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Abstract17

Since the late 1970s, successive satellite missions have been monitoring solar activity and18

recording Total Solar Irradiance (TSI) data. The Digital Absolute Radiometer (DARA)19

on board the Chinese FY3E spacecraft was launched on July 4, 2021, and has since been20

recording TSI observations. Here, we analyze these observations and demonstrate their21

sensitivity to significant variations in temperature within the radiometer’s cavities. Ad-22

ditionally, we observed minimal degradation (5 ppm) in the recorded observations after23

2 years in orbit, resulting from exposure to ultraviolet and extreme ultraviolet radiation.24

Comparing the new dataset’s mean values with observations from active instruments on25

other spacecraft (i.e., PMO6 on board the VIRGO/SOHO and the TIM/TSIS), along26

with the Solar Irradiance Absolute Radiometer (SIAR) also on board FY3E/JTSIM, we27

find that DARA observations closely align with TIM/TSIS, with a difference of approx-28

imately 0.07 W/m2. Based on these findings, we generate a new TSI dataset at a 6-hour29

sampling interval. Finally, we have incorporated this new dataset into the TSI compos-30

ite time series released by the PMOD/WRC. The results indicate that the inclusion of31

DARA-recorded observations does not alter the consistency, reliability, and stability of32

the time series, particularly when examining variations during the last four solar min-33

ima.34

1 Introduction35

Total Solar Irradiance (TSI) stands as a critical parameter for comprehending and36

predicting Earth’s climate system, exerting a pivotal role in establishing the planet’s en-37

ergy balance through both incoming and outgoing electromagnetic radiation. TSI is de-38

fined as the integrated solar energy flux across its entire spectrum reaching the top of39

the atmosphere at the mean Sun-Earth distance of 1 AU (the astronomical unit). The40

reliable and continuous monitoring of TSI’s absolute value is indispensable for under-41

standing, reconstructing, and forecasting Earth’s climate. However, accurately measur-42

ing TSI has been a challenging task, requiring the deployment of radiometers on space-43

craft recording continuously observations since the late 1970s. Various publications have44

extensively discussed the TSI data records, contributing to our understanding of this im-45

portant parameter. Studies, e.g., Kopp et al. (2005), Thuillier et al. (2006), Kopp and46

Lean (2011) or Yeo et al. (2014), have analyzed TSI measurements recorded from over-47

lapping missions over the past 43 years.48

To further advance TSI monitoring capabilities, the Joint Total Solar Irradiance49

Monitor (JTSIM) has been developed as the next-generation instrument for long-term50

TSI monitoring in space. This instrument, built by the Changchun Institute of Optics,51

Fine Mechanics and Physics Chinese Academy of Sciences (CIOMP/CAS) in Changchun,52

China, is embedded into the Chinese Fengyun-3E spacecraft. The Fengyun program, sup-53

ported by the National Satellite Meteorological Center (NSMC) of China, aims to de-54

velop a series of Chinese meteorological spacecraft. The JTSIM comprises the Digital55

Absolute Radiometer (DARA) from the PMOD/WRC in Davos, Switzerland, and the56

Solar Irradiance Absolute Radiometer (SIAR) from CIOMP/CAS. These two radiome-57

ters are mounted on the same pointing system to measure TSI accurately. DARA is the58

latest type of radiometers developed by the PMOD/WRC (Davos, Switzerland), featur-59

ing several innovations compared to the previous generation. SIAR, on the other hand,60

employs an electrically calibrated differential heat-flux transducer with a cavity for ef-61

ficient radiation absorption (Wang et al., 2007; Zhu et al., 2023).62

Here, we evaluate the TSI measurements recorded by DARA. Song et al. (2021),63

Montillet et al. (2022) or Zhu et al. (2023) have already discussed the radiometer’s fea-64

tures (e.g., cavity, aperture size), the pre-flight calibration of the first light and the data65

reduction from raw observations to level 1. Overall, DARA has three (cavity radiome-66

ters) electrical substitution radiometers (channel A, channel B, and channel C, also called67
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cavity A, B or C). The (active) cavities are alternately shielded and exposed to the sun68

by periodically activating the shutter. Cavity B is the nominal cavity operating at a one69

minute rate. Cavity C is one of the backup cavity operating once every 10 days, whereas70

cavity A is the other backup cavity operating irregularly and used as the reference cav-71

ity when checking the housekeeping data (e.g., voltage, current). The cavities are aligned72

in a triangle which differs from older versions developed at PMOD such as the PMO673

radiometer on board of the VIRGO/SOHO mission. The new design has multiple ad-74

vantages, e.g. reduction of stray light, and the so-called non-equivalence effect (Montillet75

et al., 2022; Zhu et al., 2023). The operating rate is important to estimate the exposure76

time to UV/EUV radiation and modelling the degradation of the material (e.g., the coat-77

ing paint inside the cavity). Here, we focuses on the next level product and the time-78

frequency analysis of the TSI time series from the first light to the end of July 2023. The79

observed solar features are compared with other TSI products recorded by other active80

missions (i.e. VIRGO/SOHO or TIM/TSIS).81

Moreover, we include the new product into the so-called TSI composite time se-82

ries, incorporating all the observations available recorded by successive space instruments83

spanning 4 decades. As all satellite observations are limited in time, constructing com-84

posites is a key aspect to the investigation of TSI fluctuations over several decades. Merg-85

ing all these observations is a difficult exercise with both a scientific and a statistical chal-86

lenge (Dudok de Wit et al., 2017). Various algorithms have produced the TSI compos-87

ite time series either without (Wilson, 1997; Fröhlich & Lean, 2004; Mekaoui & Dewitte,88

2008) or with modelling the stochastic noise properties Dudok de Wit et al. (2017); Mon-89

tillet et al. (2022). A comprehensive discussion of the robustness of these various method-90

ologies is out of the scope of the presented work. Readers can refer to Dudok de Wit et91

al. (2017); Scafetta and Willson (2019); Montillet et al. (2022); Amdur and Huybers (2023).92

Here, we compare the TSI composite time series including the new DARA product us-93

ing the algorithm developed by Montillet et al. (2022) with other available datasets.94

The next section is an overview of the various past and currently active radiome-95

ters on board of spacecrafts together with the released TSI datasets. The Section 3 fo-96

cuses on the new TSI products at various data rates (i.e., minute, 6-hourly and daily)97

and the comparison with TSI observations recorded by some currently active radiome-98

ters. We perform a time-frequency statistical analysis in order to understand the var-99

ious noise backgrounds (i.e. solar noise, instrumental artifacts) influencing the data. We100

also discuss the influence of the degradation of the radiometer due to long exposure to101

UV/EUV light. The last section, Section 4, is the integration of the DARA TSI prod-102

uct (daily rate) within the TSI composite time series.103

2 Description of the TSI missions over the past 43 years104

Table 1 displays the instruments and the processing centers providing the obser-105

vations relative to the various missions past and present. The data processing, includ-106

ing corrections for all a priori known influences such as the distance from the sun (nor-107

malized to 1 AU), radial velocity of the sun, and thermal, optical, and electrical correc-108

tions, are usually implemented by each processing center, leading to level 1 data. Most109

of these instruments observe on a daily basis, with occasional interruptions and outliers.110

Usually, one to three of them operate simultaneously, although some days are devoid of111

observations. Note that PMODv21a (also called PMO6v8) is the new VIRGO/SOHO112

dataset released in March 2021 by PMOD using a new software described in Finsterle113

et al. (2021). PREMOS (v1) is the released version described in Schmutz et al. (2013).114

ERBE/ERBS and HF/NIMBUS-7 ERB datasets are retrieved from the PMOD archive115

and the corrections made by C. Fröhlich, which are explained in Fröhlich (2006).116

We have not included the previous test missions using a similar radiometer as the117

FY3E/JTSIM/SIAR on board of FY3A/B/C satellites. For a comprehensive overview,118
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Mission/Experiment/Instrument Version Start Date End Date

HF/NIMBUS-7 ERB - 11/1978 1/1993

ERBE/ERBS - 10/1984 8/2003

VIRGO/SOHO PMODv21a 01/1996 active

PREMOS/PICARD v1 06/2010 03/2014

ACRIM1/SMM 1 2/1980 7/1989

ACRIM2/UARS 7/14 10/1991 9/2000

ACRIM3/ACRIMSAT 11/13 04/2000 11/2013

TIM/SORCE 19 02/2003 02/2020

TIM/TCTE 4 12/2013 05/2019

TIM/TSIS 3 11/01/2018 active

NORSAT/CLARA 1 07/2017 active

FY3E/JTSIM/DARA 1 07/2021 active

FY3E/JTSIM/SIAR 1 07/2021 active

Table 1: Overview of the datasets used in this study including the start and end dates for
each mission and the latest version released by the various centers.

the reader can refer to Qi et al. (2015) and Zhu et al. (2023). Note that active in Table119

1 means that the instrument is still operating.120

3 Data Analysis121

This section focuses mostly on the time-frequency analysis of the observations recorded122

by the DARA and some comparisons with other TSI products at different rates (i.e. daily,123

6-hourly). We also discuss the sensitivity of the recorded TSI observations to instrumen-124

tal noises (e.g., cavity temperature). The second subsection is the analysis of the ratio125

between the nominal cavity and the back-up cavity (i.e. early increase, degradation).126

3.1 Time-Frequency Analysis127

Zhu et al. (2023) have evaluated the first light on August 18 2021 (01h 22min UTC)128

for DARA at 1361.99 ±0.05 W/m2 for cavity B. The cavity A recorded the first TSI value129

at 1361.36 ±0.12 W/m2 at 13h 12 min UTC and 1361.85 ±0.05 W/m2 on cavity C at130

04h 56min UTC. Figure 1 shows the recorded TSI observations for channel B (blue), C131

(green) and A (red). The time series displays a good consistency without many outliers.132

Note that the large drop in the TSI on the 20th of April 2023 is due to the total solar133

eclipse (Young et al., 2023). Other large TSI excursions are identified as outliers due to134

the off-pointing of the radiometer (e.g., deep space measurements). To further check the135

integrity of the DARA observations, we perform a frequency analysis displayed in Fig-136

ure 2. From previous studies, e.g., Andersen et al. (1994), Fröhlich et al. (1997) or Montillet137

et al. (2022), the PSD can be divided in various areas to analyse the solar noise. Solar138

noise results from photospheric activity associated with granules varying at different timescales139
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Figure 1: TSI observations recorded by the DARA from the various cavities: channel
B (blue), channel C (green) and A (purple). The channel B operates at 1 min. rate, C
at 10 day rate, and A irregularly acting as reference cavity. For convenience, we have
inserted a zoom of the time series (on a short period).

over a few hours (e.g., sunspots) to a decade (e.g., solar cycle), which generate fluctu-140

ations in the recorded irradiance values (Shapiro et al., 2017).141

In the minute rate TSI time series, we look at two frequency bands: G1 at [1-100]142

days and G2 at [1-30] minutes. The G1 frequency group is generally associated with the143

solar activity with events varying over days or longer (Fröhlich et al., 1997; Dudok de144

Wit et al., 2017; Shapiro et al., 2017; Montillet et al., 2022). The vertical dotted lines145

(black) F1, F2 and F3 are associated with the frequencies at 27, 9 and 7 days respec-146

tively which corresponds to the various modes of the solar rotation. The quasi 27-day147

solar cycle is caused by the sun’s differential rotation (presumably first observed by Galileo148

Galilei or Christoph Scheiner in the first half of the 17th century - (von Savigny et al.,149

2019)). We can also observe in Figure 2 that a spike at 101 minutes for the satellite or-150

bital revolution (yellow dashed vertical line) can be seen only in the PSD of the obser-151

vations recorded by the SIAR. The SIAR data have been filtered by the CIOMP team,152

therefore the recording rate is approximately 10 min. We can see the impact of apply-153

ing several band-pass filters in the trend and noise of the PSD.154

Below the 1 Hz/day, we observe the photospheric activity associated with P-modes155

(around 5 min.), granulation (around [6, 16] minutes), meso-granulation (around [16, 166]156

minutes) and granulation (up to 1 day) (Andersen et al., 1994; Fröhlich et al., 1997). This157

solar activity generates fluctuations in TSI at different timescales. Shapiro et al. (2017)158

discuss also the various instrumental noises at high frequencies (below 5 min.) which is159

difficult to dissociate from the solar noise. In the G2 frequency band (below 1 h), the160

DARA frequency spectrum is not completely flat showing some modulations. The SIAR161

frequency spectrum displays four large spikes (i.e. 20 min, 26 min, 34 min and 51 min).162

The first and second frequency spikes may be associated with the recording window (20163

to 26 min) of the instrument.164

To investigate further the various spikes and frequency modulations, one needs to165

take into account the features of the JTSIM platform on which both DARA and SIAR166
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Figure 2: Power spectrum analysis of the DARA 1 min rate TSI time series using the
Welch’s method: raw level 2 observations (blue), applying filter 1 (red) and SIAR (cyan).
We emphasize the two frequency bands G1 at [1-100] days and G2 at [1-60] minutes. The
black vertical dotted lines correspond to 27 (F1), 9 (F2) and 7 days (F3). The yellow
dashed vertical line is the line at the frequency of the satellite revolution (101 minutes).

instruments are mounted. The platform rotates every 4 days to perform the Deep Space167

(DS) measurements which were only used during the commission phase (post-launch)168

in order to evaluate mainly the DS corrections (Song et al., 2021; Zhu et al., 2023). Dur-169

ing these measurements, the cavity exchanges radiation with a different thermal back-170

ground in the shutter-open case, where the cavity radiates to deep space, compared to171

the closed case where the cavity’s thermal emission is reflected by the (gold-coated) back-172

side of the shutter. The DS correction is then required to compensate the thermal back-173

ground effect which is linked with the geometry of the cavity and the electronics of the174

instruments (Walter et al., 2020; Song et al., 2021). In addition, the platform movement175

is hard-coded in the spacecraft software system and can be neither interrupted nor over-176

written. During this maneuver, the cavity temperature variations look like a seesaw drop-177

ping between 4K and 10K over a 14h period. In the appendices, Figure A1 and A2 dis-178

play the cavity temperature with an emphasis on the large excursions. In addition, due179

to the polar orbit of the spacecraft, the transition from night to day also induces tem-180

perature variations of ∼ 7K. Therefore, the variability in the cavity temperature disturbs181

the nominal setup of the instrument and thus degrading the quality of the recorded TSI182

measurements.183

In order to show this sensitivity, we apply a filter, also called filter 1 in the remain-184

der of this study, using the cavity temperature to detect the large variations and iden-185

tify the corresponding measurements. To filter the excursions of the recorded temper-186

ature, we use a threshold adjusted over time varying between 272K and 287K. The se-187

lected temperatures are displayed in red in Figure A1 and A2 with small variations of188

less than 2K. Figure 3 displays the results of applying this filter. The included zoom em-189

phasizes a pattern in the TSI observations: every 4 days the measurements have a large190

scatter. This period corresponds to the regular DS measurements. We can remove all191

the observations acquired in the DS mode. These measurements increase the scatter of192

the time series. However, they do not contribute to the TSI fluctuations originating from193

solar activity, e.g. sunspot blocking, intensification due to bright faculae, and other el-194
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Figure 3: DARA TSI observations after applying the filter based on the cavity tempera-
ture (filt. 1). We display the channel B before (blue) and after filtering (red). Note that
for conveniences, we display the full time series between 1357 W/m2 and 1364 W/m2 and
a zoom on a selected period.

ements. They should be classify as instrumental noise a fortiori. The rate of the filtered195

times series is then reduced to virtually 7.8 min due to the high number of removed ob-196

servations. Figure A3 shows the PSD of the TSI observations recorded by the VIRGO/PM06197

radiometer with an emphasis on the P-modes. Previous works (Andersen et al., 1994;198

Fröhlich et al., 1997) demonstrate that in the granulation, the meso-granulation and super-199

granulation no activity can be detected in the VIRGO/PMO6 spectrum. The spectrum200

decreases in a power-law of approximately f−2. Figure A3 displays the power-law model201

and supports this assumption. Comparing with the PSD of the filtered DARA obser-202

vations, the slope is similar. we may then assume that similar stochastic processes are203

present.204

Furthermore, we observe many small amplitude spikes ranging around 16 min, 18205

min, 21 min and 25 min. They may correspond to the recording window (20 -26 min)206

of the instrument. Some of them are common between DARA and SIAR spectrum due207

to the similar operating time. As discussed before, there is a slight shift between these208

frequencies due to the filtering of the SIAR observations. Note that the frequencies at209

16 min and 18 min can be further eliminated if we filter more observations with a tighter210

criteria on selecting the cavity temperature variations (e.g., below 1K).211

Figure A4 and A5 display the PSD of the 6-hourly rate with and without filtering212

of the DARA observations. One can notice in the non-filtered data some spikes ranging213

from 4 days to 13 hours (i.e. [4, 2, 1.33, 1, 0.82, 0.68, 0.57, 0.5] days). All these frequen-214

cies are related to the DS measurements and the resulting sensitivity to the large vari-215

ations of the cavity temperature. In fact, the first harmonic of the DS measurement is216

4 days, the second harmonic is 2 days, the third one is 1.33 days, the fourth one is 1 day.217

The frequency of the spikes matches all the harmonics up to the 8th order. After filter-218

ing, we can see that all these frequencies disappear (see green spectrum). The slopes of219

the spectrum associated wit the various instruments are similar which means that sim-220

ilar stochastic noise processes (i.e. coloured and white noises) are contained in the ob-221
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servations, supporting our previous result about the spectrum of the raw DARA obser-222

vations. In particular, the SIAR and DARA frequency spectra (with or without filter-223

ing) correlate together very well in the low frequency (see before the F3 dotted line - at224

7 days). The frequency spectrum of the TIM/TSIS and the DARA (or the SIAR) seem225

to be shifted of approximately 1.83 days. This frequency shift may be explained by the226

large number of missing observations in the TIM/TSIS product which is supported by227

the lower rate (8.35h) compared with the SIAR (6.01h) or the DARA (6.10h (unfiltered),228

6.52h (filtered)) products. Note that the spectrum of the VIRGO/PMO6 is only here229

for reference. We use the hourly product released by PMOD/WRC (Finsterle et al., 2021).230

Moreover, Figure A6 shows the PSD of the TSI observations recorded by the var-231

ious instruments for the daily sampling rate. The DARA frequency spectrum is similar232

to VIRGO/PMO6 and TIM/TSIS when using filter 1. For the unfiltered data, there are233

two spikes at 2 and 4 days which correspond to the DS measurements (i.e. first and sec-234

ond harmonic) as discussed previously.235

Now, Table 2 presents the statistics computed on the observations recorded by the236

DARA, VIRGO/PMO6, TIM/TSIS, and SIAR at various sampling rates (i.e., minute,237

6-hourly, and daily). In general, the mean value of VIRGO/PMO6 is lower than the es-238

timates of the DARA and SIAR. The statistics associated with the SIAR observations239

are larger than the DARA ones across all sampling rates. DARA closely aligns with TIM/TSIS240

(within a margin of less than 0.07 W/(m2)). The SIAR records values above TIM/TSIS241

by approximately 0.26 W/(m2). Both DARA and SIAR observations are on average larger242

than the ones associated with the VIRGO/PMO6 observations.243

Mission/Experiment/Instrument Minute (6-)Hourly Daily

TSI level (µ ± σ [W/m2]) µ σ µ σ µ σ

VIRGO/PMO6 1361.10 0.52 1361.24(*) 0.38 1361.24 0.37

TIM/TSIS (+) - - 1362.32 0.38 1362.32 0.39

FY3E/JTSIM/DARA 1362.31 1.36 1362.32 0.41 1362.30 0.56

FY3E/JTSIM/DARA (filt. 1) 1362.35 0.37 1362.34 0.36 1362.35 0.36

FY3E/JTSIM/SIAR 1362.58 0.69 1362.58 0.45 1362.58 0.43

FY3E/JTSIM/DARA [DC] 1362.31 1.35 1362.32 0.41 1362.30 0.56

FY3E/JTSIM/DARA (filt. 1 [DC]) 1362.35 0.37 1362.35 0.36 1361.35 0.36

Table 2: Statistics - mean (µ) ± Uncertainties (σ) in W/m2 - for various active mis-
sions estimated for the period 18 August 2021 - 27 July 2023 . (*) means that we use the
hourly product for VIRGO/PMO6. The sampling rate of the TIM/TSIS observations
is only available in 6-hourly and daily products. The last two rows are the degradation-
corrected TSI observations (see [DC]).

3.2 Degradation-Correction244

The degradation of radiometers on board of satellites due to UV/EUV radiation245

has been a topic of research for the last 3 decades. Several approaches to deal with degradation-246

correction have been proposed (Fröhlich, 2003, 2006). Each of the data sets listed in Ta-247

ble 1 consist of the TSI measurements from an active (continuously operated) and at least248

one back-up (occasionally operated) channel. To assess instrument degradation, scien-249
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tists compare the measurements from the active channel with those from the occasion-250

ally operated backup channel(s). The specific procedure for this assessment varies and251

is often determined by the instrument team, evolving over the course of the experiment’s252

lifetime. Correction of degradation is particularly important when comparing and/or com-253

bining the TSI measurements from different missions into a single composite time series254

as discussed in the next section. Various algorithms have been proposed, based on dif-255

ferent assumptions and often using personal judgement when processing the data sets256

(Fröhlich, 2006; Dewitte & Nevens, 2016; Wilson, 2014). Finsterle et al. (2021) have re-257

cently developed an algorithm based on machine learning and data fusion to process the258

TSI observations without filtering or applying any sort of data pre-processing which can259

be assimilated to ”human refinement”. This algorithm is based on three basic assump-260

tions i/ the degradation curve is a function of the exposure time. The exposure time is261

the time when the instrument (in space) observes the sun; ii/ there is no degradation262

at the time of the first measurement taken in space; iii/ the degradation function is a263

smooth monotonic decreasing curve. The latter assumption involves that there is no ad-264

ditional source of degradation of the TSI measurements starting during the mission life265

time. The algorithm is currently employed to correct the TSI observations recorded by266

the VIRGO/PMO6 radiometer. Here, we apply this algorithm to correct any degrada-267

tion which could have degraded observations recorded by the nominal cavity of the DARA.268

Figure A7 displays the estimated degradation in channel B. The estimation is done269

using the ratio of the measurements recorded by the two channels as a function of the270

mission days. The ML algorithm fits an isotonic function similar to the correction of the271

channel A of the VIRGO/PMO6 radiometer. When looking at the ratio, there is no early272

increase phenomenon that was previously documented in the analysing the observations273

recorded by VIRGO/PMO6 (Finsterle et al., 2021) and PREMOS/PMO6 data (Schmutz274

et al., 2013; Ball et al., 2016). The change of coating paint used in the DARA’s cavity275

may explain this result. Also, our analysis have shown that the frequent deep space mea-276

surements have a negative impact on the stability of the time series. Therefore, we can-277

not exclude that the early increase phenomenon which should last less than 10 exposure278

days ( e.g., 5 exposure days for the VIRGO/PMO6 (Finsterle et al., 2021)) could be some-279

how masked by the temperature instability of the cavity. Moreover, we can see that the280

degradation does not start before mission days 680 (66 days of exposure time). That is281

the time needed for the saturation of the coating paint before starting the degradation282

of its absorption properties. This topic is comprehensively investigated in Remesal Oliva283

(2021). Overall, the correction is very small of around 0.5 ppm for a period covering 25284

months within the scatter of the observations of around ± 200 ppm. Therefore, we con-285

clude that no degradation can be observed on the recorded measurements.286

Finally, we compare the statistics of the degradation-corrected TSI time series in287

Table 2 with the raw observations (i.e. between the upper and lower part of the table).288

The results show that the difference at any recording rate is marginal (below 0.01 W/m2).289

This outcome is anticipated as a result of the minor adjustment of the TSI observations.290

4 TSI Composite Including the JTSIM-DARA Product291

Previously, we have introduced the TSI composite time series gathering all the TSI292

data recorded by satellite missions since the late 1970s. In our effort to assess the inte-293

gration of the DARA daily rate dataset into this time series, we conduct a time-frequency294

analysis similar to the approach adopted by Dudok de Wit et al. (2017) and Montillet295

et al. (2022). The algorithm employed to generate the TSI composite, developed by Montillet296

et al. (2022), is based on the former PMOD/WRC TSI composite released by Fröhlich297

(2006). Consequently, the product resulting from Montillet et al. (2022) is also regarded298

as the replacement of the discontinued product updated by Fröhlich (2006).299
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The previous time series released by Dudok de Wit et al. (2017), Fröhlich (2006)300

and Montillet et al. (2022) are called respectively Composite 1 (C1), Composite 2 (C2)301

and Composite 3 (C3) in the following text. The product when including the daily DARA302

product is called Composite 4 (C4), and with the SIAR product Composite 5 (C5). Com-303

posite 6 (C6) is the latest TSI time series published by Dewitte and Nevens (2016) and304

updated by Dewitte et al. (2022). The DARA daily rate time series is the so-called FY3E/JTSIM/DARA305

filt. 1 in Table 2. Moreover, C1 is the TSI community consensus composite, the bench-306

mark against which any new results must be compared.307

We perform a comparative analysis of the new composite time series by examin-308

ing the differences in solar minima. The results are presented in Table 3. It is worth not-309

ing that the period used for averaging the solar minima are the same ones selected in310

Dudok de Wit et al. (2017) and Montillet et al. (2022). Our findings indicate variations311

among the C1, C2, C3 and C6 consistent with the observations discussed in Montillet312

et al. (2022), where the methodology for constructing the TSI composite time series ac-313

counts for the differences in solar minima across various solar cycles. For example, the314

fluctuations of the solar minima between Solar Cycle 21/22 and 22/23 (∆I22/23−21/22)315

do not agree between the composites. The difference is positive for the C1, whereas it316

is negative or null for the other composites. This disagreement has been discussed in Montillet317

et al. (2022), and it is due to the processing methodology of the TSI observations for the318

first missions (e.g., HF/NIMBUS-7 ERB, ERBE/ERBS). The fluctuation between the319

other solar cycles (i.e Solar Cycle 22/23, 23/24, 24/25) is more homogeneous in terms320

of the sign value (i.e. negative for all of them). As previously said, readers interested specif-321

ically in the making of the TSI composites can refer to the literature (Fröhlich, 2006; Du-322

dok de Wit et al., 2017; Dewitte et al., 2022; Montillet et al., 2022). Our main result is323

that C3, C4 and C5 do not show many differences at the level of the solar minima (i.e.324

below 0.01 W/m2). Thus, the inclusion of the DARA or the SIAR observations has no325

influence on the TSI composite. The difference between two successive solar minima (e.g.,326

∆I22/23−21/22) can help detect a (global) trend following the methodology used in Dudok327

de Wit et al. (2017) and Montillet et al. (2022). The results show that these differences328

are marginal, with associated uncertainties large enough (i.e. at least twice the mean value)329

to discredit any assumptions on the trend. Any visual effects or short-term trends are330

most likely related to the coloured noise rather than a physical phenomenon generated331

by the sun’s activity, corroborating previous discussions (Dudok de Wit & Kopp, 2020)332

and supporting recent analysis (Schmutz, 2021; Montillet et al., 2022; Amdur & Huy-333

bers, 2023). Finally, Figure A8 shows the TSI composite time series C3 and C4. Figure334

A9 displays the frequency spectrum comparing C1, C2, and C4. The frequency analy-335

sis shows that the power spectrum are very similar which means that they all contain336

similar stochastic noise at a similar amplitude. Last, the difference between C3 and C4337

is displayed in Figure A10. 90 % of the points are between the /pm 0.01 W/m2. The338

mean value is approximately 0.0001 W/m2 with an uncertainty of 0.008 W/m2, there-339

fore the inclusion of the JTSIM-DARAv1 product does not change the characteristics340

of the TSI composite at level of 0.01 W/m2.341

5 Conclusions342

This work focuses on a comprehensive analysis of TSI observations recorded by the343

DARA instrument onboard the FY3E spacecraft. The study encompasses various sam-344

pling rates, i.e. minute, hourly, and daily data, and includes comparisons with other ac-345

tive radiometers (i.e. VIRGO/PMO6 and TIM/TSIS) together with the SIAR which is346

also mounted on the same platform as the DARA.347

Our findings shed light on several key aspects of the TSI observations. Notably,348

we demonstrate the sensitivity of the recorded TSI to DS measurements, driven by sig-349

nificant variations in the cavity temperature. In contrast, the SIAR observations proves350

resilient to such sensitivity due to the (effective) control of cavity temperature, which351
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TSI level (µ ± σ [W/m2])

Composite Name

C1 C2 C3 C4 C5 C6

µ σ µ σ µ σ µ σ µ σ µ σ

Solar Cycle 21/22
Minimum (SM1) 1360.51 0.13 1360.59 0.12 1360.59 0.13 1360.59 0.13 1360.59 0.13 1360.53 0.11

∆I21/22−20/21 - - - - - - - - - - - -

Solar Cycle 22/23
Minimum (SM2) 1360.69 0.14 1360.57 0.15 1360.59 0.13 1360.59 0.13 1360.59 0.13 1360.51 0.12

∆I22/23−21/22 0.18 0.27 -0.02 0.27 0.0 0.26 0.0 0.26 0.0 0.26 -0.02 0.23

Solar Cycle 23/24
Minimum (SM3) 1360.53 0.04 1360.42 0.06 1360.41 0.04 1360.41 0.04 1360.41 0.04 1360.47 0.04

∆I23/24−22/23 -0.17 0.18 -0.15 0.21 -0.18 0.17 -0.18 0.17 -0.18 0.17 -0.05 0.16

Solar Cycle 24/25
Minimum (SM4) - - - - 1360.37 0.07 1360.37 0.07 1360.37 0.07 1360.49 0.06

∆I24/25−23/24 - - - - -0.04 0.11 -0.04 0.11 -0.04 0.11 -0.02 0.21

Table 3: Estimation of TSI at solar minimum (Minimum) over the last 43 years from
TSI time series (mean µ and standard deviation σ) released by Dudok de Wit et al.
(2017) (C1), by Fröhlich (2006) (C2), by Montillet et al. (2022) Composite 3 (C3) and
by Dewitte and Nevens (2016) (C6). The new TSI composite including the daily JTSIM-
DARAv1 product and the daily sampling of the SIAR observations are abbreviated to
(C4) and (C5). The difference in irradiance between solar minima (SM) from consecutive
solar cycles (e.g., ∆I22/23−21/22) is also displayed with the uncertainties (bold text)

minimizes large excursions. Note that we have accessed only the filtered SIAR data for352

this study. Our work also delves into an evaluation of degradation caused by exposure353

to UV/EUV radiations in space, employing the algorithm developed by Finsterle et al.354

(2021). The results show only marginal degradation after 2 years following the space-355

craft launch. We also find that DARA observations are at a level close to TIM/TSIS records356

with a difference of the mean value less than 0.07 W/m2. Note that the mean value of357

the SIAR measurements is above, with a mean value difference of 0.26 W/m2. Based358

on these results, we make the 6-hourly rate product, which underwent filtration based359

on cavity temperature (referred to as DARA filt. 1) and corrected for degradation. This360

product, denoted as JTSIM-DARAv1, is now available to the public.361

Finally, JTSIM-DARAv1 has been inserted in the TSI composite time series us-362

ing the algorithm developed by Montillet et al. (2022). The TSI composite gathers all363

the TSI observations recorded since the late 1970s. A comparison with the TSI compos-364

ite released regularly by PMOD/WRC (Montillet et al., 2023) showcases only marginal365

differences (i.e. below 0.01 W/m2). This result demonstrates the overall consistency and366

reliability of including the JTSIM-DARAv1 product into the composite. Looking for-367

ward, the TSI composite time series releases by the PMOD team will consistently includes368

the JTSIM-DARAv1 product, ensuring a robust and continuous record for the benefit369

of the scientific community.370
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3e/ - see link to the ftp server) or via the open archive repository www.astromat.org396
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Appendix A Additional Figures398

Figure A1: Cavity temperature in Kelvin (K) - filtered (red) and original (black)

Figure A2: Cavity temperature in Kelvin (K) - filtered (red) and original (black) - zoom
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Figure A3: Power Spectrum Density analysis of the DARA 1 min rate TSI time series
using the Welch’s method applying filter 1 (red). The gray PSD is the 1 minute data rate
of the observations recorded by the PMO6 radiometer on board of the SOHO/VIRGO
mission. We emphasize the frequency band G1 at [1-100] days and the P-modes (dashed
purple box). The black vertical dotted lines correspond to 11.5 years (F0), 27 days (F1),
9 days (F2) and 7 days (F3). The dashed line is the power-law model when varying the
exponent (shown for context).

Figure A4: Power spectrum analysis of the DARA 6h rate TSI time series using the
Welch’s method applying filter 1. We also display the 6h data rate of the observations
recorded by the VIRGO/PMO, SIAR and TSIS/TIM radiometers. The black vertical dot-
ted lines correspond to 11.5 years (F0), 27 days (F1), 9 days (F2) and 7 days (F3).
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Figure A5: Power spectrum analysis of the DARA 6h rate TSI time series using the
Welch’s method applying filter 1 or not.

Figure A6: Power Spectrum Density of the DARA daily rate TSI time series using the
Welch’s method applying filter 1. We also display the daily data rate of the observations
recorded by the VIRGO/PMO6, TIM/TSIS and SIAR radiometers. The black vertical
dotted lines correspond to 11.5 years (F0), 27 days (F1), 9 days (F2) and 7 days (F3).
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Figure A7: Ratio of the channels B and C as a function of the mission days. The red
line is the degradation curve for the observations recorded by the cavity B. There is no
degradation at this time for the back-up channel (black crosses). A zoom is also included
showing a degradation of approximately 5 ppm.

Figure A8: New composite (C4, orange) based on merging 43 years of TSI measurements.
For comparison, C2 (Fröhlich, 2006) and C1 (Dudok de Wit et al., 2017) are also shown
(grey line). A 30-day running mean of C4 is shown as a yellow/purple dashed line. The
orange boxes are associated with the solar minima (SM) for each solar cycle described in
Table 3. For context, the monthly sunspot number is also displayed.
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Figure A9: Power Spectrum Density of TSI C1 (Dudok de Wit et al., 2017), C2
(Fröhlich, 2006), together with the new TSI composite including the JTSIM-DARA prod-
uct C4 . The (∗) means that the time series are shifted by rescaling the amplitude by −4
W2 m−4 day in the log-log plot. The dashed lines are the various power-law models when
varying the exponent, which are only shown for context. The vertical doted lines (black)
mark the frequencies at 27 (F1), 9 (F2) and 7 (F3) days.

Figure A10: Difference between the TSI composite C3 (Montillet et al., 2023) and the
time series including the JTSIM-DARA product C4. The horizontal doted lines show the
limit at 0.01 W/m2.
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