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A B S T R A C T 

In recent years, supergranulation has emerged as one of the biggest challenges for the detection of Earth-twins in radial velocity 

planet searches. We used eight years of Sun-as-a-star radial velocity observations from HARPS-N to measure the quiet-Sun’s 
granulation and supergranulation properties of most of its 11-yr activity cycle, after correcting for the effects of magnetically 

active regions using two independent methods. In both cases, we observe a clear, order of magnitude variation in the time-scale 
of the supergranulation component, which is largest at activity minimum and is strongly anticorrelated with the relative Sunspot 
number. We also explored a range of observational strategies which could be employed to characterize supergranulation in stars 
other than the Sun, showing that a comparatively long observing campaign of at least 23 nights is required, but that up to 10 stars 
can be monitored simultaneously in the process. We conclude by discussing plausible explanations for the ‘supergranulation’ 
cycle. 
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Over the next decade, extremely precise radial velocity (EPRV)
nstruments will in principle reach the precision needed to detect
arth-like planets. Since the detection of the first exoplanet around a
un-like star in 1995 (Mayor & Queloz 1995 ), over 5800 exoplanets
ave been confirmed. Most were detected by space-based transit-
earch missions such as Kepler (Borucki et al. 2010 ) and the
ransiting Exoplanet Survey Satellite ( TESS ; Ricker et al. 2014 ).
he PLATO mission (Rauer et al. 2024 ), due to launch in 2026,
ill combine a Kepler -like collecting area with an extremely wide
eld-of-view in order to find Earth-like planets around nearby, Sun-

ike stars, suitable for further characterization. Radial velocity (RV)
ollow-up is key to confirm transiting planet candidates and to
etermine the planet’s mass. At the same time, blind EPRV searches
mploying a very intensive monitoring strategy will aim to detect
on-transiting Earth analogues around the same stars (Thompson
t al. 2016 ; Hall et al. 2018 ; Gupta et al. 2021 ). The key challenge in
oth cases is the intrinsic variability of the host star, which typically
 E-mail: niamh.osullivan@physics.ox.ac.uk 
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verwhelms the planetary signals of interest, and can also mimic
hem in some cases (e.g. Rajpaul, Aigrain & Roberts 2016 ; Crass
t al. 2021 ; Meunier 2024 ). 

For the past 15 yr, precise RV spectrographs such as HARPS
Mayor et al. 2003 ) and HARPS-N (Cosentino et al. 2012 ) have
ade the detection of small planets, with RV semi-amplitudes

own to around 1 m s−1 , a matter of routine (Cretignier et al. 2023 ;
alal et al. 2024 ; Nari et al. 2025 ), but have struggled to reach
elow this ‘floor’. Their sensitivity is limited in part by night-
o-night calibration errors of order 0.5 m s−1 (Dumusque et al.
021 ). This motivated the development of a new generation of
ltrastable RV spectrographs equipped with Laser Frequency Combs
LFCs) for wavelength calibration, including EXPRES (Jurgenson
t al. 2016 ), KPF (Gibson et al. 2016 ), NEID (Schwab et al.
018 ), and ESPRESSO (Pepe et al. 2021 ), which should reach
nstrument stability of ∼ 20 cm s−1 . However, even these state-of-
he-art instruments are limited by intrinsic stellar variability, which
ntroduces RV variations up to several m s−1 on a wide range of
ime-scales. Next-generation RV surveys are thus planning to adopt
ery intensive monitoring strategies, to characterize these variations
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Figure 1. Dopplergram of the sun showing the supergranulation pattern. Due 
to the horizontal nature of supergranulation, the granules are more visible 
towards the limb of the Sun. (image credit: SOHO/MDI/ESA). 
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ell enough to disentangle them from planetary signals from Earth 
nalogues (with semi-amplitudes of order 10 m s−1 and periods of 
everal hundred days). 

An example of such a survey is the Terra Hunting Experiment 
THE; Thompson et al. 2016 ; Hall et al. 2018 ), which will use the
ARPS3 spectrograph, an upgraded copy of HARPS and HARPS- 
 that will be installed on the Isaac Newton Telescope (INT) on La
alma. HARPS3 will be equipped with an LFC and will observe 
right stars at high Signal-to-Noise Ratio (SNR) to reach a precision 
f ∼ 30 cm s−1 per epoch, but what sets THE apart is that it will
ocus on a comparatively small number of target stars (a few dozen),
hich will be monitored very intensively for the full, 10-yr duration 
f the survey. To enable this mode of operations, the INT has been
efurbished and is fully robotic. While the baseline observing strategy 
s to observe each of the target stars once per night (subject to
isibility constraints), this can be refined further; the optimal strategy 
epends on the detailed variability properties of the host stars and 
he strategies used to mitigate that variability Cegla ( 2019 ). 

. 1  S U P E R G R A N U L AT I O N  

he interplay of convection and magnetic fields in the surface 
ayers of Sun-like stars gives rise to complex structures in their 
hotospheres, which induce RV variability on a wide range of time- 
cales. Active regions (regions of enhanced surface magnetic flux, 
ontaining spots, faculae and plages), give rise to RV variations with 
mplitudes of several m s−1 (Saar & Donahue 1997 ; Desort et al.
007 ; Meunier, Desort & Lagrange 2010 ; Lovis et al. 2011 ; Gomes
a Silva et al. 2012 ) on time-scales ranging from weeks (associated
ith the star’s rotation rate and the intrinsic evolution of the active

egions) to years (associated with cyclic behaviour of the dynamo 
hat powers the star’s large-scale magnetic field). Historically, this 
tellar activity signal has been the main factor limiting the detection 
f small-amplitude, long-period planets in RVs. However, the past 
5 yr have seen major progress in mitigating activity signals in RV.
t the simplest level, decorrelating the RVs against spectroscopic 

ctivity indicators (such as log R′ 
HK & H α) can significantly reduce 

he activity signals (see Boisse et al. 2009 ; Dumusque et al.
011b ; Figueira 2013 ; Holzer et al. 2021 , for examples), though
uch a simplistic approach is generally insufficient to capture their 
ull complexity. More flexible models such as Gaussian Process 
GP) regression (Aigrain & Foreman-Mackey 2023 ) have become 
ncreasingly popular to model activity signals in RVs (Haywood et al. 
014 ), and have proved particularly effective when applied to RVs
nd activity indicator time-series simultaneously (Aigrain, Pont & 

ucker 2012 ; Rajpaul et al. 2015 ; Barragán et al. 2022 ; Delisle et al.
022 ). In recent years, new methods have been proposed to model
ine-shape changes induced by active regions directly in time-series 
f cross-correlation functions (CCFs; Collier Cameron et al. 2021 ; 
e Beurs et al. 2022 ; Klein et al. 2022 ), and even spectra and/or line-
y-line (LBL) RVs (Jones et al. 2017 ; Dumusque 2018 ; Rajpaul,
igrain & Buchhave 2020 ; Cretignier, Dumusque & Pepe 2022 ; 
ienhard et al. 2022 ; Cretignier et al. 2023 ; Zhao et al. 2024 ). In the
est cases, these methods enable the correction of activity signals 
own to the sub-m/s level, allowing for the detection of low-mass
xoplanets (e.g. Faria et al. 2022 ). 

At the opposite end of the frequency spectrum, stellar oscillations, 
aused by trapped sound waves in the stellar atmosphere (Goldreich, 
urray & Kumar 1994 ; Kjeldsen & Bedding 1995 ), induce RV

ariations on time-scales of a few minutes and with amplitudes of
round 1 m s−1 for Sun-like stars. These are typically mitigated by 
sing exposure times that are similar to or longer than the oscillation
eriods, so that the RV signal is averaged out (Chaplin et al. 2019 ). 
On slightly longer time-scales, granulation is caused by convective 

pflows resulting in an overall convective blueshift (Roudier et al. 
991 ; Rimmele et al. 1995 ; Lefebvre et al. 2008 ). On the Sun,
ranulation flows can reach vertical velocities of several hundred 
 s−1 , and vary on time-scales of a few 10 s of minutes within

ndividual granules, which themselves have a typical size of 1 Mm
Meunier 2021 ). However, the disc-integrated RV signal, which is 
veraged over 1000 000’s (for a Sun-like star) of granules, is observed
o be around 0.4 m s−1 for the Sun (Elsworth et al. 1994 ; Pallé et al.
999 ; Sulis, Mary & Bigot 2020a ). 
While granulation mainly gives rise to vertical flows in the 

hotosphere, supergranulation (SG), first discovered 60 yr ago (Hart 
954 , 1956 ) is a predominantly horizontal flow. It was first discovered
s a horizontal velocity field superimposed on the Sun’s mean 
olar rotation field near its equator, and confirmed as a disc-wide
henomenon by Leighton, Noyes & Simon ( 1962 ) using Doppler
mages. Supergranulation is a velocity perturbation below of the 
ranulation field, with each supergranule in the Sun measuring 30–
5 Mm across (November 1994 ; Rieutord et al. 2010 ; Rincon et al.
017 ), which share a predominantly horizontal motion, with hori- 
ontal speeds of 200–400 m s−1 compared to vertical speeds of 20–
0 m s−1 (Rincon & Rieutord 2018 ). The predominantly horizontal 
ature of the supergranulation flow is evident in SDO Dopplergram 

mages after subtraction of the rotational motion of the Sun and the
ean convective blueshift, where the supergranules disappear near 

he centre of the solar disk (see Fig. 1 for an example). Despite the
lower speeds involved, the large spatial scale of supergranulation 
ompared to granulation leads to larger disc-averaged RV variations. 
arious studies have estimated the amplitude of supergranulation 
ignals in solar RVs to be in the range 0.5–1 m s−1 using simulations
Meunier et al. 2015 ; Meunier & Lagrange 2019 , 2020 ) and Sun-
s-a-star observations (Al Moulla et al. 2023 ; Lakeland et al. 2024 ).
his makes supergranulation the next largest stellar variability signal 
fter magnetic activity in the Sun, and a very significant limiting
MNRAS 541, 3942–3962 (2025)
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Table 1. List of variations of supergranule sizes and time-scale with magnetic field from the literature. Updated from Meunier et al. ( 2007 ). The first 6 references 
concern studies at a given time (spatial variations), while the last 6 reference studies cover the solar cycle or part of it. FT means Fourier Transform. A plus 
sign ( + ) means an increase in cell size or time-scale with increasing activity levels, while a minus sign ( −) means the opposite. An equal sign ( = ) means no 
variation was found. 

Reference Data Method Size Time-scale Comments 

Sýkora ( 1970 ) Ca II images autocorrelation + 

Wang ( 1988 ) magnetograms autocorrelation + − Large errorbars 
Wang et al. ( 1996 ) magnetograms autocorreltation + 

Hagenaar, Schrijver & Title ( 1997 ) Ca II K images segmentation = 

Raju & Singh ( 2002 ) Ca II K images autocorrelation −
Meunier et al. ( 2007 ) magnetograms segmentation −
Singh & Bappu ( 1981 ) Ca II K images autocorrelation − Via latitude variations 
Muenzer et al. ( 1989 ) Ca II K images 2D TF + 

Kariyappa & Sivaraman ( 1994 ) Ca II K images segmentation − Via brightness intensity 
Komm, Howard & Harvey ( 1995 ) magnetograms autocorrelation + FWHM of the autocorrelation curves 
Berrilli et al. ( 1999 ) Ca II K images segmentation − Over 1 yr only 
De Rosa & Toomre ( 2004 ) Doppler segmentation − − 2 time series 
Gizon & Duvall ( 2003 , 2004 ) Doppler helioseismology = − Week dependence 
Meunier, Roudier & Rieutord ( 2008 ) magnetograms velocity field divergences − 1 σ detection 
McIntosh et al. ( 2011 ) magnetograms & 

Ca II K images 
segmentation + 

Chatterjee, Mandal & Banerjee ( 2017 ) Ca II K images watershed + 

Mandal, Chatterjee & Banerjee ( 2017 ) Ca II K images watershed + 

Rajani et al. ( 2022 ) Ca II K images segmentation −
Sowmya et al. ( 2023 ) Ca II K images segmentation + 
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actor in the RV detection of Earth-twins (Meunier & Lagrange
019 , 2020 ). The characteristic lifetime of supergranulation has
een widely debated. Time-scales ranging from 0.5 to 2 d have been
eported in the literature (see Rincon & Rieutord 2018 , for a review).

Convection at the solar surface is strongly coupled to the Sun’s
agnetic dynamics. For example, Leighton et al. ( 1962 ) and Simon &
eighton ( 1964 ) found strong correlations between the magnetic field
istribution of the quiet-Sun and supergranulation flows. Simon et al.
 1988 ) showed that supergranules are herded by small-scale magnetic
tructures at their boundaries. Given this link between magnetic field
nd supergranules, it is natural to ask how the physical properties of
he latter vary over the Sun’s magnetic cycle. 

Several studies have addressed this question using solar obser-
ations; we have attempted to summarize their results in Table 1 ,
hich is an updated version of a similar table presented in Meunier,
oudier & Tkaczuk ( 2007 ). The vast majority of studies focused on

he sizes of supergranules, while a small number looked at their
ifetimes. All the studies were based on resolved images of the
un. Despite the relatively similar types of data used, there are
bvious disagreements between the results reported in the literature:
ome studies find supergranule sizes to be positively correlated
ith the Sun’s activity level, others anticorrelated, and the same
oes for their lifetimes. Meunier et al. ( 2007 ) proposed a possible
xplanation for these conflicting results: they found that while
he size of supergranules is anticorrelated with the magnetic field
trength within the supergranulation cells, larger supergranules have
 stronger network at their boundary, which can lead to a negative or
ositive correlation being reported depending on how the magnetic
ctivity level is defined. This highlights the care needed to interpret
he results summarized in Table 1 . 

While spatially resolved studies provide valuable insights into the
hysical processes governing supergranulation, its impact on RV
lanet searches is best studied using disc-integrated, Sun-as-a-star
V observations. Lakeland et al. ( 2024 ) recently used images from

he Solar and Heliospheric Observatory (SDO) to estimate the RV
NRAS 541, 3942–3962 (2025)
ariations due to active regions, and subtracted them from HARPS-
 RVs to study the residual’quiet-Sun’ RV variations. They used

tructure functions, a non-parametric method to quantify the root-
ean-square (r.m.s.) variability of an irregularly sampled time-series

s a function of time-scale. They found that the r.m.s. of the quiet-
un RVs is approximately constant over the 8 yr of data they studied,
t around 1 m s−1 , and that its characteristic time-scale is consistent
ith supergranulation simulations, indicating that supergranulation

s the dominant phenomenon contributing to the residual variations. 
The present study aims to revisit this question and expand on

his work, with a few important differences. As we have seen when
iscussing the published results based on spatially resolved images,
he way magnetic activity is defined can have a critical effect on
ur understanding of the connection between supergranulation and
agnetism. We therefore consider two different methods to estimate

nd subtract the RV contribution of the active regions, one based
n SDO images (following Lakeland et al. 2024 ) and one using
ixel-level correlations between the spectrum time-series and activity
ndicators (Cretignier et al. 2021 ). When using the latter, we consider
n additional year of data, up to and including the present activity
ycle maximum. Finally, we model the supergranulation-like signal
n the quiet-Sun RVs as a Gaussian Process (GP), following the
ethod presented in O’Sullivan & Aigrain ( 2024 ), which allows us

o measure its variance and characteristic time-scale directly, with
obust uncertainties. 

The remainder of this paper is structured as follows. Section 1
resents the observations and data reduction steps used in this
tudy as well as the two methods used to extract quiet-Sun RVs,
hile Section 2 summarizes the GP regression method we use to
easure the (super)granulation parameters. We present our results

nd compare them with the relative sunspot number in Section 3 . We
hen investigate in Section 4 different observing strategies that could
e used by EPRV surveys to characterize supergranulation signals in
ther stars than the Sun. Finally, we summarize our conclusions and
iscuss the implications of our results in Section 5 . 
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Figure 2. HARPS-N solar RVs (light blue, top), SDO quiet-Sun RVs (green, middle), and YARARA quiet-Sun RVs (pink, bottom), with arbitrary offset for 
graphical consideration. The vertical lines delimitate the end of cycle 24, the solar minimum, and the start of cycle 25. 
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1 The ESPRESSO DRS is publicly available on https://www.eso.org/sci/ 
software/pipelines/espresso/?utm source = chatgpt.com . 
 OBSERVATIONS  

his study used observations from the HARPS-N solar telescope and 
he Solar Dynamics Observatory (SDO). We combine these data sets 
sing different reduction methods to create two’quiet-Sun’ RV data 
ets. The raw observations and the methods to extract the quiet-Sun 
ata are described below. 

.1 Raw Data 

.1.1 HARPS-N spectra and RVs 

he HARPS-N Solar telescope, situated on the Telescopio Nazionale 
alileo (TNG) at the Roque de las Muchachos Observatory in 
a Palma (Spain), has been observing the Sun since 2015 at a
 min cadence for (on average) 6 hr a day, allowing for a near
ontinuous data set (Cosentino et al. 2012 ; Dumusque et al. 2015 ,
021 ; Phillips et al. 2016 ; Collier Cameron et al. 2019 ). The
elescope collects disc-integrated light from the Sun through a 
 arcmin lens that feeds into an integrating sphere, which scram-
les the angular information, converting images to a point source. 
his in turn is fed through an optical fibre into the HARPS-
 spectrograph, leading to a sun-as-a-star spectroscopic data set. 
hese observations have very high resolution ( R = 115 000), and
over a wide wavelength range, from 383 to 690 nm. The Sun is
bserved using 5-min exposures, resulting in a typical SNR of 400 
er resolution element (at 550 nm). We use HARPS-N solar data 
aken during the period from 2015 July to 2023 November. As the
-min cadence matches the characteristic frequency of the Sun’s 
-mode oscillations, these are mostly averaged out, while the gran- 
lation with a time-scale greater than five minutes, supergranulation 
nd rotational modulation signals remain, along with instrumental 
ystematics. 

The solar spectra collected were processed, and RVs extracted, 
sing version 3.0.1 of the ESPRESSO Data-Reduction Software 
 DRS ; Pepe et al. 2021 ) optimized for HARPS-N 

1 , with a number
f specific adjustments for the solar data as described in Dumusque
t al. ( 2021 ). The DRS data products used in the present work were
he order-merged spectra (S1D) and the RVs extracted by cross- 
orrelation with a digitized mask. 

Observations affected by clouds or strong differential extinction 
cross the solar disc were excluded following the prescription 
escribed in Klein et al. ( 2024 ), which is based on the quality flags
nd differential extinction corrections derived by Collier Cameron 
t al. ( 2019 ). This selection resulted in a total of 107 602 solar
pectra used in our analysis. On average, there are around 50 5-min
bservations a day, over a 5.3 hr long observing day. We show that this
ampling does not affect our results in Appendix A . The HARPS-N
olar RVs are shown in the top of Fig. 2 . The corresponding General
omb–Scargle Periodogram (Zechmeister & Kürster 2009 ) is shown 
t the top of Fig. 3 . 

.1.2 SDO/HMI Dopplergrams and magnetograms 

he Helioseismic and Magnetic Imager (HMI) onboard SDO has 
een collecting resolved images of the Sun since 2010, enabling 
etailed monitoring of the Sun’s surface (Pesnell, Thompson & 

hamberlin 2012 ). HMI takes observations in two polarization states, 
n each of 6 narrow bands around the magnetically sensitive 6176 Å
e I line. A Gaussian function is fit to the intensities to estimate

he local RV at each pixel and construct Dopplergrams, while the
olarization information is used to determine the magnetic flux at 
ach pixel and construct magnetograms. 

In this work, we used 12 343 SDO/HMI observations, each with a
2-min exposure, taken every 4 hr between 2015 July 29th to 2022
ovember 12th. 
MNRAS 541, 3942–3962 (2025)
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Figure 3. Lomb–Scargle Periodogram of the HARPS-N Solar RVs (light blue), SDO quiet-Sun RVs (green), and YARARA quiet-Sun RVs (pink). The vertical 
lines indicate the solar rotation period and the first two harmonics (dashed). 
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.2 Extracting quiet-Sun RVs 

his study focuses on the RV variations of the quiet photosphere.
o isolate these, we first need to estimate the contribution of
agnetically active regions, which otherwise dominate the disc-

ntegrated RV variations, and subtract this contribution from the
ARPS-N solar RVs. 
We used two different methods to do this, one using SDO data and

he other using HARPS-N data alone, allowing us to compare the
esults of the two approaches in the remainder of the paper. 

.2.1 SDO activity correction 

e used SDO/HMI Dopplergrams and magnetograms to estimate
nd subtract the contributions of magnetically active regions to the
ARPS-N disc-integrated solar RVs following the methodology
eveloped by Haywood et al. ( 2016 , 2022 ) and Milbourne et al.
 2019 ). This is the same method used by Lakeland et al. ( 2024 ) to
tudy the evolution of the quiet-Sun RV variations over multiyear
ime-scales, allowing us to perform a direct comparison to the results
f that study. 
This method involves first identifying which pixels on each HMI

poch belong to active regions by applying a magnetic flux threshold
n the magnetogram, and a minimum area requirement (i.e. only
ctive regions above a certain size are considered). We started off
sing the thresholds defined in Haywood et al. ( 2016 ) and Milbourne
t al. ( 2019 ), which were also used by Lakeland et al. ( 2024 ). The
agnetic threshold is defined by Haywood et al. ( 2016 ) as 

 Br,thresh ,ij | = 24 G/μij (1) 

here μij is given by 

ij = cos θij (2) 

here θij is the angle between the line of sight and the outward
ormal to the feature on the solar surface and the area threshold used
as 20 micro-hemispheres. 
Once the active regions have been identified, the HMI Doppler-

rams are used to estimate their contribution to the overall disc-
ntegrated RVs. Owing to the presence of strong daily systematic
NRAS 541, 3942–3962 (2025)
ffects in the HMI Dopplergrams, and the very different wavelength
ange covered by HMI and HARPS-N, this cannot be done by simply
umming over the relevant pixels in the Dopplergrams. Instead,
he estimation is done using a physically motivated, 2-component
odel that is empirically calibrated on the HARPS-N RVs. The
rst component of the model represents the photometric signature
f active regions, which results from dark sunspots and bright plage
otating in and out of view as the Sun spins, breaking the symmetry
n the disc’s rotational profile. The second component corresponds
o the localized suppression of the convective blueshift in regions of
nhanced magnetic flux (this is the dominant component in the Sun).
his procedure was used in this work without modification, and we

efer the interested reader to the relevant papers (Haywood et al.
016 , 2022 ; Milbourne et al. 2019 ) for a more detailed description. 
Following Lakeland et al. ( 2024 ), we subtract the SDO-estimated

ctive-Sun RVs from the HARPS-N solar RVs to produce the quiet-
un SDO RVs used in this study. Linear interpolation was used to
ridge the cadence gap between the SDO and HARPS-N observations
4 hr versus 5 min). Lakeland et al. ( 2024 ) showed that this does
ot affect the quiet-Sun results. The SDO quiet-Sun RVs and the
orresponding periodogram are shown in Figs 2 and 3 . 

.2.2 YARARA activity correction 

ur second method uses YARARA (Cretignier et al. 2021 ), a post-
rocessing methodology designed primarily to deliver improved
V precision compared to the DRS data products by correcting
ome instrumental systematics, as well as the effects of variable
elluric absorption and stellar activity at the spectral level. Unlike the
DO activity correction, which makes use of resolved solar images,
ARARA is fully data-driven, and relies mainly on the wavelength
ependence of the effects being corrected (folding in prior knowledge
uch as the relevant reference frame.) 

The starting point for YARARA post-processing is the time-series
f 1D, order-merged spectra produced by the DRS (Dumusque et al.
021 ), re-interpolated onto a common wavelength grid. Spectra
re daily stacked to increase the SNR of the observations; this
s required for a reliable detection and correction of the various
ffects at the spectrum level. Furthermore, we would not be able to
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rocess more than ∼ 2000 observations due to memory limitations 
bearing in mind that each spectrum consists of ∼ 105 pixels). 
irst, the continuum is modelled and the spectra are continuum- 
ormalized using RASSINE (Cretignier et al. 2020b ). We then 
pplied corrections for cosmic rays, tellurics, an interference pattern 
pecific to HARPS-N, and ghosts (see Cretignier et al. 2021 for
etails of each step). The correction of the instrumental point spread 
unction (PSF) variations, first introduced in Stalport et al. ( 2023 )
nd already applied to solar observations in Klein et al. ( 2024 ), was
lso included to mitigate subtle effects such as the change in PSF
ollowing the replacement of the HARPS-N cryostat change, and 
ariations in the projected rotational velocity ( v sin i) of the Sun 
s seen from the Earth (first mentioned in Collier Cameron et al.
019 ). Finally, the YARARA activity correction is carried out by 
inear fitting and subtracting the dependence of the flux at each 
avelength on the Ca II H&K S-index, as described in Cretignier

t al. ( 2021 ). Since the S-index variations are dominated by the
ontributions of plage/faculae (Cretignier, Pietrow & Aigrain 2024 ), 
hese are the main types of active regions we expect the YARARA
ctivity correction to account for and contribution from spots and 
etwork are therefore still likely at the spectrum level. On the other
and, unlike the SDO correction, no explicit magnetic flux or area 
hreshold is used in this correction. After all these corrections have 
een applied to the spectra, the RVs are extracted by using the same
ross-correlation procedure, with the same G2 mask, as was used in 
he ESPRESSO DRS. Note that this mask was produced by using
 line list tailored to the Sun, where the line centers of the CCF
ask were obtained from a parabola fit on the core of the lines as in

Cretignier et al. 2020a , priv. communication). CCFs are computed 
n the colour corrected spectra following the guidelines of Barragán 
t al. ( 2024 ) in order to remove any airmass dependency or change
n atmospheric conditions (Lovis 2007 ; Cretignier 2022 ). 

Because YARARA is working with daily binned data, the method- 
logy is blind to effects or systematics that act on a time-scale shorter
han a day. In order to recreate the native 5-min sampling, we daily
entred all the DRS RVs by the daily weighted mean before adding
ack the YARARA corrected daily binned RVs. In practice, such 
ransformation is similar to a step-wise interpolation of the signals 
rom the daily binned to the 5-min cadence. We slightly improved 
his extrapolation by assuming that the stellar activity signal should 
e smooth over a few days baseline. To do so, we interpolated linearly
he YARARA activity model for the RVs and compute the difference 
ith the step-wise interpolation. This extra correction vector was 

pplied on the RVs. We refer to the resulting RVs as the YV1 RVs. 
The YARARA quiet-Sun RVs and their corresponding peri- 

dogram are shown in Figs 2 and 3 . The periodograms of the SDO
nd YARARA quiet-Sun RVs do not show significant peaks at stellar
otation period, indicating that the stellar activity has been effectively 
emoved. We note that there is evidence of activity residuals at around 
4 days period (Prot/2) and, to a lesser extent, at around 8 d (Prot/3)
n the activity-corrected RVs, weather the activity-correction was 
one with YARARA or SDO. In Appendix B , we show that these
esiduals do not have an effect on the supergranulation signal that we
odel. 

 M O D E L L I N G  T H E  QU IET-SUN  RV S  WITH  

AUSSIA N  PROCESSES  

e follow the method described in O’Sullivan & Aigrain ( 2024 )
o model the quiet-Sun RVs to measure the standard deviation and 
haracteristic time-scale of the remaining variability signals, and how 

hese change over the Sun’s activity cycle. We give a brief description
f the method below; interested readers are referred to O’Sullivan &
igrain ( 2024 ) for a more detailed explanation. 
Stellar RV variations are typically modelled as the sum of several

tochastic processes, some of which are quasi-periodic (such as p- 
ode oscillations and rotational modulation of active regions), while 

thers are aperiodic (such as granulation and supergranulation). In 
his work, we include only the latter, as the 5-min exposure times
f the HARPS-N solar data mostly average out the p-modes, while
he activity signals have been suppressed in the manner described in
ection 1.2 . 
We use a two-component Gaussian Process (GP) model, where 

ach component is an overdamped harmonic oscillator implemented 
n the CELERITE2 package (Foreman-Mackey et al. 2017 ; Foreman- 

ackey 2018 ) as a Simple Harmonic Oscillator (SHO) kernel with
 quality factor Q = 1 /

√ 

2 . This kernel has a power spectral density
PSD) given by 

1 /
√ 

2 ( ν) = 2 S0 

1 + ( ν/ν0 )4 
, (3) 

here ν0 is the undamped frequency of the oscillator and S0 controls 
ts amplitude. The variance of the resulting process is 

2 = S0 ω0 Q = 1 √ 

2 
S0 ω0 , (4) 

here ω0 is the undamped angular frequency given by 2 πν0 . It is
lso convenient to define the undamped period 

= 2 π/ω0 . (5) 

ere, τ corresponds to the time-scale at which the PSD drops. This
s the same definition as used by Al Moulla et al. ( 2023 ), however,
n the CELERITE2 package this is defined as ρ. 

The PSD in equation ( 3 ) is similar to the ‘Harvey law’ (Harvey
985 ) that is frequently used to model solar and stellar granulation
nd supergranulation signals (see e.g. Al Moulla et al. ( 2023 )), but
symptotes to a steeper power law (index 4 rather than 2) at high
requencies. However, we note that there is ongoing debate in the
iterature as to the most appropriate power-law slope to use for
onvection-related signals (see e.g. Nordlund et al. 1997 ). 

Our model also includes a white noise term added to the diagonal
f the covariance matrix to account for the uncertainty due to photon
oise and instrumental systematics. Overall, the GP kernel we use to
odel the quiet-Sun RVs is then 

quiet ( δt ) = kgran ( δt ) + kSG ( δt ) + kn ( ti , tj ) , (6) 

where kgran and kSG are aperiodic SHO kernels: 

SHO ,Q = 1 /
√ 

2 ( δt ) = S0 ω0 e
− 1 √ 

2 
ω0 δt cos 

(
ω0 δt √ 

2 
− π

4 

)
, (7) 

ith δt ≡ | ti − tj | , representing the granulation and supergranulation 
omponents respectively, and kn is a white noise term: 

n ( ti , tj ) = δij ( σ
2 
n + σ 2 

i ) , (8) 

here σw is the white noise standard deviation and σi is the formal
ncertainty of measurement i. 
A key goal of this study is to investigate how the granulation

nd supergranulation characteristics change over the Sun’s magnetic 
ycle. To this end, we split the quiet-Sun RVs into 4 week chunks and
odel each chunk independently. This also minimizes the impact of 

ny residual activity signals in the quiet-Sun RVs on our results, as
he duration of the chunks is similar to the Sun’s rotation period. Any
 week chunks containing fewer than 100 observations (indicative of 
MNRAS 541, 3942–3962 (2025)
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Figure 4. Parameters of the GP fits to the SDO and YARARA quiet-Sun RVs obtained in 4-week chunks over the solar cycle. The parameters of the granulation 
component, log SG and log ωG , are shown in the left hand column, while the supergranulation parameters log SSG and log ωSG are shown in the right hand 
column. The SDO and YARARA results are shown in green and pink, respectively. The blue horizontal line and shaded area represent the values and uncertainties 
reported for these parameters by Al Moulla et al. ( 2023 ). The blue vertical lines show the end of solar Cycle 24, the solar Minimum and the start of solar Cycle 
25. 
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ignificant data gaps) were excluded from the analysis. However, on
verage the chunks had around 1000 data points. 

Following O’Sullivan & Aigrain ( 2024 ), we use a Markov Chain
onte Carlo (MCMC) to sample the joint posterior probability

istribution over the 5 free parameters of our model, which are the S0 

nd ω0 values for the granulation and supergranulation kernels, and
he white noise standard deviation σw . We used version 3 of the EMCEE

ackage (Foreman-Mackey et al. 2013 , 2019 ) to perform the MCMC
ampling. The walkers are initialized in a tight Gaussian ball (with
tandard deviation 0.01 dex) around a local optimum found using the
INIMIZE function in SCIPY ’s OPTIMIZE module. Ln-uniform priors

re used for all the parameters, within the interval [ −10; 10], in d−1 

or ω and ( ms−1 )2 days for S. The standard deviation of the white
oise ln σn is restricted to the interval [ −4; 4] ms−1 . The number
f walkers is set to 20 (4 times the number of parameters), and the
CMC chains are run for 50 000 steps. To differentiate between the

ranulation and supergranulation hyper-parameters, we set the first
0 to be larger than the second, corresponding to the granulation

ignal. 
To assess the convergence of the chains and to choose the appro-

riate burn-in and thinning factors we estimate the auto-correlation
ength of the chains using EMCEE ’s built-in functionality. We consider
he autocorrelation time estimates to be reliable as long as the longest
utocorrelation length estimate across all parameters is τmax ≤ 200
teps, i.e. less than a 50th of the chain. In this case we say the chains
re well-converged. We discard the first 3 τmax samples as part of the
NRAS 541, 3942–3962 (2025)
urn-in phase, and thin the remainder of the chains by a factor τmax / 4.
n the cases where the chains do not converge in 50 000 steps (due
o large gaps in the data) we exclude the fit from future analysis. 

 RESULTS  

he results of our fits for both the SDO and the YARARA quiet-Sun
Vs are shown in Fig. 4 , where we also compare them with the
ublished values for these parameters reported by Al Moulla et al.
 2023 ), who analysed HARPS and HARPS-N solar data between
015–2018. For ease of interpretation, we converted the S0 and ω0 

alues for each component to the standard deviation σ and undamped
eriod τ of the process, these results are shown in Fig. 5 . Corner plots
orresponding to the various stages of the solar activity cycle for both
he SDO and YARARA results are given in Appendix C . 

Three outliers are apparent in both the YARARA and SDO results,
ith parameter values that differ significantly from the general trend

nd large uncertainties. These correspond to 4-week chunks that
ontained at least one large (several day) data gap, despite containing
 100 points. These were discarded from the remainder of the

nalysis. 
In Table 2 , we summarize the average values for the whole solar

ycle, the end of Cycle 24, the solar minimum, and the beginning of
ycle 25. For the average SDO τSG 

for the beginning of Cycle 25,
e remove the anomalous result of a time scale of 8.91 d. 
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Figure 5. Same as Fig. 4 , but converted to standard deviation σ and time-scale τ . The blue horizontal line and shaded area represent the values and uncertainties 
reported for these parameters by Al Moulla et al. ( 2023 ). 

Table 2. Mean values for σG 

, τG 

, σSG 

, and τSG 

for the whole solar cycle, the end of Cycle 24, the solar minimum, and the beginning of Cycle 25. The values 
found by Al Moulla et al. ( 2023 ) are also given. We note that the YARARA τSG 

values are systematically shorter than the corresponding SDO counterparts. 
This maybe due to the YARARA post-processing pipelines that correct for a number of different instrumental and telluric effects. 

σG 

[ m/s] τG 

[ day s ] σSG 

[ m/s] τSG 

[ day s ] 

Whole Cycle YARARA 0 . 329 ± 0 . 003 0 . 031 ± 0 . 001 0 . 752 ± 0 . 020 1 . 053 ± 0 . 080 
SDO 0 . 336 ± 0 . 004 0 . 037 ± 0 . 002 0 . 834 ± 0 . 020 1 . 458 ± 0 . 136 

End of Cycle 24 YARARA 0 . 324 ± 0 . 006 0 . 034 ± 0 . 003 0 . 794 ± 0 . 036 1 . 020 ± 0 . 139 
SDO 0 . 333 ± 0 . 006 0 . 044 ± 0 . 006 0 . 893 ± 0 . 033 1 . 245 ± 0 . 149 

Solar Minimum YARARA 0 . 333 ± 0 . 005 0 . 031 ± 0 . 001 0 . 727 ± 0 . 030 1 . 274 ± 0 . 125 
SDO 0 . 332 ± 0 . 005 0 . 035 ± 0 . 002 0 . 783 ± 0 . 029 1 . 597 ± 0 . 163 

Beginning of Cycle 25 YARARA 0 . 328 ± 0 . 006 0 . 028 ± 0 . 002 0 . 740 ± 0 . 037 0 . 614 ± 0 . 071 
SDO 0 . 352 ± 0 . 012 0 . 033 ± 0 . 003 0 . 892 ± 0 . 034 0 . 796 ± 0 . 097 

Al Moulla et al. ( 2023 ) 0.31 0 . 038 ± 0 . 008 0.68 0 . 554 ± 0 . 046 
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.1 4-week chunk granulation and supergranulation results 

he granulation parameters appear consistent over the Sun’s activity 
ycle, as expected, see, for example, Sulis et al. ( 2020b ). The
alues measured from the SDO and YARARA-corrected RVs are 
pproximately consistent with each other. While the time-scale is 
onsistent with the literature values, the amplitude S0 is somewhat 
maller. We note that the time-scale found for granulation, on average 
4 minutes for the YARARA results, is longer than the lifetime of
he granules on the stellar surface. This is because we are looking
t the characteristic time-scale, corresponding with the knee of the 
ranulation PSD, which in turn is attributed to the broad dispersion
f granulation turnover time-scales (Seleznyov, Solanki & Krivova 
011 ). 44 min is consistent with the literature values found using
arvey models (e.g. Al Moulla et al. 2023 ). 
On the other hand, the supergranulation parameters display signif- 

cant variations over the solar cycle in both the YARARA and SDO
esults. This is promising, as both methods have limitations that may
ffect the supergranulation parameters. The SDO results may still 
nclude small active regions which fall below the area threshold of
0 micro-hemispheres defined in Milbourne et al. ( 2019 ). On the
ther hand, the YARARA activity correction might remove not only 
ctivity, but also some of the supergranulation signals. We recall 
hat the YARARA activity correction consists in a simple linear 
ecorrelation between the measured flux at each wavelength (in the 
MNRAS 541, 3942–3962 (2025)
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Figure 6. Supergranulation parameters obtained from SDO and YARARA 

quiet-Sun RVs when fitting longer chunks of 12 weeks (stars) and 1 yr 
(circles). The colour scheme is the same as for Figs 4 and 5 , and the horizontal 
line and shaded area once again shows the literature values from Al Moulla 
et al. ( 2023 ). Also shown for comparison are the average Sunspot numbers 
over the same time frame. 
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a  

w  

o  

t  
tellar rest-frame) and the Mount Wilson chromospheric activity
ndex SHK . If the supergranulation signal is correlated with the
hromospheric index, some of it may be removed in the process.
s the two methods are in agreement, and their limitations work

n opposite directions, we therefore conclude the effects of the
imitations seem minimal, and the cycle we see is the result of a
hysics effect. 
To test for differences in the distributions of the parameters of

he granulation and supergranulation models, we employ the use of
olmogorov–Smirnov tests. We find that KS tests suggest that the

upergranulation time-scales found during the End of cycle 24, the
inimum, and the beginning of cycle 25 are drawn from different

istributions compared to each other, with p-values of 10−11 or less in
oth the YARARA and SDO case. We also find that when comparing
he parameters found via the two different methods directly that σG 

,
G 

, and τSG 

are likely drawn from the same distribution. On the
ther hand, the KS test suggests that σSG 

comes from a different
istribution in the YARARA and SDO case (p-value = 0.0002).
e propose that this difference comes from the different systematic

ttenuation and the differences in activity attenuation between the
wo methods. 

.2 Short-term scatter in the 4-week chunk results 

nother important feature of our results, particularly for the su-
ergranulation component, is the large amount of scatter in the
easured parameter values shown in Figs 4 and 5 , especially for

he SDO results. Leaving aside any long-term trends, the time-scales
n particular vary by up to an order of magnitude between consecutive
-week data chunks, and this scatter is significantly in excess of the
ormal uncertainties. To check that this was not a fortuitous effect
or the specific set of 4 week long chunks used, we shifted all the
hunk boundaries by 14 d and reran the analysis, but the results
ere largely the same. We then repeated our analysis using longer
-month (12-week) and 1-year chunks, and found that most of the
catter disappeared. The results are shown for the supergranulation
omponent in Fig. 6 . Based on our experience using injection-
ecovery tests on simulated data (O’Sullivan & Aigrain 2024 ), we
elieve that the scatter in the 4-week chunk results is real, and is not
n artefact of the limited duration of the chunks. We therefore note
hat caution should be applied when interpreting supergranulation
ignals, even in observing campaigns lasting a month or more.
he residuals in the SDO-corrected case have slightly larger scatter
nd contain more outliers than in the YARARA-corrected case. A
ossible explanation for this is that the YARARA post-processing
orrects some HARPS-N instrumental systematics, which are not
ccounted for in the SDO-corrected data, in addition to the different
ays in which the variations due to active regions are corrected. 

.3 Variation of the supergranulation time-scale over the solar 
ycle 

he supergranulation time-scale τSG shows a clear variation over
he decade spanned by our data. The variations are approximately
n antiphase with the average relative Sunspot number in the
orresponding time-chunks, which we downloaded from the Royal
bservatory of Belgium’s Sunspot Index and Long-term solar Ob-

ervations (SILSO) portal 2 (Clette & Lefèvre 2015 ), and which is
lso shown in Fig. 6 . 
NRAS 541, 3942–3962 (2025)

 See https://www.sidc.be/SILSO/home. 

s  

Y  

f  
To quantify this correlation, we plotted in Fig. 7 the supergranu-
ation parameters measured from 3-month chunks as a function of
verage relative Sunspot number. We also computed the Spearman’s
ank correlation between each parameter and the Sunspot number,
nd report the corresponding p-values on Fig. 7 . In Appendix D ,
e show the same for the 4 week and year long chunks. We
bserve strong anti-correlations ( p-value below 10−2 ) between the
ime-scale from the SDO-corrected RVs. The correlation is even
tronger ( p-value below 10−4 ) for the time-scale derived from
ARARA-corrected RVs. Both methods show very weak correlation

or the standard deviation. We conclude that the time-scale of the

https://www.sidc.be/SILSO/home.
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Figure 7. Correlation between the supergranulation parameters obtained from the 12-week (3-month) chunks and the Sun-spot numbers, for the SDO-corrected 
RVs (left, green) and the YARARA-corrected RVs (right, pink). In each panel, we also report the p-values derived from a Spearman’s rank correlation analysis, 
which correspond to the probability of a similarly correlated dataset arising from white Gaussian noise only. 
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upergranulation component displays a clear variation over the Sun’s 
ctivity cycle, irrespective of the method used to evaluate it. 

 OBSERV ING  S U P E R G R A N U L AT I O N  IN  

TH ER  STARS  

upergranulation has become one of the main issues in EPRV planet 
earches, but we do not yet know how it scales as a function of stellar
arameters. Given that supergranulation is a convective process, we 
ould expect it to decrease in magnitude towards later spectral types, 

nd the limited sample of stars with asteroseismic measurements 
panning 5–8 nights analysed by Dumusque et al. ( 2011a ) appears
o confirm this. However, magnetic activity level also plays a role, as
hown by the present study in the case of the Sun. 

A number of observational efforts have been proposed to attempt 
o characterize supergranulation in stars other than the Sun, but it
s very challenging as the signal of interest has characteristic time- 
cales similar to an Earth day. In this Section, we set out to evaluate
he amount of observing time needed to adequately characterize this 
ime-scale and how it depends on the choice of observing strategy. 

Our goal is to estimate, for different observing strategies, the 
inimum duration of an observational campaign that would allow 

s to measure the supergranulation parameters of each target star to 
 given precision. 

One possible way to do this would be to simulate large numbers
f time-series with different parameters and time-sampling, then 
odel them with a GP, sampling the posterior to evaluate the 
ncertainties, as we did for the solar data in Section 2 . However,
his would be computational expensive. While we did this for a
ew simulations, we noted that it was hard to quantify the success
f the simulation, and took significant time to test one strategy.
e therefore adopt a Fisher information approach to the problem, 

ollowing the work of Gupta & Bedell ( 2024 ). For data drawn
rom a multivariate Gaussian distribution with mean vector μ and 
ovariance matrix C , the elements of the Fisher information matrix
 are given by: 

F i,j =
(
∂ μ

∂ θi 

)T 

C−1 

(
∂ μ

∂ θj 

)
+ 1 

2 
tr

(
C−1 ∂ C 

∂ θi 

C−1 ∂ C 

∂ θj 

)
. (9) 

where θ is a vector of parameters controlling the mean and covari- 
nce functions which produce μ and C . The parameter uncertainties 
re then given by 

2 
θi 

= F i,i . (10) 

ere, we refer to the Fisher information matrix as F , as opposed to
 , used by Gupta & Bedell ( 2024 ), in order to avoid confusion with

he magnetic threshold. 
In the context of RV surveys, the mean function encodes the planet

ignals, while the covariance function encodes the noise (photon, 
nstrumental and stellar noise). The goal of Gupta & Bedell ( 2024 )
as to assess the impact of observing strategy on the characterization 
f planets. They therefore worked with a fixed covariance matrix C ,
nd focused on the first term in equation ( 9 ). In this work, we are
nterested in the impact of observing strategy on the characterization 
MNRAS 541, 3942–3962 (2025)
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Figure 8. Expected σ and τ fractional uncertainty as a function of number of nights of observation for continuous observations of a single star. The fractional 
uncertainty is calculated for various σ and τ values corresponding to different phases of the solar cycle. The hyperparameters used are the average values shown 
in Table 2 . The brown horizontal line corresponds to a fractional uncertainty of 0.3. 
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f a stochastic signal. We therefore assume a trivial mean function,
nd the Fisher information matrix reduces to equation ( 9 ): 

F i,j = 1 

2 
tr

(
C−1 ∂ C 

∂ θi 

C−1 ∂ C 

∂ θj 

)
, (11) 

here the elements of the covariance matrix are set to the sum of
wo terms given by equation ( 7 ): one for granulation, and one for
upergranulation (we implicitly assume that activity signals occur
n a long time-scale compared to the simulated observations, or are
odelled separately). The derivatives of the covariance matrix are

iven by: 

∂ C 

∂ S 
= ω e

− ωτ√ 
2 cos 

(
ω τ√ 

2 
− π

4 

)
, (12) 

∂ C 

∂ ω 

= 

−Se
− ωτ√ 

2 √ 

2 

(
ω τ sin 

(
ω τ√ 

2 
− π

4 

)

+ ( ω τ −
√ 

2 ) cos 

(
ω τ√ 

2 
− π

4 

))
, (13) 

e also include a 0.3 m s−1 white noise term on the diagonal of
he covariance matrix, representative of the expected precision for
e.g.) the HARPS3 instrument. One caveat of the Fisher Information
pproach is that it assumes that the real granulation and super-
ranulation signals are perfectly represented by the GP kernels. Of
ourse, this may not be strictly true in practice, so the parameter
ncertainties computed according to equation ( 11 ) should be treated
s approximate. 

We started by considering the simplest possible observing strategy,
here one star was monitored continuously every night for a number
f nights. Each observation consisted of a 5-min block. For simplicity
e assume that every night lasts 8 hours, and ignore the impact of
eather. Fig. 8 shows how the relative precision on the standard
eviation and time-scale of supergranulation improves as the duration
f the observing campaign increases, for different assumed values of
he parameters (corresponding to the values measured for different
arts of the solar cycle in Section 2 ). Fig. 8 demonstrates that at least
 week or two of observations are needed to obtain any meaningful
onstraints on the supergranulation parameters. The time needed to
each a given precision depends on the time-scale of the signal,
ut only fairly weakly (a factor ∼ 2 for the different curves shown,
NRAS 541, 3942–3962 (2025)
hich span an order of magnitude in time-scale). Finally, the relative
recision curves fall exponentially, and the benefit of extending the
bserving campaign beyond one or two e-folding times becomes
inimal. We note that while it takes the shortest amount of time to

onstrain σSG 

at solar minimum, as we would expect, it takes the
ongest time to constrain τSG 

during this period. This is due to the
ncrease in τSG 

that we observe at solar minimum. 
To test that the Fisher information matrix uncertainties are ac-

urate, we simulated and modelled 5 d of RV observations. The
ractional uncertainty we obtained is similar to that calculated using
he Fisher information matrix, indicating that the method is reliable.

Next, we considered a more-realistic scenario where the observer
ycles randomly between a fixed number of N target stars, still
sing 5-min exposures, but varying the number M of consecutive
xposures of each star taken before switching to the next star. This
s intended to explore the trade-off between staying on a given star
or longer, which provides better sampling of the granulation signal,
ersus spacing out the observations of each star in a given night,
hich improves the sampling of the supergranulation signal. Each

ime we switch to a new star, we include a pessimistic 5-min overhead
or slewing and target acquisition. In actual fact, the overhead time
s likely to be less. In this simulation, we also include an additional
.1 m s−1 white noise to account for the oscillations. Chaplin et al.
 2019 ) showed that with a 5 min exposure time, this would be the
oise that oscillations would induce in a Sun-like star. For cooler
tars, this would be lower. Having simulated a set of time-stamps for
ach combination of N and M , we then used the Fisher information
atrix to estimate how many nights would be needed to measure

he supergranulation time-scale τ to a fractional uncertainty of 0.3.
ince the individual time-stamps are random, we repeated the process
00 times for each observing strategy. As we are trying to see how
any stars we can characterize supergranulation in a month, we have

n upper limit of 50 d to the test. 
A 0.3 fractional uncertainty limit was chosen arbitrarily as from

ig. 8 we see that reducing the fractional uncertainty beyond this limit
ould require significantly more survey time. Also, this is the level
f detection we would need to be able to detect the supergranulation
ime-scale variance over the solar cycle in the sun. While this level of
ncertainty will not tell us the supergranulation time-scales of other
tars down to great precision, it will allow us to see if the time-scales
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Figure 9. Number of nights needed to reach a fractional uncertainty of 0.3 in the supergranulation time-scale τ as a function of the number of stars observed 
each night. Different colours correspond to different observational strategies, as described in the text. 
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aries as we would expect it to, which would be a great improvement
n our current understanding of supergranulation. 
The results are shown in Fig. 9 , where different colours represent

ifferent values of M . The first take-away point from that figure is
hat for a given number of stars per night, the time taken to reach the
esired precision is systematically lower for M = 1 (blue symbols
n Fig. 9 ), i.e. when the target star changes every 10 min, despite
he fact that 50 per cent of each night is lost to overheads in this
cenario. For example, this rapid switching approach would allow 

he characterization of the supergranulation signal (albeit only at the 
odest precision of 30 per cent) to be completed in 23 nights for 10

tars. By contrast, staring at each star for an hour ( M = 11, shown
n purple on Fig. 9 ), this precision is only reached after 40 nights on
 smaller target sample of N = 6 stars. The second take-away is that
e can get roughly similar characterization results by observing 2 
roups of 4 stars for ∼ 10 nights each, compared to 8 stars observed
cross ∼ 20 nights. 

 DISCUSSION  A N D  C O N C L U S I O N S  

e used GP regression to measure the standard deviation and 
haracteristic time-scale of the granulation and supergranulation 
omponent of the HARPS-N solar RVs, and their evolution over 
he Sun’s magnetic activity cycle, after removing the contribution of 

agnetically active regions using two different methods: one using 
esolved magnetograms and Dopplergrams from SDO, following 
akeland et al. ( 2024 ) and references therein, and one using the
ARPS-N spectra themselves, following the YARARA methodol- 
gy (Cretignier et al. 2021 ). 
Our results for granulation were consistent across the two data sets

sed, and also consistent with literature values after accounting for 
he 5-min cadence of the observations. Furthermore, the granulation 
arameters appear stable over the full time-span of our data set,
hich matches theoretical and observational expectations (Muller 

t al. 2018 ; Sulis et al. 2020b ). 
On the other hand, we have shown that the supergranulation 

roperties, particularly its time-scale, vary by a factor of 3 over the
un’s activity cycle, with peak to peak variations up to a magnitude.
pecifically, we observe a longer time-scale at activity minimum 

ompared to the rising and decaying phases of the cycle, and show
hat the supergranulation time-scale is strongly negatively correlated 
ith the average relative Sunspot number measured at a given 
ime. 

Interestingly, Lakeland et al. ( 2024 ), who studied the same SDO-
orrected data set using structure functions rather than GPs, did 
ot observe significant changes in the structure functions over the 
un’s activity cycle. This may arise from the daily sampling of the
ata, which makes the characterization of signals on ∼ daily time- 
cales, such as supergranulation, particularly challenging using a 
on-parametric method such as structure functions. By comparison, 
he GP regression approach used in the present work makes stronger
ssumptions about the nature of the signal being modelled. However, 
s discussed in O’Sullivan & Aigrain ( 2024 ), these assumptions are
onsistent with the common practice in the literature of using Harvey
unctions to model stochastic signals in stellar RVs. 

To enable a direct comparison of our results to those of Lakeland
t al. ( 2024 ), we analytically computed the structure functions
orresponding to the 1 yr results for both the SDO and YARARA
uiet-Sun RVs. For a stationary time series exactly described by 
 known covariance function, K( τ ), as is the case for Gaussian
rocesses, the corresponding structure function is given by 

F ( τ ) = 2
(
σ 2 − K( τ )

)
. (14) 

hese structure functions are shown in Fig. 10 . Following Lakeland

t al. ( 2024 ), we quantify variability as
√ 

1 
2 SF . 

At τ = 10−1 d, we see that there is a difference between the
tructure functions calculated at solar minimum and at more activity 
imes; however, by τ = 100 d, this correlation is no longer present.
he same applies to the structure functions found in Lakeland et al.
 2024 ), indicating that the results are consistent with each other. 

Finally, we used a Fisher information approach to compute the 
umber of nights needed to provide useful empirical constraints 
n supergranulation properties for stars other than the Sun. We 
howed that a dedicated survey spanning around 20 consecutive 
ights using an instrument with RV precision of order 30 cm s−1 ,
uch as HARPS3, can characterize the supergranulation time-scale 
o a precision of around 30 per cent for up to 10 stars. This would
ead to a significant improvement in our understanding of how 

upergranulation depends on stellar parameters such as temperature, 
urface gravity and metallicity, as well as activity level. Such a survey
s currently being considered as part of the science verification phase
f the Terra Hunting Experiment. 
MNRAS 541, 3942–3962 (2025)



3954 N. K. O’Sullivan et al

M

Figure 10. Structure functions corresponding to the YARARA (middle) and SDO (right) hyperparameters calculated using year long chunks. The lines are 
coloured by the average sun spot number that year. The original results from Lakeland et al. ( 2024 ) are shown on the left. 
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On the other hand, we also saw that the supergranulation time-
cales measured for the Sun in 4-week chunks display considerable
catter over and above the formal uncertainties, which disappears
hen using 12-week chunks. The origin of this scatter needs to be

nvestigated in more detail, as it may affect the interpretability of the
esults of such a ‘supergranulation’ survey. 

As a sanity check we computed the residuals of the best-fitting
P model in each chunk, divided them by the combined (model
 measurement) uncertainties, and checked that the results are

onsistent with a zero-mean, unit variance Gaussian distribution,
hich was always the case (irrespective of activity correction method
r chunk duration). We also checked if the jitter term (white
oise term added to the diagonal of the covariance matrix), which
e fit alongside the supergranulation and granulation parameters,
aries over the Sun’s activity cycle, but it was constant within the
ncertainties, with typical values in the range 0.20–0.25 m s−1 . The
itter term absorbs any variations not accounted for by the GP model,
nd this check shows that the GP model’s ability to explain the
ata is quite good, and is not noticeably variable over the solar
ycle. This increases our confidence in the fact that the change in the
upergranulation time-scale we observe over the solar cycle is not an
rtefact of the used model (SHO kernel). 

.1 What causes the ‘supergranulation cycle’? 

e have brought to light a clear dependence of the supergranulation
ime-scale on the magnetic activity state of the Sun. What could be
ts origin, and does it match theoretical expectations? 

As discussed in Section 0.1 , there is considerable divergence in the
iterature on how supergranulation changes as a function of magnetic
ctivity in the Sun. Around half of the papers listed in Table 1
nd that the size of supergranulation cells is positively correlated
ith activity level, while the rest find a negative correlation. The

iterature on supergranulation cells’ lifespan is much sparser, but
e Rosa & Toomre ( 2004 ) and Sowmya et al. ( 2023 ) suggest that

arger cells have a longer lifespan. Following this logic, the negative
orrelation we have evidenced between the supergranulation time-
cale in the solar RVs and the Sunspot number would indicate that
upergranulation cells tend to be larger at solar minima. In other
ords, our results would be consistent with the studies which have

ound a negative, rather than positive, correlation between cell size
NRAS 541, 3942–3962 (2025)
nd magnetic activity level. It is also interesting to note that Singh &
appu ( 1981 ) and Meunier et al. ( 2008 ) suggest that the network
agnetic elements have a limiting effect on supergranule sizes. If

his is the case, we would expect larger cells at solar minimum,
nd thus longer time-scales, which is consistent with our results.
owever, the overall changes in supergranule size over the Sun’s

ctivity cycle found by e.g. Meunier et al. ( 2007 , 2008 ) are too small
around 10 per cent) to explain the factor of two change in time-scale
e report in this work. The cause of that time-scale change therefore

emains unexplained for the time being. 

.2 Impact for RV surveys 

he RV signature of supergranulation has a significant impact on the
ensitivity of RV surveys to small, temperate planets (Meunier &
agrange 2020 ). It introduces correlations between observations

aken in a given night which, if not modelled explicitly, constitute a
undamental night-to-night noise floor. If the supergranulation time-
cale is well understood, explicitly modelling the covariance of this
ignal could enhance the sensitivity to planet signals. We intend to
uantify this using injection-recovery tests in a forthcoming paper. 
However, an important consequence of the results presented in

his work is that the RV supergranulation signal cannot be treated
s stationary if the observational baselines are on the order of an
ctivity cycle. It is therefore important to (a) continue investigating
he correlation between supergranulation properties and activity
evel, (b) develop strategies to characterize supergranulation in other
tars than the Sun, and c) search for more direct supergranulation
ndicators in stellar spectra. 

We also note that targetting stars which are in the low phase of their
ctivity cycle, in order to minimize the impact of activity signals (as
roposed for example by Sairam & Triaud 2022 ), may inadvertently
esult in a stronger supergranulation signal. Since this signal cannot
e mitigated with current methods, that strategy may not be optimal.
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Figure A1. MCMC posterior distribution plots for simulated data with a baseline of 28 d. Observations were simulated for 24 hr (black), 18 hr (blue), 12 hr 
(green), and 6 hr (cyan) in a 24 hr period. The 1D posterior distributions for each parameter, marginalized over all the other parameters, are shown by the 
histograms in the diagonal panels, with the true parameter values indicated by the blue lines. The 2D posteriors are shown in the off-diagonal panels, with 1, 2, 
and 3 σ contours. 
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PPEN D IX  B:  SIMULATIONS  WITH  AC TIVI TY  

ere, we show that activity residuals do not affect the convective 
ignal that we observe. We simulated a 1-yr long time-series includ- 
ng activity residuals (using 1 yr’s worth of HARPS-N timestamps 
nd the parameters measured from the observed RVs for that yearly 
hunk). The activity residuals were simulated using a quasi-periodic 
elerite SHO term with Q > 1 at the rotation period. The activity
ignal included was at a period of 13.5 d, to correspond with the
ctivity residuals observed in the periodogram seen in Fig. 3 . We
hen modelled the data with a GP consisting of two SHO aperiodic
ernels and a white noise term (with a prior of [ −10; 10] m s−1 . Fig.
1 shows the result. We see that the inclusion of the activity signal in
ur simulation does not change the accuracy of the granulation and
upergranulation signals found, and the uncertainties are unchanged 
ompared to the case where we do not inject activity residuals. We
herefore do not expect these residuals to have a strong effect on
he super-granulation properties measured using our GP models. 
ur explanation for this is that the GP model containing only SG

nd granulation terms has enough flexibility to absorb longer-term 

ariations, but they do not dominate the variance or characteristic 
MNRAS 541, 3942–3962 (2025)
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M

Figure B1. MCMC posterior distribution plots for the the granulation and supergranulation components. The data modelled were simulated with the addition 
of an activity signal with period = 13.5 hr. The 1D posterior distributions for each parameter, marginalized over all the other parameters, are shown by the 
histograms in the diagonal panels, with the true parameter values indicated by the blue lines. The 2D posteriors are shown in the off-diagonal panels, with 1, 2, 
and 3 σ contours. 
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ime-scale estimates. We note that the white noise term is badly
onstrained, this is most likely the effect of the activity signal not
eing modelled. 

PPENDIX  C :  C O R N E R  PLOTS  

ere, we show the corner plots for three chunks representative of the
olar cycle for both the SDO (Fig. C1 ) and YARARA (Fig. C2 ) quiet
un RVs. We see that in both cases, the results for the three chunks
re the same for granulation, while for supergranulation, the chunk
NRAS 541, 3942–3962 (2025)
orresponding to solar minimum shows diverging results compared
o the end of cycle 24 and the start of cycle 25, as is expected. 

PPENDI X  D :  C O R R E L AT I O N  PLOT S  F O R  4  

EEK  A N D  1  Y E A R  L O N G  C H U N K S  

ere, we present the correlation plots, like the one shown in Fig. 7 ,
nd the corresponding p-values, for the 4 week (Figure D1) and 1 yr
Figure D2) long chunks. 
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Figure C1. MCMC posterior distribution plots for SDO quiet sun results for 3 sample chunks. The results for the chunk 2016.47–2016.55 are in blue, 
2018.77–2018.84 in green, and 2022.45–2022.52 in cyan. The 1D posterior distributions for each parameter, marginalized over all the other parameters, are 
shown by the histograms in the diagonal panels. The 2D posteriors are shown in the off-diagonal panels, with 1, 2, and 3 σ contours. 
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Figure C2. MCMC posterior distribution plots for YARARA quiet sun results for 3 sample chunks. The results for the chunk 2016.47–2016.55 are in blue, 
2018.77–2018.84 in green, and 2022.45–2022.52 in cyan. The 1D posterior distributions for each parameter, marginalized over all the other parameters, are 
shown by the histograms in the diagonal panels. The 2-D posteriors are shown in the off-diagonal panels, with 1, 2, and 3 σ contours. 
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Figure D1. Correlation between the supergranulation parameters obtained from the 4-week chunks and the Sun-spot numbers, for the SDO-corrected RVs (left, 
green) and the YARARA-corrected RVs (right, pink). In each panel, we also report the p-values derived from a Spearman’s rank correlation analysis, which 
correspond to the probability of a similarly correlated data set arising from white Gaussian noise only. 
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Figure D2. Correlation between the supergranulation parameters obtained from the year long chunks and the Sun-spot numbers, for the SDO-corrected RVs 
(left, green) and the YARARA-corrected RVs (right, pink). In each panel we also report the p-values derived from a Spearman’s rank correlation analysis, which 
correspond to the probability of a similarly correlated dataset arising from white Gaussian noise only. 
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