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Abstract. The structure and dynamics of the solar chromosphere are still matters of debate. The chromospheric network re-
flecting the supergranulation of the outer convection zone of the Sun is a prominent feature of the lower solar atmosphere
that extends into the transition zone between chromosphere and corona. In particular, the physics of the so-called “nonmag-
netic” chromosphere in internetwork regions as well as the physics of the magnetic network are not yet fully understood.
Here we present observations of the H Lyman continuum obtained in areas of the undisturbed Sun by the Solar Ultraviolet
Measurements of Emitted Radiation (SUMER) instrument on the Solar and Heliospheric Observatory (SOHO). The observing
sequences are unique in the sense that they cover the spectral range from 67 nm to 93 nm with the highest cadence the SUMER
spectrometer can achieve operating near the limit of its mechanism performance, telemetry allocation, and memory capabilities.
In this wavelength range not only the Lyman continuum but also many extreme-ultraviolet emission lines (N, N , S, O ,
O , O, O, Ne, and Mg) are prominent, allowing the investigation of radiation formed at temperatures representa-
tive of regions from the chromosphere to the corona. Brightenings have been identified that are presumed to be related to the
well-known 3 min oscillations as seen, for instance, in Ca H2v and K2v observations. The relative temporal variations of the
continuum radiance near 77 nm were typically 20% to 40%, whereas simultaneously recorded transition-region lines varied by
about 40% of their lowest values in phase with the continuum. In the corona, the Ne and Mg lines with formation tem-
peratures of 620 000 K and 950 000 K, respectively, experienced relative changes of≈10% and displayed no phase relationship
with the transition-region lines or the continuum. Radiance variations in the spatial regime across the solar disk show a higher
correlation between the chromosphere and the corona than between the transition region and the corona. The observations will
be discussed with a view towards providing constraints for modelling chromospheric structure and dynamics.
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1. Introduction

The discovery of the flash spectrum of a solar prominence,
in particular the detection of the He line D3 at 587.5 nm by
Janssen during the eclipse of 18 August 1868, and the identifi-
cation of spicules by Secchi in 1877 mark the first detailed ob-
servations of chromospheric material. The chromospheric flash
spectrum observed off the solar limb is characterized by emis-
sion lines that in many cases correspond to the Fraunhofer lines
of the photosphere. The chromosphere can also be observed
above the photosphere on the solar disk at various atmospheric
densities with spectroheliographs by selecting narrow wave-
length bands in strong Fraunhofer lines, such as Ca H and K
at 396.85 nm and 393.37 nm or Hα at 656.28 nm. These ob-
servations show a pronounced network structure in all areas
of the undisturbed Sun (Deslandres 1899), which is related to
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velocity fields in the photosphere (Stuart & Rush 1954) and
the supergranulation of the solar convection zone, with typi-
cal spatial scales of 30 Mm (Leighton et al. 1962). The net-
work lanes contain magnetic-field concentrations, predicted by
Parker (1963) and observed by Simon & Leighton (1964), with
field strengths up to 0.2 T (2 kG) in the photosphere (Stenflo
1973), whereas only weak magnetic fields are present in in-
ternetwork regions (Livingston & Harvey 1971; Solanki 1993;
De Pontieu 2002). Recently, small-scale fields of mixed polar-
ity above 2 mT (20 G) have been measured in intergranular
lanes (Dom´ınguez Cerde˜na et al. 2003).

Whether weak fields are important for the dynamics and
the temperature structure of the internetwork medium is still
an open question. A relationship of these weak fields in inter-
network regions with Ca grains was reported by Sivaraman
& Livington (1982), but recent studies do not support a de-
pendence of the grains on magnetic fields (Lites et al. 1999;
Worden et al. 1999).

The grains have first been observed by Hale & Ellerman
(1904) as “minute calcium flocculi”. They are present on the
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violet side of the Ca H and K lines (Ca H2v, K2v) as bright-
enings of the intermittent 3 min internetwork oscillations in the
chromosphere, and are seen both in vertical motions and radi-
ance1 variations (Noyes & Leighton 1963; Orrall 1966; Noyes
1967; Liu 1974; Cram & Dam´e 1983; Rutten & Uitenbroek
1991). Steffens et al. (1996) found that only a fraction of 9% of
the internetwork radiation field in K2v is contributed by emis-
sion at the location of grains. Thus most of the emission comes
from the dissipation of waves that heat the cell interior gener-
ally, and not from the large-amplitude waves that are respon-
sible for the grains. The grains, therefore, have to be classified
as relatively “rare” events. This may find support in a conclu-
sion reached by Hoekzema et al. (2002) that extreme acoustic
events in the photosphere are significantly correlated with
excessive Ca K2v amplitudes.

Recent observations from the ground as well as from
the Solar and Heliospheric Observatory (SOHO) of ESA
and NASA, and the Transition Region and Coronal Explorer
(TRACE) of NASA, with their combined high spatial, spectral
and temporal resolution capabilities, made detailed investiga-
tions of the structure and dynamics of the chromosphere possi-
ble in many wavelength bands (e.g., Uitenbroek et al. 1994;
Hofmann et al. 1996; Solanki et al. 1996; Steffens et al.
1997a,b; Hansteen 1997; Carlsson et al. 1997; Judge et al.
1997; Heinzel & Curdt 1998; Curdt et al. 1999; Doyle et al.
1999; Gouttebroze et al. 1999; Hansteen et al. 2000; Wikstøl
et al. 2000; Muglach et al. 2000; Judge et al. 2001; Krijger
et al. 2001; McIntosh et al. 2001). The observations confirmed
earlier Ca results (Lites et al. 1993) that internetwork and net-
work regions show distinctly different temporal variations with
typical oscillations near 3 min in the internetwork and longer
periods in network lanes; the latter are not directly correlated
with variations in the photosphere. No conclusive evidence of
periods much shorter than 3 min could be found in internetwork
areas. Oscillations of 3 min and 5 min periods both in radi-
ance and line-of-sight velocity were also seen in VUV spectral
lines by OSO-7 and OSO-8 instruments (Chapman et al. 1972;
Chipman et al. 1976).

The spatial coherence lengths increase with the brightness
or formation temperatures,TB or TF, of the lines or the con-
tinua2, from a few seconds of arc in the Si and C continua
(TB ≈ 4500 K) (1′′ ≈ 4.85× 10−6 rad corresponds to approxi-
mately 700 km at the Sun; cf., Table 1) to 20′′ and more in C
lines (TF ≈ 80 000 K). For grains alone, on the other hand, the
horizontal size of the bright regions tends to be much smaller,
varying from less than 1′′ for the 160 nm continuum (Foing
& Bonnet 1984) to 5′′ to 8′′ for lines observed with the Solar
Ultraviolet Measurements of Emitted Radiation (SUMER) in-
strument on SOHO (Carlsson et al. 1997). Radiance variations
can easily be seen in spectral lines with low formation temper-
atures (i.e., emitted by neutrals or singly-charged ions), how-
ever, for third or higher spectra, only line-of-sight velocity os-
cillations with amplitudes of up to 10 km s−1 are prominent in

1 For the use of “radiance” in line with the International System of
Units see, e.g., Smith & Huber (2002) and Wilhelm (2002).

2 For a definition ofTB see Sect. 3.2;TF is the temperature of the
maximum of the contribution function (Pottasch 1963).

internetwork regions. These regions are rather dark, yet, in all
cases, emit radiation well above the background level of mod-
ern vacuum-ultraviolet (VUV) detectors. Using data from the
High Resolution Telescope and Spectrograph (HRTS), Athay
& Dere (1990) have specifically established that C and O
lines show appreciable emission there, without gaps, on spatial-
resolution scales slightly less than 1′′.

The 3 min oscillations are sometimes viewed as the high-
frequency portion of the sub-photosphericp-mode oscillations,
which have a broad maximum near 5 min (Leighton et al. 1962;
Schatzman & Souffrin 1967; Ulrich 1970; Deubner 1975; Cram
1978; Hofmann et al. 1996; Judge et al. 2001). But the location
memory of the grains over many oscillation cycles, as seen,
for example, in the observations of Dam´e (1984) and Lites
et al. (1993) and modelled by Carlsson & Stein (1994), ar-
gues against this interpretation. As shown by Carlsson & Stein
(1994, 1995, 1997), the 3 min oscillations in grains are due to
propagating acoustic waves above the acoustic cutoff or crit-
ical frequency (Lamb 1908) in the solar atmosphere, whereas
the 5 min oscillations are due to evanescent acoustic waves (cf.,
Balmforth & Gough 1990; Kumar 1993).

Based on 1932 eclipse observations of He lines between
400.9 nm and 587.6 nm, Goldberg (1939) had determined a
temperature of 4300 K at 670 km altitude above the limb
and 6700 K at 2330 km, with uncertainties of several hun-
dred kelvin. Biermann (1948) and Schwarzschild (1948) in-
dependently explained this temperature increase by outward-
travelling sound waves that dissipate as shocks. Note, however,
that Biermann’s assumption of a so-called “UV excess”, which
was derived from ionospheric observations, was several orders
of magnitude too high.

In all chromospheric observations, the spectral lines in the
VUV range are seen in emission at all times and everywhere,
both in internetwork regions and in network lanes. These find-
ings imply a mean temperature increase of the chromosphere
with height, as described in many chromospheric models, e.g.,
in VAL81 (Vernazza et al. 1981). The temperature model of
Carlsson & Stein (1994), if valid to the upper chromosphere,
would however predict absorption lines for most of the time
throughout the internetwork chromosphere. Carlsson & Stein
(1995) suggest a magnetic-field effect at higher altitudes, which
leads to Mg h and k lines in emission over the whole solar
disk as observed by Lemaire & Skumanich (1973); but for radi-
ation from the low and middle chromosphere, absorption lines
are still predicted most of the time, contrary to observations.

The conclusion that the temperature increases with height
above the temperature minimum everywhere was also reached
by Zirin & Popp (1989), based on observations of the Mg
12.3µm line, which was seen in emission and with limb bright-
ening. However, their assumption of a local thermodynamic-
equilibrium (LTE) source function is not supported by numer-
ical non-LTE models (Lemke & Holweger 1987; Hoang-Binh
1991; Chang et al. 1991; Carlsson et al. 1992), which place
the formation height of the Mg 12.3µm emission in the up-
per photosphere, just below or at the temperature minimum of
the solar atmosphere. Observations during the total eclipse of
11 July 1991 with a spatial resolution of 220 km showed indeed
the maximum of the 12.3µm line signal at≈500 km above the
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limb in the visible continuum, but, in addition, significant line
emission was detected to heights of more than 2 Mm (Deming
et al. 1992). These authors suggest that spatial inhomogeneities
contribute to this extension. It is thus questionable whether the
infrared Mg observations can be used as an argument for a
standard chromospheric temperature structure.

Observations of the 4.7µm carbon monoxide bands (Ayres
1981; Solanki et al. 1994; Ayres & Rabin 1996; Uitenbroek
2000) also appear to cast doubt on the standard chromospheric
structure, because relatively cool gas (<4000 K) is thought
to be present above the canonical temperature minimum at
the photosphere-chromosphere interface, where the brightness
temperature is 4500 K (Brekke & Kjeldseth-Moe 1994a)3.
However, the analysis of HRTS data by Athay & Dere (1990)
does not allow cool gas above the height of the temperature
minimum, except in pockets with a size below 1′′, which would
not be thermally isolated. Thus the formation of CO emission
lines off the solar limb remains to be explained. Brightness
temperature oscillations of about±100 K in CO lines with
periods near 3 min have been reported by Uitenbroek et al.
(1994), whereas predominantly 5 min oscillations were seen
in velocities.

Recent simulations of large-amplitude oscillations with a
period of 3 min show that Ca grains are formed by acoustic
shocks at an altitude of≈1 Mm above the levelτo = 1, whereτo
is the optical depth at 500 nm (Carlsson & Stein 1995, 1997).
These waves contribute to the heating of the chromosphere, but
can only provide a fraction, as most of the internetwork chro-
mosphere, to a filling factor of at least 90% (von Uexk¨ull &
Kneer 1995), receives no heat from the 3 min oscillations.

The conflicting results summarized above leave unresolved
the temperature structure of the chromosphere (Kalkofen et al.
1999; Kalkofen 2001; Ayres 2002). However, the physical con-
ditions of the photosphere and the lower chromosphere are
much better constrained by observations than those of the up-
per chromosphere and the interface to the transition region.
Observations of the H Lyman continuum formed close to this
interface might thus be helpful in improving our understanding.
The SUMER spectrometer (Wilhelm et al. 1995) performed de-
tailed measurements of the hydrogen continuum in many re-
gions of the solar atmosphere over the last six years. The anal-
ysis of such data obtained in quiet-Sun areas will be the main
topic of this study4.

2. Instrumentation, observations and data
handling procedures

The SUMER spectrometer provides us with the opportunity
to observe the H Lyman continuum over a wide wavelength

3 The brightness temperature at 137 mm found by SUMER above a
sunspot was 4200 K (calculated from Curdt et al. 2001).

4 All SUMER data acquired are in the public domain and can be
obtained from the SOHO Archive as FITS files
(http://soho.nascom.nasa.gov/data/catalogues/main.html)
or from the SUMER Image Database as IDLR restore files
(http://www.linmpi.mpg.de/english/projekte/sumer/FILE/
SumerEntryPage.html).

range and with high spatial resolution in network lanes and in-
ternetwork areas. This is made possible by the high stray-light
suppression of the SUMER instrument, the low background
level of the detectors, and the fact that detector B covers the
range from 66 nm to 150 nm in the first order of diffraction.
The lower limit on the potassium bromide (KBr) photocath-
ode is 67.2 nm. The shortest wavelength observable with de-
tector A in first order is 78 nm (and the longest 161 nm). The
angular resolution element (one pixel) of the detectors is ap-
proximately 1′′ along the slit. For most quiet-Sun observations,
slits with a width of 1′′ have to be used, but in some ranges of
the short-wavelength Lyman continuum the 4′′× 300′′ slit can
be employed to improve the counting statistics within the in-
ternetwork areas. The investigation of these very dark regions
– the main topic of this contribution – is rather demanding and
requires carefully designed observational sequences, which uti-
lize the SUMER capabilities to the fullest extent. Table 1 sum-
marizes the relevant observations, which will be described here
in some more detail as observational Sequences 1 to 5:

1. Reference spectra in quiet-Sun regions near the centre of
the disk were recorded with detector B late in 1996. These
spectra provide the widest wavelength coverage of the H
Lyman continuum and the emission lines in this range, but
have the disadvantage that only small areas (0.7 Mm×
84 Mm) of the Sun (corresponding to the 1′′× 120′′ slit)
are seen, with a sampling time of 115 s. Consequently,
the results are strongly influenced by temporal variations
of the spectral radiance,Lλ, in particular in network lanes.
Summing all four quiet-Sun spectra available improves the
situation considerably. On the other hand, it is clear that the
sampling times are too long for any chromospheric oscilla-
tion studies. Note that the reference spectra require a scan
of the spectrometer band.

2. On 8 February 1998, a long-duration observation was per-
formed of the O and Ne lines between 77 nm and
79 nm together with the Lyman-continuum background.
Here we consider the continuum results in detail be-
cause the data are of specific interest. They were obtained
with twice the standard telemetry rate of SUMER, i.e.,
21 000 bits per second, half of which was provided by the
Coronal Diagnostic Spectrometer (CDS) (Harrison et al.
1995) for this purpose. This made possible a high cadence
with sampling times of 33.5 s and a good spectral coverage.
In addition, a special solar rotation compensation scheme
was used with the smallest available step width of 0.38′′ ev-
ery 137.4 s. Since the step width was only about one third
of the slit width the transitions were very smooth, and this
sequence thus has an excellent pointing stability with re-
spect to a given region on the Sun.

3. Three high-cadence runs with transmission to the ground
of all the data recorded by the full detector array – origi-
nally meant as observing sequence for explosive events in
a wide range of formation temperatures – are very useful
for studying fast temporal variations of the emission lines
in the wavelength range from 75 nm to 79 nm and of the
corresponding portion of the Lyman continuum. In partic-
ular, the observations of the internetwork regions benefit
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Table 1.Selected H Lyman-continuum and emission-line observations of quiet-Sun regions with SUMER/SOHO.

Sequence Time Duration Cadencea Wavelength Slit Pointingb Remarks
Date (UTC) D/min C/s λ/nm Detectorc y, x, µ

1 y = 0′′; µ ≈ 1.00 Reference spectra of H
11 Oct. 1996 05:16 67.2 x = 3′′ to 9′′ Lyman continuum & high
17 Oct. 1996 05:32 38 115 to 1′′× 120′′ x = 0′′ members of Lyman series
28 Oct. 1996 03:57 (115) 93.5 B x = 0′′ averaged over internetwork
12 Nov. 1996 09:48 x = 0′′ or network areas

2 Four 50-pixel windows of
08 Feb. 1998 17:10 438 34.4 77.0 1′′× 300′′ y = 0′′ continuum & O, Ne;

(33.5) 78.0 B x = 0′′ to 75′′ high telemetry rate;
78.8 µ ≈ 1.00 special rotation tracking;
79.0 1.032′′ per pixel, 708 km/′′

3 Full detector; continuum
16 Nov. 1996 06:48 6.5 30.0 75.0 4′′× 300′′ y = 560′′ & emission lines;

09:14 6.5 (30.0) to B x = 0′′ memory: 4.3 MBd;
11:41 6.5 79.0 µ = 0.69...0.91 1.033′′ per pixel, 710 km/′′

4 79.4 Five 50-pixel windows;
13 Nov. 2001 06:29 22 43.0 81.2 1′′× 300′′ y = 650′′ use of grating mechanism;

(15.0) 82.3 A x = 0′′ 79.4 nm: 1.031′′ per pixel;
89.3 µ = 0.58...0.86 90.9 nm: 1.019′′ per pixel;
90.9 711 km/′′; memory: 5 MB

5 Continuum &
10 Jun. 1999 12:11 241 150 70.9 1′′× 300′′ –233′′ to –533′′ O , Mg  lines;

(150) 70.3 B –391′′ to –499′′ raster step width: 1.14′′;
70.6 µ = 0.64...0.88 1.039′′ per pixel, 729 km/′′

aSampling times in parentheses.
bx: positive towards west,y: positive towards north (both from disk centre);µ = cosϑ, whereϑ is the heliocentric angle.
cAll observations in first order of diffraction.
d1 MB = 1× 106 bytes.

from the use of the wide slit as it increased the through-
put of the instrument by a factor of four without adverse
effect on the continuum measurements. As a consequence,
the signal was a factor of 30 above the detector noise, even
in the darkest regions. The available telemetry rate and the
size of the SUMER data memory limit the duration of each
run to about 6.5 min.

4. In November 2001, a fast spectral scan of the Lyman con-
tinuum from 79 nm to 91 nm was obtained by moving the
grating scan and focus mechanisms back and forth every
43 s. The actual sampling time was 15 s for three simul-
taneously exposed windows at the short-wavelength side
and another 15 s for two windows near the Lyman edge.
The movements of the mechanisms lasted 2× 6.5 s per cy-
cle. This mode had never been used before during the past
SOHO mission duration because of the many movements
involved. After 22 min the capacity of the instrument data
memory was exceeded and the run was automatically ter-
minated. Near the centre of the disk there was no quiet-
Sun region present at that time, and the pointing selected
for this sequence had the largest separation from disk cen-
tre of all runs discussed here. The heliocentric angle of the
centre of the slit wasϑ ≈ 42◦ andµ = cosϑ ≈ 0.75. To as-
sess the significance of this pointing, it should be noted that

Warren et al. (1998) found no apparent centre-to-limb vari-
ation of the radiance at (91.00±0.05) nm, whereas Noyes &
Kalkofen (1970) derived typical centre-to-limb variations
from OSO-4 (Orbiting Solar Observatory) observations that
show some limb darkening above 82.5 nm and a relative
limb brightening of≈20% at 66.7 nm. In all cases, no ef-
fect would be expected forµ ≥ 0.6, and thus Sequences 3
to 5 will be compared to Sequences 1 and 2 without adjust-
ments of the radiances.

5. A study of the spectral radiance of the Lyman continuum
at short wavelengths (near 70.9 nm) and its relation to
transition-region and coronal emission lines was performed
on 10 June 1999. A raster scan of the spectrometer slit cov-
ered an area of approximately 100 Mm× 210 Mm, includ-
ing a small coronal hole on the disk surrounded by quiet-
Sun regions. This scan built up images of this area, but, of
course, the sequence did not yield any information on
oscillations.

The focussing requirement of the SUMER grating in
Wadsworth mount leads to a change of the plate scale on the de-
tector as a function of wavelength. The seasonal variation of the
Sun-SOHO distance introduces yet another scale change. Both
scales are listed in the last column of Table 1 for Sequences 2
to 5.
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Fig. 1. Structure of the chromospheric network at different brightness or formation temperatures (TB or TF) on 11 and 12 June 1999.a) The
network lanes are composed of small bright dots in the Si continuum at 139 nm. Isolated bright dots can also be seen in internetwork areas. A
contour at the level of the mean between the maximum and minimum brightness (smoothed over 2× 2 pixels) is superimposed on the radiance
map. These observations are similar to those of Cook et al. (1983) and Foing & Bonnet (1984) who found small network and internetwork
bright points near 160 nm with HRTS and the Transition Region Camera (TRC).b) At TF ≈ 74 000 K, the formation temperature of the Si
line at 139.38 nm, the structure of the network lanes (simultaneously recorded with the 139 nm continuum from 04:06 to 04:22 UTC on 11
June 1999; size of area:≈144 Mm× 220 Mm) is much more pronounced. Small loop-like features straddle the lanes and some faint arches
are crossing the internetwork regions.c) In the O 70.38 nm line, the general network structure is very similar to that of Si, although the
formation temperature is higher by about 30 000 K. (Note that the O and 71.7 nm continuum scans are obtained on the following day between
18:01 and 23:54 UTC; size of area:≈160 Mm× 220 Mm.)d) The structure seen in the H Lyman continuum at 71.7 nm (TB ≈ 7000 K) is
however very different from that of the Si continuum (TB ≈ 4500 K) and resembles those of transition-region lines. The contour map in this
panel (obtained in the same manner as for panela) outlines much broader and more continuous network lanes, and shows fewer bright points
in the internetwork areas.

The raw telemetry data have been treated with the help of
standard SUMER data-handling routines documented in and
available from SolarSoft (SSW):

(a) Decompression (decompress.pro).
(b) Flat-field correction with the closest flat-field image avail-

able (sum flatfield.pro), except for Sequence 1 that is
integrated along the slit over 110 pixels.

(c) Deadtime correction (deadtime corr.pro).
(d) Image distortion correction (destr bilin.pro).
(e) Gain-depression correction (local gain corr.pro).
(f) Radiometric calibration (radiometry.pro) in its latest

version (epoch 9) to get the spectral radiance,Lλ, in phys-
ical units.

In many cases the deadtime and local-gain corrections intro-
duced only very small adjustments, but nevertheless all correc-
tions were applied to all data files.

3. Analysis

3.1. Network structure

Before a detailed analysis of the H Lyman-continuum obser-
vations will be presented it is useful to show in Fig. 1 the chro-
mospheric network structure as seen in two continua and two
emission lines by the SUMER spectrometer, with a spatial res-
olution element of typically 1′′. In particular, the different ap-
pearance of the network in a the Si continuum and d the H

continuum is worth noting. The morphology of the network
lanes observed at various formation temperatures of the emis-
sion has been the major topic of recent papers using SOHO ob-
servations (Patsourakos et al. 1999; Feldman et al. 2001). The
width of the network boundaries found was≈8 Mm (10′′ to
12′′) for temperatures betweenTF = 30 000 K and 400 000 K,
with rapid spreading and disintegration at higher temperatures.
With lower spatial and spectral resolution the network of the
quiet Sun has been observed in the same wavelength ranges
and with qualitatively similar results by Skylab (Reeves et al.
1974; Reeves 1976). The maximum contrast between network
and internetwork regions occurred at 160 000 K.

It would be ideal if the observed plasma distribution could
be related to small-scale magnetic-field configurations of the
quiet Sun. A schematic sketch of network fields was first pro-
vided by Noyes (1967), based on spectroheliographic measure-
ments of velocities in the photosphere and the lower chro-
mosphere (Leighton et al. 1962; Simon & Leighton 1964).
These measurements gave average supergranulation cell sizes
of 32 Mm, lifetimes of up to 20 h, and peak horizontal and
vertical velocities in the photosphere of≈0.4 km s−1 and
≈0.1 km s−1, respectively. However, even now there is no gen-
eral agreement on a magnetic-field configuration of the chro-
mospheric network. Gabriel’s (1976) canopy model augmented
by network loops (Dowdy et al. 1986) probably is still the best
description available, although many questions remain unan-
swered. In this model, the internetwork regions are relatively
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Fig. 2. Quiet-Sun observations of the H Lyman continuum averaged over relevant sections of four SUMER detector B reference spectra taken
on the KBr photocathode. The measurements were made near the centre of the disk in late 1996 (Sequence 1). The spectra are integrated
along the slit, but separated into network and internetwork sections. Planck functions with brightness temperatures,TN

B andT I
B, are matched to

the spectral radiances at the H Lyman-continuum head. The slopes of the continuum have been used to define kinetic electron temperatures,
Te, and departure coefficients (for details see text) both for the network and internetwork spectra as upper and lower estimates each. Several
prominent emission lines and multiplets are identified. The wavelength bands in which more detailed H Lyman-continuum observations have
been performed in this study are marked at the top of the diagram by black bars.

devoid of magnetic fields, and in many chromospheric studies
the internetwork is indeed characterized as “largely nonmag-
netic” or as a region where magnetic fields are dynamically
unimportant (see, for instance, recent reviews by Kalkofen
et al. 2003; Ulmschneider & Kalkofen 2003).

In this context, it should be pointed out that in Fig. 1a
there are many bright points in internetwork regions, too. Using
HRTS data, these bright points have been studied by Hoekzema
et al. (1997), who found that they are statistically related to the
acoustic shock dynamics in the internetwork. Foing & Bonnet
(1984) concluded, based on their TRC observations, that the
bright network elements (≤1 Mm) are related to magnetic-flux
concentrations, but that the corresponding internetwork bright-
enings are most likely caused by a process which also produces
the H and K grains. If some of the bright points were related
to magnetic-field concentrations, as the network bright points
are, a re-assessment of the field-free internetwork assumption
would be necessary. However, the oscillation frequencies ob-
served in the internetwork chromosphere suggest that magnetic
fields play no rˆole in the waves observed in grains (Kalkofen
et al. 1999).

In a review on small-scale solar magnetic fields, Solanki
(1993) discussed many aspects of “inner network fields” and
Rosenthal et al. (2002) have very recently found in numerical
simulations that waves might be influenced by such fields. The
“magnetic shadows” detected in internetwork regions adjacent
to network lanes have been interpreted as a direct consequence
of such an interaction (Judge et al. 2001; McIntosh et al. 2001;
Cally 2001).

The radiation of the H Lyman continuum, which is formed
in the upper chromosphere (cf., Biermann 1948; VAL81) near

the interface to the transition region, is relatively strong in net-
work lanes (de-focussed images of the H continuum at 88 nm
are in fact being used to acquire the SUMER flat-field expo-
sures; Sch¨uhle et al. 1998), but is up to a factor of ten weaker
in the internetwork (cf., Fig. 9a for an example at 90.90 nm). To
extract useful information from the faint internetwork radiation
it is, therefore, of extreme importance to analyse both regimes
separately.

3.2. Spectral shape

The wavelength range of the H continuum that can be scanned
by SUMER in first order of diffraction is shown in Fig. 2.
The measurements are sorted into network and internetwork
regions along the slit and averaged over four quiet-Sun ref-
erence spectra. The selection criterion – applied to the actual
setting of the spectrometer band and pairs of pixels – was
LN
λ ≥ (Lmax

λ + Lmin
λ )/3 > LI

λ, which led to about the same
number of pixel pairs in both bins (N: network; I: internet-
work). Figure 3 demonstrates as an example the result of such
a scheme. A strong network lane was intersected by the slit at
the pixel positionss = 35 to 55. A narrower lane can be seen
nears= 20. Both lanes slowly move to higher pixels positions
as a consequence of the solar rotation. Some weak network ac-
tivities were encountered ats = 5 and 90. Inspection of the
other spectra gave similar results, but no systematic shift of the
lanes was observed for the spectrum of 11 October 1996, be-
cause the SUMER rotation compensation had been activated at
that time (cf., Table 1). It can be concluded that the selection
criterion provides a reasonable separation into network and in-
ternetwork regions. The spectral radiances at the Lyman edge
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Fig. 3. Normalized spectral radiances along the slit are shown for the
20 exposures on 17 October 1996 that have been used in the compila-
tion of Fig. 2. The central wavelengths of the exposures (successively
shifted up by+0.2 for display purposes) are given in the right margin.
Applying the selection criterion of Sect. 3.2 the data are sorted into
network and internetwork points.

(λH = 91.2 nm) in Fig. 2 define brightness (or radiation) tem-
peraturesTN

B (λH) = 6580 K andT I
B(λH) = 6380 K by applying

Planck’s law

Lλ = Bλ(TB) =
2h c2

0

λ5

[
exp

(
h c0

λ k TB

)
− 1

]−1

for a wavelength ofλ = λH, whereh is the Planck constant,c0

the speed of light in vacuum, andk the Boltzmann constant.
The slopes ofBλ(6580 K) andBλ(6380 K) versus wave-

length are much steeper than those of the measured continua,
implying departures from LTE in which the ground state of H
is overpopulated relative to its equilibrium value in terms of
the Saha equation. Reasonable fits to the slopes in the wave-
length range from 91.2 nm down to 75 nm can be achieved
with colour temperatures betweenTN

C = 8900 K and 9900 K,
andT I

C = 8000 K and 9000 K. The colour temperature of the
Lyman continuum can be interpreted as the electron tempera-
ture,Te, of the plasma (cf., Brekke & Kjeldseth-Moe 1994b).
At shorter wavelengths the observed spectral radiances are
higher than one would expect from an extrapolation of the
slopes at longer wavelengths, both for the network and the in-
ternetwork. For the latter it has to be checked whether detector

background counts could cause the excess; as Fig. 11a indi-
cates, this cannot be ruled out.

However, the network spectral radiance is far above the de-
tector background and yet deviates from the colour tempera-
ture fit valid forλ ≥ 75 nm. Moreover, the sunspot spectrum
of the SUMER spectral atlas (Curdt et al. 2001) shows that ra-
diances as low as 0.002 W m−2 sr−1 nm−1 can be measured
near 70 nm even with the 0.3′′ wide slit. Another possibility –
a systematic deviation of the response function used for the ra-
diometric calibration (Wilhelm et al. 2002) – is unlikely since
the deviations in the network and internetwork are different.
Furthermore, Fig. 3 of VAL81 shows the same trend for OSO-
6 and Skylab data. It can therefore be concluded that the excess
may be real and indicates that this portion of the H continuum
is formed on the steep temperature rise of the upper chromo-
sphere (cf., Fig. 1 of VAL81). But while a change in the slopes
of T I

e(λ) and TN
e (λ) could be a plausible consequence of the

steep temperature profile and rapid variation of its gradient in
the upper chromosphere and lower transition region, the sudden
change at 75 nm is surprising in view of the smooth variation of
the photoionization cross-section of hydrogen with wavelength
and the smoothing properties of radiative transfer. It is inter-
esting to note that in this wavelength range the internetwork
temperatures,T I

e, implied by Fig. 2 arehigherthan those of the
network, with the qualification that the temperaturesT I

e are up-
per limits since they might be affected by background counts.

Spectra acquired by the Harvard spectroheliometer on
OSO 4 were analyzed by Noyes & Kalkofen (1970) who mod-
elled disk-integrated observations with a spectral resolution el-
ement of 0.32 nm and obtainedTB = 6450 K andTe = 8300 K,
whereTe is the kinetic temperature of the electrons at optical
depth unity at the Lyman edge. These brightness and electron
temperatures lie between the brightness and colour tempera-
tures for the internetwork and network regions obtained with
SUMER. The limited spectral resolution of the OSO-4 obser-
vations restricted the useful range of the Lyman continuum to
values between 91 nm and 79 nm, which is relatively free of
prominent emission lines. The high density of spectral lines
below 79 nm prevented an unambiguous determination of the
spectral radiance of the continuum at short wavelengths. The
OSO-4 results gave a dilution factor of 200 for the black-body
radiation at the head of the Lyman continuum, which could be
identified with the departure coefficient,b1, in

Sλ = Bλ(Te)/b1

whereb1 is the factor by which the density in the ground state
of hydrogen departs from its thermodynamic equilibrium value
in terms of the Saha equation (cf., Menzel 1937; Pottasch &
Thomas 1959), andSλ is the source function for negligible
stimulated emission. The emergent spectral radiance in gen-
eral closely matches the source function at optical depth unity
(τλ = 1) in the Lyman continuum

Lλ = Sλ(τλ).

This is also the case in a time-dependent medium, as in the
dynamical wave model of Carlsson & Stein (1994; see their
Fig. 4) even though the amplitude of temperature fluctuations
significantly exceeds that observed with SUMER.
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Fig. 4. Space-time chart of the brightness temperatures of the quiet-Sun chromospheric network near the centre of the solar disk on 8 February
1998 (Sequence 2). Several bright network lanes and dark internetwork regions were traversed by the 1′′ × 300′′ slit. (North is towards
decreasing position numbers. The dark margins near 0′′ and 300′′ show detector pixels not illuminated by the slit.) The spectral ranges covered
in this diagram include the H Lyman continuum next to the emission lines Ne at 77.04 nm, 78.03 nm and O at 78.77 nm, 79.02 nm. The
minimum brightness temperature wasTB = 6400 K and the maximum 7360 K, with a mean of 6830 K. Pronounced internetwork oscillations
can only be seen between spatial positionss= 145′′ and 155′′ from t0 = 0 min to t1 = 85 min and between positionss= 253′′ and 268′′ from
t0 = 189 min tot1 = 275 min. These regimes are enclosed by white frames, whereas some typical network activity is marked in black.
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Fig. 5. Amplitude diagrams of quasi-oscillatory chromospheric brightness variations seen in the H Lyman continuum displayed in Fig. 4.a)
Internetwork oscillations (solid line) are shown near spatial positions= 150′′ in comparison with adjacent network activity (dashed line) close
to spatial positions = 125′′. b) Oscillations in an internetwork region were also present near positions = 260′′. Variations near positions
220′′ and 240′′ in bright and intermediate network lanes are included for comparison. Some markers indicating periods,P, from 170 s to 183 s
are plotted below the internetwork variation to guide the eye.

The SUMER spectra yieldbN
1 ≈ 500 andbI

1 ≈ 150 for
λ ≥ 75 nm and the lower temperature estimate in Fig. 2, both
with a relative uncertainty of 25%, caused by the uncertainty of
the radiometric calibration. Again the SUMER values bracket
the OSO-4 result. It has to be noted though that the method
is inherently inaccurate since the temperature changes rapidly
with depth in the formation region of the H continuum, as was
pointed out in VAL81. The uncertainty in the calibration must
be kept in mind in judging the validity of the breaks in the tem-
perature assignments at 75 nm in Fig. 2 since, as mentioned be-
fore, the smooth variation of the photoabsorption cross-section
as well as the properties of radiative transfer would tend to give
a gradual variation of the colour temperature even if the solar
temperature changed abruptly.

Below 75 nm the departure coefficients are much larger
than at longer wavelengths, namely,bN

1 ≈ 1.6 × 104 and
bI

1 ≈ 2.2 × 105, wherebN
1 is now smaller thanbI

1. Finally, it
should be mentioned that the spectral radiances at the Lyman
edge in Fig. 2 correspond to model D of VAL81 for network
observations and to model B for the internetwork.

3.3. Temporal variations

The sequence executed on 8 February 1998 has provided more
than 7 h of uninterrupted observations of the Lyman contin-
uum near 78 nm, as shown in Fig. 4. This sequence has been
described by Gouttebroze et al. (1999) as far as the transition-
region and coronal lines are concerned. The 1′′ × 300′′ slit
crossed several prominent network lanes and internetwork re-
gions. Although there were many changes of the small-scale
structure, the basic network configuration was stable during the
duration of this run. Oscillatory variations of the radiance in
network lanes appear to be quite common, but only two clear,
long-lasting episodes could be found in internetwork regions.
Shorter brightenings can be observed there as well, some
of them even of periodic nature, but about 50% of the

space-time regime in the internetwork is free of them. The iden-
tified episodes are highlighted by white frames in Fig. 4 and are
shown as amplitude displays in Figs. 5a and 5b together with
adjacent network activities (black frames in Fig. 4).

The temporal variations of the H Lyman continuum and
the C continuum near 104.3 nm are quite dissimilar, as can
best be seen by comparing our Fig. 4 with Fig. 2 of Wikstøl
et al. (2000) where a distinct oscillatory behaviour with peri-
ods of 100 s to 200 s is a characteristic feature of all internet-
work regions. Hansteen (1997) compared space-time plots of
the radiance in the far H Ly α wing with those of the Lyman
continuum and found no oscillations in the continuum, whereas
they were pervading the plot of the Lyα wing.

This suggests that only the strongest acoustic events dis-
cussed by Hoekzema et al. (2002) can also be seen in the
Lyman continuum. It is consistent with the fact that in co-
aligned observations of the Vacuum Tower Telescope (VTT)
(Ca K) and SUMER (emission lines with low formation tem-
peratures) not many events can be traced from the middle chro-
mosphere to the upper chromosphere and the transition region
(Steffens et al. 1997b). Similarly, Curdt & Heinzel (1998) and
Curdt et al. (1999) could follow oscillatory variations from the
lower chromosphere (Ca K2v) to the upper chromosphere (H
Lyman lines and the continuum) in network regions, but not in
internetwork areas.

The short observing sequences of 16 November 1996 are
not suitable for studying the oscillatory pattern of the Lyman
continuum, but can be searched for strong events that dis-
play typical temporal variations. Given the complete spectral,
spatial and temporal information available for these runs, the
events can then be fully characterized. The 3× 13 spectra ob-
tained by integration over the pixels with low signal along the
slit are displayed in Fig. 6. They are representing average inter-
network spectra. The brightness temperature of the continuum
is T I

B ≈ 6700 K in this wavelength range (approximate fit to
the bottom spectra). Specifically,T I

B = 6770 K at 75.45 nm,
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Fig. 6.Spectra of the H Lyman continuum from 75 nm to 79 nm with prominent lines of the transition region (N, N , N , O, O, S,
S) and the corona (Ne) (Sequence 3). The spectra have been obtained by selecting pixels along the 4′′ × 300′′ slit with low output signals
(representative of internetwork regions) and subsequent integration. Three time periods have been covered in burst modes with a cadence of 30 s
generating thirteen spectra each (for details see text). Spectral ranges free of emission lines define the continuum. They are marked by dashed-
dotted demarcations and labelled with “chromosphere”. In addition, the ranges with transition-region and coronal emission are encompassed
by dotted and dashed lines. The spectral radiance for a brightness temperature ofTB = 6700 K is shown in comparison to the bottom curve
of the diagram. Later spectra of each burst are successively displaced by a factor of two for display purposes. Note the extremely compressed
(logarithmic) scale of the ordinate.

6740 K at 76.80 nm, and 6700 K at 78.60 nm. Strong and weak
emission lines are also present in this range, from the transition
region (N, N , N , O, O, S, S) and the corona
(Ne). The temporal stability of the spectra is the most im-
pressive result seen in this diagram, although the integration
over all internetwork positions and the compressed radiance
scale have to be kept in mind.

Integration of the pixels with high signal levels gave a
plot (not shown) which looked very similar, with spectral ra-
diances about a factor of two higher in the continuum (yielding
brightness temperaturesTN

B = 6990 K at 75.45 nm, 6950 K at
76.80 nm, and 6910 K at 78.60 nm) and a factor of ten for the
transition-region lines. The Ne lines did not change signif-
icantly. The spectral ranges designated “chromosphere”, “tran-
sition region”, and “corona” in Fig. 6 are shown separately for
the first burst observation, now plotted versus the spatial po-
sition along the slit in Fig. 7. The other two runs are simi-
lar and are not shown because they do not convey any addi-
tional information. In Fig. 7, typical internetwork regions are
indicated within which some temporal variations are marked
by plus signs. They can be followed from the chromosphere
to the transition region, but are not or barely visible in the
corona. The event near spatial position 190′′ was selected for
display in Fig. 8a. Events from the other two bursts complete

Fig. 8. Quantitative results are given in the first row of Table 2,
where the ratio,Rmax, of the extremes of the maxima during
each of the three events is listed, as well as the ratio of the
extremes of the radiance integrated over the extension of the
event along the slit,Rtotal. The radiances of the chromosphere
and the transition region normalized to their minimum values
typically increase by factors of 1.2 to 1.4 and brighten in phase,
whereas the line radiances of the corona are rather stable, with-
out any obvious phase relationship. The radiance variations of
the transition-region lines tend to be larger than those of the
Lyman continuum from the chromosphere. Gouttebroze et al.
(1999) also found no phase difference between Si 125.6 nm
and Si 126.0 nm, but did not treat network and internetwork
regions separately.

3.4. Wavelength dependence

The temporal variations of the Lyman continuum shown in
Fig. 8 as solid lines – resembling 180 s chromospheric bright-
enings – have been observed near 77 nm. It is of interest to
study their wavelength dependence over a wide range of the
Lyman continuum. Since the SUMER detectors only cover a
spectral window of≈4.4 nm at any one time, the grating mech-
anisms had to be used to extend the range to about 12 nm. This
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Fig. 7. Plots of the spectral radiances along the slit of chromospheric, transition-region, and coronal emissions (as defined in Fig. 6) for
the thirteen exposures obtained during the first burst-mode observation on 16 November 1996. The H Lyman-continuum radiation of the
chromosphere is given in physical units, with a scale valid for the bottom curve (later curves are successively displaced by a factor of 1.5), the
line emissions, however, are in arbitrary units. Typical network and internetwork crossings of the slit are marked and some temporal variations
of the radiances are highlighted by plus signs in internetwork sections. Some dark pixels on either side of the slit are included in order to
document the detector background levels.

is the maximum attainable with detector A, which was in op-
eration during the campaign in November 2001. Five 50-pixel
windows (0.22 nm each) centred at (79.4, 81.2, 82.3, 89.3, and
90.9) nm were telemetered to the ground with a cadence of
43 s (cf., Table 1). Figures 9a and 9b display the observations
obtained in two of the windows. The data of the other windows
look qualitatively very similar and are not shown here. Network
and internetwork sections have been indicated. An interesting
aspect of these measurements is the trend towards lower ra-
diances near an active region (AR), which suggests that con-
vection is inhibited and hence wave generation is reduced near
magnetic-field elements. A similar decrease has been observed
in the S line at 93.3 nm near AR NOAA 7962 on 12 May
1996 (Wilhelm et al. 1998).

Several brightenings in the internetwork are present in
Fig. 9. The one selected for further analysis is marked by
plus signs. Its temporal variations at all five wavelengths are
plotted in Fig. 10. It is obvious that all variations are very
closely correlated with a tendency of larger relative ampli-
tudes at shorter wavelengths in addition to some increase in
noise. Numerical results are compiled in Table 2 together with
those of November 1996. The November 2001 results (refer-
ring to one event) confirm the tendency of larger relative am-
plitudes with decreasing wavelength, which is a consequence
of the greater temperature sensitivity of the source function in
the Lyman continuum at shorter wavelength. This result holds
for both methods of evaluation (Rmax andRtotal) defined in the
previous section. The November 1996 results obviously cannot
directly be compared with the other event.

3.5. Coupling between chromosphere, transition
region, and corona

The data displayed in Fig. 7 and the corresponding ones ob-
tained during the following two burst observations can be used
to determine the coupling between the upper chromosphere, the
transition region and the lower corona. To this end, the corre-
lation coefficients of the radiance variations along the slit have
been calculated for all three combinations. Calculations were
performed using the data of the ensemble of the sets and each
individual exposure (in order to get some idea on the variance
of the measurements). The results are summarized in the first
three rows of Table 3 from which it can be seen that the cor-
relation between the chromospheric variations and those of the
transition region is very high (as one would have expected), and
that the correlation between the chromosphere and the corona
is slightly higher than that between the transition region and
the corona in all three cases. However, the differences are too
small and the standard uncertainties are too large to claim a
statistically significant effect.

These findings, therefore, have further been scrutinized
with the help of other data sets in Table 1. The sequence of
8 February 1998 can be directly compared with the November
1996 run, because it covers the same wavelength range. In ad-
dition to the analysis of the continuum presented in Fig. 4, cor-
responding evaluations of the O lines (representative of the
transition region) and the Ne lines (representative of the
corona) had to be performed before the correlation coefficients
could be determined as given in Table 3. These calculations
confirm the results of November 1996, but again do not allow
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Table 2. Radiance ratios,Rmax, Rtotal (with some standard uncertainties obtained from the counting statistics in parentheses), observed during
brightening events in quiet-Sun internetwork regions.

Date Wavelength Spatial resolution element Brightenings of the continuum
λ/nm ∆x× ∆y/Mm2 Rmax Ra

total

16 Nov. 1996 77.00 2.8× 0.7 1.51 1.34 1.41 1.44 1.18 1.22

13 Nov. 2001 79.40 0.7× 4.2 1.98 (0.30) 1.69 (0.19)
81.15 0.7× 2.8 1.55 (0.25) 1.42 (0.12)
82.55 0.7× 2.8 1.67 (0.23) 1.45 (0.12)
89.30 0.7× 1.4 1.71 (0.14) 1.32 (0.04)
90.90 0.7× 1.4 1.59 (0.11) 1.28 (0.03)

a Averaged over nine to twelve spatial pixels.

Table 3.Correlation coefficients (with standard deviations) along the SUMER slit in quiet-Sun regions.

Date Time (UTC) Chromosphere/TRa Chromosphere/corona TR/corona Remarks

16 Nov. 1996 06:48 0.92 (0.02) 0.57 (0.04) 0.51 (0.03) continuum near 77 nm (Chr.),
09:14 0.91 (0.03) 0.65 (0.03) 0.63 (0.03) N, O, O, S (TR),
11:41 0.90 (0.02) 0.30 (0.04) 0.27 (0.04) Ne (Corona).
06:48 0.87 (0.05) 0.72 (0.06) 0.62 (0.09) Network
06:48 0.72 (0.07) 0.24 (0.06) 0.09 (0.13) Internetwork

08 Feb. 1998 17:10 0.86 (0.01) 0.48 (0.09) 0.44 (0.09) 78 nm, O, Ne
17:10 0.79 0.41 0.38 Network
17:10 0.58 0.28 0.26 Internetwork

10 Jun. 1999 12:11 0.86 (0.03) 0.61 (0.13) 0.45 (0.11) coronal hole (CH) included
12:11 0.83 0.47 0.36 71.7 nm, O, Mg  (w/o CH)
12:11 0.62 0.43 0.09 Network (w/o CH)
12:11 0.78 0.37 0.20 Internetwork (w/o CH)

a Transition region.

a clear statement on the connection between the corona and the
other two regions. It should be mentioned that Patsourakos &
Vial (2002) have analysed the same observational sequence to
demonstrate the intermittency in the O radiance variations.

The coupling of the corona with the lower solar atmosphere
can also be investigated with data acquired on 10 June 1999 at
shorter wavelengths. In Figs. 11a to 11c the H continuum near
70.9 nm, the O lines near 70.3 nm, and the Mg 70.60 nm
line are shown for a raster scan of a quiet-Sun area containing a
small coronal hole. Calculations as described for the 1998 data
lead to correlation coefficients that are also listed in Table 3.
For these calculations, the area of the coronal hole was either
included or not included. In the latter case, the data set was
treated as a whole so that no estimates of the uncertainties could
be obtained. They indeed seem to reveal a closer relationship
between the chromosphere and the corona than between the
transition region and the corona. It is interesting to note that the
coronal hole outlined in Fig. 11c (corona) can readily be iden-
tified in Fig. 11a (chromosphere), but only with difficulty in
Fig. 11b (transition region). Outside the coronal hole, the spa-
tial structure of the Mg emission is fundamentally different
from that of the O lines, which is a high-resolution confir-
mation of much earlier observations made on Skylab (Reeves
et al. 1974; Reeves 1976).

In calculating the above correlation coefficients, the net-
work and internetwork regions crossed by the slit were not
treated separately, in contrast to the evaluations in the previ-
ous sections. This procedure was motivated by the fact that the
most pronounced spatial radiance variations were related to the
network/internetwork structure. Nevertheless, in the context of
this study, it might be of interest to compute the corresponding
correlation coefficients for internetwork and network sections
individually. This has been done for some of the data sets, and
the results are also listed in Table 3. Not surprisingly, the coef-
ficients so obtained show much more scatter, but qualitatively
agree with the values found from the combined evaluations.

The Lyman-continuum data of 10 June 1999 have also been
used to determine the brightness temperatures at≈70.9 nm out-
side the coronal hole asTB = 7750 K (maximum), 7410 K
(network), 7250 K (mean), 7140 K (internetwork), and 6790 K
(minimum). The temperature in the coronal hole was≈6800 K.
The last two values were very near the detector background
level and have to be considered upper limits.

4. Discussion

An overview of the H Lyman-continuum observations anal-
ysed in Sect. 3 can best be obtained by plotting in Fig. 12 the
brightness temperatures for various conditions as functions of
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Fig. 8. Temporal variations of the radiance (normalized to the min-
imum values) for typical brightenings with temporal separations of
about 180 s in internetwork regions. The observations were made on
16 November 1996 (Sequence 3) and have been integrated over 9 to
12 spatial pixels as indicated. Solid lines represent chromospheric H
Lyman-continuum emission near 77 nm (brightness temperatures are
shown on the right-hand side), dashed lines stand for transition-region
and dotted lines for coronal emissions.a) The event in the upper panel
occurred during the interval displayed in Fig. 7.b), c)The other events
stem from the following two burst-mode observations.

wavelength. The mean brightness temperatures shown here are
in nearly perfect agreement with OSO-6 and Skylab results cal-
culated from the observed disk-centre radiances (VAL81). It
has been known since 1959 that the network has higher temper-
atures than the internetwork (de Jager 1959; Osterbrock 1961;
Simon & Leighton 1964). The first spatially-resolved observa-
tion of the H Lyman continuum near 89.6 nm across network
and internetwork areas (Reeves et al. 1974) showed a peak-to-
valley ratio just above ten, which is consistent with the data
in Fig. 9a for 90.0 nm. Converted to brightness temperatures,
this gives a∆T ≈ 600 K between maximum and minimum
values at the head of the continuum, and this is what we find in
Fig. 12. At 71 nm the difference is about 1000 K. Of course, the
average network and internetwork temperatures have a much
smaller difference (approximately 200 K). Note, however, that
these average values are not too well defined as they critically
depend on the selection of the network and internetwork areas.
In all cases, the temperatures are increasing with decreasing
wavelengths.

Between 75 nm and 91 nm the slopes are also relatively
constant. Except for the minimum temperature, there appears
to be an increase in the slope at shorter wavelengths. This in-
crease can directly be attributed to the steep kinetic electron

Fig. 9. H  Lyman-continuum observations (Sequence 4).a)
Measurements near the Lyman edge are smoothed over two
spatial pixels. Typical network and internetwork crossings of the
slit are marked (network: dotted; internetwork: dashed) as well as
a brightening event in the internetwork near spatial position 170′′.
The radiance scale refers to the bottom curve. (An active region
south of the slit – on the right – may have led to the general trend
of the spectral radiance; see text.) Later measurements obtained
with a cadence of 43 s are displaced successively by a factor of 1.5
for display purposes. An approximate time scale is given on the
right. It should be mentioned – without further discussion – that
some of the brightenings (near positions 40′′ and 280′′) exhibit an
apparent velocity along the slit. (The solar rotation compensation of
the instrument was not activated, but the slit moved only by about
3′′ with respect to the network during the run.)b) Near-simultaneous
observations at 81.15 nm. The format of the presentation is the same,
but the data are smoothed over four pixels.
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Fig. 10. Temporal variations of the maximum spectral radiances of
brightenings near spatial positions= 170′′ in Fig. 9 (marked by plus
signs). Five narrow wavelength bands of the H Lyman continuum are
displayed with bandpasses of≈0.22 nm each.

temperature increase in the upper chromosphere that has been
noted shortwards of 75 nm in Sect. 3.2 and Fig. 2. More in-
teresting is however the tentative result that both the kinetic
temperatures and the departure coefficients of the network and
internetwork regions reverse their orders in this range. If the
spectral radiances of the fits in Fig. 2 are converted into bright-
ness temperatures the correspondence is not perfect, especially
at the shortest wavelengths. In this range the differences in the
brightness temperatures are about 300 K. The maximum curve
has been neglected in this assessment, because it is not rele-
vant for the averaged spectra. Considering that the uncertainty
of the measurements is about 100 K, it is probably justified
to interpret the differences between late 1996 and mid 1999
as a solar effect (for instance, a variation with magnetic activ-
ity). Radiance increases of the H Lyman continuum and of
emission lines in quiet-Sun areas during the rising phase of the
sunspot cycle between 1996 and 1999 have been reported by
Schühle et al. (2000).

Recent simulations of Carlsson & Stein (2002), which in-
clude a coronal upper boundary condition with helium radia-
tion and a prescribed boundary temperature, indicate that the
upper chromosphere may be heated by radiation in the he-
lium continua. The empirical model of Avrett et al. (1994) also
suggests heating of the upper chromosphere by helium radia-
tion. Since this radiation is dependent on the solar cycle (cf.,
McMullin et al. 2002; Floyd et al. 2002) it could be a cause of
the change in slope between 1996 and 1999.

It should be pointed out that there is also a slight discrep-
ancy at the long-wavelength side of the Lyman continuum.
Compared to the spectra of 1996, the November 2001 data

appear to be too low by about 150 K. The network spectral
radiance near 91 nm in Fig. 2 shows an increase by a factor of
1.3 (corresponding to∆T ≈ 80 K) with respect to that obtained
from a quiet-Sun reference spectrum in November 2001. The
deviation of≈70 K could be related to the trend in Fig. 9 that
is thought to be caused by a nearby active region. If only the
northern half of the slit were taken into account, the average
network temperature would increase by≈80 K.

There is a tendency for larger differences of the bright-
ness temperatures between network and internetwork regions
at shorter wavelengths (∆T = 175 K at 90.9 nm and 300 K at
70.9 nm). The same is true for the excursions related to bright-
ening events, which increase from∆T = 120 K at 90.9 nm to
175 K at 79.4 nm (calculated fromRmax of Table 2). However,
the latter effect is statistically only marginally significant, con-
sidering the uncertainty in the evaluation of the precision in
Table 2. The important statement is that even the most pro-
nounced brightenings observed in internetwork regions are not
accompanied by brightness temperature changes of more than
200 K in the Lyman continuum (λ ≥ 76 nm). These variations
are comparable to the difference between mean network and
internetwork temperatures.

The quasi-oscillatory episodes depicted in Fig. 5 also have
peak-to-peak variations of the brightness temperature of less
than 200 K. It has already been pointed out that only very
few such oscillations could be detected. As the oscillations
are present in internetwork regions in most SUMER obser-
vations of continua and emission lines with lower formation
temperatures (Carlsson et al. 1997; Hansteen 1997; Wikstøl
et al. 2000; Judge et al. 2001; but see McIntosh et al. 2001
for counter-examples), it must be concluded that their propa-
gation or dissipation is severely affected somewhere below the
Lyman-continuum emission height. It is tempting to assume
that this happens at the “magic height” described by Fleck
& Deubner (1989). Considering the similarity of the Lyman-
continuum image in Fig. 1 with the O structures and the dif-
ference between the silicon and hydrogen continua, magnetic
fields of a canopy type in the upper chromosphere may offer
a solution, as has been speculated by Carlsson et al. (1997).
Mode conversion from acoustic to faster hydromagnetic waves
near the transition from high to lowβ regimes (β = 8πpg/B2;
wherepg is the gas pressure andB the magnetic field strength)
(McIntosh et al. 2001) could then explain the missing phase lag
in Fig. 8. One could go so far as to question the canonical defi-
nition of the chromosphere/transition-region interface based on
the steep temperature rise above 25 000 K, and ask whether a
morphological criterion should be applied based on the mag-
netic structure.

Another explanation could be geometrical damping of the
acoustic waves. These waves were modelled as plane waves by
Carlsson & Stein (1995, 2002) but are shown by observations
of grains at 160 nm, the H2v and K2v emission peaks and the C,
N and O emission lines observed with SUMER (Carlsson et al.
1997) to propagate as spherical waves emanating from small
source regions in the photosphere (Kalkofen 2002).

A magnetic-field topology would offer an understanding of
the large spatial coherence of certain velocity oscillations dis-
cussed in Sect. 1. Although Krijger et al. (2001) have argued
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Fig. 11. Simultaneous observations of the upper chromosphere, the
transition region and the corona (Sequence 5) on 10 June 1999 start-
ing at 12:11 UTC (t = 0 min).a) Variations of the H Lyman contin-
uum near 70.9 nm along the 1′′ × 300′′ slit are plotted as brightness
temperature for 97 step positions of a raster scan (step width: 1.14′′;
north is towards left and west is up). The temperature scale refers to
the bottom curve. Subsequent slit positions are shifted upwards (by
45 K each) resulting in a spatial scale for the second dimension on
the right-hand side. Note that detector pixels not illuminated by the
slit image (s1 < 0′′ or s1 > 300′′) provide information on the back-
ground levels. They correspond to 6700 K, slightly below the coro-
nal hole values.b) The network structure seen in the O multiplet
near 70.3 nm is shown in a format similar to the bottom panel. The
logarithmic radiance scale applies to the bottom curve. Subsequent
slit positions are shifted upwards by a factor of 1.5. The axis on the
right-hand side represents the temporal scale during the scan of the
instrument. Here the background level is more than an order of mag-
nitude below the weakest signal.c) The coronal structure above the
network region is displayed in the upper panel. Again the format is
similar to the other ones, but the spatial scale normal to the slit is in
units of megametre. This scale combines the pointing changes and
the solar rotation during the scan. Black dots in the central area of
this diagram indicate regions with a very low radiance in the Mg
line, yet well above the detector background. These dots outline the
position of the coronal hole. Near the middle of the display, it can
be seen that one step position is missing. The reason is a telemetry
error at 14:34 UTC, which had to be eliminated.
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Fig. 12. Brightness temperatures of the H Lyman continuum in the upper chromosphere as a function of wavelength. The maximum and
minimum values are plotted by solid lines with actual data points shown by triangles. The average network and internetwork brightness
temperatures are given as thin dashed lines indicating that network values are 200 K to 300 K higher than the internetwork ones. Brightening
events could be observed in the wavelength range from 77 nm to 91 nm in this study with temperature variations of typically 150 K (shaded
area). The precision of the observations made on a certain date is rather high (the standard uncertainties are determined from the counting
statistics of the mean values), whereas measurements obtained in different years are subject to the larger uncertainties related to their accuracy.
The range of brightness temperatures in 1996 (Sequence 1) resulting from the slopes of the H Lyman continuum in Fig. 2 are added as thick
dashed lines (internetwork) and thick dashed-dotted lines (network). Note their excellent agreement with the November 1996 data near 77 nm
(Sequence 3).

that the increased coherence length might be a consequence of
a very compressed time slice of the presentations, the effect ap-
pears to be real, because at least in Fig. 5 of Hansteen et al.
(2000), the time scale is not compressed, and yet the velocity
oscillations in C are spatially coherent over the entire inter-
network section of 20′′ to 30′′.

These findings are consistent with results discussed above
suggesting that – in contrast to portions of the lower chro-
mosphere – the upper chromosphere is not heated by the
waves and oscillations seen in the chromosphere, which are
presumably of acoustic nature (Jordan 1977; Athay & White
1978). Instead, in accord with the observations by Steffens
et al. (1996) that grains supply only 9% of the K2v emis-
sion of the internetwork chromosphere, they indicate that dis-
sipation contributed by acoustic oscillations is not the main
heating mechanism of the internetwork upper chromosphere.
Osterbrock (1961) proposed hydromagnetic waves to be im-
portant at greater heights.

Vernazza et al. (1975) and Bruner (1978) occasionally
found acoustic waves even in the transition region, but con-
cluded on the basis of the low wave intensity that they are
not important for heating the corona. With reference to Figs. 7
and 8 it can, in addition, be said that even strong transition-
region events in general do not show a signature in the

overlying coronal layers. This is in line with the low correla-
tion coefficients found for the coupling between the transition
region and the corona. Such a decoupling of the corona from
the transition region has also been deduced from spectroscopic
observations (Feldman 1983), and appears to be a consequence
of the magnetic-field topology.
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