be made. The latter recommen-
dation has led different teams to take their radiometers to the
LASP/TRF facility, in which a radiometer under test can be
compared in vacuum for power and irradiance measurement
with a reference cryogenic radiometer. We point out that the
SOVAP instrument (Conscience et al. 2011) was not calibrated
at the TRF facility.

In this paper, we report on the TSI measurements of
SOVAP, which were carried out during the PICARD mission
from July 2010 to March 2014. We provide our best estimate
of the absolute value of the TSI as seen by SOVAP. We correct
the determination of the SOVAP thermo-electrical non-
equivalence between the right and the left cavity during deep
space measurements. Finally, we provide a SOVAP TSI
composite that includes all measurement modes normalised
to the mean TSI of the nominal modes.
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2. TSI observations by RMIB since 1983

The Royal Meteorological Institute of Belgium (RMIB) has in
its 33-year space history, since Spacelab in November 1983,
launched six different TSI instruments of the DIfferential
Absolute RADiometer (DIARAD) type on 11 space �ights.
Figure 1displays the long-term TSI time series of the main
space-based TSI radiometers developed by RMIB. Only the
SOVAP TSI data were corrected for the thermo-electrical
non-equivalence of the cavity (Meftah et al. 2014).

The DIARAD instrument consists of two electrical substi-
tution radiometers driven by a servo-system. The radiometers
are symmetrical cylindrical cavities, mounted side by side on
a common heat sink. Both cavities see the same thermal
environment through accurately known circular precision
apertures (Conscience et al. 2011). Part of the light re�ected
from the precision aperture illuminates the baf�e and,
especially in vacuum, heats it. Both effects increase the mea-
sured signal as scattered light and infrared radiation from the
baf�e enter the cavities. For all of the classical radiometers,
this effect has been extensively studied at the TRF facility,
where corrections for PREMOS and ACRIM3 were deter-
mined. This effect is negligible in the DIARAD type radiome-
ters due to the ingenious construction of the primary aperture
as a spherical mirror which focuses this undesired incoming
light into the centre of the front-most view-limiting aperture
and out of the instrument. On the other hand, the DIARAD
design has a fundamental limitation due to a distributed
thermal impedance on the surface of the sensor and an
electrical heater which covers a larger area than the solar beam.
This effect is present in all RMIB radiometers, and a speci�c
correction for each radiometer is needed to correct formerly
obtained results.

In 1983, a cavity-type absolute radiometer was �own on
Spacelab where a TSI value of 1361.5 ± 2.3 W m� 2 (at one
standard deviation (1r )) was obtained (Crommelynck et al.
1987), which is atypical compared to other RMIB results.

The Spacelab radiometer has a different thermo-electric sensor,
which in hindsight may explain why it measured a much more
accurate value of the TSI. The thermal conductivity of the
faces of this instrument’s sensors is different from most RMIB
radiometers, while the size of the heater elements is the same.
The thermo-mechanical properties of the Spacelab cavity
cylinders and their interfaces to the sensor are also different.
These results may explain the difference of this radiometer
relative to the others mentioned inCrommelynck et al.
(1987). This needs further investigation.

One of the RMIB radiometers, VIRGO-DIARAD (Dewitte
et al. 2004), acquired TSI measurements as part of the VIRGO
experiment (Fröhlich et al. 1995, 1997) onboard SoHO from
1996 until the present, which represents one of the longest
TSI-measurement time series. As a reminder, the DIARAD
radiometer is part of VIRGO together with two PMO6V-type
radiometers as discussed inSection 1. Having two radiometers
of different designs may help to understand the behaviour
of the radiometers in space and hence provide a more
reliable estimate of TSI from a combination of the results from
both. This combination is called VIRGO TSI (new scale,
version 6).

Our understanding of the long-term behaviour of space-
based TSI radiometers has increased substantially. The RMIB
uses the measurements of DIARAD as a stand-alone
instrument, which could be problematic because this type
of radiometer could show a non-exposure-dependent sensitiv-
ity change. This effect cannot be corrected internally by
comparing with a less exposed radiometer. Indeed, it is impor-
tant to characterise the long-term behaviour especially for the
20-year record of VIRGO. For long-term characterisations of
SOVAP, in this paper we use the RMIB VIRGO-DIARAD
TSI values to compare these two radiometers based on the
same technology and methods. The new scale of VIRGO
values, which are based on both instruments (VIRGO-PMO6V
and VIRGO-DIARAD), are consistent within uncertainties
with the SOVAP absolute value of the TSI.
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Fig. 1. TSI published time series for the left and right channels of the main space-based TSI radiometers developed by the RMIB: the SOLar
CONstant instrument (SOLCON) on Spacelab and onboard the space shuttle, the Solar Variations (SOVA 1) experiment onboard European
Retrievable Carrier (EURECA), VIRGO-DIARAD onboard SoHO, the Sun Monitoring on the External Payload Facility of Columbus-SOlar
Variable and Irradiance Monitor (Solar-SOVIM). New TSI time series of SOVAP onboard PICARD are displayed for the different modes with
the correction for non-equivalence included.
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3. SOVAP operations summary

DIARAD is an electrically calibrated cavity radiometer, based
on a differential heat-�ux meter. The main advantage is that
both cavities can be used for solar measurements and their
arrangement views the same thermal environment. In the
nominal operation modes, the radiometric equation for each
cavity (left or right) is given in Eq.(2) with all the details
described byMeftah et al. (2014). The modes are called
‘‘Auto 2’’ and ‘‘Auto 3’’ for left and right operations, respec-
tively. For each mode, the sampling period is three minutes
(a sequence of 90 s open and 90 s closed) and provides an
instrument demonstrated repeatability around 0.1 W m� 2.
The ‘‘Auto 2’’ mode was intended to track on-orbit degradation
of the primary right cavity (‘‘Auto 3’’ mode) via infrequent
exposure of the left cavity (roughly every month). The left
channel provided a TSI measurement with the lowest absolute
uncertainty (±1.39 W m� 2) as shown byMeftah et al. (2014).

The ‘‘Auto 3’’ mode was used intermittently from July 22,
2010 until August 28, 2010. Few measurements were achieved
with the SOVAP-DIARAD right channel (‘‘Auto 3’’ mode).
The ‘‘Auto 2’’ mode was used to measure the TSI absolute
level as well as the TSI variability for half an hour every month
from August 28, 2010 to October 27, 2010.

Early on in the mission, the ‘‘Auto 3’’ mode was abandoned
due to a failure of the right shutter mechanism that left the
cavity permanently open. A change in the operation was
needed where an alternative mode was used. During this new
‘‘Rad 10’’ mode, the right shutter is permanently open and
the left shutter is kept closed. This mode was used starting with
the �rst occultation period on the 18th of November 2010
(after an update of the �ight software). Thus, the SOVAP right
shutter was permanently open and the left shutter was kept
closed from November 2010 until January 2013. The main
difference in the radiometric Eq.(3) of the ‘‘Rad 10’’ mode
is that the power fed to the left cavity in closed state (Pcl,l) is
not representative for the right channel and a correction called
KRad10has to be introduced. Moreover, the shutter correction
has to be changed to only take into account the emission of
the cavity to deep space instead of the difference of this to
the shutter emission in the closed position. This shutter
correction now is only dependent on the temperature of the
cavity which is known. Furthermore, we need to calibrate
KRad10 and this is done by measuring deep space in ‘‘Rad
10’’ mode which is then the only unknown in the equation.
The ‘‘Rad 10’’ mode had the advantage of increasing the
measurement time resolution. In fact, SOVAP measurements

were organised in packets of 90 s, containing several frames
of 10 s measurements each. TSI acquisition was made at
seconds 20, 40, 70, 80 and 90. In the ‘‘Rad 10’’ mode measure-
ments, the active cavity is always in thermo-electrical equilib-
rium. Therefore, all TSI measurements at seconds 20, 40, 70,
80 and 90 can be used and noC6 correction (dynamic non-
equivalence between electrical and radiative response) is
needed as shown in Eq.(3). In DIARAD design, the sensors
are in the feed-back loop, but the cylindrical parts of the cavities
aren’t. We determine theC6 parameter in �ight by comparison
of the response of the normal sampling time of 3 min (90 s open
and 90 s closed) with a doubled sampling time of 6 min (180 s
open and 180 s closed) to ensure the system reaches thermal
equilibrium.

In early 2013, it was decided that the PICARD space mis-
sion would end at the beginning of March 2014. Thus, it was
no longer necessary to protect the integrity of the left cavity for
ageing determination. Normally, the degradation is tracked
with the cavity that is less exposed to solar radiation in order
to minimise the degradation due to solar UV radiation.
We tried and succeeded to close the right shutter and then turn
on the ‘‘Auto 2’’ mode and it was then used from February
2013 until March 2014. This operating mode was intensively
used after several months in space.

4. SOVAP TSI equation and measurement
uncertainty

TSI is de�ned as the power of the incoming solar electromag-
netic radiation per unit area at one astronomical unit (1 au).
The SOVAP TSI Eq.(1) follows this convention

TSIði¼r;l Þ ¼ SIðiÞ�
z2

1 auð Þ2 � 1 � oz
ot � 1

c

� � 2 ; ð1Þ

where TSI(i=r,l) is the total solar irradiance (W m� 2) of the
right cavity (r) or the left cavity (l) at 1 au. SI(i) is the solar
irradiance (W m� 2) measured at the spacecraft’s distance
from the Sun, z is the distance between the PICARD
spacecraft and the Sun (km), the astronomical unit is
equal to 149,597,870.700 km,c is the speed of light
(299,792.458 km per second) andt is the time (second).

4.1. SOVAP TSI equation –‘‘ Auto 2’’ and ‘‘ Auto 3’’ modes

SI(i) is derived from the measurement of the electrical power
supplied to the active cavity of the radiometer to maintain this

Table 1. SOVAP radiometer parameters’ de�nition and typical values for the ‘‘Rad 10’’ mode.

Parameters De�nition Typical values
Pcl,l � Po,r Difference in electrical power applied to the cavities ~0.1056 W
C1 Correction to take into account the heating effects by the wires 5.9· 10� 6 W
C2 Correction for the accuracy of the servo-system (almost negligible) 1.2· 10� 6

C0
3 Correction of the thermal radiative effects of the left shutter ~0.405 W m� 2

C4 Correction of the thermal radiative effects of the mirror above the cavity ~� 0.175 W m� 2

C5 Total correction factor for the optical effects (diffraction and scattering) 0.999447805
aeff,r Ef�ciency of the right cavity 0.9987
Ar at 20 � C Measured accurate aperture area at 20� C 7.876· 10� 5 m2

Dr Aperture area (AA) correction factor – expansion of the mirror ~1.9· 10� 8

D0
r AA correction factor – expansion of the radiometer ~5.4· 10� 8

D00
r AA correction factor – deformation during mechanical clamping ~0

cosh Solar pointing angle of the radiometer ~1
DPo,r Thermo-electrical non-equivalence of the active cavity while open ~0.3· 10� 3 W
KRad10 Thermo-electrical non-equivalence between the right and the left cavity ~2.83· 10� 3 W

M. Meftah et al.: TSI time series during Solar Cycle 24

A34-p3



cavity with the same heat sink �ux in the open and closed
states as described in more detail byMeftah et al. (2014).
The measured solar irradiance for the nominal modes is given
by Eq. (2), where the constants are de�ned inTable 1except
for C6 that is not needed in the ‘‘Rad 10’’ mode and was
explained earlier (end ofSect. 3).

SIði¼r;l Þ ¼

C5 �
Pcl;i � Po;i

� �
� � Po;i þ C1 þ C6

� �
� ð 1 � C2Þ

aeff ;i � Ai � 1 þ � i þ � 0
i þ � 00

i

� �
� cosh

þ C3 þ C4: ð2Þ

The estimated uncertainty on the TSI absolute determina-
tion for the ‘‘Auto 2’’ mode is ±1.4 Wm� 2 at 1r and for the
‘‘Auto 3’’ mode the estimated uncertainty is ±1.5 Wm� 2 at
1r (Meftah et al. 2014).

4.2. SOVAP TSI equation –‘‘ Rad 10’’ mode

To calculate the TSI in this case, a slightly changed instrument
equation is required where both channels are used to determine
the SOVAP TSI. Solar Irradiance (SI(R10)) for the SOVAP right
cavity during the ‘‘Rad 10’’ mode is derived from the measure-
ment of the difference between the electrical power supplied to
the closed cavity (left) and the electrical power supplied to the
open cavity (right).

SIðR10Þ ¼

C5 �
Pcl;l � Po;rð Þ � � Po;r � KRad10þ C1ð Þ � ð1 � C2Þ

aeff ;r � Ar � 1 þ � r þ � 0
r þ � 00

r

� �
� cosh

þ C0
3 þ C4:

ð3Þ

wherePcl,l is the electrical power (W) fed to the left cavity in
closed state of the shutter,Po,r is the electrical power (W) fed to
the right cavity in open state of the shutter andKRad10 is the
thermo-electrical non-equivalence between the right and the
left cavity of the SOVAP radiometer (obtained during space
calibration). The de�nition of the parameters of Eq.(3) with

typical values is provided inTable 1. Each parameter is
described in more detail in the SOVAP instrumental paper
(Conscience et al. 2011), except C0

3 that is temperature
dependent and is given inTable 1for the mean temperature
of the closed shutter.

The KRad10parameter is obtained during space calibration
(stellar calibration and Earth eclipse seasons) where the right
cavity was not exposed to sunlight. The evolution of theKRad10
parameter is displayed inFigure 2. The KRad10 parameter
changes over time and stems from a changing difference
between the two channels. The physical explanations for the
change inKRad10 over time could be an overall warming up
of the instrument/heat sink, a modi�cation of the main
characteristics of the thermo-electric sensor (heat-�ux trans-
ducer), a creep of the thermo-electric sensor that is mounted
between the cavity and the heat sink (indium thermal interface
material), and probably an evolution of the speci�c torque of
the attachment of the thermo-electric sensor.KRad10 evolves
between 2.7· 10� 3 and 3.1· 10� 3 W. Thus, the SOVAP
TSI variability time series (‘‘Rad 10’’ mode) is shown in
Figure 3 using Eq.(3) with the different parameters of the
Table 1such asKRad10. Uncertainties of the absolute determi-
nation of TSI for the ‘‘Rad 10’’ mode are given inTable 2in
parts per million (ppm) and in W m� 2. Electrical chain
(general effects, transfer of calibration and ground parasitic
resistance) uncertainties take into account the two cavities (left
and right). Thus, the ‘‘Rad 10’’ mode uncertainty is of the order
of ±1.7 W m� 2 (1r ), which is higher than nominal modes due
to the lack of shuttering.

5. SOVAP TSI time series, results and discussion

The SOVAP radiometer made TSI measurements from July
2010 to March 2014. These measurements are compared to
TSI time series of existing data and may help to resolve
some of the differences in existing long-term time series of
TSI. Thus, comparisons were carried out between the Level 2
SOVAP data, VIRGO-DIARAD measurements, TIM
measurements and PREMOS measurements. Moreover, a
comparison between SOVAP measurements and Spectral
And Total Irradiance REconstruction for the Satellite era
(SATIRE-S) semi-empirical model (Yeo et al. 2014) was
performed. The TSI levels for main operation modes of
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SOVAP-DIARAD are presented inFigure 3, which are
the same data as inFigure 1. SOVAP instrument
equations (seeSect. 4) were used to obtain these levels. From
Eq. (3), we get the evolution over time of the SOVAP
‘‘Rad 10’’ TSI.

5.1. TSI absolute value from SOVAP nominal
modes – ‘‘ Auto 2 ’’ and ‘‘ Auto 3 ’’

In 2010, the �rst measurements made by the SOVAP radiome-
ter correspond to a state where the instrument was as charac-
terised on ground. The radiometer had not yet suffered
degradation due to the effects of the space environment and
radiation. A combination of solar irradiation and instrumental
contamination can cause polymerisation of organic material
and, subsequently, irreversible deposition of this material on

the radiometer. Moreover, the black paint used in the cavities
degrades due to radiation. These �rst measurements are funda-
mental with respect to the determination of the TSI absolute
value. In these conditions, the ‘‘Auto 2’’ SOVAP measurements
give a TSI value of 1361.1 W m� 2 with an uncertainty of
±1.4 W m� 2 (1r ). Similarly, the ‘‘Auto 3’’ SOVAP measure-
ments provide a TSI value of 1363.0 ± 1.5 W m� 2 (1r ). By
normalising these measurements using VIRGO-DIARAD
TSI (data extrapolation) with respect to the 2008 solar
minimum period, the ‘‘Auto 2’’ SOVAP TSI is close to
1360.9 W m� 2 and the ‘‘Auto 3’’ SOVAP TSI is close to
1362.8 W m� 2. The two completely characterised measure-
ments differ by ~2 W m� 2, where the reproducibility of the
thermo-electric sensor characteristics and its integration has a
fundamental impact on the differences. Thus, the most conser-
vative approach to determine the absolute value of the SOVAP
TSI is to take into account both channels of the radiometer.
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Table 2. Uncertainties of the TSI measurements for the ‘‘Rad 10’’ mode.

Parameters of the right channel (ppm) (Wm� 2)
Wires heating effectC1 1.5 0.002
Accuracy of the servo-systemC2 1.2 0.002
Infrared emission of the shutterC0

3 39.0 0.053
Infrared emission of the mirrorC4 19.0 0.026
Optical effectsC5 110.0 0.150
Absorption factoraeff,r 190.0 0.259
Precision apertureAr at 20 � C 117.0 0.159
Thermal effectsDr 30.0 0.041
Thermo-mechanical effectD0

r 250.0 0.341
Fixation of the apertureD00

r 250.0 0.341
Thermo-mechanical sliding cosh 6.0 0.008
Thermo-electrical non-equivalenceDPo 837.0 1.140
Thermo-electrical non-equivalenceKRad10 280.0 0.381
Thermal radiative effects of the baf�e 13.0 0.018
Electrical chains (general effects) 732.6 0.998
Electrical chains (transfer of calibration) 175.4 0.239
Electrical chains (ground parasitic resistance) 284.2 0.387
Doppler effect 50.0 0.068
Mean quadratic uncertainty (r = 1) 1272.6 1.733
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The absolute TSI as seen by SOVAP is 1361.8 ± 2.4 W m� 2

(1r ) for the 2008 solar minimum period. The new value
is signi�cantly lower than DIARAD type values – prior to
the launch of TIM – of 1365.4 W m� 2, but still slightly higher
than the TIM (1360.8 ± 0.5 W m� 2) or re-calibrated
PREMOS and ACRIM values. The DIARAD type radiometer

has been kept as an independent absolute radiometer, not
calibrated against other radiometers, but only compared to
other radiometers for validation. We note that for the
SOVAP-DIARAD radiometer, we introduced a new term in
the radiometric equation that accounts for the thermo-
electrical non-equivalence based on a thermo-electrical model
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(Meftah et al. 2014). Introducing this term lowered the TSI
value of the SOVAP measurements.

5.2. SOVAP TSI time series

The determination of the SOVAP TSI time series has required
the establishment of modi�ed instrument equations. For the
nominal modes, a parameter (DPo) has been integrated from
a theoretical analysis, which highlights the thermo-electrical
non-equivalence of the radiometric cavity (open and closed).
For the ‘‘Rad 10’’ mode, another parameter (KRad10) has been
integrated from space calibration, which highlights the thermo-
electrical non-equivalence between the right and the left cavity.
TSI time series for different operation modes of SOVAP-
DIARAD are displayed inFigure 3using instrument equations.
Thus, continuous time series of TSI observations have been
constructed from the set of measurements made by the SOVAP
radiometer from the different operation modes. The presented
SOVAP composite (Fig. 4) includes all measurement modes
normalised to the mean TSI of the ‘‘Auto 2’’ and ‘‘Auto 3’’
modes at the beginning of the PICARD mission.

Three main parameters (thermo-electrical non-equivalence
of the active cavity, correction of the thermal radiative
effects of the active shutter and ef�ciency of the left cavity)
can vary over time due to ageing. The thermo-electrical non-
equivalence of the active cavity may evolve during the
mission and the characteristics of the thermo-electric sensor
(temperature dependence) and its attachment (thermal contact
resistance) may change over time due to space environ-
ment. However, this variation is dif�cult to assess. Thus,
the thermo-electrical non-equivalence requires a ground
calibration to get an idea of the impact of various parameters
and a potential link with SOVAP housekeeping data.
Correction of the thermal radiative effects of the active shutter
and ef�ciency of the left cavity parameters depend on the
thermo-optical properties (solar absorptance and emissivity)
of the SOVAP cavity’s coating. The SOVAP cavity is covered
with diffuse black paint (Nextel black velvet). Measurements
of the re�ectance and ageing characteristics (0.32–14.3l m
wavelength range) of common black coatings were performed
by Dury et al. (2007). They highlight that the diffuse
re�ectance remained �at and below 4% for wavelengths
between 0.32 and 2.5l m (solar absorptance is close to
0.96). Moreover, the diffuse re�ectance component exhibits a
slight increase (1%) due to solar ageing (solar absorptance
variation is close to 0.01). This effect would change the
SOVAP TSI measurements by a maximum of 0.5 W m� 2 over
time. Dury et al. (2007)shows that the coating is sensitive to
thermal ageing effects (thermal cycling). Physical inspection
revealed that the surface of the coating had become cracked
after thermal ageing. A representative test of the SOVAP cavity

thermal cycling as seen in space may be useful to assess the
evolution of the coating. The emissivity of the cavity (15�C
that corresponds to a wavelength of 10l m) can also in�uence
the TSI measurements. The emissivity of the SOVAP cavity is
close to 0.94 and can vary up to 1.5% (Dury et al. 2007).
C3 correction that depends on the emissivity takes into account
the contribution of the internal thermal emission of the active
shutter and its variation during the mission (less than
0.05 W m� 2). To conclude, it is dif�cult to have a complete
evaluation of the cavity degradation. However, the left channel
cavity degradation is very small from February 2013 to March
2014. If we take VIRGO as reference, it is less than
0.1 W m� 2.

Figure 4displays the total solar irradiance as seen by the
VIRGO-DIARAD radiometer (non-revised by RMIB), SOVAP
composite, TIM, PREMOS and SATIRE-S semi-empirical
model from July 2010 to March 2014. Time series of SOVAP
composite, TIM, PREMOS and SATIRE-S show lower TSI
than the canonical value of 1365.4 ± 1.3 W m� 2 used a
decade ago. The VIRGO TSI measurements (new scale) are
consistent with the SOVAP values and highlight the interest
to revise the TSI absolute values of all DIARAD type
radiometers.

Figure 5adisplays the standard deviation of average data
time (6 h) of the SOVAP composite measurements (‘‘Auto
2’’, ‘‘Auto 3’’ and ‘‘Rad 10’’ modes). Repeatability is less than
±0.1 W m� 2 and shows the dependence on the temperature of
both SOVAP shutters and radiometric core (Fig. 5b). It also
highlights the importance of developing cryogenic radiometers
to possibly avoid these effects. Scienti�c requirements of this
type of radiometer could provide a TSI-measurement uncer-
tainty (absolute determination) of ±0.5 W m� 2 (±367 ppm),
a measurement repeatability of ±0.01 W m� 2 (±7 ppm) and
a long-term stability better than ±0.05 W m� 2 (±37 ppm)
during a solar cycle.

5.3. TSI time series comparisons

The correlation coef�cient (R2) between SOVAP and the
semi-empirical model (SATIRE-S) TSI variations is close to
0.92. Thus, there is a very good correlation between these
two sets of data based on the Pearson de�nition. All correla-
tions are given inTable 3. The correlation coef�cient between
SOVAP and TIM observations is less good. All SORCE
instruments ceased operations from July 30, 2013 to December
22, 2013 due to an anomaly of the spacecraft (battery
degradation). The discontinuity in the TIM data may in�uence
the results.

Figure 6displays relative differences between SOVAP and
each radiometer (VIRGO-DIARAD, TIM and PREMOS) or
model (SATIRE-S) TSI variability. Positive or negative trends
of the relative differences highlight non-identical behaviours
between SOVAP and the considered radiometer. Relative dif-
ferences between SOVAP and space-based radiometer
(VIRGO-DIARAD, TIM and PREMOS) TSI variability are
lower than few hundred ppm. Moreover, relative differences
between SOVAP and semi-empirical model (SATIRE-S) TSI
variability are lower than few hundred ppm (Fig. 6). Between
February 2013 and November 2013, negative trends of the rel-
ative differences are observed that are less than 80 ppm
(~0.1 W m� 2). During this period, the SOVAP ‘‘Auto 2’’ mode
was operational. Thus, this is probably linked to a degradation
of the SOVAP left channel cavity.

Table 3. Pearson’s linear correlation coef�cient (R2) between
SOVAP, VIRGO-DIARAD, TIM, PREMOS and SATIRE-S TSI
time series.

R2 linear correlation S V T P S-S
SOVAP (S) –
VIRGO-DIARAD (V) 0.90 –
TIM (T) 0.76 0.67 –
PREMOS (P) 0.88 0.88 0.78 –
SATIRE-S (S-S) 0.92 0.92 0.78 0.93 –
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6. Conclusions

1. PICARD provides important contributions to TSI varia-
tion monitoring during Solar Cycle 24.

2. The SOVAP TSI time series has implemented our state-
of-the-art revised instrument equations.

3. SOVAP absolute TSI is equal to 1361.8 ± 2.4 W m� 2

(1r ) for the 2008 solar minimum period (VIRGO-
DIARAD TSI data extrapolation).

4. From July 2010 to March 2014, the amplitude of the TSI
changes has been of the order of ±0.1%, corresponding
to a range of about 2.7 W m� 2.

5. SOVAP data show very good correlations with VIRGO-
DIARAD and SATIRE-S.

6. The radiometric equations for all other DIARAD type
radiometers (and thus the absolute value of the TSI com-
ing from these) should be revised to account of the
thermo-electrical non-equivalence.
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