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ABSTRACT

We study the non-thermal velocities in the quiet-sun using various high spatial, temporal, and spectral resolution observations
from the Interface Region Imaging Spectrograph (IRIS). We focus our analysis on the transition region using the optically
thin line (Si IV 1393.7 Å), and select line profiles that are nearly Gaussian. We find evidence of a centre-to-limb variation
using different observations having different exposure times, ranging from 5-30 s. The distribution of non-thermal velocities
close to the limb are observed to peak around 20 km s−1 while the disc observations show a peak around 15 km s−1. The
distributions are also different. The overall variation in the non-thermal velocities are correlated with the intensity of the line, as
found previously. The on-disc velocities are smaller than most previous observations. In general, we find that the non-thermal
velocities are independent of the selected exposure times. The Si IV lines didn’t seem to exhibit any significant opacity effects.
We conclude that these Doppler motions are mostly transverse to the radial direction. The possibility of swaying/torsional
motions leading to such variations are validated from these IRIS observations.
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1 INTRODUCTION

At coronal temperatures, the Sun can be distinctly categorised into
several different regions, such as Active Regions (ARs), Quiet Sun
(QS) and Coronal Holes (CH). At transition region (TR) tempera-
tures, the structures appear almost the same in the QS and CH. Such
structures are organised in a super-granular network pattern. In the
cell centres the intensities are lower and less variable, while at the
boundaries there is more dynamic activity. The nature of the TR and
its role in connecting the chromosphere with the corona is still a
topic of debate in the literature. It is likely that at least part of the TR
emission which we observe must be related to magnetic structures
threading the chromosphere and reaching the corona. Observation-
ally, the QS TR lines show a net redshift, which varies with their
formation temperature. This represents bulk motions of radiatively
cooling plasma.

The QS TR also exhibits unresolved motions which are charac-
terised by excess broadening in the profiles of the spectral lines, in
addition to the thermal broadening and the instrumental broadening.
Such broadenings are the focus of this paper. These plasma flows
transfer mass and energy between the chromosphere and the corona
and are likely to be intimately related to the (still unknown) physi-
cal processes occurring in the TR. For these reasons, many previous
studies have focused on observations of non-thermal broadenings.

In terms of the full-width-at-half-maximum (FWHM) of a line,
the contribution from thermal motions, instrumental broadening, and
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† E-mail: gd232@cam.ac.uk

non-thermal motions, assuming Gaussian profiles, is:

FWHM2 = wI
2 +wO

2 = wI
2 +4 ln2(

λo

c
)2
[

2kTi

M
+ξ 2

]

(1)

where wI is the instrumental FWHM and wO is the observed FWHM
once the instrumental width is subtracted. The first component of wO

is due to the thermal broadening of the ions (assuming a Maxwell-
Boltzmann distribution of velocities) where Ti, M, λo, c are the tem-
perature of the ion, the mass of the ion, the rest wavelength and speed
of light respectively. Here, ξ is the most probable non-thermal ve-
locity (NTV) for a Maxwellian. The non-thermal velocity discussed
in this paper is in effect the non-thermal width observed as an ex-
cess broadening in the spectral profile due to unresolved motions
and is obtained using the measured FWHM of the Gaussian. In ear-
lier literature, the non-thermal velocity is sometimes defined using
different widths (e.g. FWHM, Gaussian sigma, w1/e). We measured
the FWHM to obtain the NTV. The NTV values in Table 1 were also
obtained from measurements of the FWHM of the lines.

The Interface Region Imaging Spectrograph (IRIS;
De Pontieu et al. 2014a) provides simultaneous imaging and
spectral data in the FUV (1331.7 Å − 1358.4 Å and 1389.0 Å−
1407.0 Å) and NUV (2782.7 Å − 2835.1 Å). The spectral lines
observed in this range cover the photosphere, chromosphere, TR
and coronal temperatures. We primarily focus on the Si IV doublet
(1389.0 Å − 1407.0 Å) as these are the strongest TR lines.

IRIS is an excellent instrument to measure NTVs compared to
most previous instruments for four main reasons: 1) it has a very
narrow instrumental broadening, equivalent to about 6 km/s (0.03 Å)
for the Si IV lines; 2) there is a good sampling across the line profiles
(about 20 IRIS pixels sample the line profiles); 3) the large collecting
area means that short exposures (10 s or less) can be achieved. This

© 2021 The Authors

http://arxiv.org/abs/2201.07290v1
songyongliang


songyongliang


songyongliang


songyongliang


songyongliang


songyongliang


songyongliang


songyongliang


songyongliang


songyongliang


songyongliang


songyongliang


songyongliang


songyongliang


songyongliang


songyongliang
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No. Instrument Spectral Line Location Exposure time (s) NTV (km s−1)

1. Echelle Spectrograph C IV Disc 47 19
2. Echelle Spectrograph Si IV Disc 29 14
3. Skylab S082-B NRL Si IV; C IV Limb - 22-25
4. Skylab S082-B NRL Si IV; C IV Off Limb > 600 32
5. Skylab S082-B NRL Si IV; C IV Off Limb - 37-43
6. HRTS C IV Limb 3 10-25
7. HRTS C IV Disc 1-20 22
8. HRTS Si IV Disc 1-20 28
9. SUMER C IV Disc 100-300 25

10. SUMER Si IV Disc 100-300 23
11. SUMER Si IV Disc 180 20-30
12. SUMER C IV Disc 15 25

Table 1. List of various previous measurements of NTVs obtained from measurements of the FWHM in the transition region using Si IV and C IV lines from
different instruments as mentioned 1,2. Boland et al. (1975) 3,4,5. Mariska et al. (1978) 6. Dere et al. (1989) 7,8. Dere & Mason (1993) 9,10. Chae et al. (1998)
11. Akiyama et al. (2005); 12. Peter (1999) with modifications following McIntosh et al. (2008).

is much better than the long exposures needed for most previous
instruments; 4) IRIS has a much higher spatial resolution (slit width
0.33′′) than previous instruments in the UV (at best around 1′′). As
the NTVs are likely due to a superposition of many flows within
the resolution element, and as we observe that the TR lines are very
dynamic, one would expect to find different NTVs by increasing the
spatial resolution and/or lowering the exposure times.

The spatial resolution effect was studied using IRIS Si IV by
De Pontieu et al. (2015). They considered three different regions
(AR, QS, and CH) and found that the peak of the distribution of
the NTVs is invariant with the spatial resolution, but exhibits varia-
tions in the wings. This result is also analogous to what Testa et al.
(2016) found for the hotter coronal emission in Fe XII. In this pa-
per, we extend their study by analysing several IRIS observational
datasets for the QS at different locations using the Si IV lines, and
we also measure the NTVs for different exposure times.

There are puzzling differences in the NTV measurements across
the literature obtained with previous instrumentation. To understand
such differences it is necessary to compare the different instrumental
and observational parameters. An overview is provided in Section 2,
focused on the C IV and Si IV measurements of the optically allowed
doublets in the UV (C IV is also considered as it has a formation
temperature close to that of Si IV).

In section 3 we present the details of the observational data, the
results and their interpretation. In the last section, the results are
summarised and conclusions are presented.

2 PREVIOUS OBSERVATIONS

For a short overview of previous observations of non-thermal widths
see the Solar Physics Living Review by Del Zanna & Mason (2018).
Here, we provide key details of some of the previous observations
of NTVs in Si IV and C IV lines, in chronological order. A short
summary is given in Table 1. We note that some authors such as
(Boland et al. 1973, Boland et al. 1975) tabulated the values of the
root-mean-square velocity vrms =

√
< v2 >, which is related to the

the most probable non-thermal speed ξ ( vrms =
√

3/2 ξ ). We have
converted the Boland et al. values to our definition of NTV and
added them to Table 1.

Excellent measurements of the line widths in UV TR lines were

obtained with an Echelle spectrograph, with a maximum resolu-
tion of 0.026 Å FWHM, flown twice on a Skylark sounding rocket
(Boland et al. 1973, Boland et al. 1975 and references therein). The
instrumental width was measured in-flight from the Fraunhofer
lines. During the first flight, a 100 s exposure on the quiet Sun indi-
cated an average FWHM of 0.24 Å for the C IV 1548 Å line, result-
ing in an intrinsic width of 0.17±0.08. The large uncertainty was due
to the larger instrumental FWHM (0.12 Å) for that exposure. Dur-
ing the second flight, only a 40′′ portion of the slit, pointed about 10′

from Sun centre, could be used. The exposures were 47 and 29 s. The
C IV 1551 Å line had an average FWHM of 0.207 Å, resulting in an
intrinsic width of 0.19±0.01. Assuming a temperature of 1×105 K,
this is equivalent to a NTV (FWHM) of 19 km s−1. The stronger of
the Si IV doublet, at 1394 Å, had a width of 0.138 Å and an intrin-
sic width of 0.12±0.01 (with an estimated instrumental FWHM of
0.068 Å). Assuming a temperature of 6.3 ×104 K, this is equivalent
to a NTV (FWHM) of 14 km s−1, i.e. close to that of C IV, as one
would expect.

The Skylab observations from the Naval Research Laboratory
(NRL) S082B instrument with an 2x60′′ slit provided many NTV
measurements for TR lines. One limitation was that the instrument
was astigmatic, with no spatial resolution along the slit. Also obser-
vations were usually carried out at the solar limb, rather than on the
disc. The instrument resolution (FWHM) was estimated to be about
0.06 Å. Generally, the Skylab NTVs of Si IV and C IV are larger
(around 22-25 km s−1) than the Boland measurements, although the
differences were not noted (cf. Doschek et al. 1977, Mariska et al.
1978). Indeed, in the literature, it has been generally assumed that
the NTVs are isotropic, as it was thought that centre-to-limb varia-
tions were not present (see,e.g. Mariska et al. 1978). Also, the Sky-
lab observations showed that lines such as Si IV and C IV have NTVs
that increase with height above the limb, reaching 32 km s−1 at 12′′

above the limb and 37 - 43 km s−1 at 20′′ (cf. Mariska et al. 1979).
However, exposures longer than 600 s were required for the obser-
vations 12′′ above the limb, so the increase could well be due to a
superposition of motions during these long exposures. It was thought
that some excess broadenings in the lines could be due to opacity ef-
fects, although line ratios indicated that opacity was only present
near the limb (see, e.g. Doyle & McWhirter 1980).

Differences in the NTVs of allowed and inter-combination lines

MNRAS 000, 1–?? (2021)
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Figure 1. Spectral fitting for a sample of 1′′ IRIS pixels, having peak data numbers around 400 and different chi-squared values. The red line is the Gaussian
fitting plus a linear background. The chi-square and the FWHM in Å are shown in each plot.

were noted in the Skylab spectra, and there is an extended, early
literature on this issue. However, IRIS observations of the Si IV al-
lowed lines and the O IV inter-system lines have indicated that this is
not the case (see Polito et al. 2016, Doschek et al. 2016, Dudík et al.
2017, and reference therein), at least for these transitions. We note
however that the wings of the forbidden lines are always difficult
to measure as these lines are intrinsically much weaker than the al-
lowed transitions (see,e.g. Dere & Mason 1993).

The Skylab observations were very important in showing that
the excess broadening is a real effect, present in the quiet sun
and coronal holes, as NTVs of just a few km s−1 were observed
above sunspots (e.g. Cheng et al. 1976) and in prominences (e.g.
Feldman & Doschek 1977).

The High Resolution Telescope and Spectrometer (HRTS) pro-
duced many excellent results from the sounding rocket program.
The HRTS stigmatic slit was very long, from Sun centre to slightly
off-limb. The HRTS instrument was also flown on the Spacelab-2
Shuttle mission, returning a lot of data. The instrumental FWHM
was estimated to be about 0.06 Å, i.e. similar to that of the Skylab
NRL S082B instrument. Dere et al. (1989) used a series of expo-
sures, from 3 to 350 s, to obtain quiet Sun spectra over a range of lo-
cations, finding the distribution of NTVs for C IV (assuming 1×105

K) between 10 and 25 km s−1 (cf their Fig.11), with an average of
16 km s−1, i.e. close to the Boland et al. results.

In a later paper, Dere & Mason (1993) used HRTS observations
from the first sounding rocket flight, with exposures ranging from 1
to 20 s. Those exposures were summed, selecting quiet Sun regions,
to obtain an average NTV for the C IV 1548 Å line of 28 km s−1.
For the Si IV 1394 Å, an average NTV of 22 km s−1 was found.

Such values are close to those in the previous literature, as listed in
their paper, except to those of Boland et al., and those of the HRTS
Spacelab-2 flight, which are significantly lower.

It is well known that many line profiles are non-Gaussian, with ex-
tended broad wings especially in the explosive events. With a dou-
ble Gaussian fit, Dere & Mason (1993) found that the average of
the NTV of the main component is about 15 km s−1 for both lines,
whilst the averaged width of the broad component is more than twice
as large. The broad component is however usually very weak, a few
percent the main component. By definition, the NTV is obtained as-
suming Gaussian profiles, hence the selection of near-Gaussian pro-
files becomes an important issue. It is often not clear from previous
literature if locations with non-Gaussian profiles were excluded from
the data analysed. Also, the precise location of the samples are often
not given.

All the above observations were somewhat limited by the rel-
atively few spatial locations considered. The SoHO SUMER in-
strument improved on this by providing a lot of measurements.
Chae et al. (1998) estimated an instrumental FWHM of 2.3 detec-
tor pixels, equivalent to 0.095 Å around 1500 Å, i.e. about 12 km
s−1 (note that the dispersion changes slightly with wavelength). The
NTV of the narrow photospheric O I 1355.6 Å line resulted in 7
km s−1, significantly larger than the value measured by the Sky-
lab NRL S082B and HRTS instruments, which was about 4 km
s−1. It is therefore likely that the SUMER instrumental FWHM has
been under-estimated. Assuming that the Skylab and HRTS mea-
surements for this line are correct, the FWHM around 1500 Å would
then result in 0.11 Å, i.e. nearly a factor of two worse than the above-
mentioned Echelle spectrograph and HRTS.

MNRAS 000, 1–?? (2021)
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Figure 2. Parametric plots of the QS observed on the 22nd January, 2014 close to the northern limb having an exposure time of 15 s. The left panel shows the
intensity of the IRIS Si IV 1393.75 Å line. The middle and right panels indicate the corresponding Doppler velocities and Non-thermal velocities. The colour
bars with the scales are shown above the plots. X and Y are distances from Sun centre in arc seconds.
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Figure 3. The distribution of non-thermal velocity along radial distance from
the Sun’s center for the observation shown in Fig. 2

Having a larger instrumental width makes measurements of the
NTVs more difficult. This, together with the fact that most SUMER
observations had very long exposures (100 − 300 s), could be the
reason why most SUMER analyses produced NTV values in the C IV

and Si IV significantly higher than previous analyses. For example,
Chae et al. (1998) measured average NTVs for the Si IV and C IV

lines of 23 and 25 km s−1, assuming ion temperatures of 7, 10 ×104

K respectively.
Erdelyi et al. (1998) reported centre to limb variations in the upper

chromosphere and transition region using various spectral lines from
SUMER. However, close inspection of their results (see their Table
2) shows no significant differences in the NTVs between disc centre
and near the limb, with e.g. a NTV of 9 km s−1 for S IV. Higher
NTVs were only observed at the limb, as previously measured by
Skylab.

A special SUMER observing sequence scanning the whole Sun
with very short exposure times (15 s) was analysed by Peter (1999)
to find an averaged NTV of 15 km s−1 in C IV, i.e. much lower than
all other SUMER analyses. However, McIntosh et al. (2008) later
pointed that Peter (1999) applied an incorrect instrumental width,
underestimating the NTV, which should have been 25 km s−1, i.e.
similar to the other published results from SUMER. Peter (1999)
also reported a small decrease in the NTV towards the limb. On the
other hand, both Doyle et al. (2000) and McIntosh et al. (2008) anal-
ysed the same observations but reported instead a small increase of a
few km s−1 towards the limb (we note that the values in those papers
are not directly comparable as different velocities are displayed).

Akiyama et al. (2005) selected a QS region observed by SUMER
with the 300′′ slit and and exposure time of 180 s. They measured
an NTV for Si IV between 20 and 30 km s−1. A pointing at Sun
centre gave an averaged value of 25 km s−1, whilst one closer to the
limb gave a slightly higher value, 27 km s−1. Profiles with strongly
non-Gaussian shapes or with low counts were selected out in this
case. Similar measurements were provided by Landi et al. (2000).

MNRAS 000, 1–?? (2021)
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Figure 4. Left panel: The distribution of non-thermal velocity for the QS observed on the 22nd January 2014 for which the parametric plot is shown in Fig. 2.
Right panel: A scatter plot of NTVs as a function of the intensity of the Si IV 1393.75 Å spectral line.

However, all of these observations had long exposure times. Peter
(2001) analysed SUMER observations with 115 s and found much
larger NTVs, about 30 s−1.

In conclusion, considering the issues with instrumental widths, we
consider the Boland et al. results as the most accurate among those
obtained before IRIS. The Skylab NRL S082B and HRTS instru-
ments had a lower spectral resolution and generally provided larger
NTVs. The Skylab NRL S082B results were mostly near the limb
and lacked spatial resolution. The HRTS results from the Spacelab-
2 mission are very close to those of Boland et al.

The IRIS results shown by De Pontieu et al. (2015) indicated
NTVs ranging between 10 and 20. Single Gaussians were fitted.
These values are significantly lower than most previous observa-
tions, but are very close to those of Boland et al.

3 OBSERVATIONAL DATA AND ANALYSES

We searched the IRIS database and selected various spectral datasets
where the IRIS slit rastered quiet Sun regions. IRIS provides spec-
tral observations in the form of raster scans in the FUV domain
(1332 – 1407 Å) having various emission lines. We use the Si IV

line (1393.75 Å) corresponding to the upper chromosphere/TR for
our analysis. The observations have different exposure times ranging
from 4 to 30 s. Most of the observations used in our work are ’Very
Large’ covering a region of 175′′along the slit in the y-direction. The
slit width is 0.33′′. The whole raster scan covers different regions in
the x-direction depending on the size of the raster step: dense - 0.33′′;
sparse - 1′′; coarse - 2′′.

We use well calibrated Level 2 data. All the technical effects such
as dark current, flat fielding, and geometric correction are taken care
of. Also, the spectral drifts caused by thermal variations and the
spacecraft’s orbital velocity are accounted for before analysis. In ad-
dition, we have removed residual cosmic rays using the solarsoft
routine new_spike.pro, although we note that spikes in the data are
often present. To increase the signal to noise ratio and have enough
signal for the Si IV lines, we re-binned the data to 1′′ in x and y-
direction. We recall that De Pontieu et al. (2015) showed that the re-
sulting NTVs are very similar to those obtained at the full IRIS reso-

lution. We use a single Gaussian fitting and determine peak intensity,
Doppler shift, and width of the lines using custom written software
based on the cfit suite of programs developed for the analysis of
SoHO CDS data. We also exclude the non-Gaussian profiles by im-
posing a chi-square condition that has values less than 5 (thus elim-
inating profiles which do not fit well to a Gaussian profile). Exam-
ples of spectral fits having averaged peak intensities around 400 DN
and different values of chi-square are shown in Fig. 1. This shows
that the chi-square values less than 5 are well-fitted with a single
Gaussian and there are no obvious indications of broad wings. This
constraint removes a fraction of about 20–30% of the data. Further
examples are provided in the Appendix. We find that this chi-square
condition is reasonable also for weaker regions.

The instrumental broadening (FWHM) for IRIS is equivalent to
0.03 Å. We assume that the Si IV formation temperature is 80 ×
103 K which gives a thermal FWHM of 0.053Å. This is the tem-
perature assumed by De Pontieu et al., and is obtained using the
zero-density ionization equilibrium in CHIANTI (Dere et al. 2019).
However, Dufresne et al. (2021) recently reported new ionization
equilibrium calculations which include density-dependent effects
and charge transfer, showing that the formation temperature of the
Si IV doublet is much lower. Taking into account the quiet Sun emis-
sion measure distribution, the Si IV lines are predicted to be mainly
formed around 60 × 103 K. However, we note that changing the for-
mation temperature of Si IV by 2 × 104 K has little effect ( 5%) in
the NTV measurements.

The details of all the observations are given in Table 2. The first
column shows the date and time of the observations. Their corre-
sponding locations are also given. The first two observations (20th
September 2013 and 4th October 2013) focus on the quiet-sun re-
gion near the limb with exposure times of 4 and 30 s, respectively.
The third dataset of QS at the North Pole limb having exposure time
of 15 s is featured in Fig. 2, 4. The last two observations on 25th
February 2014 are of particularly interest as they are consecutive
observations targeting the same quiet-Sun region but having differ-
ent exposure times (8 and 30 s). The one having a 30 s exposure
time is shown in the paper (Figures 5, 6). The other observation is
discussed in the Appendix along with all other observations anal-
ysed. In the main part of the paper, we show single observation from
the limb (22nd January 2014) and disc centre (25th February 2014)
to focus on the centre-to-limb variation. The last column (Table 2)
shows the radial distance of the centre of the raster from the Sun’s

MNRAS 000, 1–?? (2021)



6 Yamini K. Rao, Giulio Del Zanna, and Helen E. Mason

Figure 5. Parametric plots of the QS observed on 25th Febraury 2014 near the disc center having an exposure time of 30 s (same as Fig. 2).
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Figure 6. Left panel: The distribution of non-thermal velocities for the for the QS observed on 25th Febraury 2014 for which the parametric plot is shown in
Fig. 5. Right panel: Scatter plot of the NTVs as a function of the intensities of the Si IV 1393.75 Å spectral line.

centre. The disc observations are close to the Sun’s centre, having
radial distances less than 0.5 R⊙. These are compared with limb ob-
servations.

3.1 Observational Results

The fitting of the 1394 Å line for the Quiet-Sun observed near the
limb on 22nd January 2014, with an exposure time of 15 s, gives dif-
ferent parametric values (Intensity, Doppler velocity, Non-thermal
velocity) at each pixel of the region which is shown in Fig. 2. The

left panel shows the intensity, where the bright network regions are
distinct from the background region. The corresponding Doppler ve-
locity and non-thermal widths are shown in the middle and right pan-
els. The variation of NTVs with radial distance from sun’s centre in
Fig. 3 shows an increase in the NTV towards the limb. It also shows
a further increase in off limb locations, in agreement with the earlier
observations. Fig. 4 shows the distribution of non-thermal velocities
just from the selected FOV, excluding the limb and above the limb
region peaking at around 20 km s−1. The intensity is well correlated
with the NTVs as shown in the right panel. A Gaussian fit for the
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The Center-to-Limb Variation of Non-Thermal Velocities using IRIS Si IV 7

NTV distribution shows that the NTV peaks at 18.6 km s−1 with a
width of 9.6 km s−1.

A similar analysis was conducted for the Quiet-Sun region ob-
served near the disc center having an exposure time of 30 s. The
parametric plots are shown in Fig. 5. In this case, the NTV distri-
bution peaks at around 15 km s−1. Its correlation with intensity is
shown in Fig. 6. A Gaussian fit for the NTV distribution shown in
Fig. 6 shows that the NTV peaks at 14.9 km s−1 having a width of
10.4 km s−1.

We then repeated the analysis for various datasets targeting the
QS close to the limb as well as at the disc center, having exposure
times varying from 4 to 30 s. We have fitted the NTV distributions
with Gaussians. The peak NTVs along with the widths (FWHM) and
the averages of the NTV values for all these datasets are shown in
Table 2. The distribution of the NTVs for all the observations show
that the NTVs are consistently higher towards the limb (about 20 km
s−1) than near the disc center (15 km s−1). All the details for these
observations, exposure times, the distance range of the FOV of the
region used for the NTV calculations are listed in the Table 2. The
plots of all the observations are shown in the Appendix. This centre
to limb variation is found to be independent of different exposure
times.

3.2 Possible Opacity Effect

Spectral lines affected by opacity tend to have broader line profiles.
The two Si IV lines form a doublet and share a common ground
level. The Si IV 1393.757 Å line has an atomic transition of 3s2S1/2 -

3p2P3/2 and Si IV 1402.772 Å of 3s2S1/2 - 3p2P1/2. Assuming that
these lines are optically thin, their ratio should be 2, which is equal
to the ratio of the oscillator strengths for the two lines. Ratios lower
than 2 indicate opacity effects, whilst ratios above 2 could be due to
resonant scattering, as found by Gontikakis & Vial (2018) for 2 %
of individual profiles in an active region.

We generally observe the ratio to be around 2 in the datasets we
analysed, as shown in Fig. 7. Similar results (i.e. no significant opac-
ity estimated from line ratios) were found by previous authors in
on-disc observations. The distribution of the ratio of the two Si IV

(1394/1403 Å ) lines are shown in Fig. 7 (left panel) for observations
closer to the limb and in Fig. 7 (right panel) for observations near the
disc center. These are plotted for all the locations having chi-square
value less than 5 and peak intensities greater than 200 DN, assuming
all other locations to be noisy. These are the same criteria used for
selecting the data used to calculate the NTVs in our paper. Ratios of
2 indicate that opacity has no strong effect with regard to the centre
to limb variation of NTVs.

4 DISCUSSION AND CONCLUSIONS

In this paper, we have studied the non-thermal velocities for Si IV

and their center to limb variation in the quiet Sun. Various IRIS
observational datasets at different locations with different exposure
times suggest that varying the temporal resolution has no effect on
the NTVs. The datasets closer to the limb have NTVs that peak
around 20 km s−1 while the disc datasets have NTVs with peaks
varying from 14-17 km s−1. We also note that the distribution of
NTVs is wider for the disc observations, with many values lower
than 10 km s−1. In contrast, there are fewer locations having NTV

values less than 10 km s−1 near the limb. In all cases, there is a clear
correlation between intensities and NTVs, as found previously.

We are not aware of any previous studies where the effect of the
exposure time was considered, although in some cases it was noted
that long exposures could result in larger NTVs. This means that on
average the timescales of the Doppler motions producing the NTVs
are either relatively short, of the order of the exposure times consid-
ered here, or are irrelevant.

Ghosh et al. (2019) studied the Si IV Doppler velocities in an AR,
finding weak center to limb variations. They proposed an inter-
pretation which included the effects of spicules. Testa et al. (2016)
studied the Fe XII coronal emission with IRIS, and compared two
datasets, at disc center and closer to limb. They reached the opposite
conclusions to our paper, i.e., that the Fe XII data suggested more
field aligned flows. This is most likely due to the Fe XII originating
only in a subset of the features emitting Si IV, most of the Fe XII

emission being connected to coronal loops.
Peter (1999) reported a small decrease (2−3 km s−1) of the

NTV towards the limb, while Doyle et al. (2000) and McIntosh et al.
(2008) reported increases of similar amounts above 0.9 R⊙. Our re-
sults confirm these latter findings, with variations already present
above 0.8 R⊙. In addition, we have shown that the variations in the
peak (or average) are also associated with variations in the widths of
the distributions. We have also observed significant increases in the
NTV above the limb, as pointed out in all previous studies.

As the IRIS instrumental width is very small, the variations we
observe must be real and not due to instrumental effects.

After the Skylab observations, it was generally thought that the
NTVs were isotropic, with the exception of the off-limb regions.
For example, Mariska et al. (1979) studied optically thin emission
from the QS using the NRL slit spectrograph, S082B, on Skylab.
They reported that the limb broadening measurements were consis-
tent with isotropic acoustic flux propagating through the transition
region, also consistent with the disc broadening measurements in
their earlier work (Mariska et al. 1978).

Erdelyi et al. (1998) used SUMER observation to claim that the
NTVs were not isotropic, although inspection of their results shows
that NTVs on-disc were not varying. Larger NTVs were only ob-
served off-limb, as in the Skylab observations and in the present
IRIS results. Peter (1999) found nearly constant NTVs in C IV, with
a small decrease towards the limb. Doyle et al. (2000) analysed the
same observations but found the opposite behaviour. In any case, it is
puzzling that a centre-to-limb variation is observed in Si IV by IRIS
but was not observed by SUMER in C IV, also considering that these
ions are formed at similar temperatures. Both doublets in Si IV and
C IV should be largely free of significant broadening due to opacity,
as the ratios are always close to 2 in the quiet Sun ( Dere & Mason
1993).

Most of the Doppler motions in Si IV cluster around 15 km s−1, a
value significantly lower than that found in most previous literature,
except the earlier results from Boland et al., those from the Spacelab-
2 HRTS dataset. It is interesting to note that all the SUMER results
with larger NTV were obtained with much longer exposure times,
so it is clear that long exposures (> 100 s) tend to produce higher
NTVs. It is also likely that the larger NTVs reported in the literature
are affected by including non-Gaussian profiles, most of which occur
during explosive events in the supergranular network.

If the very small spectroscopic filling factors in the transition re-
gion (see, e.g. Dere et al. 1987) are interpreted as real volume fill-
ing factors (see also Judge 2000), the subresolution structures would
have sizes of the order of 3 to 30 km, hence would be unresolved at
our binned IRIS resolution (1 ′′), but also at the native IRIS resolu-
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Figure 7. Scatter plot of the line ratio Si IV 1393/1403 Å as a function of Si IV 1393.75 Å intensities for observations near the limb and disc center

in the left and right panel, respectively.

Observation Raster Exposure Location Peak;Average of Width Distance Range
Time(s) NTV (km s−1) (km s−1) (R⊙)

20/09/2013 (14:31) Very Large Dense 4 North Pole Limb 18.4; 21.2 5.8 0.82 - 0.99
04/10/2013 (15:01) Very Large Dense 30 East limb 19.2; 20.2 7.5 0.84 - 0.89
22/01/2014 (01:48) Dense Synoptic 15 North Pole Limb 18.3; 19.63 6.4 0.83 - 0.99

26/09/2013 (16:50_r0) Very Large Sparse 8 Disc 14.9; 17.0 8.0 0.38 - 0.57
26/09/2013 (16:50_r1) Very Large Sparse 8 Disc 14.7; 16.5 8.6 0.38 - 0.57

22/10/2013 (11:30) Very Large Dense 30 Disc 16.1; 16.4 7.3 0.25 - 0.44
27/10/2013 (01:22) Very Large Coarse 4 Disc 16.5; 17.1 7.9 0.001 - 0.12
25/02/2014 (18:59) Very Large Dense 8 Disc 15.3; 17.1 7.8 0.02 - 0.24
25/02/2014 (20:50) Very Large Dense 30 Disc 14.9; 15.4 6.8 0.004 - 0.23

Table 2. Non-thermal velocities observed for different IRIS observations at different locations targeting the QS, with different exposure times.

tion. As a consequence, the observed NTVs would be the effect of a
superposition of different flows along the line of sight, occurring on
such small spatial scales and perhaps with short durations.

We do not currently have instruments which could observe such
flows in TR emission, but we can obtain some information from ob-
servations in the chromosphere, where shorter exposure times and
higher spatial resolutions have been achieved. In fact, there is a close
temporal and spatial connection between chromospheric and TR fea-
tures. This was already noted from e.g. Skylab and HRTS observa-
tions (see e.g. Dere et al. 1986). Observations of cool material in-
jected into the corona, such as that in threads of prominences, show
emission in transition region lines that is co-spatial and co-temporal
with lower-T chromospheric emission (Mariska et al. 1979). IRIS
observations have also confirmed this.

There are many high-resolution, high-cadence chromospheric ob-
servations of Doppler flows. In the last decade, rapid blue-shifted
excursions (RBEs) in the blue wings of chromospheric spectral
lines such as the Hydrogen H-α (observed in absorption) have been
observed. RBEs have Doppler velocities in the range between 10
and 30 km s−1 and lifetimes between about 5 s to 50 s (see e.g.
Sekse et al. 2013b and references therein), although shorter lifetimes
cannot be ruled out as most observations have cadences of about 8 s
or longer.

It has been suggested that RBEs are the disc counterpart of type II
spicules (Sekse et al. 2013a), which are much shorter lived (tens of
seconds) than the type I spicules (minutes). However, note that the
apparent velocities of type II spicules are between 50 and 150 km.

Recently, rapid redshifted excursions (RREs) have also been ob-

served in the red wings of chromospheric lines. Both RBEs and
RREs tend to be present in the same locations and have sim-
ilar lengths, widths, lifetimes and Doppler signatures (see e.g.
Sekse et al. (2013a)). Most of the Doppler velocities for both ex-
cursions range between 10 and 20 km s−1 for the Ca II 8542 Å and
between 20 and 35 km s−1 for the Hα . RBEs are more abundant than
RREs. Oscillatory swaying motions in type II spicules are common
and have amplitudes of the order of 10–20 km s−1 and periodicities
of 100–500 s (de Pontieu et al. (2007)).

Observations in the red wing of the Hα line with a cadence
of about 1 s showed the presence of many fine structures over
timescales of just a few seconds, and very high apparent velocities
(Judge et al. 2012). The authors suggested that some of the events
could result from plasma sheet structures in the chromosphere.

So it is natural to expect that the RBEs and RREs seen in absorp-
tion in chromospheric lines would also have a counterpart emission
in TR lines such as Si IV. The Doppler velocities have been observed
with a spatial resolution of a fraction of an arcsecond. The Doppler
velocities in the rapid excursions in the Ca II 8542 Å line and the
swaying motions of type II spicules have velocities within the range
of values of the observed NTVs in Si IV, so it is likely that these
features are related.

The fact that NTVs increase towards the limb and are even greater
off-limb, indicates that on average the Doppler motions are not
aligned with the radial direction, and are mostly perpendicular. The
NTVs could then be caused by swaying and torsional motions,
which are commonly observed (see, e.g. De Pontieu et al. 2014b).
One would expect that the effects of the swaying and torsional mo-
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tions would be enhanced in observations toward the limb, and de-
crease with short exposure times, which is what we observe. Physi-
cally, Alfven wave heating would produce larger NTV near the limb,
as shown e.g. by Erdelyi et al. (1998).
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7 APPENDIX

We have carried out an analysis of several more datasets to observe
the centre to limb variation of non-thermal velocities. Fig. A1 shows
the parametric maps for the QS observed on the 20th September,
2013 close to the North limb having an exposure time of 4 s. Fig. A2
shows the NTVs peak at 19.4 km/s with a correlation with intensity
indicating that the bright regions have higher NTVs. Fig. A3 shows
the parametric maps for the QS region observed near an AR on the
limb side on the 4th October, 2013 close to the East limb having an
exposure time of 30 s. Fig. A4 shows the NTVs peak at 19.3 km/s
with a correlation with intensity indicating that the bright regions
have higher NTVs.

Fig. A5 shows the parametric maps for the QS observed on the
26th September, 2013 (Raster 0) near the disc center having an ex-
posure time of 8 s. Fig. A6 shows that the distribution of NTVs peaks
at 14.9 km s−1. Fig. A7 shows the parametric maps for the QS ob-
served on the 26th September, 2013 (Raster 1) near the disc center
having an exposure time of 8 s. Fig. A8 shows that the distribution
of NTVs peaks at 14.7 km s−1. Fig. A9 shows the parametric maps
for the QS observed on the 22nd October, 2013 near the disc center
having an exposure time of 30 s. Fig. A10 shows that the distribution
of NTVs peaks at 16.1 km s−1. Fig. A11 shows the parametric maps
for the QS observed on the 27th October, 2013 near the disc center
having an exposure time of 4 s. Fig. A12 shows that the distribu-
tion of NTVs peaks at 16.5 km s−1. Fig. A13 shows the parametric
maps for the QS observed on the 25th Febraury, 2014 near the disc
center having an exposure time of 8 s. Fig. A14 shows that the dis-
tribution of NTVs peaks at 15.3 km s−1. All these observations are
summarised in Table 2 along with other two observations discussed
in the paper.

Finally, Figures A15,A16,A17 show a randomly-selected sample
of spectral fits of IRIS 1′′ pixels, where the peak intensities of the
lines range from 200 to 800 data numbers (DN). The samples are
ordered by their chi-square values. We recall that to measure the
NTVs we selected spectral fits with chi-square values less than 5,
where the line profiles are nearly Gaussian.

As the observations we analysed were taken at different times
(hence the signal is affected by the instrument degradation) and with
different exposures, there is a wide range of peak intensities in the
spectra, ranging from about 200 to 800 DN (excluding bright explo-
sive events). Plots of the chi-square values as a function of the peak
intensities do not show any correlations, i.e. there is no tendency
for the line profiles to become strongly non-Gaussians for weaker or
larger intensities. In other words, we can find nearly Gaussian pro-
files of different widths for very low or very high intensities. There
is a large scatter of values in the widths, as we have shown, but the
tendency for having larger NTVs for higher intensities is clear in all
observations. Clearly, the line profiles in the lowest intensity regions
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with peak DN around 200 are more noisy than the other ones, but
Gaussian fitting is still reliable. We recall that all the spectra were
spatially averaged over 1′′, to reduce noise. As most IRIS rasters
were ‘dense’, most of the averaging shows the spectra in a real 1′′

region of the quiet Sun. Fig. A18 shows the observed FWHM of two
different Si IV lines showing strong correlation between two lines
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Figure A1. Parametric plots of the QS observed on the 20th September, 2013 at the North limb having an exposure time of 4 s. The left panel shows the intensity
of the IRIS Si IV 1393.75 Å line. The middle and right panels indicate the corresponding Doppler and Non-thermal velocities. The colour bars are shown above
the plots.
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Figure A2. Left panel: The distribution of non-thermal velocities for the QS observed on the 20th September, 2013 for which the parametric plot is shown in
Fig. A1. Right panel: Scatter plot of NTVs as a function of the intensity of the Si IV 1393.75 Å spectral line.
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Figure A3. Parametric plots of the QS observed on 4th October 2013, close to the East limb with an exposure time of 30 s. The left panel shows the intensity
of the IRIS Si IV 1393.75 Å line. The middle and right panels indicate the corresponding Doppler and Non-thermal velocities. The colour bars are shown above
the plots.
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Figure A4. Left panel: The distribution of non-thermal velocity for the QS observed on 4th October 2013 for which the parametric plot is shown in Fig. A3.
Right panel: A scatter plot of the NTVs as a function of the intensities of the Si IV 1393.75 Å spectral line.
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Figure A5. Parametric plots of the QS observed on the 26th September, 2013 (Raster 0) near the disc center having an exposure time of 8 s. The left panel shows
the intensity of the Si IV 1393.75 Å line. The middle and right panel indicates the corresponding Doppler velocities and non-thermal velocities. The colour bars
are shown above the plots.
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Figure A6. Left panel: The distribution of non-thermal velocity for the QS observed on the 26th September, 2013 (Raster 0) for which parametric plot is shown
in Fig. A5. Right panel: Scatter plot of the NTVs as a function of the intensity of the Si IV 1393.75 Å spectral line.
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Figure A7. Parametric plots of the QS observed on the 26th September, 2013 (Raster 1) near the disc center having an exposure time of 8 s. The left panel
shows the intensity of the IRIS Si IV 1393.75 Å line. The middle and right panels indicate the corresponding Doppler and Non-thermal velocities. The colour
bars are shown above the plots.
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Figure A8. Left panel: The distribution of non-thermal velocity for the for the QS observed on the 26th September, 2013 (Raster 1) for which the parametric
plot is shown in Fig. A7. Right panel: Scatter plot of the NTVs as a function of the intensity of the Si IV 1393.75 Å spectral line.
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Figure A9. Parametric plots of the QS observed on the 22nd October, 2013 near the disc center having an exposure time of 30 s. The left panel shows the
intensity of the IRIS Si IV 1393.75 Å line. The middle and right panel indicates corresponding Doppler velocities and non-thermal velocities. The colour bars
are shown above the plots.
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Figure A10. Left panel: The distribution of non-thermal velocity for the for the QS observed on the 22nd October, 2013 for which the parametric plot is shown
in Fig. A9. Right panel: Scatter plot of NTVs as a function of the intensity of Si IV 1393.75 Å spectral line.
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Figure A11. Parametric plots of the QS observed on the 27th October, 2013 near the disc center having an exposure time of 4 s. The left panel shows the intensity
using the Si IV 1393.75 Å line observed by IRIS from TR emission. The middle and right panel indicates corresponding Doppler velocities and non-thermal
velocities. The colourbars are shown above the plots.
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Figure A12. Left panel: The distribution of non-thermal velocity for the for the QS observed on the 27th October, 2013 for which the parametric plot is shown
in Fig. A11. Right panel: Scatter plot of NTVs as a function of the intensity of Si IV 1393.75 Å spectral line.
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Figure A13. Parametric plots of the QS observed on the 25th Febraury, 2014 near the disc center having an exposure time of 8 s. The left panel shows the
intensity using Si IV 1393.75 Å line observed by IRIS from TR emission. The middle and right panel indicates corresponding Doppler velocities and Non-
thermal velocities. The colourbars are shown above the plots.
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Figure A14. Left panel: The distribution of non-thermal velocity for the for the QS observed on the 25th February, 2014 for which the parametric plot is shown
in Fig. A13. Right panel: Scatter plot of NTVs as a function of the intensity of Si IV 1393.75 Å spectral line.
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Figure A15. Spectral fitting for intensity values of 200 DN and different chi-squared values for the QS observation at the disc center mentioned in the paper.
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Figure A16. Spectral fitting for intensity values of 600 DN and different chi-squared values for the QS observation at the disc center mentioned in the paper.
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Figure A17. Spectral fitting for intensity values of 800 DN and different chi-squared values for the QS observation at the disc center mentioned in the paper.
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Figure A18. Observed FWHM of two different Si IV lines showing strong correlation between two lines
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