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ABSTRACT

In order to investigate the correspondence between the
quiet-Sun UV radiance and changes in the magnetic net-
work during the solar cycle, we study the quiet-Sun vari-
ability with the two EUV instruments CDS (Coronal
Diagnostic Spectrometer) and SUMER (Solar Ultravio-
let Measurements of Emitted Radiation) and the MDI
(Michelson Doppler Imager) magnetograph on SOHO.
Using a monthly data set of co-spatial and co-temporal
observations of quiet-Sun areas near disk centre we fol-
low the evolution of the quiet Sun over four years from
solar minimum to solar maximum conditions. Although
the magnetic flux of the quiet network increases by a
rather low percentage over the solar cycle, its variation is
well correlated with the radiance change in the He 1584 A
line. We test our data set of quiet-Sun measurements for
a pixelwise relation between magnetic flux density and
radiance.

1. INTRODUCTION

The fact that the solar irradiance at UV wavelengths ex-
hibits significant variations over the solar cycle has been
known for a considerable time, see e.g., [1] or [2]. In
general, changes in the magnetic flux at the solar surface
and its concentration into dark sunspots and bright facu-
lae or plages are thought to be the drivers of the irradiance
variations, although there have also been calls for alter-
natives. The question of the source of EUV variability
has become of renewed interest since the discovery that
the brightness of EUV lines recorded in selected quiet-
Sun regions by SUMER has increased from solar activity
minimum to maximum [3]. There are different possible
explanations for this result. Either the magnetic flux has
increased in these “quiet” regions with time, or they have
changed in some other fundamental way.

Here we study, using MDI magnetograms, whether the
former explanation is correct: This is motivated by the
correspondence of magnetic field strength and radiative
intensity which is evident from inspection of spectrohe-
liograms and magnetograms and has been described in
several -studies, e.g., by [4, 5,6, 7, 8,9, 10]. The aim
of this work is on the one hand to compare the long term
behaviour of the magnetic field measured by MDI with

the long term behaviour of the EUV radiances measured
with SUMER and CDS, and on the other hand to investi-
gate with our data sets the relation between radiative and
magnetic field which generally is neither simple nor lin-
ear [11, 1].

After a description of the data reduction (Sect. 2), we out-
line the use of the magnetogram data to follow the Sun’s
activity cycle and identify co-spatial and co-temporal
measurements of the three instruments and investigate
trends in the data sets (Sect. 3). Using these co-located
images, we look for arelation between radiative and mag-
netic flux for the particular case of the He1 584 A line
(Sect. 4). A summary of the results and conclusions is
given in Sect. 5.

2. DATA DESCRIPTION

2.1. The CDS and SUMER data

The data used in this work, spectral profiles of Hel
584 A, were obtained during Joint Observation Pro-
gramme (JOP) Intercal 01, during which CDS [12] and
SUMER [13] pointed simultaneously at the same parts of
a quiet region near solar disk centre.

The effective pixel size of CDS is 4” in the horizontal
(cross slit) direction and 1.68” vertical (along slit), al-
though the actual spatial resolution is lower [14, 15]. The
CDS instrument scanned an area of 60/ x 240" during this
JOP. The CDS data were corrected for burn-in and the
flatfield. Prior to November 1996 the monthly SUMER
quiet-Sun raster scans registered an area of 60”x300”
with 1” vertical resolution and a step size of 0.76" in east-
west direction. After November 1996, the scans were ren-
dered by the drift of the solar surface across the slit due
to solar rotation. Thus the area sampled was 3.5 x300".
The SUMER data were corrected for the flatfield, the geo-
metric distortion, and for detector electronics effects such
as dead-time and local-gain depression. After the instru-
mental corrections and the radiometric calibration, the so-
lar radiances were determined by intégration over the line
profiles, which were derived by least-squares fits of single
Gaussian functions and a linear background. - The back-
ground- (continuum) was-subtracted prior to integration.
For more information on the data and the reduction we
refer to [16].
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2.2. The MDI data

The MDI instrument [17] measures the photospheric lon-
gitudinal magnetic field. For our studies we selected the
full disk 5-minute integrated magnetograms that have a
spatial binning of 2” per pixel. These images are taken
every 96 minutes, 15 per day, and have a noise level
of ops = 9 G (A. Kosovichev, personal communication,
2001). To match the available CDS and SUMER data, the
magnetograms closest in time to the EUV instruments’
data were selected and the co-spatial areas were identi-
fied after compensating for solar rotation. From the 1024
px x 1024 px full disk MDI image we extracted a box
of 200”x 400" (100 px x 200 px) centered around the
CDS image centre coordinates. A first approximation of
the absolute magnetic flux density was computed as the
absolute values of the MDI data in the box. Via two-
dimensional cross-correlation the areas co-spatial to the
CDS and SUMER images were determined where possi-
ble.

3. VARIATION OVER THE SOLAR CYCLE

Fig. 1 shows the mean value per image of the MDI mea-
sured line-of-sight flux densities for the full disk images
as well as for the quiet areas comparable to the SUMER
and CDS images. In the full Sun images, the mean value
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Figure 1. Mean of the magnetic flux density values in the
MDI images of the full disk and the quiet area.

of the magnetic flux density increases by 30 % over the
four years (mid 1996 to mid 2000), while in quiet areas
the increase is roughly 10 %. It is shown by [18] that
this increase is due to a rise in the network area where
the magnetic signal exceeds 20 G. The area of the net-
work measured over the full disk increased by a factor of
1.4 from solar minimum to maximum conditions. For the
studied quiet areas this network area increased by a factor
of 1.3.

Next we turn to the comparison between the data sets
from the three instruments. For CDS the exact cospatial
regions could be determined for all data sets, while for
SUMER this was only possible in a minority of cases. For
the remaining SUMER data sets (those without spatial
scanning) only the averages over the entire images were
compared. In Fig. 2 the time series of the image averages
of these data sets are shown. For more information on
the data see [18, 19] and references therein. A good cor-
respondence is visible between the evolution of the EUV

radiance and that of the magnetic flux. Already such a
qualitative comparison suggests that the magnetic flux
variations are responsible for the EUV flux variations. To
obtain more quantitative estimates, we performed linear
fits to the time series of the CDS data, the MDI data mea-
sured simultaneously with CDS, the SUMER data, and
the MDI data measured simultaneously with SUMER.
The trends are influenced by the selection of data points,
e.g., by the choice of initial and end points for the fits,
or by the distribution of the measurements. The uncer-
tainties on the fractional increase over the time interval
considered have been estimated from the two extreme
curves resulting from the fit uncertainties in the two co-
efficients (constant ag and slope ay), i.e., from the curves
(ap £ 0p) + t - (a1 £ o1). Data points obviously con-
taminated with parts of active regions have been omitted
from the fits which explains why the fit curves lie below
the data around the activity maximum period in Fig 2.
For the CDS time series we find an increase from May
1996 to May 2000 of (17 £ 10) %. The MDI data at
the same dates and locations give an increase of (11 +
5) %. For the co-temporal time series of SUMER and
MD], the relative increase amounts to (22 + 25) % and
(20 £ 15) %, respectively. The uncertainties of the linear
fit parameters for the SUMER data are larger because the
amount of SUMER measurements is smaller by nearly a
factor of four. For the CDS and MDI data, the most pes-
simistic restrictions were those of omitting the first dates
until March 1997 and those later than March 2000, giv-
ing small increases of 8 % (CDS) and 6 % (MDI) in four
years.

In summary, a positive trend can be detected in all data
sets, a conservative estimate of it would be a 10 % in-
crease over four years. These fits have been made us-
ing approximately monthly measurements, with differ-
ent temporal sampling during different periods, and as
shown, the amount of the increase is not easily deter-
mined but strongly dependent on the chosen fit period.
Nevertheless, our finding of an increase in the averaged
magnetic flux of these areas supports the idea of a non-
negligible contribution of the quiet Sun to the variability
during the solar cycle.

4. CORRESPONDENCE OF RADIANCE AND
MAGNETIC FIELD

A large number of investigations correlated the magnetic
field and the Caun H+K line flux, e.g., [20, 21, 22,9, 111.
The relation between the 1600 A continuum intensity and
magnetic field has been studied by, e.g., [23, 24, 25, 26],
and between the inner wing intensity of Mg1 b lines and
the magnetic field by, e.g., [27, 28], cf. also [29].

Skumanich et al. [9] found a linear relation between
Can H+K line flux and magnetic flux density for the
limited range between 25 G and 120 G. Schrijver et
al. {11] extended their results to a nonlinear relationship
between magnetic field and Canr H+K line excess flux
density, i.e., the flux density R minus a background R
and obtained a power law R — Ry = a - BY, where
B is the magnetogram signal and a is a calibration
dependent factor. They determined the exponent 5 to be
0.6 £ 0.1. Harvey and White [30] found the exponent of




&

CDS 584 A ond MDI

Average radiance / (W m™sc™")
Average magn. flux density / G

) L s .
1987 1998 1999 2000
SUMER 584 A and MDI
T T

Average radiance / (W m~’sr™)
Average magn. flux density / G

s L L L
1997 1998 1989 2000

Figure 2. Time series of the average values of the CDS,
SUMER and MDI images. The solid lines give the ra-
diance data, and their linear fits, the dashed and dot-
dashed lines give the MDI data and their corresponding
fits. All shown fits give an increase of 11 % to 22 % within
the four years from June 1996 to June 2000.

a general relationship to be 0.5, investigating full-disk
magnetograms and Call K images for data sets in early
1992 (close to maximum solar activity of cycle 22) and
mid 1993 (at lower solar activity). They conclude that
the general relation is a square-root dependence, with
the differences in the various structure classes (such as
quiet parts, network, enhanced network, active regions)
being due to different filling factors and divergence
properties of the magnetic fields between these structures
as described by a flux tube packing model [31, 32], the
relation between R and B being general, and only the
geometry of the flux tubes changing the details.
Our data set of more than four years of approximately
co-spatial and co-temporal magnetograms and EUV
images seems particularly suitable to test for the relation
between magnetic flux density and EUV He1 584 A
radiance. We fitted a 2-parameter function R = a - B?,
as well as a 3-parameter function R = a - B? + ¢,
which admits a possible basal radiative flux that is
uncorrelated with the magnetic field. The instrument
resolution influences the fit parameters, a low resolu-
tion and a broad point-spread-function suggesting an
instrumental rather than solar basal flux. In addition,
the factor a and the constant ¢ are dependent on the
radiometric calibration of the EUV instruments. Several
noise-cutoff values were tested for the fits, and in the
following the MDI measurements < 10 G and the
corresponding radiances have been neglected.  The
relations obtained for the full set of measurements were:

2-param.-fit: 3-param.-fit:

Rsym=0.12- B**¥  Rgy=0.13- B%4 —0.016

Rcps=0.20- B%*  Rcps=0.15- B® +0.09
The uncertainties of the fit-coefficients varied mostly
between 10 % and 30 %. However, while the uncertainty
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for the constant in the CDS-MDI fit amounts to 10 %,
it is much larger in the SUMER-MDI fit, due to the
small sample size. After scaling CDS and SUMER to
the same average value, the coefficients agree to within a
few percent. The large scatter in the corresponding plot
(compare also Fig. 4) is partly a consequence of strongly
deviating pixels in the range of small magnetic flux and
high or intermediate EUV radiance as a consequence
of mixed polarity fields that were simply averaged out
in deriving the magnetic fluxes in the given resolution.
Another possible source of high intensities at small
B are shocks from acoustic waves [33]. Yet another
possibility is the bigger spatial scale of the features in
the EUV images than in the magnetograms which is
responsible for the anomalous points. Thus regions of
strong field are associated with a much larger region of
strong emission, so that in a pixel-by-pixel comparison
there are numerous points belonging to such EUV halos
that do not correspond to a strong magnetograph signal,
although obviously related to a nearby network element.
That this effect plays an important role is suggested by
the fact that the CDS data show a larger scatter than the
SUMER data. A part of the scatter is probably also due
to the large variability and transient events displayed
by EUV lines {34, 35, 36]. Only time series with high
temporal resolution can clarify how much scatter is
introduced by this. An important source of uncertainty is
the fact that the images are not exactly simultaneous, but
can be offset by up to 48 minutes, and in few cases even
more. Which of these sources of scatter is the dominant
one cannot at present be judged.

For the time series of CDS and MDI images, two
types of relations were found by visual inspection of
the scatter plots, one group showing a tight pixelwise
relationship between EUV radiance and magnetic field,
and the other one showing two or more branches of the
relation. The first group contained 53 % of the data,
the second 34 %. 5 % of the data consisted of very
low-field, noisy data and these, as well as 8 % of the
data in which gaps dominate, have been omitted. Fig. 3
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Figure 3. Left: Histograms of the CDS images from the
two main groups. Middle: Difference of the two CDS his-
tograms. Right: Difference of the two MDI histograms.

shows the two histograms of the radiances of the two

groups, together with their difference and the difference

for the corresponding MDI histograms. The radiance
distributions of the second group have a steeper increase
and an enhanced tail, meaning enhanced contrast.

The relations found for the first group were:
2-param.-fit: 3-param.-fit:
Rsym=0.15-B%¥  Rgypy =0.13- B%42 1 0.04
Rcps=0.25-B%%  Rcps=0.15- B® +0.15

The relations found for the second group were:
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2-param.-fit: 3-param.-fit:

Rsym =0.09. B0-60 Rsym =0.14.- B%32 _0.12

Rcps =0.18- B%52  Rcps=0.15- B%% 40.06
The fit uncertainties range from less than 5 % to 20 %
for most of the fits involving the CDS data.
Restricting oneself to the first group nearly eliminates
the upper branch from the scatter plots, as can be seen in
Fig. 4 (upper row), and the relation for the second group
is dominated by that for the upper branch, see Fig. 4
(lower row).
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Figure 4. Scatter plots of the co-located SUMER and
MDI and CDS and MDI images, respectively, where a
good correlation has been found (upper plots), and where
the fit runs through the upper branch or through the mid-
dle of the branches (lower plots).

Our study shows that also for chromospheric He1 data at
584 A a power-law relation between magnetic flux den-
sity and radiance can be established. Comparing our find-
ings to earlier results obtained for other chromospheric
spectral lines, a reasonably good agreement is achieved
and confirms an approximately square-root power law.
We do see some differences between regions with dif-
ferent activity levels (although the grouping is somewhat
subjective). Thus, for the quiet network, the exponent lies
around 0.44. Considering the fits for images where also
more active network is present, the exponents increase
slightly towards 0.5 to 0.6.

5. SUMMARY AND CONCLUSIONS

Four years of nearly monthly measurements of magnetic
field and chromospheric EUV radiance of quiet regions
near solar disk centre have been studied and compared,
using data from SOHO’s MDI magnetograph and the two
EUV spectrometers CDS and SUMER. The time series
begin in 1996 during the activity minimum between solar
cycles 22 and 23 and accompany the rise of cycle 23 until
mid 2000.

A small increase of around 10 % is recognized in the time
series of the magnetic flux densities as well as in those
of the radiances in He1 584 A measured by CDS and
SUMER. Thus, independent measurements of the two
EUYV instruments and the MDI magnetograph on SOHO
seem to indicate that the so-called quiet Sun has a signif-

icant influence on solar variability.

Fits of power laws to the scatter plots suggest exponents
of 0.42 to 0.58 for the magnetic flux density. However,
our data sets mostly represent a very quiet part of the
Sun, and the lower exponents represent the results for
the quiet network. With progress of the solar cycle to-
wards higher activity the network changes, and more ac-
tive parts emerge in the network, so that on average the
exponent increases. Our results agree well with the rela-
tions found by [11] who determined an exponent of 0.6
for Cair H+K and [30] who analyzed Ca 11 K images and
found a general square root relation between radiative and
magnetic flux, with additional dependence on feature spe-
cific properties, like the flux tube density or filling factor.
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