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Abstract. Among the many challenges facing the spacel Introduction
weather modelling community today, is the need for val-
idation and verification methods of the numerical modelsThe Earth’s magnetosphere is a highly complex nonlinear
available describing the complex nonlinear Sun-Earth syssystem mainly influenced by the interaction of the solar wind
tem. Magnetohydrodynamic (MHD) models represent thewith the terrestrial magnetic field. The processes by which
latest numerical models of this environment and have theenergy, mass, and momentum are transferred between these
unique ability to span the enormous distances present in thevo domains is a primary focus of space physics research to-
magnetosphere, from several hundred kilometres to severalay. The dynamic processes controlling this highly disturbed
thousand kilometres above the Earth's surface. This makeaear- to far-Earth plasma domain can reach from several kilo-
it especially difficult to develop verification and validation metres to several thousand kilometres above the Earth’s sur-
methods which posses the same range spans as the modeftsce. Modern satellite and ground-based measurements of
In this paper we present a first general large-scale comparithis environment can only describe the processes and phe-
son between four years (2001-2004) worth of in situ Clustemomena over limited spatial regions. They can be used as
plasma observations and the corresponding simulated prendicators for large-scale processes but in order to describe
dictions from the coupled Block-Adaptive-Tree-Solarwind- the physical processes on a global scale they often refer to
Roe-Upwind-Scheme (BATS-R-US) MHD code. The com- three-dimensional numerical based models. By exploiting
parison between the in situ measurements and the modehe full three-dimensional predictions of these models it is
predictions reveals that by systematically constraining thethen possible to establish causal relationships between the
MHD model inflow boundary conditions a good correlation localised observations and the global dynamiBsr¢hem
between the in situ observations and the modeled data cap000Q. Here MHD codes represent the state-of-the-art com-
be found. These results have an implication for modellingputational models which are widely applicable and practical
studies addressing also smaller scale features of the magnes execute in order to simulate the complex processes which
tosphere. The global MHD simulation can therefore be usedare present in the geospace environment.
to place localised satellite and/or ground-based observations From the first global MHD simulation byeboeuf et al.
into a global context and fill the gaps left by measurements. (1978 1981), through to the first real three-dimensional
MHD models Brecht et al.1982 Oging, 1986, to the codes
Keywords. Magnetospheric physics (Magnetopause, cusp,in their present states (e.ganhunen1996 Powell et al,
and boundary layers; Solar wind-magnetosphere interact999 Raeder2003 Lyon et al, 2004 the models have de-

tions) — Space plasma physics (Numerical simulation studVeloped and improved. Driven by recent advances in re-
ies) search and technology the present models are now capable of

simulating the geospace environment self-consistently from
the magnetosphere down to the ionosphere. Due to these
unigue capabilities a recent focus of global MHD investi-
gations is the study of individual magnetospheric “events”,
addressing mainly the energy, mass, and momentum trans-
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2008 Fedder et a).1995 1998 2002 Gombosi et a].200Q Recent case studiedNgzawa et al. 200, Marsh and
Hayosh et al.2006 Palmroth et a.2006 Pulkkinen et al. Robleg 2002 Mozzoni et al, 2007 Garner et a].2004) have
1998 Raeder et al.1997 Raeder2006 Siscoe et a).2007, addressed the first step of validation of the different models
Toéth et al, 2007 Zhang et al. 2006. For these types of describing the different sub-domains of the geospace envi-
studies it is essential that the MHD simulations are preciselyronment; starting from the ionospheric electrodynamic (IE)
calibrated and constrained as outlined/Mglker and Ashour-  models, through to the inner magnetosphere (IM) models,
Abdalla(1995 andBerchem(2000 before they can be used and further to the global magnetosphere (GM) models, but
to fill the gaps left by measurements and link the various lo-there exist only very limited studies addressing the second
calised ground- and/or space-based observations. Validatiostep of validation for the global coupled model (IE/IM/GM)
and verification of the models therefore becomes indispensruns. The existing studies rely mostly on limited spatial (few
able since only reliable model predictions can provide theseEarth radii) and temporal (few hours, several orbit progres-
links. sions) comparisons between the model predictions and the

Whereas verification and validation methods in the com-observations and can therefore only be seen as a limited ap-
puter science community are widely standardised (IEEEproach for the second step of validation.
Standard 1012-1986/1998/2004) and well documented (e.g. Our approach to this validation problem is presented in
Schlesingerl979 Adrion et al, 1982 Balci, 1997 Lipaev, this study and based on the technique describe®en-
2003 Dasso and Funeg006 the same standards and tech- ton and Taylor(2008 for the analysis of Cluster data sets.
niques cannot be used for models of natural systems as outd/e utilize a large statistical sample (up to 825000 data
lined by Oreskes et al(1994. This is because natural sys- points; depending on the instrument) of magnetic field and
tems are never closed and because model results are alwagtasma measurements from the Cluster spacecraft forma-
non-unique. Models can therefore only be verified and vali-tion collected in the years between 2001 and 2004, which
dated to a certain degree by demonstrating an agreement bare publicly available via the Cluster Active Archive (CAA:
tween observations and predictions and all confirmation ishttp://caa.estec.esa.int/cad?erry et al. 200§ and com-
therefore inherently partial. pare them to simulation runs of the Block-Adaptive-Tree-

In addition to the lack of standardised verification and val- Solarwind-Roe-Upwind-Scheme (BATS-R-US) MHD code,
idation techniques, most modern MHD models are executedoupled with the Rice Convection Model (RCM) and the
in “frameworks” and combine different numerical models in Thermosphere lonosphere Electrodynamic General Circula-
order to achieve the vast spatial coverage they offer. Each ofion Model (TIE-GCM). By using this large Cluster data set,
these models can be seen as a module representing one sgee are able to achieve the vast spatial coverage needed for
cific domain of the Sun-Earth system which are then coupledthe second validation step. Thus, we attempt to validate
by control modules via standardised interfaces to achieve @he BATS-R-US/RCM/TIE-GCM coupled model to find con-
global representation of the geospace environment. Simistraints and calibration factors to improve the model. By
lar features in the observations of each individual domainachieving a better accuracy of the model predictions, a bet-
within each module of the model provides a necessary but noter understanding of the physical processes present in the
sufficient condition for the “grand” MHD model (all mod- various domains can be achieved with implications of the
ules coupled together) “validation”. Since the coupled mod-model's capabilities to enlarge the localised point-to-point
ules themselves represent a complete new model of a naturaheasurements taken by ground- and/or space-based instru-
system, the coupled model itself needs to be validated bynents.
demonstrating an agreement between observations and pre-
dictions. Based on the techniques for the verification and
validation of large model systems describedici (1997 2 Instrumentation/data analysis
andLipaev (2003 and in regards to the conclusions of the
study byOreskes et al(1994 such combined models need The quartet of ESA Cluster spacecrdstoubet et 812007)
two steps of “validation” before a general evaluation can bewere launched in July/August 2000 into a highly elliptical
made; (1) each module on its own needs to be validated, (2prbit (19.6 (apogee)d.0 (perigee)Rg). The orbital plane is
the combined and coupled modules need to be validated. fixed in the inertial frame of the Earth, therefore the apogee

The second step consequently can only be used to evaluaggocesses through 24 h of Local Time (LT) with a 12 month
the specific module configuration and has to be repeated eyeriodicity.
ery time the inner model configuration is changed. Whereas Figure 1 shows the projection of the orbit path of Clus-
the first step of validation can be achieved via case ander 1 (Rumba) onto the—z, x—y, andy—z Geocentric Solar
comparison studies utilizing localised ground- and/or spaceMagnetospheric (GSM) reference planes for the time period
based observations, the second relies on a large spatial cofrom 1 January 2001 to 31 December 2004 in 100 min resolu-
erage of the complete geospace environment to perform &on steps for every 10th full orbit. Overlaid in Figj.are the
reliable comparison between observations and predictions. modeled magnetopause shap8kue et al.1997 indicated

by the solid grey lines and the modeled bowshock shapes
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Fig. 1. Plots showing tha—z, x—y, andy— GSM projections of the Cluster 1 (Rumba) orbit for the time period from 1 January 2001 to 31
December 2004 in 100 min resolution for every 10th full orbit. Overlaid are the modeled magnetopaus&khat 4/.1997) indicated by

the solid grey lines and the modeled bowshock shBpeffett et al. 1997 indicated by the dashed grey lines. The models are parameterised

by the solar wind and IMF conditions as shown in the upper right hand corner of the left-hand panelxy tB&M projection (centre

panel) the dayside magnetosphere area which is swept over by the orbit in the first 120 days of each year is highlighted by an underlying
grey area. In the—y and they—z GSM projections the Cluster orbits falling into a rangetdf R of y=0 Rg are highlighted in yellow and
represent the data range for the performed comparisons.

(Bennett et al.1997) indicated by the dashed grey lines. The parison with the prime MHD model output parameters (see
models are parameterised by the averaged solar wind and irBect.3, Fig. 2).

terplanetary magnetic field (IMF) conditions for the time of 14 5j10w an efficient analysis of this extensive in situ data
interest as shown in the upper right hand corner ofsthe  get \ve apply the technique first describe®enton and Tay-
GSM projection (left-hand panel). The solar wind parame-o (2008, The derived and observed individual parameters

ters were o_btained from th.e Solar Wind Electron, Proton, and(density, pressure, temperature, magnetic field strength, and
Alpha Monitor (SWEPAM;McComas et a).199§, and the  y6|ocity components) are first interpolated to a time resolu-

IMF conditions were obtained from the Magnetic Field Ex- 4o of one minute. Following this temporal interpolation the
periment (MAG;Smith et al, 199§ onboard the Advanced 5 ameters are binned according to the location of the Clus-

Composition Explorer (ACE) satelliteS{one et al.1998. o1 spacecraft onto an equidistal cartesian grid with a size
The utilised data were accessed via the ACE Science Centeys 1x1Rg and averaged values within each bin are calcu-

(ASC: http://www.srl.caltech.edu/ACE/ASCGarrard et al. lated. By combining several of these data files it is then

1998. As shown in Figlthe Cluster orbit offers a great spa- qssiple to produce quasi two-dimensional representations of
tial coverage of the near-Earth plasma environment stretchg, o geospace environment at any given location. To enhance

ing from £19.4 R in x- and y-GSM direction and from e ata range of these “data-planes”, measurements taken in
+125 Rg inz-GSM direction. The measurements taken dur- 5 i position within a perpendicular distancet® R

ing the four years of interest offer an extensive data set for thg,; 1, the required plane are used as complement. Fijure
validation of the coupled MHD model. highlights this technique in the case foram GSM plane at
For the comparison between the Cluster measurementd=0 Rz, here all measurements taken in an orbital position
which falls into a range ot5 Ry (highlighted in yellow) are

and the MHD model predictions we use the plasma parti-
cle observations from the Cluster lon Spectrometry (CIS) in-US€d t0 make up the data range of ihe GSM data-plane.

strument Reéme et al. 1997 2001 and the magnetic field Folloyving the_se criteria averaged data-planes of all before
measurements taken by the Cluster fluxgate magnetomet&f€ntioned prime plasma parameters can be created.

(FGM) instrumentBalogh et al. 1997, 2001). The measure- It should be noted here, that these data-planes are subject
ments of the ion distribution function in the energy rangesto two limitations: (1) the planes only represent the plasma
from ~0—-40 keV obtained from the Composition and Distri- parameters in a statistically averaged format, they cannot rep-
bution Function (CODIF) sensor of the CIS instrument thatresent short time fluctuations, (2) the derived plasma param-
allows calculations of the moments of the distribution and eters oblige the instrument limitations (e.g. energy range).
thus provides averaged values for temperature, density, antio cope with extreme driving conditions and their effect on
velocity. These data combined with the magnetic field com-the measured plasma parameters each interpolated data file
ponents obtained from the FGM instrument allow us a com-is combined with solar wind data measurements from ACE
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3 MHD model (coupled modules GM/IM/IE)

GLOBAL MAGNETOSPHERE

(GM/BATS-R-US) The corresponding MHD study uses simulation results from

the coupled BATS-R-US MHD codePpwell et al, 1999,
which was originally developed by the Computational MHD
Group at the University of Michigan, now the Center for
Space Environment Modeling (CSEMttp://csem.engin.
umich.ed). The code used is version 7.73 which is
part of the Space Weather Modeling Framework (SWMF:
http://csem.engin.umich.edu/swindlescribed byl 6th et al.
(2005 and \Volberg et al.(2005. The BATS-R-US code
solves three-dimensional MHD equations in a finite volume
form using numerical methods related to Roe’s Approximate
Riemann SolverRoe 1981). The code employs an adap-
tive grid composed of rectangular blocks arranged in varying
degrees of spatial refinement levels. A detailed description
of the model and the numerical/parallel implementation can
be found inGombosi et al(2003. The BATS-R-US MHD
code represents the GM module of the here discussed cou-
pled simulation.
Fig. 2.  Coupling scheme of the GM (Block-Adaptive- The IM moduk_a is described by the RC_M which re_presents
Tree-Solarwind-Roe-Upwind-Scheme), the IM (Rice Convection the inner and middle magnetosphere with a coupling to the
Model), and the IE (Thermosphere lonosphere ElectrodynamidonosphereToffoletto et al, 2003. The RCM represents the
General Circulation Model) modules. particles in terms of multiple fluids. Its equations and nu-
merical methods have been especially designed for an accu-
rate treatment of the inner magnetosphere, including the flow
to identify and exclude times where extreme solar wind con-of electric currents along magnetic field lines to and from
ditions (high solar wind speeds and high proton densities)the conducting ionosphere. The RCM computes these cur-
were present. The data points therefore can vary according teents and the associated electric fields self-consistently. It
time and selected orientation of the data-plane. For the herassumes perfectly conducting field lines and employs a pre-
presented study we mainly usez (noon-midnight merid- computed time-dependent magnetic field with associated in-
ian plane) GSM ana—y (equatorial) GSM data-planes with duction electric fields. The Vasyliunas equatidagyliunas
data sets consisting of 80 000 to 825 000 points. 1970 is used to compute the magnetic-field-aligned currents
In addition to the physical limitations of the instruments (Birkeland currents), and Ohm’s law is used to compute the
also the fact that Cluster 1 (Rumba) does not operate an acself-consistent ionospheric potential distribution. A detailed
tive spacecraft potential remediation mechanisms has to bdescription of the BATS-R-US/RCM coupling can be found
accounted for. Depending upon ambient plasma conditionsin De Zeeuw et al(2004). The IE module is described by the
this can affect how well the distributions (and hence the de-TIE-GCM code Ridley and Liemohn2002 Ridley et al,
rived moments) represent the actual local plasma conditions2004). It is a two-dimensional electrostatic potential solver
The effect is most obvious when the plasma contains a veryghat obtains the field-aligned currents from the global magne-
hot (or very cold) component with energies beyond the ranggosphere (GM) module included in the SWMF and employs
of the instrument. Hence, as noted bgnton and Taylor a statistical auroral ionosphere conductance model driven by
(2008, the resultant plasma densities shown are likely to un-the solar irradiation index (F10.7) and by the field-aligned
derestimate the actual values. It should be noted here, that iaurrent patterns.
the high flux regions (cusps, magnetosheath) the spacecraft The three modules (GM/IM/IE) are then coupled un-
potential is quite low £10V) and so does not affect the CIS der the SWMF to form a consistent representation of the
instrument measurements as much as in the plasma sheet agdospace environment. The coupling is achieved with near-
in particular the lobe region. These issues should be borne iontinuously two-way flow information between the differ-
mind not only when interpreting the results presented belowent modules via standardised interfaces. A schematic of the
but when utilising any thermal plasma measurement. How-coupling is presented in Fi@. We shall only briefly out-
ever, a comparison between densities measured on Clusterlthe the fundamental coupling aspects and refédéaZeeuw
(Rumba) and densities from other Cluster spacecraft wheret al. (20049 and Toth et al.(2004 2005 for a detailed de-
active spacecraft potential control is operating shows littlescription.
quantitative difference. Therefore for the statistical purpose The GM and IM modules are self-consistently coupled.
of this study the differences are negligible. GM calculates the time-dependent magnetic field of the
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Fig. 3. Solar wind and IMF conditions (model upstream input boundary conditions) obtained from the ACE satellite between 2001-2004 in
six day averages. The first par(@) represents the solar wind density, the light grey trace in this panel represents the 50% decrease of the
solar wind density used in the model runs. The second gahetpresents the temperature. The following panels represen{&efe) the

GSMuy, vy, v; components of the solar wind, af@—(h) the GSMBy, By, B; components of the interplanetary magnetic fig¢ldshows

the IMF clock angle (defined as arct(my/BZ)). The periods when the Cluster orbit swept over the dayside magnetosphere (first 120 days
of each year; cf. Figl centre panel) are highlighted with underlying grey areas.

magnetosphere. Starting from these calculations closed field comparison of these data sets is not in the scope of this pa-
line positions are determined and their intersections with theper. It should be noted, that the IE module is only included
equatorial plane are passed to the IM module along with then the coupled simulation for completeness to represent the
overall magnetic field strength, the magnetic flux tube vol- most commonly used coupled simulation run especially for
umes, and the corresponding pressure and density values. Ibordinated ground- and space-based studies. The IE mod-
derives its plasma distribution outer boundary and suppliesile is not neglectable since a change in the configuration of
the time-evolving plasma density and pressure on its spherithe coupled modules would represent a complete new natural
cal grid to adjust the GM values. system which then again would need validation as outlined

The IM and IE modules are only one-way coupled, the PY Oreskes et at1994 andLipaev(2003.
IE takes the field-aligned currents from the GM module, the  The simulation runs used in this study have been per-

e_Iectric potential_of the IE calculations is then passed backgrmed at the Community Coordinated Modeling Cen-
via the IM to the inner GM boundary. ter (CCMC; http://ccmc.gsfc.nasa.gdvat NASA Goddard
This GM/IM/IE coupling allows us to retrieve a wide Space Flight Center (GSFC) and on the High Performance
range of output parameters from the different domains of in-Cluster (HPC) computing facility at Lancaster University.
terest. The model outputs (cf. Fig) include the plasma pa- All model runs were executed with the finest resolution
rameters (atomic mass unit densitykinetic pressurey; ve- of 0.25Rg (~1600km) in the near-tail and dayside mag-
locity vy, vy, v;), the magnetic field componenss, B,, B, netopause region<(15Ry radial distance) and a.®Rg
and the electric current components jy, j. (prime model  (~3200 km) resolution in the far-tail region (starting from
outputs) as well as ionospheric electrodynamic parameters-45Rg). The adaptive nonuniform numerical simulation
(electric potentiald; Hall and Pedersen conductankg,, grid was then interpolated on an uniform equidistal cartesian
¥ p) and the ionospheric electric current densityWe shall  grid with different resolutions 0.5/1Rg (using the VisAn
not further comment on the electrodynamic parameters sinc#HD toolbox; Daum 2007 inside a bounding box of

www.ann-geophys.net/26/3411/2008/ Ann. Geophys., 26, 3428-2008
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+21Rg. Since the CCMC is running the SWMF version 2.1 4 Comparison
and the Lancaster HPC is running version 2.3 with a different
CPU layout an initial test of the simulation results was per- The model and data comparison contains two steps. The first
formed by comparing the two runs. This step serves as firsstep develops and evaluates the constraining factor used for
verification level to rule out computational and numerical er- the model runs and the second then builds upon this factor to
rors which could arise from the different CPU layouts and present a first general large-scale comparison of the Cluster
the different compiler infrastructures used. The runs showedbservations and the coupled MHD model run predictions.
equivalent results so that we are confident in using the simu-
lation run results for the comparison with the averaged bulk4.1 Initial comparison
plasma parameters obtained from the instruments onboard
the Cluster spacecraft. As outlined in the studies bpaum and Wild(2006§ and

The global MHD simulation is driven by real upstream so- Hayosh et al(2003 2006 using the coupled BATS-R-US
lar wind conditions (see FigB) of the y—z GSM plane at  model (GM/IM/IE) in comparison with high-latitude Cluster
x=33Rg, at the other boundaries the code assumes a zerand high-/low-latitude INTERBALL-1 observations respec-
gradient for the plasma variables since these boundaries aitévely, the coupled model seems to overestimate the general
far enough from the Earth that they have no significant ef-magnetic field and plasma compression. Therefore the bow-
fect on the dynamics due to the fact that they introduce ashock and magnetopause boundary is pushed further towards
negligible effect in the resistive MHD equations describing the Earth as indicated by the in situ satellite observations. In
the domain. Since a real time simulation run over the com-order to compensate for this and to “calibrate” the model, a
plete time span (2001-2004) was not operable (each timgonstraining factor for the upstream input boundary condi-
step in the simulation represents a full three-dimensionations is necessary. As shown in F@jthe parameter which
bounding box calculation with over 22.8 million data points), has a direct linear influence on the coupling between the GM
we have calculated six day averages from the hourly ACEand IM module is the solar wind proton density, this factor
Level 2 merged IMF, solar wind, and energetic particle datathen also determines the location and shape of the bowshock
files. Figure3 presents an overview of these six day aver- and the magnetopause in the simulation. In respect to the
aged data sets from 2001 to 2004. The first panel shows theesults presented bpaum and Wild(2006; Hayosh et al.
solar wind density (also the 50% decrease, light grey trac€2003 2006); Koval et al.(200§ we have computed differ-
which was used in the simulation runs as constraining fac-ent simulation runs (not shown here) with varying densities
tor) followed by the solar wind temperature, the velocity, (from 100% to 30% of the original value) and have compared
and magnetic field strength components in a GSM referencéhe location of the magnetopause in these simulation runs
frame. The last panel shows the IMF clock angle defined agvith actual Cluster magnetopause crossings. Therefore we
arctan(B,/B.). With these six day averaged solar wind and used the simulated data to estimate the times of the Cluster
IMF conditions a quasi time-accurate simulation was per-magnetopause crossings exploiting the spacecraft orbit path
formed and every cadence in the simulation therefore repand the prime model output parameters. The crossing times
resents a six day cadence in real-time. Subsequently with thevere identified manually on the basis of several independent
243 dependent IMF and solar wind condition also 243 modelcriteria of changing fields along the orbit path: (1) the mag-
outputs with an average dipole tilt of Qcorresponding to  netic field variations in strength and direction, (2) sudden
the four years observation time) were computed and used foincreases in the-GSM velocity component, and (3) loca-
the comparison. tions/regions where the vector field ®fp—p differs from

For the times where the Cluster orbit swept over the day-zero and exhibits a drastic magnitude change. The so de-
side magnetosphere region, highlighted in Fdpy the un-  duced times of crossing were then compared with the actual
derlying grey areas, additional fixed input boundary modelin situ field and plasma indications observed by the instru-
runs with an averaged dipole tilt 6f11.68 (calculated from  ments. Here the simulation runs performed with density de-
the daily dipole tilts in the time from January to April of each creases of-50%+3% showed the best agreement between
year) were performed. These runs were then used for an inithe predicted times and the actual times of the magnetopause
tial comparison of the magnetopause shape and location igrossings.
the model and the data in order to give a first implication In order to evaluate this constraining factor we have gener-
if the presented constraining factor (50% density decreasejtedx—z GSM data-planes from the Cluster observations for
is applicable. It has to be noted here, that the model rungimes when the orbit swept over the dayside magnetosphere
with fixed input boundary conditions converge into a steady-(cf. Fig. 1 centre panel). Figuréfirst column shows the cor-
state solution through unphysical intermediate solutions butresponding Cluster 1 (Rumba) orbit positions for these times
since we only use these runs for a comparison of the directlyat 100 min resolution projected onto tbez GSM plane
driven part of the magnetosphere reasonable implications fowith all y-positions falling into the data range 9£+5 R,
the constraining factor can be drawn. the second column represents the resultant colour-coded

maps (x1Rg cell size) of the observed plasma pressure

Ann. Geophys., 26, 3418428 2008 www.ann-geophys.net/26/3411/2008/



P. Daum et al.: Cluster/BATS-R-US MHD comparison 3417

CLUSTER 1 orbit projection (1)

CLUSTER 1 data 1 2001 | GRID 1.00 R BATS-R-US /RCM | 2001 | GRID 0.50 R,
20 ) 08
z:;; :g?lmo 18I ig.gg ﬂ av. dipole it ~11.68° : ’

15 =65 o 0.7 .

sz=7A49 km/s

10 p =22 nPa

T = 93444 K
" 0.6 .

5 /2 T s
ot “ﬁ 0.5 ¢ _ &
£, o P w w

z Rt 045 3 g
W5 P 2 8 2
otk @~ ]

-5 S 03¢% g

-10 02
-15
ACH 4, 0.1 .
B, e
-20 a - o
20 15 10 5 0 -5 -10 -15 -20
*gsm [Rel *asm [Rel Xgsm [Rel
CLUSTER 1 orbit projection (2) CLUSTER 1 data | 2002 | GRID 1.00 R BATS-R-US / RCM | 2002 | GRID 0.50 R,
20
year: 2002 Bl = 11 nT 20 av. dipole tilt -11.68° 08 ’
days: 001-120 B, - 058 nT

15 n,= 73 #em® 15 0.7 A

Voy=-446  km/s
p =24 nPa

10 T = 101318K 10 0.6 B

— 5 5 05¢ 5&
o - £ 4 £
= « woo w
= 0 s 0 045 = 5
R} 19 o 3 @
N @ N i

-5 -5 03¢& 3E

-10 -10 0.2 }
-15 -15
ACE 0.1 A
235 R qa,,% magnE’Opa
-20 i e -20 o
20 15 10 5 0 -5 -10 -15 -20 20 10 0 -10 -20
*gsm [Rel *asm [Rel Xasm [Rel
CLUSTER 1 orbit projection (3) CLUSTER 1 data 1 2003 | GRID 1.00 R BATS-R-US / RCM | 2003 | GRID 0.50 R,
20
year: 2003 Bl = 047 nT 20 av. dipole tilt -11.68° 08 ’
days: 001-120 Bx 022 nT

15 =6 #em® 15 0.7 A

Voy=-515  kmis
p =27 nPa
10 T = 140970K 10 0.6 .
_ 5 5 i 058 g
= - £ £
= 0 [ W u
2 = 0 045 = >
B : g2 2
-5 N o~ @
-5 ' 03 g T
-10 -10 “ 0.2 :
-15 -15 0.1 .
Magne,
p.
-20 — 20 o
20 15 10 5 0 -5 -10 -15 -20 20 10 0 -10 -20
*asm [Rel *asm (Rel Xgsm [Rel
CLUSTER 1 orbit projection (4) CLUSTER 1 data | 2004 | GRID 1.00 R BATS-R-US / RCM | 2004 | GRID 0.50 R,
20 0.8 :
year: 2004 i e .
Yoyen 001120 ‘S‘ :72_33 :1 av. dipole tilt —11.68
15 ne= 48 #lom? 0.7
Ve,=-500  kmis
p =2 nPa

10 T = 135165K 0.6

_ 5 05§ g
& ™ E 4 £
= E w E w
=0 = 045 5
N & RS @
N @ N i

-5 03¢ &

-10 0.2 -10
-15 01 -15 i )
Magneys,
P
-20 e ] 0 -20 : 0
20 15 10 5 0 -5 -10 -15 -20 -20 20 10 0 -10 -20
*asm [Rel *asm [Rel Xgsm [Rel

Fig. 4. Cluster 1 (Rumba) data and model comparison; (first column) Cluster 1 (Rumba) orbit positionsywittbrR . projected onto

the x-z GSM plane at 100 min resolution for the first 120 days of each year from 2001-2004 (projections correspond to the time spans
highlighted in Fig.3), (second column) Cluster 1 (Rumba) colour-coded plasma presssifeSM data for the according time periods with

up to 87 000 data points, (third column) coupled BATS-R-US/RCMI/TIE-GCM plasma pressure predictions for the according time periods in
thex-z GSM plane. Overlaid are the magnetopause boun&iryé et al.1997) and the bowshock shapBénnett et al.1997) parameterised

by the IMF and solar wind conditions as shown in the upper right hand corner of each orbit projection.
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distributions. Overlaid are the magnetopause boundary afeusps. At a normal distance ofRlz to 3Ry downstream
ter Shue et al(1997) and the bowshock shape aféennett  of the magnetopause boundary the values drop again to lev-
et al. (1997 parameterised by the averaged IMF and solarels of around 0.1-0.2 nPa. Here the two tail lobes above and
wind conditions as shown in the upper right hand corner ofbeneath the neutral sheet become apparent. Continuing in-
each of the orbit projections. The averaged dipole tilt for wards to the nightside of the Earth at lower L-shell positions,
the times of interest is indicated by thel1.68° tilted day-  the values raise again to magnetosheath level. This steep gra-
Inightside representation of the Earth. dient in the observations is not present in the model data and
The observational results shown in the second column okuggests that the model underestimates the nightside plasma
Fig. 4 agree with similar studies previously publishdgs{ injection in L-shell regions underBg.
coubet et al.1997 Lavraud et al. 2004 Denton and Tay- As outlined inDe Zeeuw et al(2004); Danov and Koleva
lor, 2008 and exhibit the classical distinguishable plasma re-(2007); Garner et al(2004; Lemon et al.(2004 2005 this
gions. From left to right; the solar wind, then the compressedunderestimation is common in the coupled IM module and is
magnetosheath followed by the inner plasmasphere. Assurheavily dependent upon the initialisation time given for the
ing that the Cluster data-planes are representative of the avnodel run, until its sets into a steady state for the ring current
erage dayside magnetosphere state for the times of interesdistribution and it is dependent on the grid resolution used.
we can now compare these data-planes with correspondinghe grid resolution change between the GM and IM module
simulation runs. Therefore we have used the averaged saan cause diffusion regions which then have an influence on
lar wind and IMF conditions present at the four time spansthe current distribution and subsequently the plasma pressure
(see (1), (2), (3) and (4) in Fi®) when Cluster was located distribution especially in the near-Earth regions. In the case
in the dayside magnetosphere and have computed the copresented here it is most likely that the underestimation is the
responding coupled MHD predictions. The model runs wereresult of the fixed input boundary conditions since the model
performed with fixed input boundary condition (shown in the runs therefore do not include the temporal (120 days) and
upper right hand corner of the orbit projections) but with a spatial -5 Rr perpendicular toy=0 Rg) variations of the
50% decrease of the solar wind proton density and a fixechigh-energetic plasma processes (unlike the observations).
dipole tilt of —11.68 was used. Figuréthird column shows Overall it can be said that the coupled MHD simulation re-
the colour-coded—z GSM pressure distributions 8#=0Rr  produces reasonable well the actual statistical parameterisa-
for the BATS-R-US/RCM/TIE-GCM coupled model runs. tion of the dayside magnetosphere given by the observations
Also here the bowshock shapggennett et al.1997) and the  and clearly exhibits the three main plasma regions separated
magnetopause boundaigtue et al.1997) are overlaid. by the boundary representationsRgnnett et al(1997) and
Comparing the in situ pressure distributions with the mod-Shue et al(1997. Whereas with the 50% decrease these
eled ones, it can be seen that both modelled and measurédsbundaries are reproduced reasonably well6©% den-
pressures exhibit three distinct plasma regimes and their assity runs (not shown here) put the location of the bowshock
sociated boundaries aft&@ennett et al.(1997 and Shue  and the magnetosphere further towards the Earth due to their
et al. (1997. Here it should be noted, that the bowshock overestimation of the magnetic field and plasma compres-
model seems to perform slightly better than the magnesion. We are therefore confident in using the 50% decrease
topause model especially in the tailward flank regions. But asf the solar wind proton density as a constraining factor to
shown inSafianko\a et al.(2002 these variations are com- calibrate and adjust the MHD model runs.
mon for second order surface fits as used inShee et al.
(1997 model and spreads ofR; to 3R inside or outside 4.2 General comparison
the model surface are expected. Therefore the slight vari-
ances between the here employed MHD model and the magFhe second step of comparison serves as an overall valida-
netopause representation are expected. Both boundaries ction criteria for the coupled model runs and incorporates the
therefore be used as reference for the following comparisorcomplete Cluster data sets (2001-2004) and uses the con-
and give a first indication of the applicability of the constraint straining factor discussed above for the model runs. In order
used. to compare the Cluster data sets with the model, we have
Following on from this initial referential comparison it can computed 243 simulation steps using the six day averaged
be seen that from the solar wind to the compressed magnesolar wind and IMF conditions as shown in Fjand gen-
tosheath region, the model as well as the data show a steegrated averaged plasma, magnetic field, and velocity nhoon-
gradient in the pressure with similar values and distributionsmidnight meridian and equatorial maps. Fig@ee-f shows
upstream and downstream of the bowshock. Inside the maghe Cluster pressure distributions (with up to 825000 data
netosheath region the pressure values raise ppt6.8nPa.  points) in thex—z andx—y GSM reference planes and the
Here the observations exhibit the highest values in the northeorresponding MHD model distributions as well as the resul-
ern and southern cusp regionsy(7 Rg andz~+7 Rg) and  tant deviation. Figur@a—j represents the total magnetic field
the model data exhibit the highest values at the subsolar nosgtrength and deviations in the same GSM reference planes
region ((~10Rg andz~3 Rg) which then extend into the of the Cluster data sets, the MHD model predictions and
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Fig. 5. Cluster 1 (Rumba) data and model comparison irctheandx—y GSM planes for the time from 2001 to 2004 with up to 825 000 data
points;(a)/(d) plasma pressure measuremetti¥(e) MHD model predictions, ant)/(f) resultant deviation. Overlaid are the magnetopause
boundary Shue et al.1997) and the bowshock shapBénnett et al.1997) parameterised by the IMF and solar wind conditions as previously
shown in Fig.1.

the empirical Tsyganenko (T'96) magnetic field modedy- the model predictions and the Cluster data are in reasonable
ganenke 1995 Tsyganenko and Steri996 predictions.  agreement with a standard deviation~dd.13 nPa.
Overlaid on all resultant maps are the magnetopause bound-

a:y l(S?gg et al'199t7) .anc(; LhetEOWShOCk Zhﬁ\ﬁfe(m;ett | Fig. 5d) the clearly distinguishable plasma regions men-
et a, 7) parameterised Dy the average and soial e previously blend into each other and only two clear
wind conditions obtained from the six day averages as Showr?egions are apparent, the solar wind and the quasi com-

in Fig. 3. bined magnetosheath and magnetosphere. It should be
noted that the observations do not include values in the
5Rp<x<10Rg, —10Rg<y<0Rg region (also the inverse

The x—z GSM pressure maps of the observations and theis true for the nightside) due to the orbit path and therefore

model (see Fig5a—e) exhibit again the three clear distin- only limited comparisons can be made. The data do not show

guishable plasma regions with similar values and distribu-the three plasma regions and clearly defined boundaries pre-

tions. By using the complete Cluster data set, the night-sented in the model predictions, with high plasma pressure

side distribution is also shown and exhibits, in addition to values inside the magngtosheath and lower pressure values

g_ownstream of the dayside magnetopause. In the inner plas-
masphere the model and the observations have a better agree-
ment but the model exhibits smoother gradients, this is also
reflected in the deviation plot see FHhj.

In the x—y GSM pressure map of the observations (see

4.2.1 Pressure comparison

sure in the far tail region at~—15 Ry with values raising

to about 0.3nPa. This is reproduced by the model but with
a much thinnerz-GSM spread, this is due to the fact that
the model uses a fixed®ipole tilt whereas the observa-  The main focus of the plasma observations in the noon-
tions include the daily and annual variations. Figbcealso  midnight meridian plane as well as in the equatorial plane,
shows that the Cluster data and the model predictions devilies on the high plasma pressure values around the Eakth at
ate the most on the dayside inner plasmasphere-&tR g, shell position of<4 Rg. These high values are indicators for
here a difference of upto 0.4 nPa can be observed. Elsewhet@gh-energy processes in the ring current and their magnitude
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CRCM model of the ring current fluxes vations. Other in situ/model comparisons of this type reveal
clues to physical processes responsible for such high pressure
values (e.gDenton et al. 20053 Lavraud and Jordanoya
2007).

Overall it can be said that the GM/IM/IE coupled MHD
model plasma predictions, also without a two-way coupling
to the CRCM, represent the plasma pressure observations
reasonable well in all major regions fbe-4 Ry, considering
the above mentioned instrument and model limitations.

*asm [Rel

PROTON FLUX [1/(c? s st keV)]

4.2.2 Magnetic field comparison

year: 2001

day: 096 : Since the Cluster data-planes are spatially confined by the
o orbit path, we have additionally calculated the correspond-
Yasm (Re! ing magnetic field strengths in the planes of interest using
the T'96 magnetic field model. Due to the fact that no Cluster

Fig. 6. Colour-coded proton flux in the equatorial plane derived gata are included in the T'96 database, the model can be used

from the one-way coupled RCM aifik et al (200]) model. Over- 55 g independent further reference for the comparison be-

laid is the magnetopause boundary aféue et al(1997) parame-
terised by the IMF and solar wind condition as shown in the lower
right hand corner.

tween the Cluster data and the MHD model predictions. Here
has to be noted that the T'96 model is limited and confined
by a parabolic magnetopause shape and does not produce val-
ues outside this boundary. Therefore the T'96 model should
) , ) here only be used for a comparison of the inner plasmasphere
is consistent with the results presented by Agonovaetal.  \a)yes. This limitation is also why MHD models become in-
(1999; De Michelis et al(1999; Lui (2003. These near-  yishensable for the community especially when focusing on
Earth high plasma values encounters are not well reproducefqcesses which extend over this natural boundary. The T'96
by the model. calculations used here were performed with the six day aver-
Comparing the simulation runs with the results presentedaged solar wind and IMF conditions as shown in Fgnd
in Lemon et al.(2004 2009 a consistency can be found. a generalD,,-index of —25nT. With these input parameters
The magnetic-field perturbations in the RCM model seems243 model steps were calculated and averaged. The resul-
to prevent the injection of a significant ring current and sub-tant total magnetic field strength distributions are shown in
sequently prevent the occurrence of a high plasma pressureig. 7d, i.
in the near-Earth region. In order to get afully self-consistent |n all six magnetic field Strength representa{ions (R@
representation of the near-Earth environment, the RCM hag, d, f, g, i) four clear defined regions of different magnetic
to be further coupled with a ring current model. At the cur- field strength can be observed. From left to right (top to bot-
rent state the SWMF does include a coupling between thegom), the low magnetic field strength 6f10 nT in the solar
RCM and theFok et al.(200) ring current and radiation  wind upstream of the bowshock, followed by 20-30 nT in the
belt model. But, this so called Comprehensive Ring Cur-magnetosheath, followed by the geomagnetic field indicated
rent Model (CRCM) is strictly one-way coupled and does by 50—75nT in the vicinity of the magnetopause and magni-
not interfere or alter the general GM/IM/IE MHD simula- tydes of over 100 nT closer to the Earth.
tion. Therefore it can be used for case studies addressing Concentrating at first on the resultantz GSM planes
this specific plasma domain but can not be included in the(rig. 7a—e), the MHD and the T'96 model predictions show
general validation of the coupled MHD model under investi- 3 good agreement up to the magnetopause boundary. Both
gation here. For completeness and since it does not interfergodel predictions reflect the four magnetic field strength re-
with the general simulation in the sense of changing the natgions as seen in the observations. Since the MHD model
ural system Qreskes et al.1994), in addition to the MHD  js not limited by a parabolic magnetopause, the model can
model steps we have also computed the corresponding 2480 describe the magnetosheath and solar wind domain and
coupled CRCM steps. reflects to a certain degree the major characteristics of the
Figure 6 shows the proton fluxes in the equatorial plane observations. The T'96 model reflects better than the MHD
derived from the CRCM at one instant of time during the model the plasma cavity regions above and beneath the neu-
simulation runs. It can be seen that with the CRCM model,tral sheet starting from<0 Rg. Compared to the observa-
the near-Earth plasma domain can be described in great detdibns, the MHD model still seems to slightly overestimate the
(e.g.Sazykin et al.2005 Taktakishvili et al, 2007) and that  magnetic compression since the observations show magnetic
the high fluxes predicted by the model are consistent with thefield strengths of about 20—30 nT in the magnetosheath which
location of the high pressure values indicated by the obserare only to some extent represented in the model predictions
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Fig. 7. Cluster 1 (Rumba) data, MHD model, and T'96 model magnetic field strength comparisoninztia@dx—y GSM planes for the
time from 2001 to 2004 with up to 825000 data poirsy/(f) total magnetic field strength obtained from the FGM instrument onboard
Cluster,(b)/(g) MHD model predictions(d)/(i) averaged T'96 empirical model predictions, doji(e)(h)/(j) resultant deviations. Overlaid
are the magnetopause bounda®ie et al.1997) and the bowshock shapBénnett et al.1997) parameterised by the IMF and solar wind

conditions as previously shown in Fig.
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Here it should be noted, that the observations do include the
daily/annual dipole variations and include fluctuations asso-
ciated with high plasma measurements. The observational
data-planes therefore represent a smoothed picture of reality
but with systematic spikes whereas the models do not ac-
count for this fluctuations and the daily/annual variations.
Therefore it can be found that on average, both models de-
scribe reasonable well the dayside magnetic field strengths
but lack accuracy on the nightside. These discrepancies es-
pecially have to be taken into account by studies using map-
ping predictions between the Earth and the nightside magne-
tosphere near- to far-tail regions. Due to this overestimation
of the magnetic compression mapping and tracing calcula-
tion along field lines exploiting the three-dimensional model
data would lead to the underestimation of the actuektent
of the magnetic field lines.
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Figure 8 shows the velocity flow vector comparison of the
Cluster data and the coupled MHD model predictions in the
x—z GSM andx—y GSM reference planes. The observa-
tional flow vectors indicated by the red arrows are overlaid on
the gridded MHD vectors indicated by the light grey arrows.
Overlaid in both panels are the magnetopause shapee(

et al, 1997 and the bowshock shapBdnnett et al.1997)
parameterised by the averaged IMF and solar wind condi-
tions as shown in Fig3.

Here in both panels the three clearly defined plasma re-
gions as seen before are apparent, namely the solar wind
(with velocities mainly directed perpendicular to the bow-
shock) followed by velocity vectors indicating plasma flows
around the magnetopause inside the magnetosheath and a
quiet inner plasmasphere with velocities of mainly under
~40km/s. In the solar wind and the magnetosheath region
the plasma flow vectors given by the observations are well
reproduced by the model, both in direction and magnitude.
The boundaries which infer to exist are perfectly matched by
Fig. 8. BATS-R-US/Cluster 1 (Rumba) vectors of the magneto- the model and well reflected by tiBennett et al(1997) and
spheric flows in thee— andx—y GSM reference planes. The ve- Shue et al(1997) representations. These consistencies indi-
locity flow vectors are scaled in accordance to the key on the rightcate, that the constraining factor (50% decrease of the solar
and colour-coded in accordance to the coupled MHD and the obwind density) employed is germane.
servations, respectively. Overlaid are the magnetopause boundary ypstream the bowshock, the model strictly reflects the
(Shue et a_|.1997) and the bowshock s_hapBe{nn_e_tt et a|.1997)_ given input boundary conditions determined by the single-
zﬁgivr:?:]egisef by the IMF and solar wind conditions as IOre\"ouswpoint ACE observations and does not include the variations

g as seen in the observatiorBalogh et al. 2005. Due to
this, variations between the model and the observations are

] expected but marginal.
(cf. Fig. 7b). Also compared to the T'96 model, the MHD

model exhibits a much steeper gradient of the field strengtly 2 4 plasma density comparison

in the plasma cavities. This is especially evident inthe

GSM representation. Finally we shall compare the plasma proton density of the
The observations exhibit higher magnetic field strengthmodel and the observations, to investigate if the constrain-

values throughout the nightside plasmasphere, which are nahg factor has also altered the proton density present in

well reflected by both model predictions (cf. Figh, j). the IM module region. Thus, we attempt to evaluate how
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much influence the upstream input density has on the general CLUSTER 1 data | 2001-2004 GRID 1.00 R
model run. Figur®a—d show the plasma proton density dis- o dclo 0
tribution given by the observations and the model inithe
GSM andx—y GSM reference planes. Overlaid are the mag-
netopause boundangliue et al. 1997 and the bowshock
shape Bennett et al.1997) parameterised by the IMF and
solar wind conditions as previously shown in FlgFor bet-
ter comparison the constraint upstream values of the proton
density in the model data are not shown and the plots only
show values starting in close proximity of the bowshock.
Despite the lowering of the solar wind density in the sim-
ulation, the model matches the values in the IM region rea- roon )
sonably well. Whereas the solar wind region in the model BATS-R-US / RCM | 2001-2004 | GRID 0.50 R,
exhibits values of aroung3 cmi~3 (blocked out but cf. Figl 3
left-hand panel) the observations show values6£7 cn13
as expected due to the 50% decrease, but starting down-
stream of the bowshock the agreement improves in both mag-
nitude and distribution. The observations especially show
high plasma densities in the magnetosheath region with a
vasty- andz-GSM extent of over 2Rg. This is only par-
tially reflected in the model predictions, but considering the
constraining factor used there is still a reasonable agreement.
Considering the above comparisons it can be said, that
even with the 50% decrease of the input density, the plasma,
magnetic field, and velocity flow observations of Cluster are
reflected well by the model on a global/medium scale.
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5 Discussion and conclusions

The accurate global-scale modelling of the geospace envi-
ronment becomes more and more relevant for solar-terrestrial
studies, in order to link the various small-scale observations
of space- and/or ground-based instruments. As outlined by
Berchem(2000 the present global MHD models posses the
unigue ability to span the enormous distances present in 0
the magnetosphere and can put the point-to-point observa- Yoo I

tions into a global context. In order to give a first general BATS-R-US/ROM 1 2001-2004 | GRID 050 R
large-scale evaluation of one of these global coupled MHD 0% docreased sw value arenotshown
models, we have performed a statistical study of the bulk
plasma properties as measured by the Cluster spacecraft dur-
ing 2001-2004, and the near- to far-Earth simulation domain
of the coupled BATS-R-US/RCM/TIE-GCM global MHD
model.

Our study finds very similar statistical plasma pressure,
magnetic field strength, flow velocities, and density values in
the Cluster measurements and the coupled MHD model runs.
This gives an indication for various kinds of event studies o
using the coupled model. It shows, that the current models Yosu el
included in the SWMF can not just be used to accomplish
causal relationships, but that they also have developed into kig- 9. Cluster 1 (Rumba) data and BATS-R-US colour-coded
state where they can describe the highly variable dynamics iplasma proton density comparison in the andx—y GSM planes
the different plasma domains self-consistently. They can novJO_r the time from 2001 to 2004 with up to 825 000 data points. Over-
address the linked sets of objectives concerning the natur%a'oI are the magnetopause boundaBnge et al. 1997 and the

of various time- and spatiallv-varvina phenomena present in owshock shapeBennett et al. 1997 parameterised by the IMF
various t patially-varying p P "Mnd solar wind conditions as previously shown in Hig.
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the geospace environment and can be used for space weathgut also with the encountered variations between the model
applications. and the in situ data in the IM regions, the model still reason-
As outlined byWalker and Ashour-Abdallg1999 the able well describes the large-scale processes in this domain
global simulations can only be used to address these linkednd therefore can also be used for event studies as outlined
set of objectives, when they are correctly adjusted and calibefore for the GM domain, especially with further coupling
brated. In order to do so, the models need to be comparetb different models.
with huge data sets covering the vast spatial extent of the While the presented study has shown that the coupled
near- to far-Earth plasma environment. The here presenteBATS-R-US/RCM/TIE-GCM MHD code is a powerful tool
technique for using several years worth of in situ Clusterto model the geospace environment on a large-scale, it has
data Denton and Taylqr2008 to produce noon-midnight also shown thatin order to get a more realistic representation
meridian and equatorial data-planes and to compare them tof the highly dynamic plasma domains, small-scale global
the coupled simulations, demonstrates a novel general vakinetic simulations are indispensable and will be subject of
idation step for the models. While the presented data setuture studies in the modelling community. Although global
already contains over 825000 data points, the observationkinetic models are still a few years from being widely used in
of the space plasma environment still remains sparse and ththe community, first multi-scale modelling approaches have
focus of future work will be to incorporation further satel- been developed in order to fill the gap between the small-
lite data from missions such as Double Star, THEMIS, andscale kinetic models and the global simulations. A first ap-
LANL data (Denton et al.2005H in order to extend the pre- proach is described iKuznetsova et ali2007) and bridges
sented data-planes and to lower the grid resolution to matclthe gap successfully between the two modelling domains,
the model grids. further studies of this kind will follow until the advances in
But in general, it can be said that the presented modetechnology will allow the global kinetic models to substitute
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