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Abstract. Brightness variations of solar features are investigated using time series of images and spectra of quiet-
Sun regions at disc centre obtained with the Coronal Diagnostic Spectrometer (CDS) and the Solar Ultraviolet
Measurements of Emitted Radiation (SUMER) instrument onboard the SOHO spacecraft. Ultraviolet emission
lines sampling temperatures of the chromosphere, transition region and corona were recorded, with the Het
584.3 A and Ov 629.7 A lines being recorded simultancously by both instruments. A comparison shows that
both instruments give similar results except that SUMER reveals a factor of three higher absolute and relative
variability than CDS. Simple tests suggest that the higher spatial resolution of SUMER compared to CDS, and
the broad slit used for the CDS observations, are responsible for this difference. This points to the need for higher
spatial resolution for future variability studies. The SUMER results confirm and extend to lower temperatures

the trends deduced in an earlier paper from CDS data.
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1. Introduction

Heating processes in the quiet solar atmosphere are the
consequences of magnetic reconnection or the dissipation
of acoustic or magnetohydrodynamic waves which produce
transient brightenings in the emission from the relevant at-
mospheric layers (e.g., Schadee et al. 1983; Lin et al. 1984;
Parker 1988; Ulmschneider et al. 1991). These brighten-
ings and their spatial and temporal variations are studied
in the hope of improving our understanding of the heat-
ing mechanisms. A short overview of such, mainly obser-
vational, studies is given by Brkovi¢ et al. (2000).

In this paper, we present the results of a statistical
analysis of the brightness variations observed in the quiet
Sun using movies obtained with CDS and time series of
spectra recorded by SUMER. In particular, we compare
the variability obtained by the two instruments in Her
584.3 A and Ov 629.7 A at the same location (to the
extent possible given the different resolutions of SUMER,
and CDS). Due to the uncertainty in the exact slit loca-
tions, such an analysis is probably best carried out with
data of the type employed here, namely SUMER spectra
and CDS wide-slit images. The present analysis is thus
an extension of work presented by Brkovié¢ et al. (2000),
which was based exclusively on CDS data. Preliminary re-
sults of the present work were presented by Brkovic et al.
(2001a).

Send offprint requests to: A. Brkovié,
e-mail: alen@kis.uni-freiburg.de

2. Observations

The observations of quiet regions at Sun centre have been
made using the Normal Incidence Spectrometer (NIS) of
the Coronal Diagnostic Spectrometer (CDS) (Harrison
et al. 1995) and the Solar Ultraviolet Measurements
of Emitted Radiation (SUMER) spectrometer (Wilhelm
et al. 1995) onboard the SOHO spacecraft. A list of the
lines analysed, temperatures of line formation, signal-to-
noise (S/N) ratios, times of observations and exposure
times are given in Tables 1 and 2. At the tabulated line
formation temperatures the corresponding line emissivi-
ties are maximal under equilibrium conditions (Landini &
Monsignori Fossi 1990). The tabulated S/N ratio is the
average over all pixels and time steps. SUMER observa-
tions are designated with small letters, while the CDS ones
are marked by capital letters. Earlier detailed comparisons
between CDS and SUMER, data have been carried out by
Brynildsen et al. (1998) and Pauluhn et al. (1999, 2000).

2.1. CDS observations

NIS was employed in its movie mode, i.e., with a 90" x
240" slit. In this mode a filtergram covering a part of the
solar surface corresponding to the slit size is produced si-
multaneously at each wavelength. Due to the overlap of
the images from neighbouring wavelengths, spectral infor-
mation within each spectral line is lost. After correction
for solar rotation, performed on the ground, each pixel
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Table 1. SUMER and CDS lines. Width refers to the width of the spectral window.

SUMER lines (A) log (T./K) Run No. Width (A) S/N ratio
He1 584.33 4.50 2a 1.1 9.3

Ov 629.73 5.39 2b 1.1 17.3

Ov1 1031.91 5.50 1a, 3a 2.2 10.0, 10.3
O11152.1 4.18 2a 2.2 8.6
C11267.67 4.18 2b 2.1 7.3
O11302.17 4.18 1b, 3b 1.1 9.2, 10.6
O11304.86 4.18 1b, 3b 1.1 9.3, 10.3
Sii 1309.28 4.10 1b, 3b 1.1 14.6, 15.5
N1 1319.00 4.21 1b, 3b 1.1 8.6, 8.8

C1 1334.52 4.60 1b, 3b 1.1 8.2, 9.7
CDS lines (A)

Mg 1x 368.07 6.00 1A, 2A, 2B, 3A 3.4 4.1, 3.9, 4.1, 3.7
He1 584.33 4.50 1A, 2A, 2B, 3A 5.8 11.7, 10.4, 10.2, 10.4
Ov 629.73 5.39 1A, 2A, 2B, 3A 5.8 8.0, 7.0, 7.1, 7.2

Table 2. CDS (1A, 2A, 2B, 3A) and SUMER (1a, 1b, 2a, 2b,
3a, 3b) runs.

Run Date Start End Exposure time (s)  Slit
No. 1997 UT UT + No.
April time  time Overhead (s)
1A 22 0745 18:22 15+5 6
la 22 09:35 1347 15+ 4 6
1b 22 13:52  19:08 15+ 4 3
2A 23 08:01 11:49 10 + 4 6
2a 23 08:04 13:40 15+ 4 3
2B 23 12:58 18:55 10 + 4 6
2b 23 13:44 1843 30 + 4 3
3A 25 08:01 18:55 10 + 4 6
3a 25  12:46 18:19 15+ 4 6
3b 25  07:06 1241 15+ 4 3

follows the same point on the solar surface during the
whole time series. Thus, the CDS data analysed here are
similar to those studied by Brkovié¢ et al. (2000, 2001b),
the main difference being that the present data have been
taken at a faster rate (shorter exposure time). To the ac-
tual exposure time an overhead of four or five seconds per
frame must be added (the overhead is mainly accrued by
reading out the CCD and preparing it for the next expo-
sure). Due to telemetry constraints, somewhat less than
half of the data along the slit were read out and conse-
quently only a smaller area of the solar disc is covered.
The correction for solar rotation further reduces the size
of the field of view, which finally is 70” x 109" (42 x 65)
pixels, with a pixel size of 1.68" x 1.68".

Note that during runs 1A, la, 1b roughly the same
quiet solar region was recorded. The same is true for
runs 2A, 2B, 2a, 2b and for 3A, 3a, 3b.

Due to the broad point-spread function of CDS, in-
dividual pixels are not independent in their brightness
and noise properties (Thompson 1998). To account for

this property we bin the intensities from groups of 4 x 4
pixels for the analysis described here. In this manner the
S/N ratio is increased by a factor of four, but the spatial
sampling is proportionately reduced. Following Thompson
(1998) the noise values for single pixel and groups of pix-
els have been multiplied by square root of two. The reason
for this factor is that photon-related statistical noise in the
NIS data has two sources of similar magnitude. One is the
Poisson noise associated with the photons which interact
with the detector. The second source is the fluctuation
in the amount of amplification in the detector system.
The signal-to-noise ratio for each single pixel, i.e., prior to
the binning, and each time step is calculated as: S/N =
Intensity/+/2 - Intensity. The averages of these S/N values
over all pixels and time steps result in S/N ratios given
in Table 1.

2.2. SUMER observations

SUMER observed simultaneously with CDS using 1”7 x
120" slits # 3 and # 6, with detector B and a pixel size of
1”x1”. The SUMER slit was located within the CDS field
of view and was kept at a fixed location on the solar surface
by compensating for solar rotation. Due to the asymmet-
ric slit and internal misalignments only 90" along the slit
were of use, resulting in a final field of view of 1” x 90”.
The observations cover chromospheric and transition re-
gion temperatures.

Several instrumental corrections have been applied to
the data before the analysis. For the flat-field correction we
used the flat-field image taken on 24 April 1997. The pin
cushion distortion of the image and the inclination of the
spectral lines with respect to the detector columns were
removed. The effects of the dead time and gain depression
of the detector were almost negligible, but the corrections
have been applied anyway. In the next step we fit the line
profiles at each spatial position and for each time step. For
all lines least-squares fits of a single Gaussian plus a linear
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Fig. 1. Sample light curves for the Her and O v lines of CDS (upper frames) and SUMER (lower frames). Plotted is the intensity
relative to the normalized time-averaged intensity (the horizontal dashed lines) for individual pixels. Note the difference in scale
between the SUMER and CDS light curves. The dotted lines represent noise levels. The run number and the relative variability

are given at the upper left and right corners of each frame.

background turned out to be sufficient. After subtraction
of the linear background the total line intensity, Iio, is
given by /7 I, o, where o is the Doppler width and I,
is the maximum of the spectral intensity of the fit. The
temporal variations of this parameter are analysed here.

2.3. Coalignment of SUMER and CDS

Since we are interested in comparing co-spatial and co-
temporal time series of He1 and O v obtained with two in-
struments, the position of the SUMER slit in the CDS field
of view had to be determined. In principle it would be suf-
ficient to cross-correlate nearly simultaneous SUMER, and
CDS exposures to obtain the position of SUMER’s slit in
CDS'’s field of view. However such individual spatial cross-
correlations gave unreliable results, since the CDS image
showed insufficient spatial structure. Hence, the position
of a given pixel on the SUMER slit relative to the CDS
image (zg,ys) turned out to exhibit considerable scatter
with time. Here xg is the E-W and yg the N-S location.

We therefore carried out a more elaborate procedure.
For each (zg, ys)-pair the SUMER light curve of each pixel
along the slit was cross-correlated with the correspond-
ing CDS light curve. Since the intensity exhibits strong
temporal variations this turned out to be a far more ro-
bust way of determining the coalignment. Then the av-
erage of the correlation coefficients obtained along the
SUMER slit, cg, was determined. The (xg,ys)-pair for
which cg(xs,ys) is largest is the required location. The

largest cs values obtained in this manner are over 0.9.
Note that no background was subtracted either for CDS or
for SUMER data. We used the SUMER data prior to the
fitting procedure and for each pixel a spectral summation
over the line profile was performed. The CDS data used in
this step were the one prior to the 4 x 4 binning. Since the
instruments do not have the same resolution along the slit
the SUMER data were rebinned to the pixel size of CDS,
ie., 1.68".

The final (zg, ys) pairs obtained are close to the time
average of the (zg(t),ys(t)) array obtained from simple
spatial cross-correlations, which speaks for the robustness
of the coalignment.

3. Results

First we give the definition of some parameters which are
analysed in this work. The instantaneous intensity and
noise were defined in Sects. 2.1 and 2.2. The variability
is described by the rms of the time series. The (average)
intensity and noise are averages over the whole duration
of the observations. The relative variability is defined as
the ratio of the rms to the intensity. These four param-
eters were determined for each pixel (SUMER) and for
each group of 4 x 4 pixels (CDS) in a spectral line of
interest. Sometimes we give a value of the relative in-
tensity which is defined as the momentary intensity rel-
ative to the time-averaged intensity. Since the results ob-
tained from the same spectral line observed on different
days, in general, differ only insignificantly, the parameters
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Fig. 2. Frames a—c) upper row: fraction of points with an intensity-rms to noise ratio lying above the corresponding value on
the abscissa. The thin vertical dashed line marks rms values corresponding to the 1o noise level. Frames d—f) lower row: fraction
of points with relative variability lying above the corresponding value on the abscissa.

obtained from these data were combined and then anal-
ysed as a single data set for the sake of improved statistics.

3.1. Comparison of light curves

Figure 1 shows examples of normalized light curves co-
spatially and co-temporally observed with SUMER, and
CDS. Note, however, that the plotted He1 and O v data
are independent of each other since they were recorded at
different times. Each light curve refers to a single pixel, so
that the data have neither been grouped nor rebinned. The
dashed lines correspond to time-averaged intensity while
the dotted lines represent count noise levels, where the
noise is determined in each time step as the square root
of the intensity (SUMER) and the square root of twice
the intensity (CDS), with the intensity now being the in-
stantaneous intensity. The relative variability is given in
the upper right corner of each frame. Clearly, the SUMER
data are much more variable than the CDS data. This is
true for both spectral lines. SUMER exhibits an excess
variability at all locations along the slit. The high S/N
ratio of the SUMER data and the good correlations be-
tween the SUMER and CDS data sets rule out noise as
the source of this excess variability.

3.2. Comparison of brightness variations between CDS
and SUMER

To test the significance of the variability, we plot in
Figs. 2a—c the percentage of pixels with an rms/noise ra-
tio lying above the corresponding value on the abscissa
at every point within the field of view. The results ob-
tained with SUMER (two left frames) are plotted sepa-
rately from those obtained with CDS (rightmost frame).
The rms/noise ratio is above 1.0 for chromospheric lines
and above 2.0 and 5.0 for the transition region Ov1 and
Ov lines for all pixels (similar results are obtained in
Rabin & Dowdy 1992; Berghmans et al. 1998; Brkovié
et al. 2000). Thus, all intensity variations are larger than
the noise and consequently real. The only exception to
this rule is the Mgix line in which less than 6% of the
points are significantly variable at the 1o level, compared
to 47% in datasets recorded in December 1996 (Brkovié
et al. 2000). This difference is due to the higher noise intro-
duced by the shorter exposure time of the new data. Hence
it should be kept in mind that the results obtained from
this line are less significant. Note that due to the noise
contribution the measured variability is actually an upper
limit to the true variability in this line. The remaining
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Fig. 3. Fits between CDS and SUMER relative variabilities. Proportionality factors are given at the upper right corner of each

frame.

CDS results are in agreement with those in Brkovié et al.
(2000).

Figures 2d—f are similar to Figs. 2a—c, but display the
relative variability (i.e., rms/intensity). The greater num-
ber of lines available in the SUMER observations clearly
confirms that the relative variability is greatest in the
transition region and smallest in coronal lines.

We now turn to the question of how much larger
the variability exhibited by SUMER data is compared to
CDS. A comparison of median variabilities, 9.5% (23.5%)
for Her and 17.5% (55.0%) for Ov as seen with CDS
(SUMER) gives ratios of 2.5 and 3.1 between the two
instruments for the two lines, respectively. On the other
hand, the average relative variabilities are 9% (28%) for
Hertand 16% (56%) for O v, for CDS (SUMER). This gives
ratios of 3.1 and 3.5 between the two instruments.

A possibly better way of determining this factor is to
stretch the abscissa of Fig. 2f until the y? between the
Her1 and O v relative variability obtained by the two in-
struments is minimised. The best fit curves (CDS results
obtained prior to the 4 x 4 binning) are plotted in Fig. 3.
Proportionality factors are given at the upper right corner
of each frame. This analysis implies that the variability ex-
hibited by SUMER, data is approximately a factor of 3.1
larger than that seen in CDS.

We checked by how much SUMER variabilities change
if broad stretches of continuum which include the total
widths of the spectral windows, are not removed from the
SUMER data, i.e., if we sum spectrally over the line pro-
file and the surrounding continuum instead of applying
a Gaussian fit. As expected, the variability is reduced, al-
though not equally for the two lines: the new average vari-
abilities for Het and O v amount to 0.21 and 0.48, respec-
tively, which corresponds to reductions of 33% (0.28/0.21)
and 17% (0.56,/0.48). The proportionality factors between
SUMER. and CDS variability are then also reduced, be-
coming 2.38 and 2.66 for Het and O v, respectively. Thus
the larger variability detected in SUMER data compared
to CDS is partly due to the width of the slits used and
the fact that we cannot separate between line and contin-
uum variability in the CDS data. The widths of spectral

Table 3. Correlation coefficients between variabilities of CDS
line pairs.

Run No. X Y 1A 2A 2B 3A

Her-Ov 0.77 0.86 0.78 0.70 0.60 0.61
Her-Mgix 053 0.65 0.64 0.15 027 0.70
Ov-Mgix 045 064 040 0.11 0.18 0.37

windows for He1 and O v lines amount to 1.1 A (SUMER)
and 5.8 A (CDS).

Nevertheless, the major part of the difference between
the two instruments is probably due to the difference in
spatial resolution element. To test this, we spatially aver-
age the SUMER data over an increasing number of pixels
and determine the variability of the averaged light curves
until we obtain the CDS variability. The appropriate num-
ber turned out to be 35 pixels along the slit for both lines.
This corresponds to roughly the same solar surface area
as covered by 4 x 4 CDS pixels, although the geometry
is different. Brkovi¢ et al. (2000) showed that CDS rela-
tive variabilities are marginally affected by the 4 x 4 bin-
ning, which, as explained in Sect. 2.1, is due to the broad
point-spread function. In what follows we revert to using
SUMER data with the background removed.

3.3. Do intensity variations in different lines occur
simultaneously?

Tables 3 and 4 give correlation coefficients between vari-
abilities of various simultaneously recorded line pairs.
Runs X and Y refer to additional CDS observations car-
ried out on 3 and 6 December 1996, (see Brkovié¢ et al.
2000).

The largest correlations in CDS data sets are for the
He1-Ov pair. The variabilities of the two lines are well
correlated in all datasets. For the other two pairs, i.e.,
He1-Mgix and O v—Mg1x, the correlation coefficients can
differ strongly from one run to another. The explanation
for the small correlation coefficients for the dataset of
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Fig. 4. Histograms of relative intensity fluctuations for two SUMER lines.

Table 4. Correlation coefficients between variabilities of
SUMER line pairs.

Line pair Correlation coefficient
Her 584.33-O1 1152.10 0.85%*
Ov 629.73-C1 1267.67 0.80%°

O11302.17-O1 1304.86

O1 1302.17-Si1r 1309.28
O11302.17-N1 1319.00

O11302.17-C 11 1334.52
O1 1304.86-Si11 1309.28
O11304.86-N1 1319.00

O11304.86-C 11 1334.52
Sitr 1309.28-N1 1319.00
Sitr 1309.28-C 11 1334.52
N1 1319.00-C 11 1334.52

0.97*%, 0.67°"
0.94%, 0.89%P
0.27'*, 0.67%°
0.95', 0.80°"
0.91'%, 0.72%°
0.43'°, 0.45°P
0.93*®, 0.67°"
0.24' 0.68%°
0.88%, 0.81%P
0.26'", 0.38%°

23 April 1997 (2A and 2B) could be that the barely signifi-
cant variability seen in the Mg 1x line is even less reliable in
these than in the other observations due to the decreased
exposure time and consequently increased count noise (cf.
Figs. 2a—c). As already noted by Brkovi¢ et al. (2000), the
Mg 1x variability correlates better with He1 than with O v,
probably due to the fact that the Her1 line is also sensitive
to coronal properties (Fontenla et al. 1993; Andretta &
Jones 1997), and consequently a part of the fluctuations
seen in HerT is actually coronal in origin.

Correlation coefficients between variabilities of
SUMER lines are all very high, with the exception of
line pairs involving N1 1319.0 A (Table 4). The profiles
of this line do not reveal anything unusual that could
cause this lower correlation (e.g., signs of blending). Its
singular behaviour remains not understood, since even a
hidden blend should not lead to such a drastic reduction
in correlation with the other lines, unless possibly it is
coronal in origin. All lines, except the O v line are formed
at chromospheric temperatures and the high correlation
between their variabilities is not surprising. The very
good correlation between C1 and Ov (even higher than
that between Her and Ov, Table 3) confirms the close

connection between chromospheric and transition region
variability.

In their study of quiet-Sun brightness variations,
Brkovi¢ et al. (2000) have found that the relative intensity
variations of the He1, O v and Mgix lines do not depend
significantly on the absolute intensity (i.e., the variability
scales linearly with intensity). The present analysis con-
firms this result for both SUMER and CDS data. Thus
the relative brightness fluctuations are equally strong in
the network and in the intranetwork. The same result was
found by Vernazza et al. (1975) for the chromospheric and
transition region emission lines they investigated.

3.4. Time scales of intensity variations

Next we investigate, in a very simple manner, the time
scales of the variability. In order to determine the rela-
tive brightness fluctuations occuring over time scales of
N min or less, we cut our observing time sequences into
N min pieces. For each of these we determine the rms of
the intensity at each pixel (SUMER) and at each group of
4 x 4 pixels (CDS). For the relative brightness fluctuations
occuring on time scales longer than M min we determined
the average intensity observed in each M min interval and
determined the rms of these values. The durations of the
different time series lie in the range 230 min to 660 min.
We tested the influence of this duration by analysing only
the first 230 min of the longer time series, but found the
results to be unchanged. This is because the brightness
fluctuations occur mainly on time scale below 80 min (see
below).

Figure 4 shows histograms of the relative intensity fluc-
tuations exhibited by two SUMER lines on different time
scales. It displays the percentage of pixels with a relative
intensity variability corresponding to the value on the ab-
scissa. For the chromospheric Sii1 line fluctuations on time
scales <5 min and those on time scales >5 min are al-
most equally strong. All chromospheric lines except Hel
584.3 A, which is optically thick and susceptible to coronal
radiation, exhibit such a behaviour to some degree. He1
behaves similarly to lines formed at higher temperatures,
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represented by O vt in Fig. 4. For these the relative in-
tensity fluctuations at time scales >5 min dominate over
those at shorter time scales. By considering a finer grid
of time scales we find that the brightness fluctuations in
the transition region and corona occur dominantly on time
scale between 5 and 80 min. The transition region lines ex-
hibit the largest variability on all investigated time scales
while the coronal line (not shown) is least variable (in
agreement with Vernazza et al. 1975; Brkovié et al. 2000).

We find that the ratio between the variability of the
He1 line seen by SUMER to that deduced from CDS data
(see Sect. 3.2) is larger for shorter time scales than for the
longer ones, while this factor does not change significantly
for the O v line. This suggests that the He1 variations on
shorter time scales are localized on smaller spatial scales
than in Ov.

4. Conclusions

We have investigated the brightness variations in the quiet
Sun using temporally and spatially overlapping time series
obtained by CDS and SUMER in chromospheric, transi-
tion region and coronal lines.

The relative intensity variations are larger for the tran-
sition region lines than those of the chromospheric lines.
The variations of the coronal Mgix line are even smaller,
but recall that this line has the smallest S/N ratio of all
observed lines. The strength of the detected relative inten-
sity variations is over a factor of three larger in SUMER
data than in corresponding CDS recordings. This can be
explained by the smaller resolution elements of SUMER
compared to CDS and to a smaller extent by the wider
slit used when obtaining the CDS data (due to which the
continuum variability could not be separated from the line
variability). The larger variability in SUMER than in CDS
data is in agreement with the findings of Pauluhn et al.
(2000).

In the upper chromosphere all parts of the quiet
Sun, from the darkest intranetwork to the brightest net-
work, are significantly variable at least at the lo level,
in agreement with the findings of Rabin & Dowdy (1992),
Berghmans et al. (1998) and Brkovié et al. (2000). In tran-
sition region lines of the O vi and O v spectra the signifi-
cance level of the variability lies above 20 and 50, respec-
tively. This confirms that all fluctuations measured in the
chromosphere and transition region are real intensity vari-
ations. In the corona, as sampled by Mgix 368.1 A, less
than half of the points show significant variability at the
1o level.

It is confirmed that the relative variability is indepen-
dent of the brightness at all studied temperatures. The
brightness fluctuations observed in all non-chromospheric
lines are dominantly due to brightness changes on time
scales less than 80 min and longer than 5 min. In all
observed chromospheric lines, except the Her line, the
brightness changes on time scales longer than 5 min are
equally strong compared to the changes on time scales less
than 5 min.
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Variabilities of different lines are highly correlated, ex-
cept for the N1 and Mgix lines. These good correlations
are in favour of a strong connection between brightenings
in the chromosphere and transition region. The low corre-
lation with N1 is not understood, while the low correlation
with Mg1x may be due to the lower significance of the
variability of that line. This cannot be the entire cause
for the lower correlation, however, since Brkovié¢ et al.
(2001b) also found a low correlation between blinkers (i.e.
strong brightenings) seen in O v and Mg1x, although these
brightenings were significant at the 30 level in both lines.
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