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Senior review 2001/TRACE LMSS/ATC1 Insights from TRACE dataThe dynami
s of the magneti
 �eld in the solaratmosphere, and the asso
iated non-radiativeenergy transport from the interior of the Suninto its tenuous outer layers, are important �eldsof study be
ause1. they are the only examples of fundamen-tal magnetohydrodynami
 prosesses thato

ur in the universe that we 
an observein detail in a truly astrophysi
al environ-ment, and2. they are responsible for spa
e weather andare therefore of dire
t so
ietal signi�
an
e.Detailed observations of the pro
esses in the so-lar outer atmosphere are essential to advan
ingour understanding, be
ause the detailed mod-eling of the physi
s of the Sun is far beyond
urrent numeri
al 
apabilities. To make signif-i
ant progress, we need observations with highangular, temporal, and thermal resolution. TheTransition Region and Coronal Explorer, TRACE,is uniquely suited among existing and near-futuresolar observatories to meet these requirements.The primary obje
tive of the Small Explorermission TRACE , as stated in the \Phase III &IV proposal" (August 1994) is \to explore bothmorphologi
ally and quantitatively the 
onne
-tions between �ne-s
ale magneti
 �elds and theasso
iated plasma stru
tures." To do this, theTRACE investigation was designed to fo
us onthe study of the 3-d �eld stru
ture, its tempo-ral evolution in response to photospheri
 
ows,the time-dependent �ne stru
ture and thermaltopology of the 
orona and transition region.TRACE has been addressing these problemssin
e its laun
h on 2 April 1998 by obtaining se-quen
es of 
oaligned images (totaling 
lose to 6million to date) of photosphere, transition re-gion, and 
orona (see Table 1 for the wave-lengths observed), with an angular resolution of1.25 ar
se
 FWHM (Golub et al., 1999), and un-interrupted viewing of a �eld of view spanning0.53R� for over eight months of the year. Theinstrument 
hara
teristi
s have been des
ribedin detail by Handy et al. (1999).

Figure 1: TRACE's high-resolution images al-low the estimation of, e.g., loop 
ross se
tion,measurements of loop deformations, and deter-mination of density strati�
ation if the temper-atures fall within the range of the EUV pass-bands. This negative (otherwise unpro
essed)of a TRACE 171�A image (1MK), taken on 6November 1999 over the eastern limb, shows themultitude of high 
oronal loops over an a
tiveregion.Among the biggest surprises produ
ed bythe TRACE s
ien
e investigation is the generalla
k of braids and twists in the 
oronal �eld (ex-
ept around �laments), even though TRACEnow observes it with a resolution 
lose to thes
ale of the granulation that drives the 
oro-nal �eld. Moreover, TRACE is uniquely suitedto observe the 1-1.5MK loops that form be-tween distant a
tive regions within hours of anew emergen
e. Based on these and other �nd-ings, it turns out that magneti
 re
onne
tion inthe quies
ent 
orona is mu
h faster and more
ommon than assumed before TRACE .Prior to TRACE , the prevailing view of thesolar 
orona was that it was a magneti
ally-dominated environment, primarily made up ofslowly evolving loop atmospheres, heated ratheruniformly and persistently to a narrow temper-ature range, in whi
h rapid 
hanges o

ur onlyby �eld emergen
e, 
ares, and �lament erup-tions. TRACE has shattered that traditional1



Senior review 2001/TRACE LMSS/ATCTable 1: TRACE spe
tral regions and 
hara
teristi
 exposure timesCentral Ion Region of log(T ) T range Chara
teristi
wave- solar (FW at 2%) exposure time (s)length atmosphere Quiet Sun AR Flare2500�A Cont. Photosphere 3.7 3.6-3.8 0.003 0.003 0.0031700�A Cont. Tmin/Chrom. 3.8 3.6-4.0 5 3 1-31600�A CI,FeII,
ont Tmin/Chrom. 3.8 3.6-4.0 1 1 0.01-0.11550�A CIV Trans. region 5.1 4.8-5.4 15 10 1-51216�A H Ly � Chromosphere 4.2 4.0-4.5 3-301 3-301 1-21284�A Fe XV Corona 6.3 6.0-6.7 60 30 1-10195�A Fe XII Corona 6.1 5.0-6.4 20 30 1-10171�A Fe IX/X Corona 5.9 5.3-6.3 20 30 1-101 The two values are for on-disk and o�-limb observations, respe
tively. O�-limb exposuretimes are longer, be
ause there is no signi�
ant 
ontinuum 
ontribution there.view of the quies
ent 
orona: both the outer-atmospheri
 heating and the evolution of themagneti
 �eld are mu
h more dynami
 than pre-viously thought. In addition, TRACE is 
on-tributing signi�
antly to our understanding ofimpulsive and eruptive pro
esses, and also un-
overed the phenomenon of 
oronal loop os
illa-tions. The most important dis
overies are out-lined in Table 2, whi
h also lists key referen
es(not repeated in the text); some of these �nd-ings are dis
ussed in more detail in the remain-der of this se
tion.1.1 Thermal stru
ture and 
oronal heatingTRACE shows us a 
orona 
omprised of thinloops that 
ontinually 
hange in shape, and thatare �lled with atmospheres that are intrinsi
allydynami
. The 
orona over both quiet and a
tiveregions 
omprises loops with a range of temper-atures in 
lose proximity to ea
h other, evenin non-
aring 
onditions; based on the appear-an
e of the images, we estimate that the vol-ume �lling fa
tor for a given temperature rangepeaks around 1.5-2�106K for the quiet 
oronaand around 3-5�106K over a
tive regions, asexpe
ted, but in ea
h domain the range of tem-

perature is wider than appre
iated before.The 
orona 
onsists of thin strands, withwidths that are often at, but also frequentlyabove the resolution of TRACE . Yet there is nomeasurable expansion with height in these im-ages (more than 25 times sharper than those ofYOHKOH/SXT for whi
h this result was �rstobtained), even though sets of neighboring loopsdiverge with height. There is no explanation forthis phenomenon.Many 
oronal loops appear to be heated foronly minutes to tens of minutes, after whi
hthe heating 
hanges signi�
antly in magnitude,or 
eases altogether. The multiple passbandsof TRACE allow us to 
on
lude that 
oolingo

urs as fast as radiation and 
ondu
tion al-low (see the example in Fig. 3, from S
hrijver,2001). It appears that a
tive-region loops ex-perien
e su
h dramati
 
ooling on average on
eevery few days. Su
h dramati
 events, and themany mu
h more gradual events that are alsoobserved, probably 
ontribute signi�
antly tothe ubiquitously observed transition-region red-shifts (although the velo
ities of � 40�80 km/smeasured with TRACE are signi�
antly largerthan the typi
al redshift of no more than 10 km/s).Emission pro�les as a fun
tion of height above2



Senior review 2001/TRACE LMSS/ATCTable 2: The solar 
orona seen by TRACE : a sele
tion of key �ndingsFinding Sele
t referen
e(s)Loops of signi�
antly di�erent temperatures exist side by side, probably be-
ause heating is variable and sensitive to the details of the 
oronal �eld. S
hrijver et al. (1999)Many, if not all, 
oronal loops are in
ompatible with the traditional quasi-steady, uniformly-heated loop (Rosner-Tu
ker-Vaiana model). Lenz et al. (1999), As
h-wanden et al. (2001)Loop 
ross se
tions lie near the instrumental resolution, without signi�
antexpansion with height, even for those loops that are signi�
antly wider thanthe instrumental resolution. Watko and Klim
huk(2000), Klim
huk (2000)Relatively 
ool 1-2MK loops tend to ar
h over the hotter 3-5MK loops withina
tive regions, suggesting a hot 
ore and 
ooler shell in quies
ent phases. S
hrijver et al. (1999)Coronal heating o

urs predominantly low in 
oronal loops, with a s
aleheight of 10-20Mm. As
hwanden et al. (2000,2001)Coronal heating in a
tive-region 
oronae frequently drops by more than anorder of magnitude for up to an hour or more, leading to 
oronal rain andbright loop-top sour
es. S
hrijver (2001)Twists and braids in the 
orona rarely ex
eed one half turn, even on the s
aleof the granulation that should drive su
h braiding. Long-range re
onne
tionsbetween a
tive-region �eld o

ur within hours of emergen
e. Both �ndingssuggest unexpe
tedly eÆ
ient re
onne
tion. S
hrijver et al. (1999)The downward 
ondu
ted energy from the 
orona seen in the transition-regionmoss is not spatially 
orrelated with 
hromospheri
 emission on small lengths
ales, perhaps re
e
ting distin
t heating me
hanisms, or strong sensitivityto lo
al 
onditions. De Pontieu et al. (1999)Transverse 
oronal loop os
illations, �rst dis
overed by TRACE , open the�eld of 
oronal seismology. Their damping is unexpe
tedly rapid; apparently,we do not understand the 
oronal environment, the dissipative 
oupling tothe lower, denser 
hromosphere, or the means to amplify small surfa
e e�e
tsin the 
orona. Nakariakov et al. (1999),Wills-Davey and Thomp-son (1999), S
hrijver andBrown (2000), De Pon-tieu et al. (2001)Hot plasma above post-
are EUV ar
ades appears di�use as a 
onsequen
eof its multi-temperature nature rather than that the sour
e itself is di�use. Warren (2000)Cool material in �laments is extremely dynami
, 
ommonly a

elerated andde
ellerated, exhibiting 
ounterstreaming on nearby �eld lines. S
hrijver et al. (1999)The energy spe
trum of small-s
ale brightenings was extended with TRACEobservations to 1024 ergs, a fa
tor 10 below the earlier SOHO/EIT result.It remains un
ertain whether the extrapolated distribution of these smallbrightenings 
ontains enough energy to explain quies
ent 
oronal heating. Parnell and Jupp (2000),As
hwanden et al. (2000)Can
eling 
ux most likely retra
ts into the solar interior. Harvey et al. (1999)Fast 
ows (up to several hundred km/s) and wave-like phenomena o

ur
ommonly over magneti
 plages and in asso
iation with spots and �laments. Ireland et al. (1999), DeMoortel et al. (2000),Shine (2000)Coronal mass eje
tions are often asso
iated with signi�
ant amounts of ma-terial that falls ba
k to the surfa
e. In fa
t, many �lament destabilizationslead to 
on�ned eruptions in whi
h material is thrown upward up to some100Mm, only to fall ba
k after the �eld restru
turing 
eases.3
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TRACE 171A
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31-MAY-98  03:15:14

SOHO MDI

31-MAY-98  03:17:00Figure 2: The 1MK a
tive-region 
orona seenby TRACE (top panel) is dominated by high-ar
hing, 
ool loops and the low-lying \moss."The moss 
orresponds to the top of the tran-sition region, over whi
h YOHKOH's SXT ob-serves - at mu
h lower resolution - the 3-5MK 
oronal emission (
entral panel). The bot-tom panel shows the 
orresponding SOHO/MDImagnetogram.

the limb in the TRACE 171 �A and 195�A pass-bands demonstrate that most, if not all, loopsthat are visible in those passbands do not agreewith the standard model for the quasi-stationary,uniformly-heated loop that was introdu
ed byRosner et al. (1978). Those loops that are 
om-patible with a quasi-stationary strati�
ation re-quire that the heating o

ur primarily in the�rst 10 to 20 Mm of the 
oronal segments of the�eld lines (many loops in the sample that wasstudied may be rapidly evolving loops, in
lud-ing post-
are loops, whi
h require a dynami
model to explain their stru
ture). Upward mov-ing pulses of hot material observed in 
ool loopssuggest that the low{altitude heating is in fa
tstrongly modulated on time s
ales of minutes orless.Coronal images are parti
ularly 
risp whenthe thermal passband is narrow, and even moreso when the formation temperature of the lineobserved is relatively far from the peak in theemission-measure distribution. Hen
e, in a
tiveregions, loops with temperatures near 1-1.5 mil-lion Kelvin stand out in relative isolation (
f.Fig. 1). One parti
ularly 
onspi
uous trend thatwas dis
overed by TRACE is that the 
oronalloops over a
tive regions tend to be 
ooler thanlower-lying ones, resulting in a hot 
oronal 
oreembedded in a 
ooler outer shell (Fig. 2).TRACE observations often show EUV-brightloops shifting through the 
orona. Two me
h-anisms 
ontribute to that. First, there is oftena strongly ampli�ed response of 
oronal loops todispla
ements of photospheri
 magneti
 
harges.This is parti
ularly the 
ase for loops near sepa-ratrix surfa
es: as the photospheri
 �eld evolves,
oronal loops are seen to shift along what maywell be separator surfa
es, sometimes in oppo-site dire
tions in 
lose proximity, as expe
tedfrom models (e.g., Priest and S
hrijver, 1999).Se
ond, the shifting of 
oronal loops is 
om-patible with signi�
ant modulation of the heat-ing whenever there is a relatively smooth shiftof the lo
ation of the heating over periods ofat least some tens of minutes. Su
h an evo-lutionary pattern is 
ompatible with braiding{indu
ed 
urrent heating, but that interpretation4
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Figure 3: Sequen
es of TRACE images, 
y
lingfrom one wavelength to another, allow the studyof, e.g., the thermal evolution of loop plasma.This diagram shows an example of a loop 
oolingevent: the light 
urves for 195�A(}; 1.5MK),171�A (�; 1MK), C IV 1550�A (+; 0.1MK), and
hromospheri
 Lyman� (4).needs further observational 
on�rmation.The 
urrents responsible for heating wouldpresumably form primarily at interfa
es between�elds from neighboring 
ux tubes. That thebright pat
hes in the EUV{bright transition re-gion (the so{
alled moss) are un
orrelated withthe lo
ations of the photospheri
 
ux 
on
en-trations supports this notion. These 
urrentsare, moreover, expe
ted to be more intense inregions of high �eld strengths, i.e., low in theouter atmosphere, whi
h may explain the rela-tively low heating s
ale height.The EUV observations by TRACE revealnot only material at 
oronal temperatures mov-ing upward from as low as a few thousand kilo-meters above the photosphere. TRACE alsosees 
ool material in jet-like spi
ules and mot-tles, no hotter than about 20,000 K, both in thequiet Sun and in the a
tive-region moss (whereearlier ground-based observations had not re-vealed their existen
e). New spi
ule models arebeing developed to re
e
t this �nding. Under-standing the details of these pro
esses leadingto these inje
tions of hot and 
old plasma intothe outer atmosphere may well be key to solv-ing the riddle of 
oronal heating; how little we

Figure 4: The use of multiple wavelengths al-lows 
omparison of the 
oronal loops with the(near-)photospheri
 boundary 
onditions, as inthis example: a 
omposite image of an X-
lass
are on 6 June 2000. In red, it shows theultraviolet 
ontinuum (1600�A passband), whi
hshows the small-s
ale magneti
 �elds at the sur-fa
e as yellow/orange dots; a white-light im-age was blended in to show the lo
ation of thesunspots. The green-white overlay is the 171�Aimage, showing the lo
ation of the bright 
oronalloops 
ooling after the initial 
aring phase. TheUV 
hannels 
an be used for a

urate alignmentwith, e.g., magnetograms.know of these pro
esses is re
e
ted by the fa
tthat we 
annot at present 
onstru
t a 
onsistent
artoon that shows spi
ules and mottles, 
hro-mospheri
 brightenings, and 
hannels of ther-mal energy that are 
ondu
ted down from the
orona in a proper relationship to the magneti
�eld 
on�guration.Combination of TRACE with 
hromospheri
and photospheri
 magnetograms demonstratedthat at least in the quiet Sun most 
an
eling
ux appears to be retra
ted ba
k into the 
on-ve
tive envelope rather than es
ape into spa
e.This has important 
onsequen
es for the globaland any lo
al dynamo a
tion, and needs furtherstudy and extension to a
tive-region environ-ments.5



Senior review 2001/TRACE LMSS/ATC1.2 Explosive and eruptive eventsTRACE images UV ribbons in most large 
ares(e.g., Fig. 5), re
e
ting the impa
t sites of non-thermal parti
les. It also provides high-resolutionimages of the pre-
are magneti
 
on�gurationand, by studying loop 
ooling down to 
hro-mospheri
 temperatures (e.g., Fig. 6), the post-
are 
on�gurations (
ompare Fig. 4). The 
om-plexity of the events delay publi
ation of theinterpretations, but as the 
are sample and ob-server experien
e build up, new trends are beingre
ognized. For example, often very 
ompa
t
are kernels are imaged, while the brighteningof sometimes distant ribbons suggests that fastparti
les or magneti
 sho
ks are involved.The ability of TRACE to observe the Sunover a very broad range of temperatures (10,000K - 20 MK) with high spatial resolution and athigh 
aden
e make it a unique instrument forobserving solar 
ares. TRACE is sensitive tohigh temperature 
are plasma be
ause of thepresen
e of the FeXXIV 192�A line in the 195�Abandpass, in addition to FeXII 195�A. ThusTRACE 
an observe the buildup of magneti
energy in the 
orona, the response of the 
hro-mosphere and transition region to energy depo-sition frommagneti
 re
onne
tion, as well as thehot, high density plasma that is su
h a promi-nent feature of the 
are. In its �rst three yearsof operation TRACE has made substantial newdis
overies in many areas of 
are resear
h.One of the 
entral questions in astrophysi
sis how magneti
 energy is built up and releasedin solar 
ares. It is widely believed that therandom motions of �eld line footpoints, whi
hare driven by photospheri
 
ows, lead to theformation of highly stressed magneti
 �eld 
on-�gurations. But what triggers the relaxation ofthe �eld? Antio
hos et al. (1999) have pro-posed that the overlying magneti
 �elds play a
entral role in this pro
ess by 
onstraining thehighly sheared �elds. When the overlying �eldsare weakened, the highly sheared �eld below it
an relax. TRACE observations of the July 14,1999 M3 
are have provided the �rst eviden
ein support of this framework. In this event the

magneti
 �eld, determined from a potential �eldextrapolation, shows a null point in the 
oronaabove the delta spot (Aulanier et al., 2000). TheTRACE EUV images show 
lear eviden
e forre
onne
tion asso
iated with the null point justprior to the main phase of the 
are.Understanding the temperature stru
ture of
ares is another key problem in solar physi
s.YOHKOH observations suggested that some re-gions in a 
are have elevated ele
tron temper-atures relative to the bulk of the 
are plasma.These hot regions have been interpreted as asignature of the slow mode sho
k whi
h is ex-pe
ted to form in front of the re
onne
tion re-gion. Be
ause of potential in
onsisten
ies be-tween SXT and spe
trally resolved observationsas well as between SXT and hard X-ray im-ages, this result has been questioned. TRACEobservations, however, have demonstrated theexisten
e of the regions. Comparisons betweenTRACE and SXT observations of a limb 
arehave shown that the bulk of the 
are plasma isat about 10 MK while the hotter thermal 
areplasma is 
on�ned to a region above the bright-est 
are loops (Warren et al., 1999). TRACEobservations of a very 
ompa
t X-
lass 
are haveprovided dire
t eviden
e for a highly lo
alizedregion where the ele
tron temperatures are ashigh as 20 MK (Warren and Reeves, 2001). Fur-thermore, the TRACE observations show an en-ri
hment of Fe in this region, 
onsistent with insitu heating of 
oronal material.TRACE observations emphasize a remark-able property of the solar 
orona in whi
h nearbyregions 
an appear to be largely de
oupled whilein 
ontrast distant regions may be 
losely linked:regions up to several hundred thousand kilome-ters away frequently respond (often within thesame exposure) to 
ares or eruptions, while atother times loops nearby a substantial explosiveevent appear una�e
ted.The high sensitivity of TRACE has allowedthe extension of the short-term variability (mi-
ro
aring) spe
trum from a
tive regions to veryquiet Sun at a level of 1024 ergs. The sensitivityof the results reported on by various resear
hgroups to assumptions about the geometry of6
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Figure 5: High-
aden
e EUV imaging during 
ares 
an be alternated with lower-
aden
e UV images,allowing for example the study of 
are ribbons and 
aring and post-
are ar
ades. This set of
omposite images shows a very large 
are that o

urred on 14 July 2000. The red 
hannel showsthe ultraviolet 
ontinuum (1600�A); the blue image shows the 171�A pass band (1MK); the green
hannel (195�A) shows material hotter than about 1.5 million degrees up to approximately 10 milliondegrees. Frame 1, right after the onset of the 
are, shows very bright, rapidly evolving kernels in the
are ribbons. Frame 2, taken 22 minutes later, shows a phase in whi
h the ribbons have developedto their full extent, and loops 
onne
ting them are showing up on the right-hand side of the ar
ade.Frame 3 shows a bright ridge of presumably very hot material between the ribbons. Frame 4 shows2MK (green) loops forming on the left-hand side, that 
ool to 1MK (blue) in frames 5 and 6.the brightenings and about the temperaturesinvolved results in un
ertainties that still leaveit un
ertain whether an extrapolated mi
ro
arespe
trum to very small energies 
an explain all of the quies
ent 
oronal heating.
7
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Figure 6: TRACE 
omplements 
are observa-tions by other instruments, not only o�eringhigh-resolution imaging, but also allowing light-
urve timing analyses of, e.g., 
are-loop 
ool-ing. Top: Light 
urves of the 
are on 14 July2000, observed - in order of spe
tral hardness or
hara
teristi
 temperature - YOHKOH/HXT, 2GOES 
hannels, 2 YOHKOH/SXT �lters, and2 TRACE �lters. Bottom: The estimated 
har-a
teristi
 temperature of the emission at peakbrightness as a fun
tion of time.2 FilamentsFilament/prominen
e 
on�gurations are dynami
and unstable: TRACE has observed evolvingtwists in the �lament �eld, and many �lamentdestabilizations and eruptions, in
luding 
oro-nal mass eje
tions. Among the many surpriseswe �nd the following:Filaments are more transparent to the EUV

Figure 7: Continuous observing not only has ad-vantages for the study of 
oronal evolution, butalso allows the study of phenomena in the pho-tosphere that 
an only be observed with great dif-�
ulte and a lot of fortuitous weather 
onditionsover a series of observatories. For example, this
omposite of nine white-light images taken byTRACE of the 
entral spot 
omplex that pro-du
ed three X-
lass 
ares on 6 and 7 June 2000.The spot, in whi
h two polarities are 
ombined,evolves so that the lower-
entral umbral region(the darkest part of the spot) 
ontra
ts, result-ing in a 
are (visible even in white-light as afaint whisp in the upper right panel). The um-brae open again brie
y, then to disappear alto-gether. On
e that pro
ess is 
ompleted, the spotevolves rapidly into a de
aying 
luster of smallspots and pores.radiation than to, for example, H�. As a re-sult, what appears as an almost solid wall of
ool gas in ground-based observations, revealsseparated, thin strands of 
ontinually moving
ool gas that shows up in extin
tion against anybrighter EUV-emitting ba
kground. The ma-terial appears to slosh ba
k and forth on thenearly horizontal �eld. The �lament barbs areparti
ularly puzzling, exhibiting what sometimeslooks like whirling motions when seen from theside. The long-term 
ontinuity of TRACE ob-servations also reveals interesting details of howsmall �laments and �brils align to form �la-8
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hing over hundreds of thousands ofkilometers.Filament 
on�gurations often show 
eetingbrightenings in the 1MK passband of TRACE .These brightenings temporarily envelop the 
oolermaterial. Interestingly, su
h ephemeral EUV-bright veils sometimes show up in regions wherethere is no �lament visible in H�; apparently,the �lament �eld 
on�guration 
an exist with-out appre
iable 
ool material �lling it.TRACE has observed many examples of theinitial �lament destabilizations (examples areshown in the TRACE DVD to be in
luded inthe 200th volume of Solar Physi
s in the sum-mer of 2001), and the subsequent eruptions: mat-ter is seen to be thrown up with velo
ities of upto some 500 km/s, mu
h of it sliding ba
k tothe surfa
e. Sometimes trains of sho
k wavesare seen propagating perpendi
ular to the mag-neti
 �eld as the eruption progresses.2.1 Coronal seismologyThe high 
aden
e and resolution of TRACE haveallowed the dis
overy of transverse 
oronal-loopos
illations in response to (sometimes distant)�lament eruptions and 
ares. The fa
t that loopos
illations are rare (we are now aware of sixwell-observed examples), and that they dampvery qui
kly (within 3-4 os
illations), requiresan unexpe
tedly high energy dissipation. Com-peting models argue whether that happens inthe 
orona (whi
h would mean our estimatesof vis
osity or resistivity are up to a fa
tor of109 o� the mark) or in the 
hromosphere (inwhi
h 
ase resonan
e-based wave-heating mod-els 
ould almost surely be ruled out), or whetherphotospheri
 motions are being ampli�ed by asensitive dependen
e to the details of the 
on-�guration.Whatever the 
orre
t interpretation is, theseos
illations, and 
oronal blast waves previouslydete
ted by SOHO/EIT , have taught us thatwe do not at all understand the solar outer at-mosphere at a very fundamental level. Coronalseismology promises a signi�
ant breakthroughin the near future.

Figure 8: Cumulative number of Giga-bytes transferred from TRACE's primary dataar
hive at Lo
kheed Martin sin
e the start ofnormal operations. A fairly steady stream ofdata has been delivered from the ar
hive the pasttwo years at an average level of � 300MB/day.3 Data ar
hiving and a

essThe TRACE proje
t has had a 
ompletely opendata poli
y from the very �rst day of observa-tions: there are NO restri
tions on the use ofTRACE data. As soon as the spa
e
raft teleme-try has been reformatted and ar
hived, the dataare a

essible - normally well within 12 hoursof observing. In order to allow faster a

ess tothe large amounts of data, the ar
hive �les aremirrored to Goddard Spa
e Flight Center, andfurther transferred ele
troni
ally or by tape tomirror ar
hives at Rutherford-Appleton Labo-ratories in the U.K., the Kiepenheuer Institutein Germany, ISAS in Japan, and Meudon inFran
e.The primary TRACE ar
hive at Lo
kheedMartin is frequently a

essed via the internet; atotal of � 2:9�1011 bytes in 310,000 images hasbeen transferred (
f. Fig. 8). The average rateof data requested has remained steady over thepast 1.5 years, having doubled from the usagein the �rst year following a su

essful TRACEs
ien
e 
onferen
e in August 1999. The ar
hivesite at GSFC shows similar trends at approxi-mately 1/4 the Lo
kheed Martin level.TRACE analysis software is available on the9



Senior review 2001/TRACE LMSS/ATCweb, embedded within the widely used and openlyavailable SolarSoft pa
kage of IDL routines, aswell as a spe
ial (mu
h faster) image-viewingpa
kage 
alled BROWSER. Des
riptions of howto use these pa
kages, and where they 
an beretrieved, are given in an on-line, up-to-dateTRACE Analysis Guide (at http://www.lmsal.-
om/ bentley/guides/tag/tag top.html).4 CollaborationsThe TRACE proje
t 
losely 
oordinates withother observatories, both in spa
e and on theground. The 
oordination with SOHO is givenparti
ular emphasis, with a TRACE represen-tative present at the various planning meetings.Of the 30 Joint Observing Programs run bySOHO in 2000, 23 (77%) in
ludedTRACE . Par-ti
ular e�orts are made to 
oordinate during
ampaigns of 
ontinuous 
onta
t for SOHO/-MDI (both in full-disk and in high-resolutionmode), 
ampaigns involving SOHO/SUMER andCDS , or when observing as a 
omplementaryinstrument to SOHO/EIT . We have, moreover,
oordinated with YOHKOH/SXT , 
ontinue to
oordinate with Max Millenium 
ampaigns, andhave de�ned a JOP for 
lose 
oordination withthe High Energy Solar Spe
tros
opi
 Imager,HESSI , after its laun
h later this year.TRACE 
oordinates with the Very LargeArray in the radio/mi
rowave domain, with themi
rowave observatory in Nobeyama, with 
oro-nographi
 observations from Norikura, with ve
-tor-magnetographs at Sa
ramento Peak and onHawaii, with solar observatories on La Palma(Swedish and Dut
h Teles
opes) and Tenerife(Themis and the German teles
opes), with theNSO teles
opes at Sa
ramento Peak and KittPeak (in
luding 
hromospheri
 magnetographi
studies), and with observatories at Big Bear So-lar and Meudon.Spe
ial e�orts to 
oordinate are made when-ever unique observing opportunities o

ur, in-
luding a Mer
ury disk passage, ro
ket 
ights(SPARTAN, VAULT, SERTS, Celias and other
alibration ro
kets, TXI ), the Galileo passagebehind the Sun, Whole Sun Month observing


ampaigns, the Antar
ti
 balloon 
ight of theFlare Genesis program, Interplanetary S
intil-lation 
ampaigns (with Ooty (India), Toyokawa(Japan), Merlin (UK), and Eis
at (S
andinavia)observatories), e
lipse observations, major 
arealerts (as announ
ed in the Max Millenium pro-gram), and Ulysses at quadrature.5 TRACE s
ienti�
 e�e
tivenessThe solar-physi
s 
ommunity has embra
ed TRACEas a key observatory. The eÆ
ient implemen-tation of a freely a

essible data ar
hive, and
exible, responsive planning by the team op-erating the s
ien
e instrument, has resulted inbroad 
ommunity interest in TRACE data. Asa result, there are now (1 May 2001) 148 pa-pers or books already published in the s
ienti�
literature that are based entirely or in part onTRACE data. At least another 39 publi
ationsare in press (Fig. reÆg:pubstats shows rate ofpubli
ations per year) . A total of 242 di�erentauthors 
ontributed to these publi
ations (
om-pare the membership of 570 of the AAS SolarPhysi
s Division in 2000), from 80 institutionsin 22 
ountries. This broad interest has led thepublishers of Solar Physi
s to in
lude for the�rst time a DVD entirely devoted to TRACEobservations, in addition to a substantial seg-ment on the CD-ROM that will be in
luded inthe same volume (s
heduled for the Mar
h issue,to appear in the summer of 2001).Some of TRACE 's dis
overies are so funda-mental they are even used for national press re-leases by NASA. NASA, moreover, has listedTRACE dis
overies among its top-10 stories in1998 and in 2000.6 Publi
 outrea
hThe spe
ta
ular images and movies of the TRACEproje
t have found their way to tens of millionsof people around the world. The broadest audi-en
es were rea
hed during two national NASApress 
onferen
es; one of these is estimated tohave rea
hed over 35 million people in the US10
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Figure 9: A 
ollage of some of the TRACE-related 
overage in the printed and ele
troni
 media,whi
h in
ludes the Washington Post, New York Times, Time, and CNN.either during prime time news
asts or in printedmedia.The TRACE images are found in many pub-li
ations around the world (Fig. 9), in
ludinggraduate-level textbooks, an en
y
lopedia, pop-ular s
ien
e journals (in
luding S
ien
e, S
ien-ti�
 Ameri
an, Popular S
ien
e, Sky and Tele-s
ope, and National Geographi
), newspapers(in
luding the Washington Post and New YorkTimes) and news magazines (in
luding several
over images and a two-page spread in the year-2000 overview of LIFE Magazine). A partiallisting of TRACE in the media resides at http://-vestige.lmsal.
om/TRACE/S
ien
e/S
ienti�
Re-sults/ (Fig. 9). The most interesting images areregularly posted on the web (at http://vestige.-

lmsal.
om/TRACE/POD/TRACEpod.html), wherethey are regularly found by the media. TRACEimages, and the s
ien
e of the Sun in general,were given attention in two 
over stories of Skyand Teles
ope, with a readership of over 200,000.Five thousand edu
ational CD-ROMs (
ontentsa

essible at http://vestige.lmsal.
om/TRACE/-S
ien
e/S
ienti�
Results/tra
e 
drom/) and �ftythousand posters have been distributed at meet-ings, in s
ien
e musea and planetaria, and to in-terested tea
hers at high s
hools. A multipanelmovie of the rotating Sun at the full resolutionof TRACE features as one of the eye 
at
h-ers in the newly released IMAX movie \SolarMax," while other sequen
es have been shownin PBS and other edu
ational spe
ials about the11
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Figure 10: Number of s
ienti�
 publi
ationsper year (and proje
ted value for the 
urrentyear), from http://vestige.lmsal.
om/TRACE/-S
ien
e/S
ienti�
Results/tra
epubs.htmlSun, in
luding \Live from the Sun" and \SolarBlast." Television programs with TRACE datahave been produ
ed at least in the USA, UK,Australia, and Japan. We have re
ently pro-du
ed 5,000 DVDs with TRACE movies, to bedistributed to our 
olleagues and the general au-dien
e.The TRACE web server at Lo
kheed Mar-tin logs a steady stream of, on average, 500 vis-itors, requesting 10,000 web pages, ea
h day. Indays following a major press release, the numberof visitors rea
hed over 8,000, requesting over300,000 �les (see also Fig. 8).7 The role of TRACE in the longterm health of solar physi
sOne of the main 
hallenges in Solar Physi
s forthe present de
ade is to develop a 
omprehen-

sive understanding of, and numeri
al model for,the generation and eje
tion of magneti
 �eldsby the Sun; from their formation in the over-shoot layer, their rise through the 
onve
tionzone and emergen
e through the photosphere,to their evolution and destabilization in the 
o-rona, and their transport through the heliosphereup to their impa
t on the Earth's magnetosphere.Su
h a 
omprehensive understanding and nu-meri
al model is a ne
essary prerequisite fora physi
s-based predi
tive 
apability of spa
eweather.This requires 
oordinated multi-wavelengthobservations to study the evolution and erup-tion of magneti
 �elds in and above the pho-tosphere in full detail. TRACE 
urrently pro-vides an EUV mi
ros
opi
 view of the uppertransition region and 
ooler parts of the 
orona,and will remain the only mission to do so forthe next six years. In an ongoing 
ollabora-tion with Yohkoh (soft and hard X-rays), SOHO(magnetograms, 
oronagraph images, UV andEUV spe
tros
opy, EUV full disk 
ontext), andsoon HESSI (high resolution soft and hard X-rays, X-ray spe
tros
opy), as well as with 
on-stantly improving ground based observatories(e.g., Themis, SVST, and some day ATST), TRACEwill 
ontinue to provide an important part of"the full pi
ture" of solar magneti
 a
tivity inthe visible layers of the Sun, be
ause of its high-
aden
e 
apabilities.Until the start of observations by Solar-B,TRACE will remain the highest resolution Solarteles
ope in orbit, and even after that TRACE
ontinues to provide a unique EUV window onthe Sun. TRACE o�ers angular and temporalresolutions in the EUV that ex
eed other 
ur-rent instruments (SOHO/EIT ) by a fa
tor ofalmost 30, making it an extremely valuable as-set.We are 
urrently looking forward to 
oordi-nation with HESSI on the study of solar 
ares.Two SOHO JOPs have been de�ned alreadyin anti
ipation of the HESSI 's laun
h: JOP136 (the Max Millenium program) and JOP 143on impulsive 
are dynami
s (developed by theTRACE team). Coordination with HESSI will12
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Figure 11: A

essing TRACE data bases,instrument des
riptions, operational plans,et
., is straighforward through the world-wideweb (from http://vestige.lmsal.
om/TRACE/-Publi
/siteinfo.htm).have priority during at least the �rst six monthsfollowing its laun
h. Pre
edures have alreadybeen set up with the TRACE 
ight-operationsteam to allow us to respond to 
are alerts evenduring weekends when normal operations oth-erwise require the de�nition of the entire spa
e-
raft timeline of instru
tions from Saturday 0UTthrough midnight on the following Monday, tobe �nalized by 18UT on Friday. We have alsoinitiated the organization of a joint TRACE -SOHO-HESSI - s
ien
e workshop for the sum-mer of 2002.8 Proposed s
ien
e investigationTRACE 
ontributes to Obje
tives 7 and 8 inNASA's Strategi
 Plan for the OÆ
e of Spa
eS
ien
es: \Understand our 
hanging Sun andits e�e
ts throughout the solar system", and

\[
℄hart our destiny in the Solar System", uponwhi
h both the Sun-Earth Conne
tion Programand the Living-with-a-star Initiative are based.The study of the physi
s of the solar magneti
�eld is a key ingredient to these obje
tives.In the 
oming years - likely until at least2006 when the Solar Dynami
s Observatory willbe laun
hed - TRACE will be the only high-resolution EUV observatory in spa
e that 
anprovide narrow-band imaging, at high 
aden
e.Continued operation of TRACE is therefore 
ru-
ial (a) to the study of the dynami
 solar mag-neti
 �eld that drives spa
e weather, (b) thedevelopment of new models or validation of ten-tatively proposed models for some of the mostinteresting dis
overies made with TRACE thatat present are based on small sets of events oreven a single event, and (
) to the interpretationof results from new missions, in
luding HESSI ,STEREO , and Solar-B . The most important
ategories of resear
h in
lude the following:Filaments and CMEs: Close 
ollaborationwith SOHO (MDI, EIT, CDS, and SUMER)will 
ontinue in the study of �laments in order tounderstand their formation (in
luding sigmoidstru
tures within a
tive regions), eruption, anddemise utilizing the high temporal and angularresolution of TRACE .Flare physi
s and rapid re
onne
tion: A pri-mary fo
us in the next years will be 
oordi-nation with other missions on 
are studies, inparti
ular with HESSI, SOHO/MDI, and SXT .Fo
us areas in
lude (1) understanding the re-lationships between the footpoint hard X-rayemission, the UV 
are ribbons, and the stru
-ture of the photospheri
 magneti
 �eld, and (2)understanding the properties of the hot thermal
are plasma (12-25MK), whi
hTRACE observesthrough 
ontinuum radiation in the EUV pass-bands, and FeXXIV in the 195�A 
hannel, andits relationship to both footpoint and 
oronalhard X-ray sour
es. TRACE data 
an, more-over, be used to study white-light and UV datafor weak 
ares to see how important non-thermalparti
le a

eleration is in these 
ares. Note thatthe largest 
ares in a solar 
y
le often o

urin period immediately following the 
y
le maxi-13
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y
le in the period 2001-2002.The laun
h of HESSI , whi
h is 
urrentlys
heduled for June 4 of this year, will signi�-
antly 
omplement what we 
an learn from TRACE
are observations. HESSI will provide an un-pre
edented 
ombination of high spatial reso-lution (� 2") and good energy dis
rimination(> 1 keV) at energies above 3 keV. The abilityof HESSI to image both the hottest thermalplasma, as well as non-thermal emission, will beparti
ularly important to 
oordinated TRACE -HESSI 
are observations.For example, by 
ombining observations fromthe two missions, we will be able to study therelationship between the footpoint hard X-rayemission and the 
are ribbons. TRACE UV ob-servations show the 
are ribbons to be 
omplexstru
tures with many 
ompa
t bright points withinthem, whereas previous, low-resolution hard X-ray images suggested mu
h simpler 
onjugatefootpoint brightenings. Thus, the relationshipbetween the pre
ipitating energeti
 ele
trons andthe global stru
ture of the 
are ribbon is notwell understood. Furthermore, by in
ludingmag-netograph observations we will be able to studythe relationship between energy deposition intothe 
hromosphere and the stru
ture of the pho-tospheri
 magneti
 �eld.CombinedTRACE -HESSI observations willgreatly advan
e our understanding of the hotthermal 
are plasma and its relationship to bothfootpoint and 
oronal hard X-ray sour
es. HESSIwill be very sensitive to plasma above about 15MK, whi
h will allow us to study the forma-tion and evolution of the hottest 
are plasma ingreat detail. TRACE 195 �A observations will berequired if we are to be able to relate this plasmato the bulk of the 
are emission. HESSI willhave a dynami
 range of about 100:1, whi
h willallow for the dete
tion of relatively faint 
oro-nal hard X-ray sour
es. Thus, we will be ableto relate the formation of these regions with theevolution of the 
are ribbons and the formationof the hottest thermal plasma.In general, TRACE 
an respond to targetsof opportunity of parti
ular importan
e to HESSIs
ien
e within a day; for weekends operations,

Fo
us areas for the TRACE investigationFilaments and CMEsFlare physi
s and rapid re
one
tionCoronal seismologyLoop physi
sGeometry and evolution of the �eldCoronal response to surfa
e drivingFlux emergen
e and retra
tionCoronal heating propertiesthe TRACE FOT have agreed to send spe
ialpointing 
ommands to the spa
e
raft if the tar-get is deemed of parti
ular importan
e.Coronal seismology: At present, only sixwell-observed 
ases of 
oronal-loop os
illationsare known, half of those having been observedas re
ently as Mar
h 2001. Despite the rarity ofthe events, this newly dis
overed phenomenon ispotentially of pivotal value in our understandingof 
oronal physi
s, as explained earlier. Otherobservations of rapid deformations (known as
oronal-Moreton, EIT, or Thompson waves) also
ontribute to that topi
. Continued observa-tions, 
lose inspe
tion of the data, and 
ollab-oration with theory groups (for example, thegroup at St.Andrews) are part of the proposedfuture TRACE investigation.Loop physi
s: The fa
t that there appearto be no uniformly heated, quasi-stati
 loopsrequires fundamental 
hanges in loop modeling.Guidan
e to the development of these models(likely to involve 
ows, variable heating, andsub-resolution stru
turing) will be derived from
ontinued loop analyses.Geometry and evolution of the 
oronal �eld:high-resolution TRACE images are 
ru
ial tovalidate �eld extrapolations based on ve
tor-magnetographi
 observations (su
h as at SPO,Mees, and on Solar-B), and to apply statisti-
al tomography to the 
orona. Both are impor-tant in studies of the large-s
ale �eld and thepropagation of disturban
es (in
luding CME's)through them. Su
h TRACE -validated �eld ex-trapolations will be the lower boundary 
ondi-tion for STEREO observations. Close 
oordina-14



Senior review 2001/TRACE LMSS/ATCtion with SOHO/MDI and the ability to 
om-pare MDI magnetograms easily with TRACEdata are 
ru
ial in this e�ort.Coronal response to photospheri
 driving: Co-ordinated 
ontinuous observations withTRACEand SOHO/MDI allow the analysis of the 
oro-nal response to photospheri
 evolution. TRACEhas a unique data set of four nearly 
ompletedisk passages of a
tive regions, 
oordinated withSOHO/MDI . The analysis of this data, and fur-ther examples, will advan
e our understandingof the 
oronal magneti
 �eld.Flux emergen
e and retra
tion: TRACE hasobserved numerous 
ux emergen
es within a
tive-region nests and ephemeral regions in the quietSun, but only one emergen
e of an isolated a
-tive region has been observed seen in detail, plusa few a
tive-region emergen
es that o

urredwithin or next to existing a
tive regions. Theloops rising, the rapid re
onne
tions to distant�elds, and the dynami
 mixture of plasma at
hromospheri
 and 
oronal temperatures tensof thousands of kilometers above the surfa
e re-quire further examples in order to be better un-derstood. Moreover, 
ux retra
tion within a
-tive regions, in �lament-
hannel polarity-inversionzones, and at the edges of (polar and mid-latitude)
oronal holes also need observations.Coronal heating properties: TRACE obser-vations 
an be used to study variability of 
oro-nal heating (both in time and spa
e along a loopto test the mi
ro
are theory for a
tive-regionloops at TRACE 's sensitivity) and the evolu-tion in position (to study 
oheren
e lengths andevolution patterns in the heating in 
omparisonwith model predi
tions).To fa
ilitate all of the above new observa-tions and to stimulate their analysis and in-terpretation, we will moreover (i) organize ajoint workshop with SOHO and HESSI in thesummer of 2002, and (ii) work to in
lude theSOHO/MDI magnetograms in TRACE analy-sis programs, in parti
ular to provide easy a
-
ess from the ANA-browser, while having a sub-stantial subset of MDI magetograms availableon-line in parallel to the TRACE ar
hive.How mu
h of the above s
ien
e 
an a
tually

be su

essfully addressed will, of 
ourse, dependon the magnitude of the funding that will beavailable in the 
oming years. This is dis
ussedin Se
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