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Abstract. We performed global MHD simulations of the
geosynchronous magnetic field in response to fast solar wind
dynamic pressure (Pd) enhancements. Taking threePd en-
hancement events in 2000 as examples, we found that the
main features of the total fieldB and the dominant compo-
nentBz can be efficiently predicted by the MHD model. The
predictedB andBz varies with local time, with the highest
level near noon and a slightly lower level around mid-night.
However, it is more challenging to accurately predict the
responses of the smaller component at the geosynchronous
orbit (i.e., Bx and By). In contrast, the limitations of T01
model in predicting responses to fastPd enhancements are
presented.

Keywords. Magnetospheric physics (Solar wind–
magnetosphere interactions)

1 Introduction

The magnetospheric magnetic field is an essential parameter
determining the dynamics of the solar wind–magnetospheric
coupling system. Therefore, a reliable magnetic field model
is essential in geospace investigations. Recent development
of the space weather forecast also requires an accurate pre-
diction of the magnetic field in our surrounding environment.

Global MHD simulation provides a convenient access to
the magnetic field in the three-dimensional magnetosphere.
However, the predictive ability of the MHD magnetic field
model should be carefully evaluated before its application.
Validation studies of numerical simulation models have be-
come a primary focus recently. Long period (3 yr) char-

acteristics of the modeled magnetic field were consistent
with Cluster spacecraft observation according toDaum et al.
(2008). Storm time geosynchronous magnetic fields detected
by GOES satellite, varying on a time scale of hours, were
compared with several MHD field models (e.g.,Huang et
al., 2006; Pulkkinen et al., 2010; Rastatter et al., 2011). The
under-stretched nightside field lines during storm time can
be improved by inclusion of a ring current model. Magnetic
field evolutions during substorms, with a characteristic time
of about half an hour, were also investigated by observation
and the corresponding simulation (e.g.,Raeder et al., 2001;
Wiltberger et al., 2000). However, to our knowledge, the vali-
dation works are scarcely carried out to examine the detailed
features of the magnetic field transient variations on a time
scale of minutes. Recognizing that future space weather in-
vestigations will probably progress towards a higher accu-
racy within a smaller temporal scale, similar to meteorologic
development, this paper focuses on detailed validation of the
MHD field model.

Fast solar windPd enhancements (sharp increase within
∼ 2 min) introduce compressional wave to the magneto-
sphere, which enhances the dayside magnetic field and
causes complicated variations on the nightside (e.g.,Lee
and Lyons, 2004; Villante and Piersanti, 2008; Andreeova
et al., 2011; Sun et al., 2011). The typical time duration
of the geosynchronous magnetic field responses are within
∼ 8 min according to GOES measurement. These transient
events thus provide a good opportunity to evaluate the im-
mediate responsiveness of the MHD field model. Aside from
the validation purpose, a reliable magnetic field model also
assists space physics investigations. After fast solar windPd
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enhancements, various processes, in addition to the mag-
netic field changes, are also aroused in the magnetosphere-
ionosphere system such as traveling convection vortices
(TCV) (e.g.,Lam and Rodger, 2004; Yu and Ridley, 2009),
particle energization associated with magnetic field compres-
sion (Shi et al., 2009; Turner and Li, 2008), and even sub-
storm related activities (Yue et al., 2010). Investigations on
some of these processes depend on a reliable and accurate
field model.

Another category of the magnetic field models is the em-
pirical ones based on observation (e.g., the series of Tsyga-
nenko models:Tsyganenko and Stern, 1996; Tsyganenko,
2002, and so on). They predict the magnetic field by rep-
resenting the external part of the total field as the sum of
contributions from major magnetospheric current systems,
estimated from a considerable amount of satellite measure-
ments. Unlike the physics-based MHD models which require
certain calculation time, the empirical ones can predict the
magnetic field almost instantaneously. Consequently, some
researchers might view the empirical models as the top prior-
ity whenever a field model is needed, reluctant to bother with
the numerical calculation. However, each model has its own
optimum range of applications. For instance, during storm
times, the empirical models perform well for weak storms,
while the MHD models are better for strong ones (Rastatter
et al., 2011). Therefore, what should be carefully evaluated
before application is whether the empirical model is appro-
priate to describe the transient magnetic field variations at
the geosynchronous orbit, where the magnetic field is con-
tinuously monitored.

The data sources and the MHD model used in this paper
are briefly introduced in Sect. 2. By analyzing three typical
events occurring in 2000, Sect. 3 reports the detailed perfor-
mance of the MHD magnetic field model after fast solar wind
Pd enhancements. Section 4 presents discussions on the met-
rics and the model discrepancies. Also shown in this section
are the limitations of the T01 model in describing the mag-
netic field responses to fastPd enhancements. Finally, the
summary is given in Sect. 5.

2 Data sources and MHD code

The solar wind parameters used as the input of the MHD
code are provided by the Wind spacecraft. We obtained the
3 s resolution interplanetary magnetic field (IMF) and plasma
data observed by the Magnetic Fields Investigation (MFI)
and the 3-D Plasma Analyzer (3DP) from the Coordinated
Data Analysis Web (CDAWeb). To determine the normal
of the interplanetary (IP) discontinuity, the three-spacecraft
timing method was used (Riazantseva et al., 2003), and the
solar wind data measured by IMP 8, Interball-1, and ACE
were also examined. The geosynchronous magnetic field
was recorded each minute by GOES-08 and -10 (also from
CDAWeb).

Variations of the geosynchronous magnetic field were
studied by using a global MHD simulation code developed
by Hu et al.(2007). Numerical method applied in the code
is an extended Lagrangian version of the piecewise parabolic
method (PPMLR) (Colella and Woodward, 1984). The MHD
equations are solved in Cartesian coordinate system, with a
numerical box extending from 30 to−300RE along the x-
axis and from−150 to 150RE in the y- and z-directions.
A 0.4RE uniform mesh is chosen in the cube defined by
−10≤ x,y,z ≤ 10RE, and the grid spacing outside it in-
creases gradually along each axis. As an example, the code
with a finer spatial resolution (0.2RE minimum grid spac-
ing) was also run for the 4 November 2000 event to show
the effects of the numerical mesh. As will be discussed in
Sect. 3.3, the spatial resolution has no apparent influence on
the results, and hence the 0.4RE grid is used for the present
study. The inner boundary of the magnetospheric domain is
a spherical shell with a radius of 3RE. Coupled with this
boundary, the ionosphere is assumed to be a spherical shell
with a uniform Pedersen conductance and a zero Hall con-
ductance. Time resolution for the simulation results in this
study is about 28 s.

The main field of the Earth is assumed as a dipole in this
code with its moment anti-parallel to the z-axis, which in-
dicates that the MHD equations are solved in the SM coor-
dinate system. Direct comparison between GOES observa-
tion (in GSM) and the numerical output (in SM) implicates
that the dipole tilt angle is approximated zero. Although the
dipole tilt averaged zero near the equinox, it can reach more
than 30◦ near the summer and winter solstices. Therefore,
to include the effect of nonzero dipole tilt, we first convert
the observed solar wind conditions from GSE to SM to pre-
pare the input parameters of the code. Then, after running the
code in SM, the numerical results are converted back to the
GSM coordinate system. Input parameters are based on the
real-time observation of Wind. Specifically, to obtain a quasi-
steady initial state, we calculated more than 5 h (physical
time) using the averaged upstream parameters of the discon-
tinuity as the input. Afterward, real-time solar wind parame-
ters were introduced at the inflow boundary about 6 min be-
fore Wind detected the discontinuity.Bx at the inflow bound-
ary was set 0 initially and then changed each time step to
ensure the divergence free condition for the magnetic field.

3 The MHD magnetic field model in response to sudden
Pd enhancements

This section presents GOES observation and MHD simu-
lation for three events with abrupt solar windPd enhance-
ments.
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3.1 The 14 August 2000 event

Figure 1 shows solar wind conditions for the 14 August 2000
event observed by Wind, with the number density (N ), veloc-
ity, IMF and temperature portrayed by the black lines from
the top to the bottom panels. The vertical dashed lines mark
the passage of the discontinuity at about 22:16 UT. Also plot-
ted in this figure are available solar wind parameters provided
by ACE, Interball-1, and IMP 8. To better show thePd vari-
ations in one figure, ACE, Interball-1, and IMP 8 data were
shifted by 41, 2.5, and 2 min, respectively. Since ACE was
far away from the other satellites (positions shown in Fig. 1),
the start time of thePd enhancement recorded by Wind,
Interball-1, and IMP 8 was selected to calculate the discon-
tinuity normal by using the three-spacecraft timing method.
The normal was (−0.45, 0.84,−0.31) GSE with an error of
17.9◦. The first two panels of Fig. 1 reveal that the detected
Pd structures were similar at all spacecrafts, indicating in-
significant evolution of the shock from ACE toward Wind.
Therefore, based on the consideration of a higher temporal
resolution, Wind data was chosen as the input of the MHD
code.

GOES-08 at dusk (17.1 LT) and GOES-10 near noon
(13.3 LT) both observed the magnetic field responses, shown
by the star symbols in Fig. 2. The fourth and third panels
show that the magnetic field strength and the dominant com-
ponentBz at both satellites increased abruptly after the dis-
turbance arrival. The subsequent decrease ofB andBz fol-
lowing the compression tends to be attributed to the gradual
drop back of the enhancedPd downstream of the discontinu-
ity shown by Fig. 1. TheBx andBy magnitude at GOES-08
as well as theBy magnitude at GOES-10 increased in re-
sponse to thePd enhancement, partly falling back afterwards.
Bx at GOES-10 shows a bipolar variation. Compared with
GOES data, the red diamonds in Fig. 2 depict the modeled
magnetic field, which provides a preliminary visual assess-
ment of the MHD model performance. The MHD magnetic
field model captures the sudden increase ofB andBz at both
satellites quite well, without substantial underestimation of
the increment. Besides, the subsequent decreases of the mod-
eledB andBz almost exactly follow the observed tendency
near noon. This trend is also partly revealed by the modeled
B andBz at GOES-08 near dusk, although the discrepancy
is larger than that of GOES-10. TheBx andBy magnitude
were not so significant compared to the largest component
Bz. Nevertheless, the MHD model is able to reproduce about
50 % of the compressional effect of thePd enhancement at
GOES-08 forBx, By and at GOES-10 forBy. The numer-
ical simulation fails to predict the observedBx response at
GOES-10.

In order to quantitatively measure the performance of the
MHD field model, two main metrics are applied. Firstly, to
measure the maximum response ability of a model after fast
solar wind dynamic pressure enhancements,PdB is defined
as the ratio of the relative variations of the modeled and ob-

Wind: (3.5,-30.2,-2.4) ACE: (245.6,-20.1,24.4)

Interball: (4.0,-27.7,-13.0) IMP8: (6.0,-31.8,-27.3)
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Fig. 1. Solar wind conditions in the GSE coordinate system for the
14 August 2000 event. From the top to the bottom, the panels show
the density, speed, IMF and temperature observed by Wind. Avail-
able parameters detected by ACE, Interball-1 and IMP 8 are also
plotted, shifted by 41, 2.5, and 2 min, respectively. On the top of the
figure, positions of the four satellites are listed. The vertical dashed
lines mark the sudden enhancement ofPd.

served magnetic field:

PdB =
(Bmex− Bm0) · Bo0

(Boex− Bo0) · Bm0
, (1)

Bmex andBoex (Bm0 andBo0) represent the extrema (quasi-
steady value) of the modeled and observedB right after (be-
fore) the arrival of the solar wind disturbance. A perfect mag-
netic field model corresponds toPdB = 1. Table 1 listsPdB
values for the MHD and T01 (discussed in the next section)
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Fig. 2.Magnetic field at GOES-08 (left) and -10 (right) for the 14 August 2000 event. The stars denote the magnetic field observed by GOES,
and the blue dotted lines are predicted by T01 model. Simulation results are shown by the red diamonds. The vertical dashed lines in the
fourth panels show the time interval chosen to do the quantitative analyses.

Table 1.PdB values, defined by Eq. (2), of the MHD and T01 field
models respectively for the three presented events.

Date 14 August 2000 6 June 2000 4 November 2000
GOES -08 -10 -08 -10 -08 -10

PdB (MHD) 0.85 0.93 0.71 0.81 0.70 1.0
PdB (T01) 0.37 0.70 0.63 0.61 2.5 −0.59

models. It is evident that for the 14 August 2000 event, the
maximum response capability of the MHD field model is
close to the satellite measurement at both places. This quan-
titatively confirms the conclusion made by the visual assess-
ment of Fig. 2: the MHD field model captures the increase of
B without remarkably underrating the amount of field com-
pression.

The other applied metric is the normalized root mean
square (RMSn), defined as

RMSn =

√
< (Bm − Bo)

2 >√
< B2

o >
, (2)

whereBm and Bo denote the modeled and observed mag-
netic field, respectively. The perfect value for RMSn is 0,
indicating that the model exactly agrees with observation.
In order to include the magnetic field information upstream
and downstream as well as during the response process,
3∼ 5 min before/after the apparent variation ofB is selected
as the start/end time to calculate RMSn. To the left side of Ta-
ble 2, RMSn between observation and MHD simulation are
listed for the 14 August 2000 case, calculated during the time
interval marked by the vertical dashed lines in Fig. 1. It is re-
vealed that the RMSn values ofB (Bz) are smaller than 0.06
(0.09) for the MHD field model at both satellites, showing
well predicted responses. RMSn of Bx andBy at GOES-08
andBy at GOES-10 vary between 0.094 to 0.31, which indi-
cate a somewhat reasonable consistency. It is noted that the
metric RMSn should be carefully utilized when the average
of the detected field approximates zero, as it tends to magnify
small discrepancies if the denominator of Eq. (2) is close to
zero. This seems one of the contributing factors for the large
RMSn of Bx at GOES-10. Another possible cause tends to
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be a relatively weak predictability of the MHD field model
when describing transient variations of the smaller field com-
ponent.

3.2 The 6 June 2000 event

AnotherPd enhancement event was measured by Wind on
6 June 2000. The solar wind parameters observed by Wind,
ACE, IMP 8 and Interball-1 are shown in Fig. 3, in simi-
lar format as Fig. 1. During the time interval marked by the
vertical dashed lines,Pd remained stable for about 3 min (at
Wind) between two successive enhancements. The normal
values of both discontinuities were calculated by using the
observations of Wind, Interball-1, and IMP 8. As the two
discontinuities cannot be discriminated by the plasma data
at IMP 8, the 320 ms magnetic field data was also analyzed
to estimated the onset time. The normal was determined as
(−0.74, −0.67, −0.05) GSE with an error of 6.8◦ for the
first Pd enhancement, and (−0.70,−0.66, 0.26) GSE with an
error of 8.0◦ for the second one.

In response to thePd enhancements, GOES-08 near noon
(12.0 LT) and GOES-10 at the dawn side (7.8 LT) observed
sudden increase ofB and Bz (the dominant component)
as well as a subsequent decrease, depicted by the stars in
Fig. 4. Interestingly, although the solar windPd remained
unchanged for several minutes between two sharp enhance-
ments (Fig. 3), the magnetic field strength and the domi-
nant componentBz kept increasing without any break. Ac-
tually, the typical rise time duration of the magnetic field re-
sponses to sharpPd enhancement varies within∼ 8 min, de-
pending on the normal of the discontinuity (Guo et al., 2005).
The more apparently the discontinuity normal deviates from
the Sun–Earth line, the longer the response time is. Conse-
quently, the tilted normal in this event indicates that during
the shortPd platform (lasted∼ 3 min), the magnetospheric
magnetic field might keep increasing in response to the first
Pd enhancement, resulting in a continuously rising profile of
B. Bx andBy magnitudes at both satellites showed immedi-
ate enhancements after the disturbance arrival.

The red diamonds in the third and fourth panels of Fig. 4
reveal a consistency of theBz andB responses between the
MHD field model and observation at both satellites. Remark-
ably, the MHD field model is able to reproduce the continu-
ous compression of the magnetic field after the arrival of two
successivePd enhancements. For theBx andBy components
which were less significant compared withBz, the MHD field
model can partly reveal their compressional responses ac-
cording to Fig. 4, except theBy variation at GOES-08. Ta-
ble 1 shows that thePdB values for the MHD model approx-
imate 1 at both satellites, implying a maximum response ca-
pability close to reality. Quantitative evaluation of the model
performance is further demonstrated by Table 2. The RMSn
values ofB (Bz) for the MHD field model are no larger than
0.08 (0.13) at both satellites, indicating a good agreement
with observation. RMSn values ofBx andBy at GOES-10

Wind: (51.0,-41.0,-6.0) ACE: (232.9,38.3,-13.1)

Interball: (22.9,-7.2,-5.0) IMP8: (12.3,34.7,-16.2)
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Fig. 3. Solar wind conditions in the GSE coordinate system for the
6 June 2000 event. The parameters are shown in a similar format as
in Fig. 1. ACE, Interball-1 and IMP 8 measurements were shifted
by 67, 0.83, and 9 min, respectively.

andBx at GOES-08 suggest a somewhat reasonable model
prediction. The relatively large RMSn of By at GOES-08 im-
plies that it seems more difficult for the MHD field model to
precisely predict responses of the minor components.

3.3 The 4 November 2000 event

The thirdPd enhancement event, observed by Wind (at (65.1,
−138.6, 6.5)RE GSE) on 4 November 2000, is depicted in
Fig. 5. This is an IP shock event, and the shock normal de-
termined by the Rankine-Hugoniot-08 methods is (−0.93,
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Table 2.Normalized root mean square (RMSn) and prediction efficiency (PE, defined and discussed in Sect. 4.1) between GOES observation
and MHD/T01 field model for the three studied events.

date 14 August 2000 6 June 2000 4 November 2000
GOES -08 -10 -08 -10 -08 -10
model MHD T01 MHD T01 MHD T01 MHD T01 MHD T01 MHD T01

RMSn Bx 0.31 0.18 0.88 1.0 0.43 1.1 0.065 0.093 5.3 3.6 0.046 0.12
RMSn By 0.094 0.19 0.20 0.43 2.9 0.78 0.22 0.34 0.14 0.23 0.20 0.51
RMSn Bz 0.086 0.16 0.056 0.12 0.045 0.085 0.13 0.050 0.096 0.098 0.055 0.10
RMSn B 0.041 0.17 0.053 0.11 0.044 0.081 0.073 0.047 0.11 0.052 0.035 0.098
PE Bx −0.94 0.38 −1.5 −2.3 0.56 −1.8 −0.39 −1.9 −27.0 −12.0 0.46 −2.9
PE By −0.32 −4.5 0.30 −2.4 −10.0 0.21 −0.38 −2.4 0.31 −0.84 0.63 −1.3
PE Bz −0.76 −5.1 0.70 −0.30 0.80 0.31 −2.1 0.51 −34. −36.0 0.10 −2.1
PE B 0.68 −4.4 0.73 −0.22 0.82 0.38 0.099 0.63 −17.0 −2.8 0.56 −2.4
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Fig. 4.Magnetic field at GOES-08 (left) and -10 (right) for the 6 June 2000 event. Figure formats are similar to Fig. 2.

−0.19, 0.33) GSE with an error of 7.6◦ based on the CfA
online shock database (http://www.cfa.harvard.edu/shocks/).

Variations of the geosynchronous magnetic field were ob-
served by GOES-08 (21.5 LT) on the nightside and GOES-
10 (17.7 LT) near dusk, shown by the stars in Fig. 6. The
magnetic field responded differently at different local times:
it rose at the dusk-side yet dropped in the mid-night sector,

which was discussed in detail byWang et al.(2010). The
Bx magnitude enhanced while theBy magnitude decreased
at both satellites. All the above mentioned response features
are well reproduced by MHD simulation, illustrated by the
red diamonds in Fig. 6. Visual assessment of the MHD field
model reveals a good agreement with satellite detection, de-
spite the slightly largerBx andBz magnitude on the nightside

Ann. Geophys., 30, 1285–1295, 2012 www.ann-geophys.net/30/1285/2012/
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Fig. 5. Solar wind conditions in the GSE coordinate system for the
4 November 2000 event. The parameters are shown in the same
format as in Fig. 1.

at GOES-08. The code with a finer spatial resolution (0.2RE)
was also run to show the effects of numerical mesh. Fig-
ure 6 reveals that no significant differences exist between
the 0.4RE (red diamonds) and 0.2RE (green crosses) reso-
lution results. Consequently, discussions in this paper are all
based on the 0.4RE resolution results.PdB listed in Table 1
measures the maximum response capability of the MHD field
model. It is manifested that the modeled field is compressed
at a ratio close to reality near dusk, whereas the decrease of
the magnetic field is slightly underestimated on the nightside.
Quantitative measurements presented by Table 2 show an ef-
ficient prediction ofB (Bz), as the RMSn values are no larger
than 0.11 (0.096). Nevertheless, nightside prediction error is
larger than that near dusk.Bx andBy at GOES-10 andBy at
GOES-08 are also reasonably predicted by the MHD model.

The higher RMSn value ofBx at GOES-08 implies a rela-
tively large deviation from observation.

4 Discussion

4.1 Prediction efficiency

In addition to the visual assessment and the two main metrics
(i.e., PdB and RMSn) utilized to evaluate the model perfor-
mance, another method frequently applied in the literature is
the prediction efficiency (PE), defined as

PE= 1−
〈(Bm − Bo)

2
〉

σ 2
o

, (3)

whereσ 2
o is the variance of the satellite measurements. A

perfect prediction model has a PE value of 1. It is noted that
although PE serves as a good metric when the magnetic field
has large variations, such as the ground and geosynchronous
magnetic field variations during storms (e.g.,Pulkkinen et
al., 2010), it tends to exaggerate a small inconsistency if the
field responses (the denominator) are weak. Usually,B re-
sponds more apparently near noon (typically tens of nT) than
in the nightside (usually several nT) (Lee and Lyons, 2004),
and the variations of the smaller components (Bx andBy) are
weaker. Therefore, PE might have some limitations in vali-
dating the model responses around the mid-night and for the
minor components. But still, listing the PE values can help to
give further impression of the model performance. Judging
from the three studied events, PEB is closest to 1 near noon,
as shown by Table 2, which indicates a good predictive capa-
bility. It decreases toward dawn and dusk, implying that the
model performance near the terminator is at a slightly lower
level compared with the local noon.

4.2 Summary of the model performance and analyses of
the discrepancies

As shown by the analyses of the threePd enhancement
events, the MHD field model is able to predict the main re-
sponse features ofB and the dominant componentBz at the
geosynchronous orbit. Firstly, the modeled field follows the
main response tendency of the observedB and Bz. More-
over, the sudden increase (or decrease) ofB andBz is rela-
tively adequately reflected by the MHD field model, which
demonstrates a maximum response capability close to real-
ity. In addition, the MHD field model well reproduces de-
tailed response features such as the sustained compression
during two successivePd enhancements. The above analyses
also suggest that the level of the MHD model performance is
highest near noon and slightly decreases toward mid-night.
For smaller components of the magnetic field at the geosyn-
chronous orbit (Bx andBy), the variations are sometimes dif-
ficult to precisely predict.

Besides the three presented cases, we have simulated sev-
eral otherPd enhancement events such as the 7 November
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Fig. 6. Magnetic field at GOES-08 (left) and -10 (right) for the 4 November 2000 event. Figure formats are similar to Fig. 2. Green crosses
(red diamonds) show the results with 0.2 (0.4)RE spacial resolution.

2004 event. Model performances for all these events are sim-
ilar to those discussed above, and hence the main conclusions
of the paper are not event dependent based on the simulation
by far.

Although the MHD code presents an efficient prediction in
general, discrepancies exist between simulation and observa-
tion. Many aspects may be responsible for these discrepan-
cies. Firstly, errors exist at the inflow boundary of the sim-
ulation code. As the IP discontinuities may have some evo-
lutions when traveling between the Wind spacecraft and the
inflow boundary of the code (x = 30RE), directly using Wind
observation as the input parameter might introduce errors
to the whole solar wind-magnetospheric system. Normals of
the discontinuities are difficult to be precisely determined as
well. Take the 4 November 2000 event as an instance: the
CfA shock database presents eight normals determined by
four different methods (i.e., Magnetic Coplanarity, Velocity
Coplanarity, Magnetic-Velocity Coplanarity (mixed) and the
Rankine-Hugoniot method), and the maximum differences
can reach as high as 50◦. By near dawn and dusk may be
more sensitive to the accuracy of the estimated discontinu-

ity normal (nx , ny , nz), especially the value ofny . This is a
possible reason for the discrepancy between the simulated
By and GOES-08 detection for the 14 August 2000 event
(Fig. 2). Secondly, assumptions of the MHD code also tend to
result in some discrepancies. To avoid long calculation time
caused by large Alfven velocity near Earth, an inner bound-
ary is introduced atr = 3RE and the inner magnetosphere
is coupled with a simplified ionosphere. This process may
lead to an inaccurate Region 1 current system which affects
the geosynchronous magnetic field (Bx or Bz). Thirdly, the
global MHD model fails to reproduce a realistic ring current,
which introduces errors to the modeled field, especially the
nightsideB andBz.

4.3 Possible influences of the foreshock region

As seen from Figs. 1, 3, and 5, the IMF direction was mainly
parker spiral (Bx/By < 0) for all three events during the
interested time interval (i.e., about 6 min before and after
Wind observed the discontinuity), implying the existence of
a foreshock upstream of the Earth’s bow shock on the dawn
side. Wind spacecraft was located in this region during the
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14 August and 6 June 2000 events. As the backstreaming
particles in the foreshock region can sometimes modify the
background solar wind parameters, we briefly analyze the
possible influence of the foreshock on the input parame-
ters of the code. Firstly, during the interested time interval,
foreshock-related structures which can lead to strikingPd
variations, such as the foreshock cavities (e.g.,Sibeck et al.,
2002) and hot flow anomalies (Schwartz et al., 1985), cannot
be discerned from Wind data. Secondly, the possible decel-
eration of the solar wind in the foreshock region is only 7–
10 km s−1 on average (Bame et al., 1980), indicating an in-
significant modification ofPd. Thirdly, the reported blurring
of the IP shock front in the foreshock region (Prech et al.,
2009) was not observed in the present study. Therefore, the
foreshock signatures which may substantially vary the input
parameters have not been recognized, and the MHD results
cannot reveal the foreshock effects.

GOES observation may contain some information on
the geoeffectiveness of the foreshock structures, since such
structure may exist even though Wind was not located in a
proper position to observe it. This seems an additional factor
potentially responsible for the discrepancy between numeri-
cal and observational results. We analyze features of this dis-
crepancy to discuss whether the foreshock is crucial for the
events studied here. Foreshock signature which can lead to
striking Pd variations, such as the foreshock cavity, is gen-
erally characterized by a region of depressedPd bounded by
enhancements on one or both sides. Its effect on the day-
side geosynchronous magnetic field is the decrease of field
strength bounded by enhancements according toSibeck et
al. (2000). Therefore, if foreshock played a significant role
in the present study, there would exist a time interval during
which the observed magnetic field was apparently smaller
than the simulated one, while larger than it on the leading
or/and trailing sides. However, such time interval cannot be
discerned from the right column of Fig. 2 and the left one of
Fig. 4, which both show field responses near local noon. Con-
sequently, we do not consider the foreshock effect crucial for
the events studied in this manuscript.

Nevertheless, the possibility that foreshock-related struc-
tures may occur and play a significant role during other solar
windPd enhancement events does exist. Although it might be
important, the precise prediction of foreshock effect is a chal-
lenge for the present model, since the foreshock signatures
can neither be thoroughly specified at the inflow boundary
of the code due to limited solar wind monitors nor be repro-
duced self-consistently by the one-fluid MHD code. Future
investigations on this topic may involve the coupling between
the present code and a hybrid one.

4.4 Limitations of T01 model in response to fast solar
wind Pd enhancements

Among the four Tsyganenko models frequently used in
the literature (T89, T96, T01 and TS04), the observational

database for T01 has a relatively high time resolution of
5 min. Also considering that the geomagnetic conditions
were relatively quiet without storms for the three events an-
alyzed in this paper (Dst> − 20), this subsection selects the
T01 model as a typical instance to compare the performance
of the empirical and MHD field models in response toPd en-
hancements. Time evolutions of the magnetic field predicted
by the T01 model for the studied events are portrayed by the
blue dotted lines in Figs. 2, 4, and 6.PdB and RMSn are listed
in Tables 1 and 2, respectively. Overall, the T01 model repro-
duces the main characteristics of the responses under some
circumstances. However, there are exceptions:

1. The maximum response capability of T01 model some-
times departs apparently from observation. The left side
of Fig. 2 shows that for the 14 August 2000 event, the
largest componentBz remains unchanged after the dis-
turbance arrival, apparently diverging from the detec-
tion of GOES-08. The slightly elevatedB results from
the weak increases ofBx andBy magnitudes, which are
less important components. RMSn of B andBz in Ta-
ble 2 are relatively high, indicating noticeable devia-
tion from observation. The maximum response ability
of T01 model at GOES-08 is only about one third of
observation, according toPdB shown in Table 1. Even
for those circumstances when the T01 model reasonably
agrees with observation (GOES-10 on 14 August 2000;
GOES-08 and -10 on 6 June 2000), it predicts 70 %
of the observed increase at most. As to the 4 Novem-
ber 2000 event, T01 predicts a decrease amplitude ofB

a bit larger than observation at GOES-08. By contrast,
the maximum response ability of the MHD field model
is relatively stable for all three cases, withPdB varying
between 70 % and 100 %.

2. The T01 model leads to an opposite response trend in
some cases. For the 4 November 2000 event, compres-
sion of B near dusk was detected by GOES-10. How-
ever, the T01 model predicts decrease ofB, as seen from
Fig. 6 and the negativePdB value in Table 1. This dis-
agreement exposes the potential unreliability of the T01
model in predicting the field response to fastPd en-
hancements. On the other hand, the MHD field model
predicts the observed tendency efficiently.

3. Detailed variations of the magnetic field may not be cap-
tured by the T01 model. Although the solar windPd re-
mained unchanged for∼ 3 min between two successive
enhancements on 6 June 2000, the observed magnetic
field strength kept increasing without any break. Unlike
the MHD model, the T01 model fails to reproduce this
detailed feature as it changes with the solar wind condi-
tion instantaneously.
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Considering all of the above, the T01 model is not the first
choice for space weather predictions and magnetospheric in-
vestigations in response to sharp solar windPd enhance-
ments.

5 Summary

By presenting the MHD magnetic field model for three fast
solar windPd enhancement events occurring in 2000 as ex-
amples, this paper shows efficiently predicted responses of
the total fieldB and the dominant componentBz at the
geosynchronous orbit. The modeled field follows the main
response tendency (increase or decrease) of the observedB

andBz, and relatively adequately reveals the response am-
plitude without substantial underestimation. Remarkably, the
detailed response features such as the continued compression
between two successivePd enhancements are also captured
by the MHD field model. The model performance in predict-
ing B andBz varies with local time, with the highest level
near noon and a slightly lower level around mid-night. The
relatively largerB andBz errors on the nightside, as shown
by Fig. 6, might be improved by inclusion of a ring current
model in future works. Besides, for smaller components of
the magnetic field at the geosynchronous orbit (Bx andBy),
it is more challenging to accurately predict their responses.
The MHD field model sometimes deviates from the observed
Bx andBy, given that the smaller variations tend to be appar-
ently affected by model assumptions such as the simplified
ionosphere. Performance of the T01 model is also discussed
in this paper. Unlike the stable behavior of the MHD field
model, T01 sometimes fails to reproduce the observed re-
sponse of the dominant componentBz, or even predicts an
opposite trend. The MHD magnetic field model also outper-
forms T01 in revealing the detailed response features. There-
fore, for space weather forecast and geospace investigations
under the condition of fast solar windPd enhancements, the
MHD magnetic field model tends to be a reliable choice.
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