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8 Abstract

O\l The Sun is the only star that we can spatially resolve andnitbearegarded as a fundamental plasma laboratory of assimshy
«—. The solar transition region (TR), the layer between thersdieomosphere and corona, plays an important role in satad wrigin
©_and coronal heating. Recent high-resolution observatioage bySOHQ TRACE andHinodeindicate that the TR is highly

nonuniform and magnetically structured. Through a contimnaof spectroscopic observations and magnetic field patedions,
the TR magnetic structures and plasma properties have beaed fo be dierent in coronal holes and in the quiet Sun. In active
regions, the TR density and temperature structures afgr dti sunspots and the surrounding plage regions. Althogi R is
believed to be a dynamic layer, quasi-steady flows lastiomfseveral hours to several days are often present in thé uie
r—coronal holes, and active regions, indicating some kindla$rpa circulatiofconvection in the TR and corona. The emission of
hydrogen Lyman lines, which originates from the lower TRs hiso been intensively investigated in the recent paste®asons
(/) show clearly that the flows and dynamics in the middle and uppecan greatly modify the Lyman line profiles.
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9 1. Introduction Xia, 2003; Wilhelm et all,_ 2007). Wavelengths and assodiate
"(7-; ) ) ions of several typical TR emission lines (the M@25 A line
g The Sunis the only star that we can spatially resolve. Objs formed in the lower corona) are marked in Figilre 1 accord-
—i'servations suggest that many phenomena such as flaresleparning to the formation temperatures of the ions (temperatire o

acceleration, and collimated outflows not only occur in e S maximum fractional ionization). The TR can be divided into
lar atmosphere, but also occur in other astrophysical syste three parts according to the temperature: lower TR (€0
in similar forms (e.g., Zhang et al., 2000; Zhang, 2007). S$hu 3 10# K), middle TR (3x 10* K-5 x 10° K), and upper TR
the Sun can be regarded as a fundamental plasma Iaboratory(gfx 10 K-10° K). The lines of Lyr 1216 A, Her 584 A and
astrophysics. - _ ~ Sin 1533 A are all typical emission lines formed in the lower
The solar transition region (TR), the temperature regimerr. The Nevm 770 A line is a typical upper-TR line and has
- from ~10* K to 10° K, is traditionally believed to be a very peen widely used in observations in the last decade. In tte mi
thin layer between the solar chromosphere and corona. Figjie TR, thousands of emission lines such as @37 A and
S ure] illustrates the structure of the solar interior andisalmo- ¢y 1548 A have been identified (Curdt et Al., 2001), and many
sphere, and shows the height variations of the temperature a of them have been used in observations to probe the physical
. . density of the average solar atmosphere following the maofdel properties of the TR.
2 Verngzza et all (1981). Abrupt changes of the tem_peratuie an Early observations made by instruments such as the
> density are clearly present through the TR. As an interfaee b gogog EUV spectrograph onboard the Skylab space station
*— tween the cool chromosphere and the hot corona, the TR playgarioe et al.| 1977), the UV spectrometer onboard the OSO
an important role in coronal heating and solar wind origig(e g (Orbiting Solar Observatory) satellite_(Bornlet, 1981)d a
Chae et al., 1998b; Pet_er_& Vocks, _2003; Tuetal., 2005a). the High-Resolution Telescope Spectrograph (HRTS) flown
Most of the TR emission falls into the FUEUV range  on some rockets and Spacelab 2 (Bartoe & Bruetkner, 1975;
(~50 A-2000 A). And thus spectroscopic observations in thisgeckner et dl/, 1986) have provided much valuable inferma
spectral range are the most important way to obtain informagony ahout the solar TR. Early instruments and results ofehe
tion about the physics of the TR. Since the plasma is opficall g4y observations have been reviewedl by Wilhelm kel al.4200
thin for most FUVEUV emission lines, we can extract infor- 44 Mariska [(1992), respectively. However, our knowledge
mation about the physical conditions prevailing in thel®@  f the TR was limited due to the lack of long-duration high-
regions from the line profiles (see reviewslby Mariska, 1992;¢0 ution observations before middle 1990s.
With the launch of SOHO (Solar and Heliospheric Observa-
“Corresponding author tory), TRACE (Transition Region and Coronal Explorer), and
Email addresstianhui924@pku. edu. cn, tianhui9240gmail . com Hinode, our understanding of the TR has been significantly im
(Hui Tian) proved since 1996. Huge amount of data acquired by these mis-
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Figure 1: Upper: Structure of the solar interior and solenasphere. Adapted
from the magazine of Scientific American (2003) and the the§iMcAteer
(2004) (Credit: Don Dixon.). Lower: Height variations okttemperature and

density of the average solar atmosphere. Adapted ifrom {2&6i).
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sions reveal clearly that the TR is a highly dynamic and nénun
form layer. High spatial{1”), temporal ¢1 s), and spectral
(1st order~44 mA/pixel, 2nd order22 mA/pixel) observations

of the SUMER (Solar Ultraviolet Measurements of Emitted Ra-
diation) instrument(Wilhelm et al., 1995; L emaire etlaB97T)
onboard SOHO have greatly enhanced our knowledge of the
TR. Thousands of emission lines with wavelengths from 660 A
to 1610 A and formation temperatures fronf ¥0to 2 x 10° K

have been identified and used in extensive studies of the up-
per solar atmosphere (Curdt et al., 2001, 2004). Moreoker, t
Doppler shifts of these FUMUV spectral lines could be mea-
sured with an accuracy of about 1-2 JariBrekke et &l., 1997;
Peter & Judge, 1999; Popescu €tlal., 2004), and thus the flow
velocities in the TR could be determined with a high accuracy
Besides, the Coronal Diagnostic Spectrometer (CDS) owboar
SOHO (Harrison et al., 1995) and the EUV Imaging Spectrom-
eter (EIS) onboard Hinode (Culhane et al., 2007) have the ca-
pability of simultaneous multi-wavelength observatiosing

a number of TR and coronal lines, which are very suitable for
plasma diagnostics in the upper solar atmosphere.

Disk observations reveal that the bright network pattern is
the dominant emission structure in intensity images of Tiedi
(e.g.,.Brueckner & Bartoe, 1974; Reeves, 1976). The TR net-
work is cospatial with the underlying chromospheric networ
and is believed to be the upward extension of the supergranu-
lar boundary to higher layers (e.g., Brueckner & Bartoe, 4197
Patsourakos et al., 1999). Reeves (1976) found that in tie¢ qu
Sun the contrast between the network and internetwork emis-
sion is largest for lines formed at2x10® K and decreases at
higher and lower temperatures. Patsourakos|et al. (199€3-n
tigated the height variation of the network size (width of ttet-
work lane) in the upper atmosphere of the quiet Sun, and found
that the network size is almost constant in the middle TR and
increases strongly at the upper TR. The TR is a pplasma
region and the magnetic field largely controls the distignubf
the plasma.

The first magnetic network model was proposed by Gabriel
(1976). Inthis model, magnetic fields concentrated in thpesu
granular boundary expand with height and open into the @ron
The TR radiation is balanced by the downward thermal conduc-
tion. However, the emission measure reproduced by this mode
is far less than the observed value at temperatures below 10
(Athay,[1982). Ten years later, Dowdy et al. (1986) proposed
a modified model in which only part of the network magnetic
fields open into the corona as a funnel shape, while the rest
of the network is occupied by a population of low-lying loops
with lengths less than 10 Mm (1 Mai0® m). In this model, the
small loops are heated internally. Peter (2001) furthenteaci
out that magnetic funnels originating from the network coul
be connected to the solar wind or be legs of large-scale ebron
loops. It might also be possible that the fundamental atrect
of the TR has not yet been resolved due to limitations of curre
instruments/(Feldman, 1983, 1987; Feldman & Laming, 1994,
Doschek et all, 2004).

The TR materials are often flowing. By analyzing the spec-
tra obtained by the S082B instrument, Doschek et al. (1976)
found that TR lines are often redshifted. The persistersiis



of emission lines formed in the middle TR were confirmed inrent sheets induced by photospheric motion (Buchner, ;2006
later observations. With SUMER observations, Peter & Judg&antos & Bichner, 2007). Blinkers are transient TR network
(1999), Teriaca et al. (1999), Stucki et al. (2000) and Xialet brightenings with a typical duration of 5 to 30 minutes (g.g.
(2004) studied the variation of the average Doppler shithwi Harrison, 1997; Doyle et al., 2004). Macrospicules ardilet-
the line formation temperature. They found that the redshifstructures extending from the chromosphere into the corona
is most significant {10 km s') at ~2x10° K and decreases which could be regarded as the EUV counterpart of the H
at lower and higher temperatures. Emission lines formed ispicules (e.g., Bohlin et al., 1975; Xia et al., 2005).
the lower TR reveal no obvious Doppler shift on average, The hydrogen Lyman lines, especially thealiine, play a
while emission lines formed in the upper TR are clearly bluedominant role in the radiative energy transport in the lower
shifted. The temperature variation of the TR line shift shkow TR (Fontenla etal., 1988). Due to thefext of radiative
a similar trend in both the quiet Sun and coronal holes. Intransfer, a central reversal is usually present iny Lgnd
both regions, the value of the redshift is positively catetl Lyg line profiles. The Lyman line profiles can be used to re-
with the line radiance, and is more prominent in the networkveal information on fine structures and physical propenies
than in cell interiors (e.g., Curdt etlal., 2008a; Aiouaz0&0  quiescent prominences (e.q., Heinzel etlal., 2005; Vial.et a
The blue shifts of upper TR lines are predominant in coronaR007;| Schmieder et al., 2007; Gunar etal., 2008). They can
holes and are suggested to be signatures of the fast soldr wialso be used to diagnose nonthermfiees in solar flares
(Dammasch et all, 1909; Hassler et al., 1999; Wilhelm et al.(Hénoux et al., 1995; Fang et al., 1995; Xu etlal., 2005).l Ful
2000; | Xia et al.) 2003; _Tu et al., 2005a; Aiouaz €t al., 2005)Lya and Ly3 line profiles were acquired through early ob-
while blue shifts are localized at network junctions in thee u servations more than two decades ago (e.g. Nicolas et al.,
per TR of the quiet Sun_(Hassler et al., 1999). In active rel976; | Kneer et al.| 1981; Lemaire et al., 1978; Mial, 1982;
gions, the redshifts of middle TR lines are about two timesBocchialini & Vial, [1996; | Basri et al.| 1979; Fontenla et al.
larger than those in the quiet Sun (elg., Teriacalet al., 19991988). These observations revealed valuable information o
Different mechanisms such as spicule activities (e.g., Athayhe stratification of the solar upper atmosphere, althobgh t
1984), siphon flows from one loop leg to the other (e.g.,obtained Lyman line profiles were hampered by the geocoro-
McClymont & Craig, 1987 Mariske, 1988), downward prop- nal absorption at the center. The SUMER observations at the
agating MHD waves produced by nano-flares (e.9., Hansteefiyst Lagrangian point are free from geocoronal absorptions
1993;| Hansteen etlal., 1997) and solar wind related recenneBy analyzing spectra obtained by SUMER, Warren et al. (1998)
tions in the network (Tu et al., 2005a; He etlal., 2008) hawwnbe found that the average profiles forgyhrough Ly are all re-
suggested to explain these prominent Doppler shifts of M&sli  versed at the center and stronger in the red wing. It has been
(see reviews and discussions.in_Mariska, 1992; Brekke et alsuggested that the asymmetries of Lyman line profiles are re-
1997; Peter & Judge, 1999; Xia, 2003). lated to the dierential flows in the upper solar atmosphere
Small-scale transient phenomena such as explosive even{§&outtebroze et al., 1978; Fontenla et al., 2002; Gundr.et a
coronal bright points, blinkers and macrospicules arefestly  [2008).| Warren et all (1998) also found larger peak sepastio
observed in the TR. Explosive events (EEs), which were firsof the profiles at limb than at disk center. The full high-dtyal
identified through HRTS observations (Brueckner & Bartoe Ly« line profiles were not recorded on the detectors of SUMER
1983), are characterized by a small spatial scale of abodbr a long time, because the high radiance of the line usually
1800 km, a short lifetime of about 60 s, and non-Gaussiateads to a saturation of the detector microchannel platds. A
line profiles showing Doppler shifts 0100 km s* (e.g., tempts have been made to recordvlgn the bare part of de-
Dere et al., 1989; Innes etlal., 1997a; Doyle et al., 2006)s EEtector A. However, the signal determination turned out to be
tend to occur along boundaries of the magnetic networkhighly uncertain due to the local-gain depression coroecti
where weak mixed-polarity magnetic features are presemt (e (Teriaca et dl!, 2005a,b, 2006).
Chae et al., 1998a; Teriaca et al., 2004). They are beliaved t Although much has been known about the emission and
be produced by magnetic reconnections in the TR (Innes, et alstructures of the TR, there are still many important thirgs t
1997b;| Chen & Priest, 2006). Coronal bright points (BPs)have not or rarely been investigated. For example, almost al
which are characterized by locally enhanced emission in Xstudies of the TR network structures are concentrated on the
ray and EUV, are associated with the underlying bipolar magaverage Sun or quiet Sun (e.g., Gabriel, 1976; Dowdy|et al.,
netic field at network boundaries (e.g. Habbal étial., 19901986;/ Patsourakos etlal., 1999; Peter, 2001). But the TR is in
Webb et al., 1993; Falconer et al., 1998; Brown etlal., 2001fact highly nonuniform (e.g., Marsch et al., 2006) so th#&ied
Madjarska et al., 2003; Tian etlal., 2007). A BP consists ofences between fiierent solar regions (quiet Sun, coronal holes,
several miniature dynamic loops (elg., Sheeley & Golubg197 active regions) should be expected. Another aspect is con-
Ugarte-Urra et al., 2004a) and is typically’36 40” in size.  cerning the nature of the flow field in the TR. High-cadence
The average lifetime of BPs is 20 hours in EUV (Zhang et al. observations reveal that the TR is highly dynamic and tran-
2001) and 8 hours in X-ray observations (Golub et al., 1974)sient flows are often detected (elg., Innes et al., 1997a)ewh
The energization of BPs may be associated with the interquasi-steady flows lasting from several hours to severas day
action between two magnetic fragments of opposite polariare also observed to be present in the TR (e.g., Marsch et al.,
ties (Priest et all, 1994; Parnell et al., 1994), magnetiome [2004; Dammasch et al., 2008). It is hard to imagine how these
nection along separator field lines (Longcope, 1998), of curtwo kinds of flows could coexist in the TR. Moreover, up-
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flows in the upper TR outside coronal holes are not well unimportant role in the study of solar wind origin. The average
derstood |(Hassler etlal., 1999; Marsch etlal., 2004). The TRIue shift of this line has been established since 1999, when
above sunspots is also an interesting topic. Although satesp [Dammasch et al. (1999) derived a very accurate rest wavttleng
and plage have been intensively studied in the photosphere aof 770428+ 0.003 A for it.
chromosphere (Solanki, 2003), their possiblfettent proper- Blue shifts are found almost everywhere on the Doppler-
ties in the TR are not well understood. Finally, the lower TRgrams of Nevmr in polar coronal holes (Hassler et al., 1999;
line Lya has been suggested to be used in proposed future sBammasch et al., 1999; Wilhelm et al., 2000). And patches of
lar missions such as Solar Orbiter (Marsch et al., 2002)fiKua significant Nevin blue shift are also found within equatorial
(Tu et al.; 2008) and SMESE (Vial etlal., 2008). Despite its im coronal holes (Xie, 2003; Xia et al., 2003; Aiouaz €tlal., 200
portance, high-quality undisturbed dyprofiles have not been These blue shifts are usually interpreted as signatureleof t
obtained, and signatures of TR flows and transient phenomemeascent fast solar wind, and found to be associated with the
in Lyman line profiles have not been identified in observation chromospheric network (Hassler et al., 1999) where magneti
before 2008. These open questions are summarized below: funnels anchor and expand with height (Tu et/al., 2005a).

(1) Are there any dierences between the TR properties in  In the quiet Sun, significant blue shifts of Neun were

coronal holes and in the quiet Sun? also found at network junctions and considered to be passibl
(2) Why are guasi-steady flows frequently observed in thesources of the solar wind (Hassler et al., 1999). However, th
TR and corona? magnetic field lines of the quiet Sun are usually closed sb tha
(3) Are there any dferences between the TR propertiesit is difficult to imagine how the materials escape into the inter-
above sunspots and the surrounding plage regions? planetary space.
(4) What are the characteristics of the origin and initial ac  As a lowg plasma region, the TR should be magnetically
celeration of the solar wind in the TR and corona? structured and the flows of TR plasmas should be largely

(5) What does the genuine solar hydrogewr Icgdiance pro-  guided or controlled by the strong magnetic fields. Since cur
file (that undfected by the atmosphere of the earth) look like? rently the magnetic field of the upper solar atmosphere can
In the past several years, a lot of work has been done toot be measured directly, magnetic field extrapolation is of
understand the problems mentioned above. The magneticaltgn adopted by the solar community to study the magnetic
structured TR was found to havefi@irent propertiesin fierent  coupling of diferent coronal structures and processes (e.g.,

regions through a combination of spectroscopic obsematio Wiegelmann & Neukirah, 2002). The validity of potentialifie

and magnetic field extrapolations. With the help of magneticcoronal magnetic field models has been tested and confirmed
field extrapolations, the TR flows inférent regions were bet- with recent development of coronal magnetic field measure-
ter explained, and the persistent and transient flows can noments |(Liu & Lin,|2008). With the assumption that the mag-
be understood in a unified picture. Comprehensive companetic field is almost force-free at heights of about 400 kmvabo
isons of TR properties between sunspots and plage regioes hathe photosphere_(Metcalf etlal., 1995), the force-free rhode
also been done in the recent past, and distinfééidinces were proposed by Seehafer (1978) has been applied successfully i
found. A new technique of recording byprofiles has been em- the studies of long-lasting and quasi-steady phenomena and
ployed by the SUMER team since June 2008, and high-qualitgtructures in the TR_(Marsch et al., 2004; Wiegelmann et al.,
Ly« profiles without geocoronal absorption were obtained foi2005; Tu et al.l, 200%5a,b; Marsch et al., 2006; Tian et al.,/200
the first time. It has been found that TR flows and EEs can modHe et al., | 2007;. Marsch etlall, 2003; Tian et al., 2008a,b,c,
ify the observed Lyman line profiles. This article reviewedd 2009a).

recent progresses and provides a new view on the TR emissionMclntosh et al.|(2007b) mentioned that it is the global mag-

and structures. netic topology that dictates whether the released plasista ju
provides thermal input to the quiet solar corona or finalgde
2. Quiet Sun the solar wind. In order to investigate the possible source

region of the solar wind and the physical meaning of the
The quiet Sun usually occupies most of the disk area, angrominent Nevin blue shift in the quiet Sun, He etial. (2007)
thus its properties often represent the average propefttbe  and|Tian et al.|(2008a) applied the Seehafer (1978) solution
Sun. Both transient and quasi-steady flows are observed to e reconstruct the 3-dimensional (3-D) potential magndic

present in the quiet-Sun TR. structure in a quiet-Sun region._He et al. (2007) found that a
_ sub-region corresponding to relatively weak emission ia th
2.1. Upflows in the upper TR EIT (Extreme ultraviolet imaging telescope) 195 A image is

It is well known that emission lines formed in the mid- associated with open field lines. Tian et al. (2008a) further
dle TR are redshifted by several km'son average (e.g., pointed out that these open fields correspond to a magnetic
Doschek et all, 1976; Chae et al., 1998c). With increasimg te funnel structure in the quiet Sun. Figurk 2 shows this struc-
perature, the average redshift of TR lines decreases, allyfin ture. It can be seen that the funnel structure consists of two
turns into blue shift above-5x10° K (Peter & Judde, 1999; parts: below~20 Mm, several small funnels originating from
Teriaca et all, 1999; Stucki etlal., 2000; Xia etlal., 2004). different supergranular boundaries expand with height; above

Within the SUMER spectral range, the strongWNe770 A ~20 Mm, these small funnels merge into a single wide open-
line formed in the upper TR is of particular value becausesof i field region. One may speculate that coronal funnel strestur
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Figure 2: Magnetic funnel structure in a quiet-Sun regiohe Ted lines rep- 100 7+
resent field lines originating from the funnel boundary, #melblack ones are
open field lines outside the small funnels. The Dopplergréeovin is placed
at the bottom layer. The extrapolated longitudinal fieleésgth at 20 Mm is
also shown as a magnetogram placed at the correspondingt.hedglapted

from|[Tian et al.[(2008a).
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in coronal holes should be of a similar form, yet the merging
height might be dferent (Tian et all, 2008b). The existence of
the funnel structure, which may result from the local opgnin oo 5 00
of large-scale coronal loops through magnetic reconnestio X (second of arc)
suggests that the solar wind could also form in the quiet Sun. Bz (Gauss)
However, Figuré12 reveals clearly that most of the patches
with significant Nevin blue shifts do not coincide with the fun-
nel legs. Thus, as argued by He €t al. (2007) land Tian et al.
), these blue-shift sites may not be sources of tta sol
wind. If the solar wind could actually form in the quiet Sun, i
may start at a layer higher than the source region of theille
emission. If this is the case, significant outflows could ppeh
be found in the Dopplergram of another line with a higher for-
mation temperature than that of Nau.
In fact,l.ma) found that the patches with gigni L, ot i "
icant blue shift located mainly in network junctions areeoit —~100 0 100
associated with legs of large coronal loops. Thus, these blu X (second of arc)
shifts are more likely to be signatures of mass supply to-coro
nal loops rather than solar wind outflows. The Correspomﬂend:igure 3: Projections onto the x-y plane of the extrapolatednetic field lines,

between the significant blue shift of Nar and |00p Iegs was being superposed on the maps of the Doppler shift ofiNéupper panel) and
the photospheric longitudinal magnetogram (lower parielg quiet-Sun re-

fu_rther investigatgd mm%) It can be seemfr o Field lines reaching higher and lower than 40 Mm aretetbin purple
Figure[3 that in this quiet-Sun region almost all of the pach and green, respectively. Contours in the two panels outbgéons with sig-

with significant blue shift on the dopplergram of Nex coin- nificant blue shift of Nevir and those with strong magnetic field, respectively.
cide with legs of magnetic loops originating from strondefie Adapted from Tian et all (2009a).
regions. The loop legs generally exhibit funnel-like stape
supporting the argument made %ﬁe@ml) that magnetic
funnels can either be connected to the solar wind or form the
legs of large coronal loops. Figuké 3 also reveals that some
blue-shift patches are even associated with the commonfleg o
several joint loops with dierent spatial scales and orientations.
Thus, the mass and energy flowing into a single funnel can then
be spread and supplied to multiple loops.
Under the assumption that the Doppler shift of e can
be used as a proxy for the plasma bulk flow (i.e., of the proton
flow) (Xia et al.|2008; Marsch et &l., 2004), Tian et al. (289

calculated the rate of mass supply to coronal loops for each
5

—150 1

Y (second of arc)
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The figure reveals clearly that the redshifts ofvGare usually

— : .
T T & very strong along the network, and that prominent blue shift
o i g4 o \"4;- : i of Ne vin are concentrated in network junctions where several
200%\;_51“?%? ; q“ . {*‘5}3 -t ', o qells converge. As poiqted out by Tian et al. (2010b), th_a-lo<_:
B 5L o L 5 A e S = _Q} 3 tions of strong upflows in the upper TR are often cospatiath wit
L g8 Cala ity D Tt ek o LY 208 strong downflows in the middle TR. However, in some cases
n PR ;-—.?_.’* A ° gl s the prominent blue shifts of Nemr do not fully coincide with
3 ”0’-.;0.?’; T, . il 5P ﬁ,..- B S 4N ol but slightly deviate from the strongest red shifts ofvCwhich
- Pl T e @ o might be related to the height variation of the network maigne
o Tl o T NGy L | field (Aiouaz/ 2008; Tian et al., 2008e).
. C@i O L) T Ty The relationship between the persistent redshifts of does!
00 =27 P 2 "Q'CZO%' 3; = o - and blue shifts of lines formed at higher temperatures is not

X (second of arc)

well understood. In coronal holes, the blue and redshiftewe

explained by Tu et al! (2005a) and He et al. (2008) as the up-
flow and downflow after magnetic reconnection between open
field lines in coronal funnels and cool loops on the sideshén t
guiet Sun, magnetic reconnections might also occur if thg-ma
netic polarities of side loops are opposite to those of fidike
funnel-like loop leg. They found an anti-correlation beeme l00p legs. Thus, the scenario of continuous magnetic recon-
the mass flux and the expansion factor of the loop leg from th&@ection might also be the mechanism responsible for the bi-
photosphere to 4 Mm (forma’[ion heigh’[ of Nai, [Tu et al., directional flows in the TR, (AiOUiiZ, 2008; Tian et al., 2008a
2005b) above the photosphere. It is known that the expan2009a). Aiouaz (2008) proposed a TR structure which in&lve
sion rate of the large-scale magnetic field structures lagge ~ reconnections between the strong network magnetic field and
termines the speed of the solar wind (e.g.. Wang et al.,| 199@ontinuously advected weak field from the supergranuldr cel
Wang, 2009). Tian et al. (2009a) argued that the expansten rainterior for both the quiet Sun and coronal holes. The réesyilt
of the loop leg could possibly be related to the observed maggownflows and upflows are then observed to be the redshifts of
flux. In a strongly diverging funnel-like loop leg, most ofeth emission lines formed in the middle TR and the blue shifts of
energy that is brought in by the cool plasma and produced itpper-TR lines, respectively.
heating processes may be deposited in the lower layer of the As an alternative explanation, the redshifts of middle-TR
loop leg (below the formation height of Nem), and therefore lines might also correspond to the downward cooling plasma
the energy used to drive the upflow in the upper TR will be re-after the velocity of the upflows decreases to zero. As men-
duced. In contrast, if the expansion of the loop leg is weaktioned by Tian et al..(2009a), cool photospheric and chromo-
more energy will be used to accelerate the upflow, and thus thgpheric plasmas can continuously enter loop legs through pr
upward mass flux will be increased. cesses such as magnetic reconnection afidsiton from out-
side. These plasmas may then flow up and speed up along the
loop legs when the heating is switched on, leading to signif-
icant blue shifts of lines formed in the upper TR. Due to the
Transient flows lasting from several seconds to several minenset of possible (radiative) coolinfects, the flows might de-
utes are often detected in the TR. For example, transienosip celerate above a certain height (perhaps in the lower cprona
flows have been observed to be present along small-scale cadehd finally turn downwards and accelerate under gravitg-lea
loops in the quiet Sun (Teriaca et al., 2004; Tian et al., 2009 ing to emission by the dense plasma at lower temperatures and
The transient siphon flow reported by Tian et al. (2009a) ocecausing the redshifts of middle-TR lines. The steadineskef
curred in a weak mixed-polarity field region located outdfte2  observed shifts suggests that all these processes shauld oc
adjacent funnel-like loop leg. Thus, it should not be relate  continuously and persistently.
the long-lasting upflow in the loop leg. In the TR structure-pr Occasionally, part of the large-scale quiet-Sun cororabo
posed by Peter (2001), siphon flow is the dominant type of floncould locally be opened through processes such as mageetic r
in coronal loops. However, observations seem to suggest thaonnection. Due to the decrease of the magnetic tensionpthe
siphon flows rarely exist in quiet-Sun coronal loops wittesiz  flowing materials might speed up and reach higher layersjalon
comparable to or larger than supergranules. Thus, the dorhin the magnetic field lines, and could finally be released ineo th
flows at upper-TR temperatures in quiet-Sun coronal loops arsolar wind after further acceleration.
the long-lasting upflows rather than siphon flows (Tianetal. Based on many observations of long-lasting flows in the TR
2009a). and corona, Marsch etlal. (2008) proposed the concept ob-cor
Both the downflows in the middle TR and upflows in the up-nal circulation”, or "coronal convection”, to emphasizatihe
per TR are almost steady on the time scale of one day, conplasma in the TR and corona is flowing all the time, leading
parable to the life time of the network. Figurke 4 illustratike  to quasi-steady average flows which are strongly guided &y th
spatial relationship between prominent redshifts of ameid@R =~ dominant magnetic field. In fact, a similar idea was suggkste
line Civ and patches of the most significant blue shift ofile ~ more than three decades agolby Faukal (1978). The quasi-

Figure 4: The contours outlining the most significant bluié stiNe vir are su-
perposed on a Dopplergram ofiC The pattern of the chromospheric network
is shown in green. Adapted from Tian et al. (2010b).

2.2. Transient and quasi-steady flows in the TR



steady flow field can be regarded as the background flow fieldp/down flows in the BP is almost perpendicular at lower and
in the TR and corona. While occasionally small-scale tieemisi  higher temperatures, with the transition occurring at apem
flows could locally occur and superpose on the backgroundture of about log{/K) = 5.7. This temperature-dependent

field. Doppler shift in the BP might be the result of a syphon flow
_ . . along the associated loop system which twists or spiralsat i
2.3. Flow field of coronal bright points upper segment. Considerable magnetic helicity seems to be

Coronal bright points are small-scale bipolar features-ind present in such a loop system.
cating local heating in the TR and lower corona. It is be- The diferent Doppler-shift pattern of the BP at lower and
lieved that a BP consists of several miniature loops (e.g.highertemperatures may also imply &eient powering mech-
Sheeley & Golub, 1979; Ugarte-Urra ef al., 2004a), and tieatt anism of the BP at diierent heights. |_Mclntosh (2007a)
emission of a BP is usually highly dynamic (elg., Habbal gt al proposed a two-stage heating mechanism of BPs, in which
1990; Ugarte-Urra et al., 2004a,b). magnetoconvection-driven reconnection occurs in, andlgg

The relationship between the dynamic emission of BPsnergy to, the relatively cool component of the BPs. The in-
and the evolution of the underlying photospheric magneticreased energy supply then leads to an expansion of the as-
field has been intensively studied (e.g., Brown étlal., 2001sociated loop system, which interacts with the overlyingpeo
Madjarska et all, 2003). While the plasma diagnostics as wehal magnetic field through fast separator reconnection and p
as the flow field of BPs have only been investigated recentlyduces hot plasmas of the BPs. Signatures of magnetic flux
The electron density of BPs, which is vital to determine #te r cancelation and separator reconnection were indeed found b
diative losses in models of coronal heating, was derivedrat-c  [Tian et al.|(2008d), thus favoring the two-stage poweringime
nal temperatures (Ugarte-Urra et al., 2005; Brosiuse2@08;  anism mentioned above.
Tian et al.,| 2008d| Dere, 2008, 2009; Doschek etlal., 2010) In fact, significant downflows and upflows on opposite sides
and TR temperatures (Tian ef al., 2008d) in the last severaf BPs are found not only in the quiet Sun_(Brosius ét al.,
years. The dferential emission measure (DEM) of BPs was|2007; Tian et all, 2008d), but also in coronal holes (Tiar.et a
found to peak around log(K) = 6.15 (Brosius et al., 2008; [2010a). This kind of flow field seems to be common for BPs
Doschek et all, 2010). Dere (2008) and Dere (2009) detedninegn both regions. There are also some BPs revealing bluesshift
the volumetric plasma filling factor of BPs, which variesrfro  of upper-TR lines in both legs of the associated loop system
4x107°t00.3. (Tian et al., 20094, 2010b). These BPs are usually assdciate

The flow field of BPs has rarely been investigated.with relatively large-scale magnetic loop systems, and tave
Madjarska et al.. (2003) noticed that the Doppler shift ofiS  a flow pattern similar to those of large-scale coronal looghe
in a BP is in the range 0f10 to 10 km s. [Xia et al. (2008) quiet Sun.
reported small blue shift of Nem associated with BPs in an  From Figureb it is also clear that the TR flow fields of the
equatorial coronal hole and concluded that BPs are notttjirec BP at diferent times could have a similar pattern, which indi-
related to the solar wind outflow. Through an analysis of thecates the steadiness of the flows on a time scale2ohours.
spectroscopic data obtained by the Extreme Ultraviolet-NorThus, the flow field of the BPs also has a quasi-steady compo-
mal Incidence Spectrograph (EUNIS) sounding rocket instrunent, although the emission of the BPs is believed to be highl
ment, both strong upflow and downflow in a BP were founddynamic and fluctuating.
by[Brosius et al..(2007). In that observation, Doppler shafih
opposite sides of a BP were found to be abelt km s?
in emission lines formed in the TR and up 485 km s? in
coronal lines. These bi-directional high-speed flows ware i ~ Hydrogen is the most abundant element in the solar atmo-
terpreted to be the result of magnetic reconnections, wisich sphere and its resonance lines, especially the liiye, play
possible since magnetic reconnections are involved in prost @ key role in the overall energy transport in the solar atmo-
posed energization mechanisms of BPs (e.q., Priest e88K,1 sphere. The Ly line is in fact the strongest emission line in
Longcope, 1998; Bichner, 2006). the FUVVEUV spectral range and the energy loss through its

The observation made hy Brosius et al. (2007) could onlyemission is the most important radiative loss in the lower TR
provide the distribution of Doppler shift along the slit. dw (Fontenla et all, 1988).
dimensional (2-D) flow field of a BP was investigated by SUMER observations of the hydrogen Lyman lines have sev-
Tian et al. (2008d). In a coordinated observation of SUMEReral advantages over observations made by earlier instrisme
and EIS, 12 EUV lines with formation temperatures fromFirst, SUMER observations at the L1 point do not have the
log(T/K) = 4.5 to 6.3 were used to derive the 2-D flow field problem of geocoronal absorption. Second, the spectrgeran
of the BP at diferent temperatures. Figuré 5 shows the spaof SUMER covers the whole hydrogen Lyman series as well as
tial distribution of the Doppler shift of each line. Patchesthe Lyman continuum (Curdt etlal., 2001). Third, SUMER ob-
of red and blue shift are both found in the BP with compa-servations can provide full Lyman line profiles in very higlas
rable sizes. The absolute shift is largest in middle-TRdline tial, temporal, and spectral resolutions_(Wilhelm et/af9%;
(log(T/K) = 4.9 — 5.2) and can reach more than 10 kmt.s |Lemaire et all, 1997).
The figure also reveals clearly that the Doppler shifts inBRe A complete description of the radiances and profiles of
are quite diferent in diferent lines, e.g., the boundary betweenhigher Lyman series lines (from pyto LyA; n= 2,---,11) was
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2.4. Lyman line radiances and profiles in the quiet Sun
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Figure 5: Flow field of a coronal bright point (BP) atf@irent temperatures. The approximate time when the BP wasadas shown in the lower right corner of

each dopplergram. The black contours outline the positiétise BP as seen in emission lines. Adapted from Tian/et @088).

presented by Warren etlal. (1998). They found that: (1) the av h ' .

erage quiet-Sun profiles for Bthrough Lye are self-reversed, — 1.5[Si 1l velocity bing (km/s)

and the remaining lines are flat-topped; (2) the network lefi & I ~3.00

show a strong enhancement in the red wings, while the intel IE ______ =0.22 //.

network profiles are nearly symmetric; (3) the radiativestar o [— — %%g 4 & 4%

effect is much more significant at the limb than at disk center ‘= "~ ="~ 3'7% //;f e //‘\\

(4) the Lyman-line limb brightening is weak compared to that © _ — 10.91 / \\ AN \ disk center 1

of optically thin TR emission lines. g AN AN ]
Higher order Lyman lines (from lyto Ly1) obtained above ~ — 0.5 / \ 7

the polar limb were found to be nearly Gaussian, and thusicoul 9 / &\\ |

be used to diagnose the variation of the hydrogen temper: § 7 \“

ture with height in the solar atmosphere (Marsch etal., [199¢ © (.o J . )

2000). The authors found that the line width of the Lyman 10  -05 0.0 0.5 10

lines increases with decreasing main quantum number. The ' ’ ﬂ?\tz&) ’ ‘

also found that the hydrogen temperature only slightlygases
from~1x10°K atthe heightof 12 Mm te2x10°K at 18 Mm. Figure 6: Ly profiles in Sim-Doppler-shift bins, with the levels of Doppler
It was concluded that the temperature gradient of the TRrig ve shift marked in the figure. With increasing red shift ofii positions of the
small and does not reveal a steep jump expected from models Bfe line peaks and central depression affset towards longer wavelengths, as
the solar atmosphere (e.g., Vernazza bt al., 11981). Thetimodndicated by the red tracing lines. Adapted from Curdt &(2008b).
temperature change across the TR was suggested to be thheresu
of a mixing of various sub-structures in which the abrupttem
perature jumps are located affdrent heights| (Marsch etlal.,
2000). of the solar atmosphere. Fontenla etlal. (2002) and Gursr et
Since the enormous radiance of thenllne could lead to  (2008) further concluded through numerical simulationst th
a saturation of the detector microchannel plates, highitgua plasma motions could indeed modify the Lyman line asymme-
full Ly @ profiles without geocoronal absorption had not beertries. Results presented|in Curdt et al. (2008b) land Tiah et a
acquired by SUMER before 2008. In June 2008, the SUMER2009d), which demonstrated that the TR flows play an impor-
team began to use an unconventional method, partly closeng t tant role in shaping the ly profiles, are the first observational
aperture door to reduce the incoming photon flux480%, evidence of the close relationship between plasma motiats a
and obtained high-quality undisturbedd-profiles for the first Lyman line profile asymmetries. One could assume that the
time. Spectra of a typical middle-TR line 8i 1206 A was profiles of the Lyr radiation from the upper chromosphere and
also obtained quasi-simultaneously. As an unexpectedtresulower TR are nearly symmetric (Fontenla et al., 1988). When
most Lye profiles are strongly reversed and have a stronger bluthe Lya emission goes upwards through the middle TR, the
peak (Curdt et all, 2008b; Tian et al., 2009d). This asymynetrred wings (mainly between the line center and the red peak) of
is opposite to those of most Byprofiles. Moreover, the profile the Ly profiles will be absorbed by the hydrogen atoms in the
is almost symmetric when the Doppler shift is small, while th downflowing plasma. With the enhancement of the downflow,
profile asymmetry becomes stronger with the enhancement afie spectral position where the absorption is strongestesiov
the downflow in the middle TR. towards the red peak, leading to a weakening of the red peak
Gouttebroze et all (19/78) suggested that the asymmetries ahd a strong asymmetry of the profiles. The red tracing lines i
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Lyman line profiles are probably related to large-scale omti
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Figure 7: Spatial distribution of Ly profiles with diferent self-reversal depths. tio might be prOb_IematiC duetothe relative'Y low measureme
Positions of Lyr profiles having the most shallow (a) or deepest (b) self- accuracy of the instruments and the error induced by the cor-
reversals are marked by triangles on the grey-scale MDI etagram. The  rection of the geocoronal absorption. The error of the radio
white contours outline the network pattern on the corredpanLy« radiance metric calibration is onlv 15%-20% for most emission lines
image. The averaged kyprofiles at positions marked in (a) and (b) are shown ., . j’ - |
in panels (c) and (d), respectively. Adapted flom Tian 5(20094). in SUMER obser\{atlon (Wl!helm etial., 1998). By collect-
ing the scattered light, Lemaire et al. (2005) reconstdithe
full-disk Lya and Ly3 profiles through SUMER observations
Figurel® clearly show this trend. and obtained a value of about 130 for the ratio. The median
The spatial distribution of Ly profiles with diferent self- value of the Lyy/Lyg ratios in two recent quiet-Sun observa-
reversal depths was studied lby Tian étlal. (2009d). From Figtions of SUMER was found to be 160 and 190, respectively
ure[7 it is clear that locations of the profiles with shallow (Curdt et al.| 2008b; Tian et al., 2009d). So the SUMER obser-
self-reversals tend to cluster in and around the networklewh vations are consistent with the predictior of Gouttebrdzgle
strongly reversed profiles are often observed in internétwes  (1993). Figurd B further reveals that the radiance of liy
gions. These dlierent tendencies may result from thé&elient  highly correlated with that of Lg in the quiet Sun.
magnetic structures between the two regions. In the network

. : . Possible signatures of TR dynamic events in Lyman line
tic | f di t df I t o . . -
magnetic 'oops of GSTEN? Sizes and 1Unne's are omnipresen profiles have been investigated by Madjarska & Doyle (2002)

in the chromosphere and TR. Thedgmission originates from i
the outskirts of these structures, experiencing a relgtiveak and.Zh f IL2 M ska & Doyle (2002) _found that
radiative transfer. In contrast, in the cell interiors, yoldw- profiles through LY to LyA reveal central depressions dur-

lying cool loops are present and thedgmission sources are ing EEs. The authors suggested that an emission increase in

mainly located at a much lower height compared to the net'ghe wings of the Lyman line profiles might be responsible for

work. Thus, in the internetwork region the opacity is entehc the observed central depressions. A recent study of search-

o ' : ing for signatures of EEs in Ig/profiles has been performed
and the Ly radiation penetrating the upper layers will be ab-
sorbed more strongly. bylzhang et d1.[(2010), who found that the central parts of the

o : . : Lyg profiles are obviously more reversed and the distance of
The Lya profiles in quiescent prominences, which were : :

: the two peaks increases during EEs. The authors suggeated th
found to be only slightly self-reversed, were presented b){he bi-directional iets produced by EES emit Doopler-shift
ICurdt et al.[(2010). They also found that thexyrofile is more I€ts p Yy EES € ppler-&i

e ) . LyB photons and cause enhanced emission at the positions of

reversed when seen across the magnetic field lines (prormnenthe Lva profile peaks
axes) than along the field lines, consistent with the prtict P P '
made byl Heinzel et al! (2005) and complementing a similar At the end of this section, we have to mention that here we
finding for higher order Lyman lines (Schmieder et 007) only considered the impacts of TR structures, flows, and dy-

The Lya/LypB radiance ratio is also of great interest since itnamic events on the Lyman line profiles. In fact, many factors
is very sensitive to the local physical and geometrical prop such as the temperature, density, and flowsfiietgnt layers of
ties of many solar structures such as the quiescent proenenthe upper solar atmosphere could all influence the productio
(Vial et all, ). Calculations by Gouttebroze etal. ()99 and propagation of the Lyman line emission. The roles of the
suggested a value between 90 and 400 for this ratio (energdensity and temperature in shaping the Lyman line profiles ar
unit). However, early observations made by Skylab and OSdlifficult to investigate with the current observations, and they
8 yielded a value of only 35-90 (Vernazza & Reeves, 1978should be considered in future models including calcutetiof
LLemaire et al., 1978; Via 2). These low values of the ranon-LTE (local thermodynamic equilibrium) radiative ted@r.
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£ o= NV (Coronal Fole) 1.0 § the upper TR), and the 2-D distr_ibu_tion of the vertical compo
K" / Iuowerr hhaeil T{: 2525 n:‘; 0.8.8 ne_nt of the extrapolated magnetlg fl_eld, was calcula_tedel’l ea
5 03F carvelotion Halam: 4.4 Wi = height. Then the concept of emission height was introduced,
S ook moximum coefficient: 0.4340.6 § which was assigned to the height at which the correlation co-
__c'::s 0.1 lo.a E efficient reaches its maximum (see Figlite 9). The correlation
2 ' 163 k= height co_ulq be regarded as a rOL_Jgh estimate of thg r_eallhellgh
5 0.0F ) g of the emission source, or some kind of average emissiotheig
o 0.0 if the emission source is widely spread in height. As meribn
c- L Hei hle(Mm} = e inMarsch et al.[(2006), in the lo@w-TR region, with the mag-
& o 9 RN TS e netic fielt_j being.frogen into the-plasma-flow, the 2—D. (ﬁori—zon
2 4 lower Reight: 0.6 M E P :g tal) density distribution and vertical motlc_)n of the enmgiions
£ 950E ;‘g:’,’;’,q?ﬁﬁ“,:éfﬁf CH VY should be largely controlled by the vertical component &f th
8 0.25F maoximin: castiicmot: 0.28.10.5 & magnetic field at the line emission height. Thus, a corretati
S o0.20F 1043 of the two should be expected, and the height at which their
5 _g correlation maximizes should approximately representeiaé
g Ui9F 10-2E  height of the emission source. A possible correlation betwe
S 0.10& 002 the magnetic field and plasma density (expressed as theesquar
¢ 10 20 30 40 root of a line radiance as a first order approximation) magy als
Height (Mm) be expected from the theoretical point of view that the mgati

energy flux (being proportional to the density) enteringo® s
Fligl\tl"e o: ngigf;f variation ‘Iththg (COffe'?ﬁOf; le)ﬁEiﬁgt be“i"’?esn ;hfef?dri]i(?g\?v proportional to the magnetic field strength (Schrijver, £00
ganeII;.a$'hle ﬁbr?)zroarllf;lrg;?in Zachu?)giefzhgwstheahlﬁg?ger;nwh?cﬁ the . Tu et a_l' (2005a) applied the method of correlation analy-
codficient is above 95% of the maximum. Adapted flom Tian &{ al0&). sis mentioned above to a polar coronal hole. They found a
correlation height o~20 Mm for the upper-TR line Nem,
and 4-5 Mm for the lower-TR line Si and middle-TR line
3. Coronal holes C v. Based on this result, Tu etlal. (2005a) concluded that the
nascent fast solar wind originates at a height range between
The TR is a highly nonuniform layer, and the magnetic struch and 20 Mm in magnetic funnels. The correlation heights
tures and plasma distributions are largelffefient in coronal of the same emission lines were determined in a high-lagitud
holes and in the quiet Sun. In this section, recent progress iquiet-Sun region by Tu et al. (2005b), who found a corretatio
comparative studies of the TR properties between the two reieight of ~4 Mm for Ne vim and ~2 Mm for the other two
gions, as well as the spectroscopic observations of thaliait-  lines. [Marsch et all (2006) determined the correlation Hisig
celeration of the fast solar wind in coronal holes, are igei®  of 12 emission lines with formation temperatures rangiogfr
7.4x 10° K to 3.0 x 10° K in a polar coronal hole. They found
a correlation height of 2-3 Mm for these lines in a bright gubr
gion, and 9-12 Mm in a weak-emission subregion. This result
In classical models of the solar atmosphere (e.g.suggests thatthe TR is highly structured and plasmdfardit
Vernazza et al.._1931), the TR is described as a thin layetemperatures can coexist locally at almost the same haight i
with a height of about 500 km. The scenario of a thin TRthe TR.
might be true in local regions. For instance, when making the The ambiguity caused by the projectioffezt usually can
assumption that the height where the radiance of anfEUV ~ not be neglected in high-latitude observations. Thus, ildo
emission line maximizes above the limb can be regarded as th& necessary to check if the same results can be obtained at
main source region of the line, we can expect the various TRlisk center. The method of correlation analysis was applied
lines with diferent formation temperatures to be emitted fromby Tian et al. [(2008c) to a low-latitude region consistingaaf
approximately the same height, thus indicating the extgien equatorial coronal hole and the surrounding quiet Sun. €he r
of a very thin TR|(Mariska, 1992). However, the TR is in fact sult was summarized in Figurel10. The emission heights of all
highly nonuniform in horizontal directions so that the splat the middle-TR lines were found to be very close in either the
extension (in the radial direction) of the TR is likely to be coronal hole or the quiet-Sun region, confirming the coriolus
different in various regions. that plasma at dierent temperatures can coexist locally at al-
In order to determine the formation heights of emissiondine most the same height in the TR (Marsch etlal., 2006). In the
in disk observations, Tu etlal. (2005b) invented the method ocoronal hole, the correlation heights of the middle-TRdiaee
correlation height analysis. First the force-free soltimf  4-5 Mm, while in the quiet-Sun region the heights are around
Seehafer (1978) was used to calculate the magnetic field ve@- Mm, indicating a higher location of the TR in the coronal
tor at every grid point inside a cubic volume. The correla-hole. The correlation height of the upper-TR line Weis even
tion cosdficient between the 2-D distribution of the line radi- more diferent in both regions. In the quiet Sun, it is similar to
ance (usually for emission lines formed in the lower and n@dd those of the middle-TR lines. While the correlation height o
TR) or the Doppler shift (usually for emission lines formed i Ne v in the coronal hole is 9.8 Mm, which is systematically
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3.1. Spatial extension of the TR
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Figure 10: Correlation heights for emission lines formedifferent tempera-
tures, in both the quiet Sun and coronal hole. The squarediarmtbnds repre-

sent the correlation heights and the bars indicate the heighges in which the  Figure 11: Temperatufideight variations of the characteristic sizes of features
codficients are above 95% of the maxima. Adapted from Tian/et @08g). in images of intensity, Doppler shift and non-thermal wigdeft), as well as
of the extrapolated magnetic field (right) in the quiet Sud aoronal hole.
Adapted from Tian et all (2008b).

higher than that of a middle-TR line. With the assumptiort tha

the diference between the correlation height of a middle-TR

line and that of an upper-TR line approximately represdmds t fact that the observed Doppler shift and non-thermal motion
thickness of the TR, it is clear from Figurel10 that the TR iscorrespond to the line-of-sight components, which are liysua
much thicker, or more extended in altitude, in the coron& ho more prominent in loop legs than at loop apex.

than in the quiet Sun. Ravindra & Venkatakrishnah (2003) also used the autocorre-
_ lation technique, as well as the so-called structure fonctio
3.2. Expansion of network structures study the life time and length scale of the TR network cells

In the chromosphere most of the magnetic fluxes are corseen in the He (304 A) filtergrams obtained by the Extreme-
centrated in the supergranular boundaries. The magnaitic fieultraviolet Imaging Telescope (EIT). The magnetic network
structures expand with height through the TR, leading toehmu Was also studied by applying their methods to the extrapdlat
more uniform corona (e.d., Gabliel, 1976). The bright nekwo Magnetic field at dferent heights. They found that the mag-
emission of the TR is associated with the strong magnetit. fiel netic network element equals the size of theiHestwork ele-

The variation of the network size with temperature was in-ment at a height of 3 Mm above the photosphere.
vestigated by Patsourakos et al. (1999) through a Fouased The possible dierence between the expansion of TR struc-
two-dimensional autocorrelation technique. They firstgal tures in coronal holes and the quiet Sun was investigated by
lated the 2-D autocorrelation function (ACF) of each TR ra-Tian et al. (2008b). They calculated the ACF for each image of
diance image (obtained with the CDS instrument) by shiftingintensity, Doppler shift, and non-thermal width of EUV Ime
it in both spatial dimensions, and then took its angular -averobtained by SUMER, as well as the corresponding extrapblate
age in rings of integer radius and derived a curve of the cormagnetic field at dferent heights. Similar 1o Patsourakos et al.
relation codicient against radial distance. The HWHM of the (1999), the HWHM of the ACF was considered to be the char-
ACF was used to determine the network size. A sharper ceracteristic size of the feature. As noticed by Gontikakidet a
tral peak of the ACF generally corresponds to a smaller siz¢2003), a larger size of the radiance feature in comparison t
of the bright feature. By using this method, Patsourakos et athose of the Doppler shift and non-thermal with was also ébun
(1999) found that the network size is almost constant fromat all temperatures. Figufelll shows that the sizes of all the
log(T/K) = 4.5 to log(T/K) = 5.4, but increases dramatically three features are rather constant for lines witfegént forma-
above logl/K) = 5.6. They compared the observed temper-tion temperatures formed in the middle TR. But in the upper
ature variation of the network size with the expansion of theTR, there clearly is a dierent behavior between the coronal
network width predicted by the model lof Gabriel (1976), andhole and the quiet Sun. Although the sizes of thevidiestruc-
found a reasonable agreement. tures are larger than those present in the middle TR, in beth t

Gontikakis et al. (2003) further studied the sizes of stitet coronal hole and quiet Sun, the increase in the size of the ra-
in images of Doppler shift and line width, but only for three diance feature from the middle to the upper TR is apparently
lines in a quiet-Sun region. They found that the size of krigh much larger in the coronal hole. This indicates that the TR ne
radiance features is always larger than that of structuréise  work expands much more strongly with height in the coronal
maps of the Doppler shift and line width, and attributed ifit®e  hole than in the quiet-Sun region.
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wind are the dominant magnetic structures. Most of the mag-
Figure 12: thaer:gatisiéflgﬁﬁe(?;a};” gfnt:S ”%ige”tiyoc m";;; zﬂaf'u*:]?]'gf netic loops reside only in the lower part of the atmospherd, a
E)L:plggrrj [Ijgg?r?dicateqthe spatial exter?sion c;f the TR. Blue edarrows rep- Iarge-scale loops are rarely present_. Thus, in Coronathq@'
resent upflows and downflows, respectively. The locationthehetwork are  Netic funnels can expand strongly in the TR. In the quiet Sun,
indicated by the yellow bars. Adapted from Tian étlal. (26)10b magnetic loops with dierent sizes are crowded, which only
permits a weak expansion of the legs of large loops and pdessib
open funnels. Upflows in the network of these local open-field
The height variation of the sizes of the extrapolated magregions can possibly work their way up to higher layers, fnal
netic field parameterB, |B, and|B,/B| was also investigated merge and form the solar wind.
by |Tian et al. [(2008b). Figude1L1 reveals that the HWHM of
|B,| and B increase linearly with height in the lower layer of 3.3. Lyman line emission from coronal holes

the coronal hole. The sizes (in terms of HWHM) of the two  Ajthough it is well known that the Lyman line emission is ob-
features are equal to each other at 10 Mm, implying that smaliously reduced in coronal holes compared to the quiet $un, t
loops only reside below 10 Mm, and that the magnetic field iscoronal-hole Lyman line profiles have rarely been investiga
entirely open above 10 Mm. This result is consistent with thehrough observations. Xia (2d03) noticed that the red pdak o
previous conclusion that high loops rarely exist in cordidés  the average Lg profile in equatorial coronal holes is stronger
(Wiegelmann & Solanki, 2004; Zhang et al., 2006). While thethan the blue peak, which is similar to that in the quiet Sun.
curve of the HWHM of B| is always lower than that d@, indi-  However, he found a weaker profile asymmetry and more pro-
cating the presence of magnetic loops witffetient heights up  files with blue-peak dominance in coronal holes than in quiet
to 40 Mm in the quiet-Sun region. The height variation of thesyn regions.
size of|B,/B| can provide information on the expansion of mag- |y profiles in coronal holes were recently obtained through
netic structures. Tian etlal. (2008b) found thatbelow 10 Ment  SUMER observations (Tian et/al., 2009b). Figlré 13 demon-
size of|B,/BJ increases strongly with height, which indicates astrates that in both coronal holes and quiet-Sun regionsdhk
much larger expansion of the magnetic field structures in th@eparation of the Ly profile increases towards the limb, which
coronal hole than in the quiet Sun. might be due to the enhancement of the radiative transfecte

As mentioned in the introduction, TR structures consistingresulting from the longer integration path in the line-afkg di-
of various types of magnetic features have been proposed bgction at the limb. This result complements the previoug-fin
Dowdy et al. (1986) and Peter (2001). However, these studieimg by |Warren et al.| (1998) for 13/ through Ly. [Tian etal.
only concentrated on the quiet or average Sun, and did not poi (2009b) also found a larger peak separation of the pyofile
out the possible dierences between coronal holes and the quietvhich is indicative of a larger opacity in coronal holes thian
Sun. Based on several recent observations (Tu et al., 4)05athe quiet Sun. Note that the small values of the peak separa-
Tian et al.| 2008a,b,c, 2009a; He et al., 2007, 2009), Tiahl et tion at small distances (further away from the pole) are due t
(2010b) proposed a new sketch of the TR structure, with oba contamination of some quiet-Sun structures at the boyndar
vious diferences between the coronal hole and quiet Sun (se&f the coronal-hole region scanned on 26 June 2008. Tian et al
Figure[12). The TR has a height extension of approximately2009b) argued that the nearly perpendicular orientathmis
4-10 Mm in coronal holes and only 2-4 Mm in the quiet Sun.tween the line of sight and the magnetic field lines, /ané
In coronal holes, open magnetic funnels guiding the fagirsol weaker ionizing radiation field in the upper TR and corona,
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Figure 14: Averaged Ly (upper panels) and [By(lower panels) profiles in six fferent radiance bins, as obtained frorffetient locations of the Sun. The levels of
the bins are also shown in each panel. Adapted from Tian (2@09D).

might be responsible for the larger opacity in coronal holesThis viewpoint has been supported by Tu et al. (2005a), who
In the latter case, the reduced radiative ionization leadsdre  found upflowing and downflowing plasma (that is possibly
atomic hydrogen in the upper TR and corona, causing a strongeelated with reconnection) at a height of about 20 Mm and
absorption of the profiles. 5 Mm, respectively. Modeling work also supports the ided tha

The asymmetry of the Ly profiles is not so dferentin coro- magnetic reconnections between open funnels and cool loops
nal holes and in the quiet Sun. While this is not the caseaside in the chromospheric and TR network can give rise to
for the Ly line which has a much smaller opacity comparedthe nascent solar wind outflow and corresponding downflows
to Lye (Tianetal., 2009b). FigurE“l4 reveals clearly that(Biichner & Nikutowskil 2005; He et al., 2008).
most Ly3 profiles in a polar coronal hole are stronger in the In the reconnection-driven model of the solar wind origin,
blue peak, distinctly dferent from the well-known red-peak the nascent solar wind outflow appears first in the upper TR
dominance of the Lg profiles in the quiet Sun_(Warren et al., of the coronal holel (Tu et al., 2005a; He et al., 2008). Two-
1998; Xia, 2003; Curdt et al., 200€b; Tian et al., 2009d).cBin dimensional images of the Doppler shift of Ner obtained
the asymmetries of Lyman line profiles are believed to be aby the SUMER instrument revealed predominant blue shifts
least partly determined by flows in the upper solar atmospherof the Nevm line, with the most prominent shifts occurring
(Gouttebroze et al., 1978; Fontenla et al., 2002; Gundr.et a along the network lanes in polar coronal holes (Hassler. et al
2008), Tian et &l.| (2009b) suggested that the prevailingrsol |1999;| Wilhelm et al., 2000). These blue shifts are widely be-
wind outflow might be responsible for the blue-peak asymmetieved to be signatures of the initial outflow of the solar @in
try of the Lyg profiles in the polar coronal hole. An alternative (Dammasch et all,_1999; Hassler et al.,_1999; Wilhelm et al.,
explanation is to start with the fact that theddine behaves [2000; Xia et al., 2003; Tu et al., 2005a; Aiouaz etlal., 2005).
more or less similar to typlcal TR lines in the quiet Sun. In po Due to the lack of strong hot |ines’ two-dimensional dopp_
lar coronal holes, the opacity is so large that thg lige now  |ergrams of emission lines with a higher formation tempera-
behaves more similar to kyand shows a stronger blue peak in tyre than that of Ne'm could not be reliably derived through
its profile (Curdt & Tian| 2010). SUMER observations. Yet the temperature-dependent out-

The Lye/Lyp radiance ratio in coronal holes has also beerfiow, which is expected from a reconnection-driven solar
investigated by Tian et al. (2009b), who found that the rdée  wind model, was recently identified Hy Tian et dl. (2010a)
creases from the quiet-Sun levell90) at disk center to about through EIS observations. Tian et al. (2010a) produced two-
130 atthe limb. This decreasing trend could be explainetiéy t dimensional dopplergrams of several emission lines formed
fact that the Ly and Lys lines show no and weak limb bright- the upper TR and lower corona of a polar coronal hole. They
ening, respectively. found that patches of significant blue shift are clearly enésn

the dopplergrams of emission lines with formation tempeed

3.4. Initial acceleration of the fast solar wind higher than log{/K) =5.8. These patches are isolated at the

Axford et all. (1999) suggested that the solar wind may beupper-TR temperature, but expand in size with increasing te
produced by small-scale magnetic reconnection in the n&two perature and finally merge in the corona. This result is @nsi
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N T TR 4.1. Flow field of active regions
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:g o I\M ] _\g oF ] Large-scale loop-like emission structures outlining tihersy

£ .10t £ .10t ] magnetic field are the dominant visible features in ARs.

o o The loop legs are usually associated with persistent red-

g0 g0 shifts of emission lines formed in the TR and lower corona

© 30iegon1 1 ° 30 regions s (Marsch et al.,. 2004, Dammasch et al., 2008; Marschlet al.,

54 56 58 60 62 64 54 56 58 60 62 64 2008;| Del Zanna, 2008). Steady blue shifts lasting for sev-

Formation temperature log (T/K) Formation temperature log (T/K) eral days have been observed at the edges of some ARSs

_ C gig 0 (Marsch et al.,|_ 2004| 2008; Del Zanna, 2008; Harra et al.,

é oF g;‘; of 2008). These flows seem to be guided by the dominant

= 10 189 magnetic field structures and their qyasrstgadyness indi-

® 55 10 cates the presence of coronal convegtionulation in ARs

%& 20F i8¢ (Marsch et all, 2008).

8 . ledon3 188 sl The redshifts associated with loop legs are considered/® ha

~30}region 4 58 an origin similar to the prominent redshifts in network lane

54 56 58 6.0 6.2 64 54 56 58 6.0 6.2 64 . . .
Formation temperature log (T/K) Formation temperature log (T/K) of the QUIe'[ Sun, althOUgh their values often reach as h|gh as

30 km st (Marsch et al., 2004; Dammasch et al., 2008). In the
Figure 15: Temperature dependence of the Doppler shiftrfassion lines i quiet Sun and coronal holes, the redshifts in network lanes a
a quiet-Sun region (A), a coronal-hole region (B), and trsel-regions inside  only present in middle-TR lines. While in ARs, the redshifts
the coronal hole (C). The temperature dependence of ffexelice between the in |OOp Iegs are generally present in emission lines fornted a
Doppler shifts in the coronal-hole and quiet-Sun regiorshigwn in panel D. . .
The error bars represent the uncertainties originating fioe corresponding middle TR to Iower- coronal temperatu-res. Observ_atlons show
fitting errors of the line centers. To avoid overlapping, ttaa points for the  that the Doppler shift turns from redshift to blue shift aeent
Mg vi and Fevm lines are plotted at log(K) = 559 and log{/K) = 5.61, perature of log(/K) ~6.2 (Del Zanna, 2008). The stronger
respectively. Adapted from Tian et &l. (2010a). magnetic field in ARs compared to the quiet Sun may result in

more dficient heating of the loop legs, leading to a hotter up-

tent with the scenario of solar wind outflow being guided by ex flowing plasma and subsequently a cooler downflowing plasma
panding magnetic funnels (Tu et al., 2005a; Tian et al., 2pog With @ wider temperature range. .

The temperature dependence of the outflow shown in Fig- The blue shifts of TR and coronal lines at boundaries of some
ure[I5 reveals that the Doppler shift of the quiet-Sun materiARS, which are usually 20-50 kntin magnitude, have been
als is very small and independent of the temperature, wile i interpreted as possible signatures of the nascent slowsiold
side the coronal hole a clear enhancement of the blue shift wi (Marsch et al.. 2008; Harra et/al., 2008; He et al., 2010) seéhe
increasing temperature is present in the upper TR and cororfdue shifts revealed through spectroscopic observatiensan-
(Tian et al. 2010a). Under a simple assumption that enmissioSistent with the outflows revealed through X-Ray imaging ob-
lines with a higher formation temperature are formed in bigh Servationsi(Sakao etlal., 2007). Del Zanna (2008) investija
layers of the solar atmosphefe, Tian et al. (2010a) condludethe temperature dependence of the outflow and found a steady
that the observed temperature-dependent outflow corréspon€nhancementof the blue shift with increasing temperafihies
to the initial acceleration of the fast solar wind. The steed- ~ {€mperature-dependent blue shift is very similar to thantb
hancement of the blue shift with temperature suggests aynearby Tian et al./(2010a) in a polar coronal hole, and could be the
steady acceleration process. spectroscopic signature of the initial acceleration of stoav

The temperature variation of theftirence of Doppler shift Solar wind. The temperature dependences of flare and CME-
between the coronal hole and quiet Sun was investigated biglated outflows, which show dramatic changeshMK, were
Xia et al. (2004) and Tian etlll (2010a). The absolute dif-found by lmada et al. (2007) and Jin et al. (2009). The dramati
ference was found to increase with temperature from aboufhanges are consistent with the impulsive nature of these ex
log(T/K) = 4.2 to log(T/K) = 6.3. A significant blue shift in plosive phenomena (e.g., Chen & Shibata, 2000; Zhang et al.,
coronal holes with respect to the quiet Sun was clearly ptese’2005; Chen etal., 2007; Zhang et al., 2006). Thus, the behav-
even at low temperature of IG§(K) ~ 5.2 (Xiaetal.[2004; 10f of the solar wind at its origin and of the CME or flare during
Raju,[2000), probably indicating that an upward trend of theheir initiations are distinctly dierent.
flows in open funnels compared to the quiet-Sun loops is al-
ready present in the middle TR. 4.2. TR properties of sunspots and plage

Sunspots are solar features which have been studied for

4. Activeregions thousands of years (see a review by Solanki, 2003). Stud-
ies of sunspots and their surrounding plage regions are usu-

Active regions (ARs) are strong-field regions on the Sun andlly concentrated on their magnetic field and plasma prop-
are the main sources of hazardous space weather events. Theities in the convection zone, photosphere and chromo-
emission patterns, flow fields, and plasma properties agellar sphere (e.g.|_Ichimoto etlal., 2007, Katsukawa etlal., |2007;
different from those in the quiet Sun. Magara & Tsuneta, 2008; Watanabe etlal., 2009; Li & Zhang,
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the chromosphere and TR. In either the plage region or quiet-
Sun region, the Lyman line emission originates by a large-fra
tion in the chromosphere and is strongly absorbed by theedens
hydrogen atoms in upper layers, causing a strong centrai-rev
sal of the lower order Lyman line profiles. While in sunspots,
due to possibly less chromospheric material or a more erténd
TR, the ratio of the chromospheric to TR contributions of the
Lyman line radiation is much lower. Thus, the absorptiorhef t

g . Lyman line emission is very weak since the density of the so-
s e A lar atmosphere decreases dramatically above the TR. Sunspo
plumes are mainly TR features, so that the TR contribution
Figure 16: A sunspot and its surrounding region in We Left: radiance  to the Lyman line emission should dominate over the chro-
image. Right: dopplergram. Adapted frem Dammasch fet al§p0 mospheric contribution. Moreover, the loops associatetth wi
sunspot plumes are usually far reaching and large in size. Th
overlying corona is thus ingliciently dense to cause an obvious
Sip at the center of the Lyman line profiles.

i o o The electron density of sunspot plumes has been de-
The mOSt pror_nlnent structures in images of emission linegjyeq by!Doyle et al.[(1985), Doyle & Madjarska (2003), and
formed in the middle and upper-TR are sunspot plumes (s€fosjys & Landi (2005), through observations made by the S-

Figurel 16) which exhibit significantly enhanced radiatiofoa 55 pyy spectrometer onboagkylah the SUMER and CDS
cations overlying sunspot umbrae (Foukal et al., 1974; Bouk instruments, respectively. The plume density was foundeto b
1976). The strongly enhanced line emission at TR temperspqout logNe/cmi3) = 10.0 or lower by using Ov and Ov
atures and the reduced continuum even lead to the sticking,e pairs.| Tian et al/ (2000c) compared the electron diessit
out of many normally very weak TR lines in sunspot plumesyf synspots with that of the plage, and found that the densi-
(Curdt et al., 2000; Tian et al., 2009c). A sunspot plume mighties of the umbra and plume regions are Ngcm=3) ~ 10,
be the common footpoint of several long-reaching loops, angyich is not so dierent from the TR density of the quiet Sun
its two end points are usually anchored respectively in the u (Griffiths et al.] 1999) and is one order of magnitude smaller
bra and somewhere far from the sunsppt (e.0., Br;_/nildseh,et than in the plage and penumbra regions. The lower density
ZQOZL; Dammasch et al., 2008). Brosius & ITandl (2005) andp, sunspots compared to the surrounding plage may indicate
Tian et al. (2009¢c) performed a DEM analysis to compare thenat the sunspot plasma emitting at TR temperatures is lo-
temperature structure between sunspot plumes and other fegyieq higher up than the plasma in the surrounding plage re-
tures by using the CDS and SUMER spectra, respectively. Thgion since the density of the solar atmosphere decreasesgl
results are consistent. Wi_th the fact that sunspot plumeg ha‘éxponentially with height above the photosphere. The possi
greatly enhanced emission compared to the surrounding gy higher TR above sunspots is consistent with the result of
gions in the temperature range between To¢) =5.0 and g independent study, showing that EUV emission lines in re-
log(T/K) =6.0. The reason of the strong emission of sunspoions of stronger magnetic field have higher formation hisigh
plumes at these temperatures was investigated by Tian et Guo et al.| 2009). This scenario also supports the tempera-
(2009¢), who attributed it to a large filling factor of the pie. ture structure of sunspots proposed by Nicolaslefal. (1982)
The average Lyman line profiles in sunspots and plage réin which the sunspot TR temperature is much lower than the
gions were presented by Tian et al. (2009c). Figuie 17 showsurrounding temperature at the same height. Since the mag-
clearly that profiles of the lower-order Lyman lines alsoibith  netic loops associated with sunspot plumes usually have one
central reversals and stronger red peaks, which are sitoilar footpoint anchored in the umbra and the other in the plage
those in the quiet Sun_ (Warren et al., 1998). However, the Lyfegion, the much lower density in the umbra compared to
man line profiles are almost not reversed in sunspots, efyeci the plage could probably establish &ftient pressure ier-
in the sunspot plume and umbra. Althougholgpectra have ence to initiate siphon flows along the loops and result in the
not been observed by SUMER in sunspots yet,@psofile ob-  persistent prominent redshifts of TR lines in sunspot plsime
tained by the Ultraviolet Spectrometer and Polarimeteoant  (Doyle & Madjarskal 2003; Tian et al., 2009c).
the SMM (Solar Maximum Mission) spacecraft seems to be The diferent temperature structures in sunspots and the sur-
flat-topped and not obviously reversed (Fontenla et al. 8198 rounding plage regions are summarized in Figure 18. The
These results imply a much smaller opacity in sunspots coniso-temperature lines are used to mark the boundaries be-
pared to the plage regions, and is consistent with the cencluween two layers. A higher and more extended TR is clearly
sion ofl Bartoe et all (1979) and Jordan etlal. (1978) thatkhe o present above the sunspot than above the plage regions. In
served strong emission of the molecular hydrogen in susspotunspot regions, the dominant flows in the photosphere and
is caused by the excitation of the enhanced backward radiati chromosphere are opposite in their directions, which acsvkn
of Lya and Ovi 1031.93 A due to the greatly reduced opacity. as the Evershed flow and inverse Evershed flow (Evershed,
The smaller opacity in sunspots and larger opacity in plagd909é,b). Downflows are usually observed to be associated
regions are likely related to the varying Lyman emissiomfro with sunspot plumes at TR temperatures. It is still unclear
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2009). In contrast, the TR properties of sunspots and plag
have been less investigated.
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Figure 17: Typical Lyman line profiles observed in the sunghame (solid), umbra (dotted), penumbra (dot-dashed),pdage (dashed). Note that the profiles in
the umbra have been multiplied by a factor of two. Adaptedhifivan et al.|(2009c).

sionally, some large loops might become locally open thihoug
magnetic reconnection, and then possibly release mate tred
solar wind. These dierent scenarios naturally lead to a strong
expansion of the magnetic funnels in coronal holes and a rela
tively weak expansion of magnetic field structures in theetjui
Sun through the upper TR.

Although the TR is believed to be a dynamic layer, quasi-
steady TR flows lasting from several hours to several days hav
also been observed to be presentin the quiet Sun, cororeed,hol
and ARs. In coronal holes, the predominant blue shift of emis
sion lines was found to increase steadily from the upper TR
to the lower corona, indicating the steady acceleratiorhef t
nascent fast solar wind, while in the quiet Sun the blue shift
upper-TR lines are localized in network junctions and ctnsi
ered to be signatures of mass supply to large coronal lodps. T
persistent redshift of middle-TR lines in the network cocia-
rrgspond to the downflowing plasma occurring after contirsuou
magnetic reconnections or cooling of the upflows. Perdisten
redshifts of emission lines formed in the TR and lower corona
are usually found in the legs of AR loops, and steady bluesshif
lasting for several days are often present at the boundafies
some ARs. All these flows seem to be guided by the dominant
magnetic field structures, and their quasi-steadynessestg)g
the presence of some kind of convecfirculation in the TR

Recent advances in the investigation of the solar TRand corona. Sporadically, small-scale transient flows hyil
resulting especially from spectroscopic observationshie t cally occur and be superposed on the background quasiystead
FUV/EUV spectral range, have been reviewed in this articleflow field.

Significant progress was achieved in many aspects of the TR Based on spectroscopic observations in FRWV, proper-
research, concerning the magnetic field structures andhglas ties of the TR above sunspots and the surrounding plagenggio
properties, behaviors of the nascent solar wind and otter syhave also been comprehensively investigated. By comparing
tematic flows, and characteristics of the hydrogen Lymaa lin the Lyman line profiles, electron densities, DEM curves, and
profiles in diferent parts of the Sun (the quiet Sun, coronalfilling factors of the sunspot plume, umbra, penumbra, aed th
holes, and ARS). surrounding plage regions, the TR above sunspots was found

Based on studies combining spectroscopic observatiohs witto be higher and probably more extended (shown in Figure 18).
magnetic field extrapolations, a new scenario of the TR conThe opacity of the hydrogen lines is apparently much smaller
sisting of diferent magnetic field and emission structures in theabove sunspots than above plage regions. Theoretical-calcu
quiet Sun and coronal holes has been proposed. In this new pitations and observational inferences also indicate thateti
ture (shown in FigurE12), the TR is higher and more extendetianced TR emission of the sunspot plume is probably caused
in coronal holes than in the quiet Sun. The dominant magnetiby a large filling factor.
field structures in CHs are open magnetic funnels which arere As the dominant emission line in the lower TR, the hy-
lated to the fast solar wind, whereas there are only lowglyin drogen Ly line provides a good tool to diagnose through its
magnetic loops in coronal holes. In contrast, in the quiet Su profile the coupling between the lower-TR emission and the
magnetic loops with dierent spatial scales are crowded. Occa-flows in upper-TR layers. With SUMER observations, high-
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Figure 18: Schematic representation of the temperatunetste in active re-
gions. The solid lines represent magnetic field lines oaityirg from the umbra.
The dashed lines can be understood as iso-temperatureniries mark the
boundaries between two adjacent layers. Arrows show tleetibns of flows
in different layers of the solar atmosphere.

whether these downflows are the leakage of the inverse Eve
shed flow into the TRl (Teriaca etlel., 2008), or resulting from
syphon flows along far-reaching loops (elg., Brynildser.et a
2001; Doyle & Madjarska, 2003).

5. Summary



quality solar Lyr profiles without geocoronal absorption were physically understood. Moreover, the newly observed geaui
recently obtained for the first time. As an unexpected relya radiance profiles provide new constraints to models of the
sult, this strongly self-reversed line is often asymmetvith solar atmosphere. Thus, new atmospheric models including ¢
a stronger blue peak, and there is a clear correspondence bmHations of non-LTE (local thermodynamic equilibriumiiia-
tween this asymmetry and downflows in the middle TR. Pro-ive transfer should be developed and compared with the new
files with deeper self-reversals were found statisticallfthie  observations. In addition, our understanding of the line
internetwork rather than the network. A larger peak searat characteristics and its role in the energy transport of tiers
indicative of a larger opacity was found in coronal holesmitha atmosphere will be further improved through observations b
in the quiet Sun. The Ly line is also a useful line to study the future missions such as Solar Orbiter.

coupling between the lower TR and higher layer, becauss of it Finally, since the Sun is the only star that we can spatially
opposite asymmetry in the quiet Sun and polar coronal holesesolve, detailed observations of the solar TR and coronkico
Signatures of TR explosive events are often clearly present help us understand observational results of solar-likes stad

the Lyg line. other astrophysical systems. It has been demonstrateththat
structure of accretion disks around stellar-mass blacksis
6. Outlook similar to that of the solar atmosphere (Zhang éetlal., 2000).

Many phenomena such as collimated outflows and flares which
The TR is a key region to understand the mechanisms of solare often observed in the solar TR and corona also occur in
wind origin and coronal heating. Although our understagdin other astrophysical systems (see a review by Zhang, 200€). T
of the TR was greatly improved due to many new observationpotential value of the observed high quality full-Sun FEYV
and theoretical work in the past decade, some open questiogpectra for the stellar studies has also been discussedtély Pe
remain and need to be answered by future observations arfd006). In the future, we hope that our new views on the emis-
models. sion and structure of the solar TR could also be used for ref-
The possible solar wind origin from quiet-Sun regions iserence when investigating stellar coronae and other idiietv
poorly understood. The opening of the magnetic loops has namitting astrophysical plasmas.
been directly observed in the quiet Sun. On the other hand,
although signatures of outflows are identified through TR an
coronal observations and interpreted as solar wind origin i

both the coronal hole and active region edges, the detalled o SUMER and MDI are instruments onboard SOHO. an ESA

servational evidence of the driving mechanism for the solag  y NASA mission. The SUMER project is financially sup-
wind is still missing. High-cadence observations of the mag ported by DLR, CNES, NASA, and the ESA PRODEX pro-
netic field structures in both the photosphere and highartay gramme (Swiss contribution). EIS is an instrument on-
are required to investigate the mechanisms of solar wind oriboardHinode a Japanese mission developed and launched by
gin in different regions. The planned Coronal Solar MagnetisrqSAS/JAXA’ with NAOJ as domestic partner and NASA and
Observatory (COSMO) will provide unprecedented routing an STFC (UK) as international partners. It is operated by these

high-cadence measurements of the magnetic fields above t}&‘aencies in cooperation with ESA and NSC (Norway)
photosphere, which is likely to unveil the driving mechamss We appreciate the fruitful collaborations with Dr. L. Teri-

of solar wind origin in the TR and corona. aca, Dr. E. Landi, Dr. U. Schuhle, Prof. L.-D. Xia, Dr. P.
Although we know that the TR is the interface l:)‘":'t\"’eenLemaire Prof. B. N. Dwivedi, Prof. J.-C. Vial, and Dr. M.

the cool chromosphere and hot corona, the detailed link beyy o4 i Tian thanks the long-lasting support from thedsra

tween the chromosphere and corona is in fact not well UNgate School of Peking University (especially from Mr. Feng

derstood. This is partly because of the moderate spatial aqqe) and from the IMPRS Research School (especially from Dr.

temporal resolutions of EU}S‘UV opservat|ons made byhihur- Dieter Schmitt and Prof. Sami Solanki) run jointly by the Max
rent instruments. Recent observations seem to suggeshenat p, oy Society and the Universities of Gottingen and Braun

intermit_tent_ dynamics in the upper chromosphere couldedriv chweig. The support by China Scholarship Council for Hui
mass ejections at TR and coronal temperatures, and thus coufi; s stay at Max-Planck-Institut fiir Sonnensystemtbisg

perhaps provide information on the missing Iink between thGfrom September 2007 to September 2008 is also acknowledged.
cool chromosphere and hot corona (De Pontieulet al..|2009; o Chuanyi Tu's group at Peking University are sup-

MCITIIOShl& De PpntieuH 2008a,b). S:j"Ch jets and spitc);ules arﬁorted by the National Natural Science Foundation of China
small-scale transient phenomena, and current BN obser- —,,yor contracts 40874090, 40931055, and 40890162. They are
vations are d_ﬁcult to fully resolve_th(_am. The IR!S (Interface 4 supported by the Beijing Education Project XK1000 2040
Region Imaging Spectrograph) mission which will be laurithe the Fundamental Research Funds for the Central Univessitie

at the.end of .2012 can_prowde F’V spectra a_nd images with, e National Basic Research Program of China under grant
very high spatial resolution (83”) in very high time cadence G2006CB806305
(~1s), and thus will undoubtedly make a great contribution to ' .
the studies of the dynamics in the chromosphere and TR. {1002 T.. Beer H. & Lemaire P. 2008, A&A, 435, 713
. . . jouaz, T. 2008, ApJ, 674, 1144
Our new observations of the relationship between the Lymanay, r. 6. 1982, ApJ, 263, 982

line asymmetries and TR flows or dynamics also need to bathay, R. G. 1984, ApJ, 287, 412
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