337

Five plus four equals nine: combining the THEMIS
and Cluster missions

J. A. Wild and M. A. Hapgood

Abstract: THEMIS represents the most ambitious coordinated mphiescraft and ground-based programme ever
attempted. It is expected that this mission will dramaljcaicrease our understanding of the substorm process.eln th
years leading up to the launch of the five THEMIS probes, the-$pacecraft Cluster mission has defined the state of
the art in the field of multi-spacecraft/ground-based itigasions of the geospace environment. Hitherto unpratede
coordination of space- and ground-based experiments hHalgegl multi-point (in situ and remotely sensed) measurgme
of magnetospheric structure and dynamics. The overlapeoCihster and THEMIS missions presents an excellent
opportunity to move the multi-point measurement techniguthe next stage. Since the apogees of the Cluster and
THEMIS satellites orbits are separated by nearly 12 houpcélltime, the synergy of these two missions and ground-
based experiments will allow the detailed observation tdrsaind-magnetosphere-ionosphere on both the day and
nightside of the Earth. Several experimental scenarioshsilpresented.
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1. Introduction can be scrutinized in detail using both in situ (satelliteyl a
remotely-sensed (ground-based) observations.

The orbits of these ground-breaking missions are such that
the apogees of the THEMIS probes and the Cluster spacecraft
Hre separated by11 hours of magnetic local time, as indic-

tial/temporal ambiguities inherent in single-spacecai$er- 40 4'in Figure 1. Consequently, the space- and ground-based
vations. It is now operating in the extended phases of its mis

sion and is scheduled to continue until 2010. The four idahti conjunctions arlsmg_durlng the coming years present unpre
Cluster satellites orbit the Earth in highly elliptical @3-R ) ﬁ?grigtﬁg (c))l?F;%rlgjrn\llvﬁ%f%ram#ggésscﬂgrzﬂgnrgg It;]-g;)énéame lin
polar orbits with periods-57 hours that precess through twenty +ase are explored below, 9 P P @ip
four hours of local time every twelve months. Cluster is also '
unusual in that it was one of the first missions to include plan
ning for coordinated ground-based measurements from §n eap, Methodology

stage in the mission’s design [8, 9]. This coordination fess r , ) .

ulted in a plethora of Cluster/ground-based studies [1]. 2.1. Predicted satellite positions ,

Following launch in October 2006, the five THEMISifTe _ Fo_r the purposes of this investigation, predicted THEMIS or
History of Events and Mcroscalernteraction during Bbstorms)  bital information (courtesy of S. Frey, UC Berkeley) hastbee
spacecraft will be manoeuvred into equatorial orbits with-a  compared to Cluster Predicted Geometric Position (PGR) dat
and~10 Ry, (three spacecraft) with orbital periodso# days, be con@dered as pr(_JV|S|onaI. Similarly, the Cluster afhit-
~2 days and-1 day, respectively. fprmauon is also subject to change due to _sp_acecmft mamoeu

The orbits of the THEMIS spacecraft (or “probes”) have ng. Nevgrtheless,thesg data allowaprellm_mary ingesion
been selected such that at least three of the THEMIS probéd8 be carried outlooking into the various configurations af-m
ment, the spacecraft are in the optimum configuration tandist We shall present scenarios drawn from the preliminary arbit
guish between competing substorm theories and it is estimat information, we shall consider them examples of generie con
that over 180 hours of such alignments will occur each ydar [5 junction configurations rather than an attempt to plan fexsp
Meanwhile, a network of ground-based auroral all-sky inmage Cific dates and times.

(ASIs) and magnetometers in Canada and Alaska [4] will en-

sure that the probe alignments (at the substorm onset ragjidi 2.2. Magnetic field mapping
The Tsyganenko 1996 (T96) model [12, 13] has been em-

ployed in order to estimate the magnetic conjugacy of thet€tu
and THEMIS spacecraft with ground-based experiments. In
J. A. Wild. Space Plasma Environment and Radio Science Groupeach case, fixed input parameters corresponding to “average
Department of Communication Systems, Infolab21, Lancaiteé  solar wind and interplanetary magnetic field conditionsehav
versity, Lancaster, LA1 4WA, UK. been used (specifical§sy=2 nPa,Dst=0 nT, IMF By=0 nT,
Corresponding author: j.wild@lancaster.ac.uk _ and IMF Bz=0 nT). The approximate fields-of-view of the
m-r déhil;';pg;ﬁ'o%;h(ﬂyd Appleton Laboratory, Didcot, Ox- THEM|S ASIs and the international network of SuperDARN

' ek coherent-scatter radars have also been been considered.

Cluster is the first multi-spacecraft magnetospheric satel
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Nov 2006 Feb 2007

THEMIS

Fig. 1. The approximate configuration of the Cluster and THEMIS IB&georbits in the GSE X-Y plane during Nov 2006 (shortly
after launch), Feb 2007 (during the first planned THEMIS tdiservations season) and August 2007 (during the first pthAHEMIS
dayside observation season).

3. THEMIS conjunctions in the magnetotail figurations are the primary goal of the mission and occur ap-

As indicated above, when the apogees of the THEMIS Spacg_rommately every four days. In the two examples shown, sep-

) : . rated by about 1 month, the probes are aligned in the pre-
craft are in the terrestrial ma}gnetotan, the_four Clustrace- midnight (6 January) and midnight (3 February) sectors. On
craft pass through apogee in the solar wind (some 11 hou

I .
carlier in magnetic local time). Figure 2 shows the locatibn Both occasions, the four Cluster spacecraft are locatdtaaus

f the dayside magnetopause and can therefore provide de-
the THEM'.S and Cluster spacecraft on 6 January (Ief_t) and ailed thre}(/e—dimensgi]onal r%easurements of the field gndrpﬂas
F_e_bruary _(r|ght) 2007, Wh‘?” the THEMIS space_craft align M environment in the magnetosheath/solar wind. Such observa
ridionally in the post-midnight and midnight regions. '

X . . tions will remove the timing ambiguities inherent in applyi
The format of Figure 2, used throughout this paper, is as fol- ; : ; :
lows. For each datge/time included fc?ur sub—pa?]e?s are Bhowpropagatm_n_ delays to smgle—pc_nr_n_solar wmd/lMF_ measure
Theée present the location of the T’HEMIS probes (square sy ments traditionally made in the vicinity of the L1 positiconse

. ) "EZSRE upstream of the Earth and will allow the detailed in-
bols) and the Cluster spacecraft (circular symbols) intBG | o iqation of the solar wind/IMF drivers and possibledgs
X-Z and X-Y _planes. For comparison, field lines of the T96Of magnetospheric substorms
model magnetic field model (in the GSM Y=0 and Z=0 planes) Note also the coverage of the SuperDARN radar network

are also shown. The magnetic footprint of each spacectafafe during such conjunctions. In addition to the obvious (and in

symbols for THEMIS and circular symbols for Cluster) at anvaluable) overla
. o ) p of the THEMIS ASI array and the SuperD-
altitude of 100 km are indicated in both the northern andisout ARN radars in the Canadian and Alaskan sectors, the CUT-

emn hemispheres. Th.e footprjnt panels_ are presented in magass [7] and Kurguelan SuperDARN radars provide cover-
netic latitude/magnetic local time coordinates centreaipe age of the dayside cusp region in the northern and southern

geomagnetic poles with midnight located at the bottom, daw emis . o .
; pheres, respectively. As such it will be possible tmmo
to the right, noon at the top and dusk at the left of each panej, e ionospheric signatures of dayside reconnectidre- t

This applies to both t_he north_ern and souther_n hemispher%srivmg force behind magnetospheric substorms - while sim-
such that the Antarctic coastline appears as if viewed from

; X ultaneously observing the ionospheric flows within the geld
above the northern magnetic pole in order to preserved theg iow of the THEMIS ASls. Furthermore, global estimates
midnight-dawn-noon-dusk position in each plot. Overlaid o X !

the footprint panels are the approximate fields-of-viewha t of ionospheric convection pattern in both hemispherevddri
THEMIS ASils (white circles) and the fields-of-view of the 10 from SuperDARN data [10, 11] will provide global context to

northern hemisphere and 7 southern hemisphere SuperDA ﬁ remotely-sensed and in situ observations of the magneto

radars [6] currently in operation (shaded grey). We nott tha
general, the inter-spacecraft separation of the Clustelises

is sufficiently small & 1 Rg) that the individual spacecraft
cannot be resolved on the scale of the figures used in this p
per. Furthermore, the preliminary THEMIS orbital data plac
probes 3 and 4 in close orbits such that they cannot be rakolv
in the figures presented here.

During both of the meridional alignments presented in Fig-
ure 2, the THEMIS probes are magnetically conjugate to th
Canadian sector such that the probes’ magnetic footpiiats |
within the fields-of-view of the THEMIS ASI array. Such con-

Figure 3 presents a pair of THEMIS tail conjunctions sim-
ilar to those shown in Figure 2. However, in these cases, the
Cluster spacecraft are passing through perigee at rdiakbe
Altitude ~2-3 Rg) on the nightside of the Earth. In the 14
January example (left hand side of Figure 3) the THEMIS and
Cluster spacecraft come into close conjunction some 6 hours
after the optimum THEMIS probe/ASI array alignment. Con-
sequently, the THEMIS ASI array spans magnetic local times
from midnight to noon across the dawn sector. Such conjunc-
tions could be exploited to study morning sector auroral dy-
namics such as auror@lbands by comparing magnetotail dy-
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Fig. 2. THEMIS and Cluster locations and footprints on 6 January7206ft) and 3 February 2007 (right). In each case, the positif
the THEMIS and Cluster spacecraft in the X—Z and X-Y GSM ptaaee indicated by square and circular plot symbols respgti
The T96 magnetospheric magnetic field configuration, is alsmvn in each case. The magnetic footprints of the spadesiiafvn in the
orbit panels are shown in both the northern and southerndpireies. The footprint panels are presented in magneitisdetmagnetic
local time coordinates as described in the text. Overlaidhenfootprint panels are the approximate fields-of-viewhs#f THEMIS ASls
(white circles) and the fields-of-view SuperDARN radars.

namics (THEMIS), plasma dynamics in the auroral acceleraSeptember 2007 (left) and 12 September 2007 (right). In each
tion region (Cluster) and the auroral and ionospheric dyiopam case, the Cluster spacecraft are passing through the plasma
(THEMIS ASls, magnetometers and SuperDARN). sheet region of the magnetotail in the vicinity of magnetidm

The 7 February 2007 conjunction (right hand side of Fig-night. On the dayside, the THEMIS probes are distributeolth-
ure 3) presents a similar arrangement of the THEMIS and &lusbut the dayside magnetosphere, low-latitude boundaryr,laye
spacecraft, save that in this example, the Cluster periges p magnetosheath and solar wind (depending upon the exact time
has occurred during the primary midnight meridian THEMIS selected). Once again, this will enable multi-spacecradeo-
probe and ASI configuration. Given suitable substorm convations of the upstream solar wind, IMF and magnetosheath
ditions, such a conjunction would result in multi-spacéicra conditions that ultimately drive the substorm process ith
measurements of the auroral acceleration region by Clustdraving to rely upon upstream measurements lagged to the day-
at a similar magnetic local time as the radial distributidn o side magnetopause.
THEMIS probes.

While the orbits of the THEMIS probes will be arranged
such that ground-based ASI array in the Canadian sector will
4.1. Cluster in the nightside magnetosphere straddle the midnight sector when the spacecraft are at apo-

Clearly, the THEMIS mission has been driven by a desire taee in the midnight sector (achieving multi-spacecraft-con
understand the time-history of events in the magnetotail du junctions with various combinations of probes every 1, 2 and
ing magnetospheric substorms. However, for several month& days), the same is not true for the Cluster spacecraftebhde
of each year, the apogees of two of the five probes will be locwith their 57 hour orbits, the location of the THEMIS ASI ar-
ated in the solar wind or magnetosheath. At these times, they when the Cluster satellites pass through apogee wil var
azimuthal separation between the THEMIS and Cluster orbitfrom orbit to orbit. Nevertheless, interesting and pothti
is such that the Cluster spacecraft pass through apogee in tseful conjunctions between Cluster (in the plasma sheet) a
magnetic tail. In effect, when compared to the configuratiorthe THEMIS ASI array occur in a significant fraction of Cluste
presented in Figure 2, the roles of THEMIS and Cluster haverbits (at least half). The left hand side of Figure 4 present
been reversed; THEMIS now acts as an upstream solar wingixample of a “best case scenario” conjunction (which will oc
monitor while Cluster observes the field and plasma prosesseur 5 times per month) whereas the right hand side shows an
and dynamics in the magnetotail. example of partial conjunction with the THEMIS ASI array

Figure 4 shows two configurations of the THEMIS and Clustéwhich occur at a comparable frequency).
spacecraft during the THEMIS dayside exploration season: 5

4. Dayside THEMIS conjunctions

(©2006 ICS-8 Canada



340 Int. Conf. Substorms-8, 2006

THEMIS—CLUSTER PRELIMINARY ORBIT ANALYSIS 14:01:2007 14:00 UT THEMIS—-CLUSTER PRELIMINARY ORBIT ANALYSIS 07:02:2007 08:00 UT

20 10 0 -10-20-30 30 20 10 0 -10-20-30 30 20 10 0 -10-20-30 30 10 0 -10-20-30

XosM Xosm Xcsm Xcsm

12 MLT 12 MLT

Fig. 3. Estimated THEMIS and Cluster locations and footprints onJdduary 2007 (left) and 7 February 2007 (right).

4.2. Cluster in the dayside magnetosphere hand side of Figure 5, demonstrates a further configuration
Since the Cluster and THEMIS apogees are separated mf the THEMIS probes that might be exploited to investig-
~11 hours of magnetic local time, the separation between thate solar wind-magnetosphere-ionosphere coupling pseses
THEMIS apogee and the Clustperigee is ~1 hour. There- atthe dayside magnetopause. In this case, the THEMIS probes
fore, when the THEMIS orbit takes the probes into the daysidenake outbound traversals of the pre-noon sector low-tigitu
magnetosphere, magnetosheath and solar wind, the Cluster snagnetopause in a “line abreast” formation. In the histdry o
bits take the spacecraft through the mid-altitude magpéimsc  magnetospheric exploration, no other mission has offdred t
cusps in both hemispheres as they pass through perigee. Thuigpability of sampling the dayside magnetopause at several
class of Cluster-THEMIS conjunction is perfectly suitedite  local times within over a short time interval. In this cade t
investigation of dayside solar wind-magnetosphere-iphese magnetopause crossings occur as the Cluster spacecraft tra
coupling with spacecraftideally placed to monitor the tgestn/- verse the southern hemisphere magnetospheric cusp.
magnetosheath magnetic field, the low-latitude boundaey,la  This underlines the point that although the THEMIS mission
the low-latitude dayside magnetopause and the mid-adtitudis primarily optimized for space-ground coordination wiith
magnetospheric cusps. struments in the northern hemisphere (and the Canadian and
Two examples are presented in Figure 5. During the conthe Alaskan sectors in particular), excellent conjunctiot
junction on 16 September 2007 (left hand side of Figure 5)arise between the THEMIS probes, the Cluster spacecraft and
two of the THEMIS probes are located in the solar wind whileground-based experiments in the southern hemispherelylea
their companions are sampling the low-latitude boundargria  since the THEMIS spacecraft probe the dayside magnetospher
and dayside magnetopause. Meanwhile, the four Clusteespacmagnetosheath and solar wind during the northern hemispher
craft are moving from low-to-high latitudes at mid-altieel summer month, optical measurements of the cusp aurora will
(~ 2 Rg) through the northern hemisphere cusp (having trabe not be possible using the THEMIS ASI array. However,
versed the southern hemisphere cusp as the spacecraft maymgtical instruments in the southern (winter) hemispheré wi
inboundto perigee 1 hour earlier). At perigee, the orbital mo- be able to make daytime measurements of the cusp aurora.
tion of the four Cluster spacecraft causes the inter-spaftec lonospheric radar observations (using both the coherext- a
configuration to distort from the often-cited tetrahedrabg incoherent-scatter technique) and ground magnetomeges-me
metry and adopt a “string of pearls” arrangement. While thisurements made in both hemispheres will also prove to be in-
linear distribution of spacecraft compromises the cafigtid  valuable.
perform truly three-dimensional measurements, it doagltres
in four traversals of very nearly the same region of spaceave )
period of time slightly shorter than one hour. As such, the-mi - Summary and conclusions
altitude cusp crossings by the Cluster spacecraftaredpréa  apove, we have presented several examples of favorable
in time, increasing the likelihood of a Cluster spacecraftly  conjunctions between Cluster, THEMIS and ground-based ex-
located in the cusp when one of the innermost THEMIS probegeriments. While the THEMIS mission is primarily intended

traverse or skim the low-latitude magnetopause. _ to study the timing of substorm dynamics in the magnetatail,
The 23 September 2007 conjunction, presented on the right
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Fig. 4. Estimated THEMIS and Cluster locations and footprints onept&8mber 2007 (left) and 12 September 2007 (right).

also presents a unique opportunity to investigate daysidp-c

ling processes and the dynamics of the flank magnetopause
(not shown). When combined with the multi-spacecraft @ust
mission and ground-based experiments with extended field-o
view, such as the international network of SuperDARN radars
the capabilities of this unique mission are enhanced greatl 3.
In particular, the separation of the Cluster and THEMIS or-
bital apogees will allow the simultaneous observation ahbo 4.
dayside coupling and substorm dynamics. We note that uncers.
tainties regarding the final orbits of the various spaceaaf
the time of writing mean that specific examples may not oc-
cur at the exact dates/times indicated. However, the geaiera
rangement of the various space- and ground-based insttemen
presented here will occur regularly and present unrivajed o

portunities to investigate the dynamics of the terrestrab-
netosphere.
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