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[1] In this paper we compare time-dependent global ionospheric field-aligned current
(FAC) patterns on 10 min timescales inferred from the Active Magnetosphere and Polar
Electrodynamics Response Experiment (AMPERE) with the high-resolution
Lyon-Fedder-Mobarry (LFM) global magnetohydrodynamic (MHD) model. The
improved LFM model yields temporally varying FAC patterns with a fine structure on the
sub-100 km scale. The goal of the study is to explore the responses of observed and
simulated FAC patterns and underlying magnetic perturbations to a succession of rapid
transitions in the solar wind and Interplanetary Magnetic Field (IMF) parameters. To
drive the simulations, we use the upstream Wind and Time History of Events and
Macroscale Interactions during Substorms (THEMIS) spacecraft measurements recorded
on 3 August 2010. For the time interval of interest (�40 min following the impact of an
interplanetary shock), the IMF is characterized by a BZ rotation from southward to
northward direction under negative BY conditions. Through this case study analysis, it is
found that the simulations have generally reproduced the salient characteristics of both
the morphology and dynamics of the AMPERE FAC patterns. Due to the high resolution
of the global model, the peak current densities are found to significantly (by a factor of
2–4) exceed those obtained from AMPERE. As a further quantitative analysis, the
low-altitude magnetic perturbations measured by Iridium spacecraft and used to derive
the AMPERE 2-D FAC patterns are also compared with the magnetic field variations
calculated from the simulations. It is found that outside of localized regions of peak
current densities, which mainly occur on the dayside and can fall between the Iridium
tracks, the simulated magnetic perturbations closely follow the Iridium measurements.
This demonstrates, in particular, that there is no systematic bias in the simulations to
overestimate the magnetic perturbations and corresponding FAC densities. Overall, our
results demonstrate that given sufficient resolution, contemporary global MHD models
are capable of reproducing observed features of global ionospheric FAC distributions.
This, in particular, suggests the feasibility of potential efforts to assimilate AMPERE
observations in global magnetospheric models.
Citation: Merkin, V. G., B. J. Anderson, J. G. Lyon, H. Korth, M. Wiltberger, and T. Motoba (2013), Global evolution
of Birkeland currents on 10 min timescales: MHD simulations and observations, J. Geophys. Res. Space Physics,
118, 4977–4997, doi:10.1002/jgra.50466.

1. Introduction
[2] Magnetic field-aligned currents (FAC, or Birkeland

currents) are one of the primary means of magnetosphere-
ionosphere (MI) coupling. They are carried by shear Alfvén
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waves and are associated with transverse magnetic pertur-
bations generated in the magnetosphere and the solar wind.
The FACs close in the conducting ionosphere via diver-
gence of horizontal ionospheric currents. The electric field
and corresponding plasma drift associated with this current
closure result in a convection pattern, which is a reflection
of magnetospheric plasma flows and pressure distributions.
Due to the coupling between ionospheric and magneto-
spheric plasmas, observations of ionospheric electrodynam-
ics may provide key information on the corresponding
magnetospheric processes. The ionosphere is also the only
domain of geospace, where in situ measurements approach-
ing global scales are possible. In addition, remote spatially
distributed observations of ionospheric plasma convection
and observations of magnetic perturbations on the ground
are available from networks of high-frequency (HF) radars
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[e.g., Chisham et al., 2007] and ground-based magnetome-
ters [e.g., Gjerloev, 2012]. As opposed to these remote
methods of observation, global measurements of magnetic
perturbations and corresponding FACs at ionospheric alti-
tudes have remained elusive until recently, although a num-
ber of statistical models based on accumulation of a large
number of satellite passes have been built [e.g., Papitashvili
et al., 2002; Weimer, 2005; Anderson et al., 2008]. The
ability to specify global FAC distributions is particularly
important because the knowledge of all three primary vari-
ables of ionospheric electrodynamics, i.e., plasma convec-
tion velocity, magnetic perturbations on the ground, and
FACs, is sufficient to determine the true ionospheric current
system [Amm, 2001].

[3] The possibility to measure globally and nearly simul-
taneously magnetic perturbations and thus FACs at iono-
spheric altitudes has arisen when it was recognized that
magnetometers on board �70 Iridium communication
satellites (at approximately 800 km altitude) can be used
for the purpose [Waters et al., 2001; Anderson et al., 2000,
2002]. This work resulted in reconstruction of global pat-
terns of FACs on�1 h timescales and allowed many studies,
including those on the average distributions of currents
[Anderson et al., 2008], the balance between energetic par-
ticle and electromagnetic energy flux into the thermosphere
[Korth et al., 2008a], and distributions of currents during
storm [Korth et al., 2004] and quiet times [Korth et al.,
2005]. Combining such Iridium measurements with ground-
based magnetometer and HF radar observations has also
been used to develop techniques for reconstruction of iono-
spheric Pedersen and Hall conductances and the true currents
[Green et al., 2007].

[4] Recently, with the advent of the Active Magneto-
sphere and Polar Electrodynamics Response Experiment
(AMPERE), new flight software and ground data systems
were developed to send 10 to 100 times more Iridium mag-
netometer data to the ground. This resulted in a dramatic
improvement of the time resolution of the reconstructed pat-
terns of magnetic perturbations, so that global FAC patterns
with accumulation time of only�10 mins are now available.
This advance in observational capabilities of global FACs
provides unique opportunities for studies of MI coupling on
such relatively short timescales, and serves as one of the
primary motivating factors for the present study.

[5] A different approach to the investigation of the solar
wind-magnetosphere interactions and their ionospheric man-
ifestations uses first-principle numerical models. Specifi-
cally, global magnetohydrodynamic (MHD) models [e.g.,
Fedder et al., 1995a; Tanaka, 1995; Raeder et al., 2001;
Ridley et al., 2002; Lyon et al., 2004; Janhunen et al., 2012]
are capable of describing FAC generation in both high-
latitude (distant magnetosphere, magnetopause, solar wind)
and midlatitude (inner magnetosphere) regions. The physics
of the inner magnetosphere and the corresponding current
systems can be significantly improved in models that attempt
to self-consistently couple global codes with models treat-
ing the energy-dependent drifts in the inner magnetosphere
[de Zeeuw et al., 2004; Pembroke et al., 2012]. However,
as shown below, even in the absence of such coupling,
global MHD models with sufficient resolution are capable of
generating substantial Region-2 currents in the ionosphere
of realistic magnitude at least during nonstorm times. In

the present study, we use the Lyon-Fedder-Mobarry (LFM)
global MHD model [Lyon et al., 2004], whose spatial res-
olution has recently been markedly improved (see below).
Putting these recent model improvements to the test by com-
parison with observations provides another motivation for
the present study.

[6] Ionospheric FAC distributions produced by global
models have been compared with Iridium patterns for spe-
cific events during both disturbed [Korth et al., 2004, 2008b]
and quiet times [Merkin et al., 2007]. In addition, Korth et al.
[2011] performed a comparison of statistical FAC patterns
derived from Iridium observations as a function of Interplan
etary Magnetic Field (IMF) orientation with idealized global
simulations driven by the same IMF conditions. These previ-
ous studies necessarily considered spatially and temporally
smoothed FAC distributions due to spatio-temporal limita-
tions of Iridium patterns and low resolution of global models
(in the case of event studies) and, additionally, from statis-
tical averaging in the climatological investigations. While
the new AMPERE patterns are presently limited to 3ı lati-
tudinal resolution enforced in the spherical cap harmonic fit
to maintain fast computational speed, the underlying mag-
netic perturbations measured by Iridium spacecraft and used
in the present study were recorded in high-rate mode and
provided effective resolution along satellite tracks of 0.1ı,
thus allowing resolution of sharp FAC features. At the same
time, the considerable improvement in the spatial resolution
of the LFM simulation code now also allows examina-
tion of simulated FAC signatures on subdegree scales. In
addition, the temporal cadence of the AMPERE patterns
of �10 min now far exceeds what was available to the
previous studies.

[7] The above improvements in observations and sim-
ulations open new possibilities not only for model vali-
dation but also for uncovering the true physical behavior
of the system, which can only be achieved through some
combination of modeling and observational approaches.
In this paper we present results of a detailed compari-
son between high-resolution global MHD simulations and
AMPERE data and current patterns during a transient event
(of �40 min in duration). The ionospheric responses to
an interplanetary shock impact and subsequent solar wind
and IMF changes discussed hereafter are of fundamental
physical interest and are complementary to other studies
using global MHD models to investigate these phenomena
[e.g., Fujita et al., 2003a, 2003b; Yu and Ridley, 2009;
Samsonov et al., 2010, 2011]. The goal of the paper is
to explore the responses of observed and simulated iono-
spheric FAC patterns and underlying magnetic perturba-
tions to a rapid transition in the solar wind and IMF
parameters and evaluate what we can learn about the sys-
tem behavior via their cross-examination. Going beyond
FAC comparisons, the analysis of the actual magnetic per-
turbations measured by the Iridium spacecraft and their
simulated counterparts allows us to investigate, in partic-
ular, to what extent the patterns derived on such short
timescales reflect the true dynamics of the system as well
as to evaluate the deviations of simulations from obser-
vations in these primary variables rather than the derived
FAC distributions.

[8] Below we first discuss the event of interest (section 2)
followed by the description of our simulation technique
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Figure 1. Solar wind and IMF parameters from 1700 UT to 1830 UT on 3 August 2010 in GSE coor-
dinates measured by (a) Wind and (b) THEMIS C spacecraft. Figures 1a and 1b show (top) solar wind
plasma density, (middle) the three components of the bulk velocity, and (bottom) the three components
of the magnetic field.

(section 3) and a summary of the AMPERE methodology
(section 4). Section 5 presents the results obtained: the
details of accurately timing the simulation with respect to
real time (5.1), comparisons of dynamic FAC density pat-
terns (5.2), and underlying magnetic perturbations (5.3), and
the time evolution of maximum measured and simulated
perturbations (5.4). Section 6 summarizes the results.

2. Event Description
[9] In this paper we investigate the response of the

magnetosphere-ionosphere system to solar wind and IMF
conditions on 3 August 2010. We concentrate on the
sequence of events that started with the arrival at Earth of
an interplanetary shock at �1740 UT. The shock was fol-
lowed by a Coronal Mass Ejection (CME) and the entire
event lasted for �2 days, but the focus of this paper is
on the first �40 min. The overview of the solar wind and
IMF conditions in Geocentric Solar Ecliptic (GSE) coordi-
nates from 1700 UT to 1830 UT is given in Figure 1. To
quantify the variations in simulation results due to uncertain-
ties in projecting measured IMF and solar wind parameters
to conditions actually impacting Earth, we ran two simula-
tions: one driven by data from Wind (Figure 1a), the other,
from THEMIS C (THC) spacecraft (Figure 1b), which was

fortuitously located in the solar wind during the event. We
refer to these simulations as LFM/Wind and LFM/THC.
The locations of these two spacecraft, as well as of ACE,
THEMIS B (THB), and Geotail probes are shown in
Figures 2a and 2b. We discuss the differences between all
these upstream observations below, but return to Figure 1 for
the moment. The Wind Magnetic Field Investigation (MFI)
[Lepping et al., 1995] and 3DP PESA-L [Lin et al., 1995]
plasma measurements, covering the solar wind core popu-
lation [e.g., Sibeck et al., 2002], were used. Both data sets
had 3 s resolution, but were linearly interpolated onto a 1
min cadence for driving the simulation. For THC, the Elec-
trostatic Analyzer (ESA) [McFadden et al., 2008], on board
moments (MOM) of �1 min resolution were used for the
plasma data (the instrument was in the solar wind mode)
and Fluxgate Magnetometer (FGM) [Auster et al., 2008] 3 s
measurements for magnetic field data. Again, all data were
linearly interpolated onto a 1 min cadence prior to being
input into the simulation.

[10] These 1 min interpolated data are shown in Figure 1.
The time series were shifted (+35 min for Wind, +1 min for
THC) to align the shock arrival at approximately 1740 UT
in the figure, but the simulation time was further fine-tuned
by cross-calibrating the simulation with Geotail magnetic
field measurements (see below). We note that THC observed
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Figure 2. The (a,b) GSE positions of spacecraft indicated at 1800 UT on 3 August 2010 and (c) the
three GSE components of the magnetic field measured by ACE, Wind, THEMIS B and C upstream of the
bow shock from 1700 UT to 1830 UT.

a significantly lower solar wind density than Wind and a
slightly slower speed. The different solar wind density val-
ues could be due to differences in the THC and Wind space-
craft locations and/or instruments. Whereas the Wind plasma
instrument is tailored to accurate solar wind characteriza-
tion, some inherent performance issues with the THEMIS
ESA instrument [McFadden et al., 2008] may underesti-
mate the solar wind density at THC. More importantly, the
magnetic field measurements by both spacecraft indicate the
same general evolution: a weak (2–3 nT) negative BY and
still weaker negative BZ initially; both components increase
sharply in magnitude after the shock arrival (in THC, the BZ
component does not show such a sharp transition); then they
stay negative for at least 10 min, after which BZ transitions
to northward direction, while negative BY intensifies. The
primary difference between the transitions seen by the two
spacecraft is that in Wind the northward transition occurs
sharply at �1750 UT, while at THC, it starts a few min-
utes later and proceeds in a much more gradual fashion. By
�1810 UT, both magnetic field observations converge to
similar trends: strong (�10 nT) negative BY and strong and
increasing (�5–10 nT) positive BZ. In the plasma data, both
spacecraft indicate a secondary shock-like transition corre-
sponding to the south-north BZ rotation, with density sharply
dropping and solar wind speed increasing (�17:50 UT at
Wind, �18:00 at THC).

[11] We expect both the simulated and observed FAC pat-
terns to be presented below to respond to the solar wind

and IMF transitions just described. Thus, we would like
to evaluate the level of uncertainty in the actual driver of
the magnetosphere. To this end, we plot in Figure 2c the
three GSE magnetic field components measured by the ACE
MAG instrument [Smith et al., 1998] and THB FGM instru-
ment in addition to Wind and THC presented above. All data
are plotted on a 1 min time cadence and shifted to align the
initial shock at �1740 UT as was done for Wind and THC
(ACE was shifted by +46 min, THB, by +21 min). Addi-
tionally, Figures 2a and 2b indicate the spacecraft positions,
including Geotail which will be discussed below. All space-
craft indicate a weak predominantly negative BY driving
prior to the shock arrival. After that, in the BY component,
we see a major deviation of ACE, THB, and THC from
Wind just after 1750 UT; then a similar deviation of THB
and THC from both Wind and ACE, after which all space-
craft show similar trends but of variable magnitude. In the
BZ component, all spacecraft indicate the same transition as
discussed above, but the south-north rotation occurs on ACE
and THB roughly half-way between Wind and THC (THC
first goes together with ACE and THB, but then deviates
back into negative BZ prior to finally going positive after
1800 UT). The BX component shows the same level of varia-
tions between the four spacecraft. Collectively, the panels in
Figure 2c demonstrate the amount of variability between the
different spacecraft and therefore the amount of uncertainty
in the actual IMF (and, by extension, solar wind) conditions
incident on the magnetosphere.
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Figure 3. Standard AMPERE data products for the northern hemisphere for the 1720–1730 UT interval:
(left) magnetic perturbations, (middle) the spherical harmonic fit of these data, and (right) the correspond-
ing current pattern. Noon is at the top, dawn to the right. Concentric circles mark 10ı colatitude intervals.
The AACGM coordinate system is used and the data are mapped to 120 km altitude. The color scale
limits are from –1 to 1 � A/m2. Gray shading in all three panels indicates the terminator. The plots corre-
spond to the 10 min accumulation interval indicated at the top. Upward (downward) currents are shown
in red (blue) here and elsewhere. See text for details.

3. Simulation Method
[12] For the simulations presented here, we used the LFM

global magnetospheric MHD model [Lyon et al., 2004]. The
version of the model employed here was recently adapted to
run on massively parallel super-computer architectures and
now allows simulations at a resolution four times greater
in each dimension than the resolution currently consid-
ered standard (factor of 64 increase in the total number of
grid cells).

[13] The LFM model has a nonuniform distorted spherical
grid, with the symmetry axis aligned with the Solar Mag-
netic (SM) X axis. The new high-resolution grid has 212 �
256� 192 grid cells in total (the first dimension in the radial
direction and the other two along the azimuthal and polar
dimensions, respectively). The cell sizes are highly vari-
able; near the inner boundary and at the flank magnetopause,
the radial cell size is �0.1 RE, while at XSM = –10 RE
in the central plasma sheet, it is �0.2 RE. The nominal res-
olution in the ionosphere varies between & 0.5ı and . 1ı
poleward of 20ı colatitude. The outer boundary is a cylinder
extending from XSM = 30 RE to XSM = –330 RE, and with the
radius of �124 RE. The inner boundary is located at 2 RE.
The outer boundary condition is set in accordance with the
upstream solar wind and IMF conditions (Figure 1; it should
be pointed out that the BX IMF component was set to zero
to simplify the implementation of the boundary condition).
The inner boundary condition is obtained from the electro-
static potential solution as described by Lyon et al. [2004].
The ionospheric conductances are calculated by an empirical
model which first computes the Extreme Ultraviolet (EUV)
ionization contribution and then estimates the precipitating
electron characteristic energy and flux from MHD variables
[Fedder et al., 1995b; Wiltberger et al., 2009].

4. AMPERE Method
[14] AMPERE provides global continuous sampling

of the magnetic field perturbations at low Earth orbit

from the Iridium Communications constellation of 70
near-polar orbiting satellites [Anderson et al., 2000, 2002;
Waters et al., 2001]. AMPERE was funded by the National
Science Foundation to implement new flight software on
the Iridium satellites to acquire magnetic field samples at
19.44 s or 2.16 s intervals from every satellite in the com-
munications network of 66 space vehicles (SVs) and from
on-orbit spare SVs on a noninterference basis with com-
mercial constellation operations. The SVs are distributed
over six orbit planes spaced equally in longitude giving
�2 h local time spacing and 9 min along track sepa-
ration between adjacent SVs in each orbit plane. Under
AMPERE funding, the Science Data Center (SDC) at
the Johns Hopkins University Applied Physics Laboratory
(JHU/APL) was developed to ingest, merge, and pro-
cess magnetometer data and attitude estimation results to
yield detrended, intercalibrated perturbations reflecting sig-
natures of Birkeland FACs flowing between the ionosphere
and magnetosphere.

[15] An example of the standard AMPERE output is
shown in Figure 3. The format is as follows. The dial plot
on the left shows the magnetic perturbations measured by
Iridium spacecraft, each spacecraft shown in its own color,
the most recent measurement at the head of the correspond-
ing colored segment. The direction of spacecraft motion
can be inferred by looking at consecutive images as shown
below (Figure 9). The distance between two consecutive
spacecraft that are in the same orbital plane is approxi-
mately 9 min. Thus, the measurements within the same
color segment remain the same until they are updated by
the next spacecraft passing through the corresponding point
9 min after the previous one. Based on this distribution of
magnetic perturbations, a spherical cap fitting procedure is
applied, which results in the regularized gridded distribution
of horizontal magnetic perturbations shown in the middle
column. Finally, based on the spherical cap function fit, a
pattern of FAC density is derived, which is depicted in the
right column.
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5. Results

5.1. Timing of the Simulation
[16] We noted above that we fine-tuned the time in our

simulation to better match it with dynamics at Earth. This
corrects for errors in propagation of the signal from the
upstream monitors to Earth. Fortunately, during the event
considered here, the Geotail spacecraft was situated at the
subsolar point just inside the magnetopause prior to the
arrival of the shock (Figures 2a and 2b). This allowed
us to accurately match the time in our simulations with
actual behavior at Earth. Figure 4 shows the compari-
son of the three components of the magnetic field in SM
coordinates as measured on the 3 s time cadence by the
Magnetic Fields Measurement (MGF) experiment on board
Geotail [Kokubun et al., 1994] and simulated by LFM/Wind
(red trace) and LFM/THC (cyan trace). The LFM curves
shown in the figure were manually shifted slightly to obtain
the best visual match with the Geotail measurements. The
dashed vertical line in the figure marks the shock arrival
time (17:40:45 UT) at Geotail. The LFM results presented
hereafter are all referenced to this definition of internal
simulation time. The figure demonstrates a number of impor-
tant additional points. Prior to the shock arrival, Geotail
stayed inside the magnetosphere marked by the very sta-
ble signal. After the shock arrival, the magnetopause moved
in, and the spacecraft moved out to the magnetosheath,
where it remained until the end of the period of interest
(1830 UT). Both simulations (LFM/Wind and LFM/THC)
show a very good agreement with the observations. In some
cases, depending on the upstream driver for the simula-
tion, a nearly perfect match could be obtained (e.g., the
BY component simulated by LFM/THC lies just on top of
the observed black trace). The BY evolution after the shock
arrival shows that the LFM/Wind simulation was in better
agreement with the observations until approximately 1755
UT, after which it deviated for about 5 min, during which
period the LFM/THC simulation was in good agreement.
After approximately 1805 UT, both simulations converged
and followed the observed field well until about 1815 UT,
when the LFM/THC run again deviated by some +10 nT.
The BZ curves show a good agreement until about 17:50 UT,
with the Wind-driven run perhaps somewhat overestimating
the magnitude of the southward field. After about 1810 UT,
both simulation runs also converge to the observed curve.
The major differences can be seen in the period between
1750 UT and 1810 UT. We already noticed in Figure 2c
that the transition to northward IMF inferred from Wind was
probably too early, at least compared to the three other
upstream monitors. Now we confirm, by comparison with
Geotail, that it was indeed �8 min early. Although the field
at Geotail started rotating just a few minutes after what
would be suggested by the Wind observations, the rotation
proceeded in a more gradual fashion. The transition in the
LFM/THC run was closer to reality, but this time it occurred
a few minutes too late. These are the most significant devi-
ations of the two simulations from the Geotail observations.
We should keep these deviations in mind when compar-
ing the simulations with AMPERE FAC patterns below.
Finally, the BX component in both runs also shows good
agreement with Geotail: LFM/Wind performs better in the
first 10 min until �1750 UT, while the LFM/THC performs

Figure 4. The three components of the magnetic field in
SM coordinates measured by Geotail (black trace) and sim-
ulated by LFM driven by Wind (red trace) and THEMIS C
(cyan trace). The vertical dashed line marks the shock arrival
time at Geotail.

better afterward. After about 1810 UT, both runs converge
to the observed curve as do the other components. The good
agreement of both simulation runs with the data in all three
components of the magnetic field suggests that our neglect
of the IMF BX component in driving the simulation was
unlikely to affect our results significantly.

5.2. FAC Pattern Comparisons
[17] The comparison of the simulated FAC patterns with

AMPERE is shown in Figure 5 (left column: LFM/Wind;
middle column: LFM/THC; right column: AMPERE). Note
that the LFM FACs are shown on the original computa-
tion grid, i.e., no additional smoothing was used. In the
AMPERE images (Figure 5, right column) the currents
below 0.15 � A/m2 are not shown for clarity. The four time
instances shown correspond to different stages of the sys-
tem evolution. The time intervals for the AMPERE patterns
were selected so that the latest Iridium measurement (the
end of the 10 min interval indicated in the upper left corner
of each AMPERE dial plot) corresponds approximately to
LFM simulation time.
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Figure 5. Evolution of the Birkeland current distribution as simulated by (left column) LFM/Wind,
(middle column) LFM/THC and (right column) reconstructed from AMPERE. For AMPERE, radial cur-
rent, as opposed to field-aligned, is shown. The interval covered is from roughly 1725 UT to 1812 UT on
3 August 2010 (LFM time) and the corresponding time labels are shown in the upper left corner of each
dial plot, the AMPERE label indicating the accumulation interval. FAC densities are shown for the north-
ern hemisphere, LFM in SM coordinates, AMPERE in AACGM coordinates, and are mapped to 120 km
altitude. Upward (downward) currents are shown in red (blue). The min/max values of the FAC density
are shown in the bottom-right corner of each dial plot. AMPERE current densities below the cutoff of
0.15 �A/m2 are not shown. Note the different scales between the color bars.
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[18] The feature common to all plots shown is that the
peak LFM FAC densities significantly exceed the AMPERE
values. It is important to note that as far as the magnitude
of the current density is concerned, it is more appropriate
to compare magnetic perturbations from which the current
density is calculated. Indeed, the AMPERE FAC densities
are derived quantities which retain lower latitude resolu-
tion in the spherical cap harmonic fit than the original data
(2.16 s sampling or �0.1ı) at this time. This leads to under-
estimation of the current density. Since the spatial resolution
of our simulation significantly exceeds that of AMPERE
inversions, it is possible that similar levels of magnetic
perturbations can result in higher current densities when
differentiated on a finer grid. In the next section, 5.3, we
compute the magnetic perturbations from our simulations
and compare them with perturbations measured by the Irid-
ium spacecraft (as shown in Figure 3). Thus, we postpone
the discussion of the discrepancies in the peak current den-
sities until then and focus for now on the form of the current
distributions.

[19] The first snapshots (Figures 5a–5c) show the FAC
pattern that formed prior to the shock arrival under the weak
negative BY ( BY, BZ < 0; |BZ| < |BY|) driving. The two sim-
ulations produced very similar patterns as expected, since
the Wind and THC data did not show large differences
before 1740 UT (Figure 1). Overall, both the simulated and
observed current density distributions correspond to what
can be expected from statistical FAC patterns [Anderson et
al., 2008] for this type of driving, with the upward cur-
rent density peaking just post-noon. The simulated patterns
reveal much richer structure than the AMPERE patterns,
which is also expected, given the high resolution of the sim-
ulation of & 0.5ı (section 3), the limitation of the AMPERE
spherical fit to 3ı latitudinal resolution and Iridium space-
craft being in six orbital planes, effectively limiting the
azimuthal (local time) resolution to 2 h. Despite the differ-
ence in resolution, the comparison shows that the morphol-
ogy of the simulated and observed FAC signatures is very
similar, including the locations of major current features and
the distribution of their intensities (e.g., stronger dayside,
weaker nightside currents). Sizable Region-2 currents are
also present in the simulation and are the result of the diver-
gence of the diamagnetic ring current (j? = B � rp/B2) in
the inner magnetosphere. The AMPERE pattern shows no
or weak current density premidnight and before 0600 MLT.
Consulting the distribution of magnetic perturbations shown
in Figure 3, which corresponds to the same time period,
we note that all spacecraft in the post-midnight sector mea-
sured magnetic perturbations around 20ı colatitude. Weaker
perturbations were also measured in the premidnight sec-
tor. This indicates that the currents simulated by LFM were
present in reality, but the AMPERE-reconstructed current
density was sufficiently weak that it fell below the plotting
threshold. We will show below that the actual levels of mag-
netic perturbations measured by Iridium and simulated by
LFM were consistent.

[20] Data for the next time instance are depicted in
Figures 5d–5f. This time corresponds to �7–8 min after
the shock arrival at the subsolar magnetopause. Both
simulations show a similar pattern. A strong post-noon
upward current corresponding to the preexisting negative BY
driven system enhanced after the initial shock arrival. Both

simulations also show a strong upward current just prenoon
(LFM/Wind) or centered at noon (LFM/THC) and a com-
plicated enveloping structure of downward currents that is
somewhat different between the two simulations. This cur-
rent system is associated with the shock disturbance and it
subsides a few minutes later. Both simulations show well-
developed Region-1 and Region-2 current systems along the
flanks and on the nightside. These current systems inten-
sify in the wake of the solar wind shock that has propagated
past XGSE = –30 RE at this point. The LFM/Wind simu-
lation shows somewhat stronger current densities than the
LFM/THC simulation on the nightside. An examination of
the pressure distribution in the inner magnetosphere (not
shown) reveals a higher plasma pressure in the LFM/Wind
run, which may explain the more intense Region 2 current in
this simulation.

[21] Some aspects of the ionospheric responses to the
interplanetary shock arrival in our high-resolution simula-
tions agree with previous analyses using MHD models to
investigate effects of solar wind pressure impulses or inter-
planetary shocks [e.g., Fujita et al., 2003a, 2003b; Yu and
Ridley, 2009; Samsonov et al., 2010, 2011]. However, the
level of detail in the FAC patterns simulated here, in partic-
ular, those directly associated with the shock impact, as well
as effects of the changing IMF orientation, warrant further
investigation. Given the complexity of both the observed
and simulated responses, this paper is devoted to untan-
gling the difficulties of their mutual analysis. Therefore, to
avoid distraction, we leave out the discussion of the details
of the FAC generation in these very dynamic and highly
resolved simulations.

[22] The AMPERE plot in the second row of Figure 5
shows the current pattern for the interval ending at 1750
UT, about 2 min after the corresponding LFM patterns. The
minor difference between this and the preceding AMPERE
pattern (1748 UT) is that at 1750 UT an updated space-
craft measurement is made in the post-noon sector resulting
in the post-noon upward current density peak in Figure 5f,
which corresponds to the post-shock arrival intensification
and makes the comparison with the LFM patterns some-
what more meaningful. The dynamics of the underlying
magnetic field measurements and the corresponding FAC
patterns is discussed in detail in section 5.3.1. In partic-
ular, Figure 9 shows the changes in the AMPERE FAC
patterns between 1748 and 1750 UT and the correspond-
ing spacecraft updates. The post-noon and prenoon upward
current peaks equatorward of 10ı colatitude in Figure 5f,
as well as the dayside downward current just inside the
10ı circle, are the primary features of the AMPERE current
pattern to point out. These are in agreement with the cor-
responding LFM current signatures. However, on the flanks
and on the nightside, the AMPERE pattern does not repro-
duce the FAC signatures seen in the LFM run, although the
upward-downward current pair in the post-midnight sector
is somewhat intensified compared to the preshock levels. As
will be shown below, this is explained by the timing of the
spacecraft passages over these regions, which resulted in a
delayed response on the flanks and the nightside. At this
time (1750 UT) the only locations where the enhanced signal
has been measured after the shock arrival are at noon, post-
noon, and post-midnight, which explains the FAC density
intensification there.
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[23] In the 1740–1750 UT AMPERE frame (Figure 5f),
weak currents equatorward of 30ı colatitude in the post-
midnight sector are due to noise steps in data from one SV.
Similar lower latitude signals are present in the 1802–1812
UT interval (Figure 5l) near noon and are the same artifact.
In the 1740–1750 UT and 1802–1812 UT frames, there is an
apparent bifurcation feature in the dayside upward current.
Whether such features are real or not can only be established
by examining the underlying magnetic field measurements.
These measurements are presented and discussed below in
section 5.3 (see specifically Figures 9 and 11). From their
analysis, it becomes clear that at 1740–1750 UT, the upward-
downward current pair at noon centered roughly on the 20ı
colatitude comes from a local spike in eastward magnetic
field vectors, which is probably spurious (Figure 9d–9f).
In the 1802–1812 UT frame (Figure 11 shows the 1806–
1816 UT interval but is sufficient to make the point), the cur-
rents at noon starting from the upward current located just
poleward of 20ı colatitude and equatorward of that are not
supported by corresponding magnetic field measurements.
They are an artifact of the low order in the latitude fit rela-
tive to the sharp gradients in the magnetic field data. When
the data exhibit latitudinal gradients that are sharper than the
3ı resolution of the fit, the spherical cap fit results show a
mild ringing in the sector with the strong currents.

[24] Returning to Figure 5, the next snapshot we con-
sider is shown in Figures 5g–5i. This time occurs nearly
20 min after the initial shock arrival (Figures 1 and 4).
According to Figure 4, at this time, the BY component in
the magnetosheath was in reasonable agreement with Geo-
tail in both LFM/Wind and LFM/THC simulations, the latter
more so than the former. However, BZ had already rotated
northward in the LFM/Wind run, while in the LFM/THC
run, it stayed negative and followed closely the observed
trend. Despite these differences in the driving, both simu-
lations produced similar FAC patterns. The LFM/THC run
shows fairly complex transient post-noon current features.
The LFM/Wind run does not yet show strong signatures
of northward BZ driving, but they do appear a few min-
utes later. The AMPERE pattern closely resembles both the
LFM/Wind and LFM/THC patterns, including the location
and morphology of all major FAC features. At this time, the
AMPERE pattern already reflects the strengthened currents
on the flanks and on the nightside.

[25] Finally, Figures 5j–5l show the time instance when
both simulations have started to respond to the northward
rotation of the driving magnetic field (Figures 1 and 4). A
strong NBZ current system [Ijima et al., 1984; Zanetti et
al., 1984] skewed by strong negative IMF BY can be seen in
the prenoon sector at high-latitudes (centered roughly on the
10ı colatitude circle). As expected, because the IMF rota-
tion occurred nearly 10 min earlier in the LFM/Wind run,
this current system is more intense in this run. The cur-
rent systems at other locations, around the flanks and on the
nightside, are similar between the two simulations. Aside
from the much more structured distribution of FACs in the
simulations, overall agreement is evident between the mor-
phology and location of all the major currents and AMPERE
results, including the NBZ current system, the strong post-
noon upward current equatorward of �10ı colatitude, and
the general location of Region-1 and Region-2 currents both
in terms of their latitude and MLT. It should be pointed out

that the NBZ current system is rather localized, as is clear
from the simulation, and, as shown below, it resides almost
completely between two Iridium orbital planes. In the LFM
runs, the NBZ currents are skewed so that the magnetic
perturbation vectors between the upward and downward cur-
rents can be inferred to point “diagonally” from noon to
dawn. In AMPERE, these currents are aligned more “hori-
zontally” with dusk-dawn inferred direction of the magnetic
vectors. This under-rotation of the current system in the
AMPERE reconstruction results from the inversion proce-
dure struggling to capture the true orientation of the currents
residing mostly between the spacecraft tracks where the
actual measurements are taken. Considering the structure of
the currents in the simulations, the result of the AMPERE
inversion demonstrates good agreement with the simulated
pattern.

5.3. Underlying Magnetic Perturbations
[26] The goal of this section is to go beyond the FAC

patterns presented above and analyze the actual magnetic
perturbations measured by the Iridium magnetometers and
compare them with the simulations. This will not only allow
us to better understand the timing of events in response to
the solar wind and IMF driving, but also address the issue
of discrepancy between the simulated and observed peak
FAC densities.

[27] To compare the appropriate variables between obser-
vations and simulations, we wish to recover magnetic pertur-
bations associated with the FACs at the ionospheric altitude
in our simulations. To this end, we employ the technique
of computing the scalar magnetic potential commonly used
in reconstructions of ionospheric FACs from observed mag-
netic perturbations [Olsen, 1997; Weimer, 2001; Waters et
al., 2001]. The technique is based on the decomposition
of divergenceless magnetic field and current into poloidal
and toroidal components [Backus, 1986]. The potential is
given by

�0Jr = �?‰, (1)

where Jr is the radial ionospheric current density, ‰ is
the magnetic potential or the toroidal scalar for the mag-
netic field, and �? is the transverse (angular) part of the
Laplacian operator in spherical coordinates. Then, the corre-
sponding horizontal magnetic perturbation is given by

ıB = Or � r?‰, (2)

where Or is the unit vector in the radial direction and r? is
the transverse component of the gradient. Equations (1) and
(2) ensure that r � ıB = �0Jr. Based on the simulated FAC
density, we solve the Poisson equation (1) numerically using
the MIX code [Merkin and Lyon, 2010] and then obtain ıB
from equation (2). It should be noted that MIX does not
assume that FACs are radial and corrects for the magnetic
field dip angle, ı [Goodman, 1995; Wolf, 1983]. However,
the magnetic perturbations we are considering occur near or
poleward 20ı colatitude and thus the corrections, which are
of order cos ı or cos2 ı [Merkin and Lyon, 2010, equation 1],
are negligible. It is also noted that equation (2) only recovers
the toroidal component of the magnetic perturbation (created
by the field-aligned and Pedersen horizontal currents when
conductances are uniform), but neglects the poloidal one
(created by the Hall horizontal current when conductances
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Figure 6. The three plots show (a) the magnetic potential (toroidal scalar), (b) the magnetic field pertur-
bation, and (c) the corresponding FAC density in the northern hemisphere for the LFM/Wind simulation
at�1725 UT. As in Figure 5, noon is at the top, dawn is to the right. Concentric circles are spaced at
10ı colatitude; only regions poleward of 30ı colatitude are shown. The min/max values are shown in the
lower left/right corner of every dial plot. The magnetic potential is in units of nT�Ri, where Ri = 6500 km.
The center plot shows the magnetic field perturbation vectors subsampled to 1 h MLT and 1ı latitude
resolution. The background shows the magnitude of the perturbation.

are uniform). These assumptions are commonly used in sim-
ilar applications [Weimer, 2001; Waters et al., 2001] and will
be adopted here. This procedure will give us an estimate of
the magnetic perturbation associated with the simulated FAC
density and a means of directly comparing the appropriate
variable with the Iridium measurements.

[28] Figure 6 shows the results of this procedure for
the LFM/Wind run prior to the shock arrival. The figure
shows magnetic potential (Figure 6a), magnetic pertur-
bations (Figure 6b), and the corresponding FAC density
(Figure 6c) in the northern hemisphere. When computing
the magnetic potential numerically, we subsample the FAC
density calculated by LFM to a coarser 1ı � 1ı grid; the
quantities in the left and center columns are shown on this
grid, while the FAC density is shown on the original high-
resolution LFM grid. As opposed to Figure 5, in Figure 6.
only regions poleward of 30ı colatitude are shown. The
vector plot of magnetic perturbations (Figure 6b) provides
a visualization of vector directions and magnitudes but is
rather coarsely subsampled in MLT. Thus, we supplement it
with the plot of the magnetic potential, which can be con-
sulted for more details and also provide a global context.
The magnetic perturbation vectors are pointing along the
equipotentials according to equation (2).

[29] The time instance in Figure 6 corresponds to the
one depicted in Figure 5a. The plots in Figure 6 provide
a convenient means of directly comparing the distribu-
tion of magnetic perturbations between the simulations and
AMPERE patterns. The AMPERE data for this interval
were shown in Figure 3. As expected from the successful
FAC pattern comparisons (Figure 5a–5c), we observe a very
good correspondence between the simulation and AMPERE
at this time. In particular, the perturbations peak at noon
and post-noon just equatorward of the 10ı circle (red and
green satellites in Figure 3, left) and the direction of the
vectors (best inferred from the orientation of the equipo-
tentials in Figure 6a) is well aligned between LFM and
AMPERE. It can also be noted that the perturbations on

the nightside are somewhat stronger at dawn than at dusk
in both AMPERE and LFM. The post-midnight perturba-
tions in LFM are shifted somewhat poleward in comparison
with Iridium measurements, which may indicate an under-
stretched tail in the simulation, but otherwise the LFM and
AMPERE patterns are in good agreement.
5.3.1. First 12 Min

[30] Figures 7 and 8 track the evolution of the simu-
lated system (LFM/Wind and LFM/THC, respectively) for
about 12 min after the shock arrival. Figure 9 represents the
AMPERE observations during this period in the same for-
mat as Figure 3. Each row in these figures corresponds to
one time snapshot: they are equally spaced in time (2 min
between the plots in Figure 9; �3 min, in Figures 7 and 8).

[31] The first snapshot (Figures 7a–7c and 8a–8c) is
approximately 2–2.5 min after the shock arrival at the
magnetopause (cf. Figure 4). At this time, we see the for-
mation of the current system associated with the shock:
In the LFM/Wind simulation, its most pronounced feature
is the strong upward current just prenoon, equatorward of
10ı colatitude embedded between weaker downward cur-
rent regions poleward and equatorward, respectively. In the
LFM/THC simulation, the upward current peaks closer to
noon and the equatorward downward current are not present
at this time, which leads to a somewhat different distribu-
tion of the magnetic potential (Figure 8a). In both cases,
however, this noon current system is associated with a
strong magnetic perturbation. Particularly pronounced in the
LFM/Wind run is the small negative magnetic potential well
(Figure 7a, slightly prenoon, at & 10ı colatitude), which
suggests that a spacecraft moving from midnight to noon
along the meridian would see a “fan” of perturbation vectors,
first pointing to dawn and then to dusk, duskward vectors
rotating clockwise first being skewed poleward, then equa-
torward. This is exactly the kind of perturbation pattern
that we see in the red spacecraft measurements at noon in
Figure 9a (note that while the figure is taken at 1746 UT,
the satellite passed through the center of the perturbation
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Figure 7. Same as Figure 6, but for times from 1743 to 1752 UT of the LFM/Wind simulation. Each
row corresponds to one time snapshot. Time labels are shown in the upper left corner of every dial plot.
See Figure 6 caption for details.
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Figure 8. Same as Figure 7, but for the LFM/THC simulation.

at �10ı colatitude at �1744 UT). Also note that the direc-
tion of the spacecraft motion can be inferred by analyzing
consecutive images; in this case, motion is from nightside
toward dayside.

[32] Figures 7d–7f and 8d–8f show a snapshot approx-
imately 6 min after the shock arrival when the FAC and

corresponding magnetic perturbation signatures first appear
on the dayside (see, in particular, multiple embedded current
sheets in the prenoon and post-noon sectors between 10ı
and 20ı colatitude in Figures 7c and 8c) and subsequently
propagate toward the nightside and poleward. During these
�6 min, the magnetic perturbations over most of the polar
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cap (outside of the directly driven dayside current system)
are reduced compared to the preshock levels (cf. Figure 6).
In the LFM/THC run, this process is slower, perhaps due
to a weaker solar wind shock (Figure 1). Thus, at this time,
the “arcs” of magnetic perturbations around the flanks are
somewhat weaker in this run compared to the LFM/Wind
run. After a few minutes, these “arcs” of relatively strong
perturbations settle just poleward of 20ı colatitude and
continue growing in intensity toward the state depicted in
Figures 7g–7i and 8g–8i.

[33] These plots (Figures 7g–7i and 8g–8i) indicate con-
tinuing intensification of the dayside currents and magnetic
perturbations driven by negative IMF BY and BZ after the
shock (cf. Figure 4). On the nightside, magnetic pertur-
bations and both Regions-1 and 2 currents also intensify
compared to the previous stage, but Region-2 currents now
are more concentrated in the premidnight and post-midnight
sectors marking the final stages of the inner magnetosphere
compression which occurred while the initial shock was
propagating through the system. Due to the presence of
Region-2 currents, the magnetic perturbations are rather
localized in latitude in narrow sheets �2ı wide.

[34] Figures 7j–7l and 8j–8l show the two simulations
starting to deviate from each other due to the premature
northward IMF rotation in the LFM/Wind run (Figure 4).
This is well reflected in the orientation of the dayside mag-
netic perturbations (Figures 7j, 7k, 8j, and 8k) and the
distribution of FAC densities (Figures 7l and 8l). On the
nightside, Region-2 currents have weakened compared to
the previous snapshot, which results in a widening of the
sheet of magnetic perturbations evident in the premidnight
and post-midnight sectors in both simulations.

[35] Turning to the corresponding AMPERE patterns
(Figure 9), we note in Figure 9a the weak sunward (east-
ward) perturbation measured at 0600 MLT and 20ı colati-
tude by the yellow spacecraft moving from dusk to dawn.
This perturbation has the opposite sense to the westward
perturbations corresponding to the convection pattern exist-
ing prior to the shock arrival (Figure 3). The probe moved
through this region at .1744 UT. Returning for the moment
to Figures 7a–7c and 8a–8c, we note the embedded current
sheets on the flanks, mentioned above. In the LFM/Wind
run, these currents are somewhat stronger and are associ-
ated with a weak reversal of the magnetic perturbations
most evidently manifested in the small kink in the simu-
lated equipotential in Figure 7a at dawn poleward of 20ı
colatitude. We note that the timing of events following the
interplanetary shock arrival in our simulations, particularly
during the first few minutes when the shock-induced fast
wave is moving through the magnetosphere, can be affected
by the distribution of plasma density and the Alfvén speed
profile in the inner magnetosphere. For this reason, as well as
the intrinsic uncertainties in the solar wind and IMF driving
discussed above, we do not expect the simulations to exactly
reproduce every single Iridium measurement, which reflects
wave propagation processes and corresponding transient
structures in the currents, with perfect timing. Nevertheless,
it is plausible to suggest that a similar feature to the magnetic
equipotential kink discussed above could be responsible for
creating the sunward perturbation measured by the yellow
satellite. The dark red satellite in the same orbit as the yellow
one, in its turn, did not observe any significant perturbations

in the premidnight sector when it passed over 20ı colatitude
likely because the passage occurred too early (�1742 UT).

[36] Further, in Figures 9a and 9d, we note the orange
satellite in the post-midnight sector and the black satellite in
the same orbit in the premidnight sector. They pass through
the regions of slightly enhanced magnetic perturbations
(�20ı colatitude) at �1746 UT, when the LFM runs would
indicate the perturbations should just start appearing at these
latitudes as discussed above. The next time these regions will
be updated with new Iridium measurements will be 10 min
later, thus missing the magnetic perturbation intensification
that, as the LFM runs indicate, occurs after �1746 UT
(between second and third rows in Figures 7 and 8), with
the LFM/THC run showing a slightly slower response. The
observation by the black satellite is interesting because it
shows a bipolar magnetic field signature (tailward-sunward
or eastward-westward sequence as observed by the space-
craft moving from dusk to dawn). Prior to the shock arrival,
both AMPERE (Figure 3) and LFM (Figure 6) indicate a
broad tailward perturbation in that region. Figures 7d–7f
and 8d–8f indicate that, at this time, magnetic perturbations
reverse direction just poleward of 20ı colatitude consistent
with the observation by the black satellite.

[37] This observation highlights an important point
regarding the overall distribution of magnetic perturbations:
both before and after the shock arrival, it is generally consis-
tent with a negative BY driven configuration with a “round”
cell on the dawnside and a “crescent” cell on the dusk-
side in the northern hemisphere summer [e.g., Crooker and
Rich, 1993]. Note that according to equation (1), assum-
ing uniform conductances, the magnetic potential is the
same (up to a constant factor) as the ionospheric electro-
static potential [e.g., Wolf, 1983], and therefore, the magnetic
potential plots in the first column of Figures 6–8 give a gen-
eral sense of the ionospheric convection. It is clear that,
because of the different patterns of convection and mag-
netic perturbations at dawn and dusk, a spacecraft crossing
the polar cap along the terminator from dusk to dawn will
see the magnetic perturbation vectors rotating from east-
ward to westward direction on the duskside, but will see just
westward vectors on the dawnside. After the shock arrival,
the rapid dynamics of the system complicate this picture.
For instance, the orange satellite (around 1800 MLT) on the
duskside does not measure a sizable (compared to the sub-
sequent measurement in this region) eastward perturbation
equatorward of�15ı at 1750 UT (Figure 9g), which may be
due to the temporary weakening of the magnetic perturba-
tions evident in the LFM/Wind in that region (Figure 7h) and
only measures the westward perturbation poleward of that
region (Figure 9j). This westward perturbation correspond-
ing to the antisunward convection over the polar cap will
not increase significantly with the next measurement in this
region, but the eastward perturbation at lower latitudes will,
in agreement with the simulations (see Figure 11d below).

[38] Another interesting detail of the system evolution
during this time can be seen in Figures 9d, 9g, and 9j. The
orange satellite in the prenoon sector recorded an oscilla-
tory pattern between 1746 and 1750 UT. Consulting second
and third rows in Figures 7 and 8, we note that, according
to the simulations, the spacecraft was moving in the vicin-
ity of the magnetic potential hill during this time. Given the
mutual motion of the potential pattern and the spacecraft,
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Figure 9. Same as Figure 3 but for the times indicated on the plots.
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it is possible that the motion of the spacecraft in the vicinity
of the potential extremum could result in the rapid rota-
tion of magnetic perturbation vectors observed by the orange
spacecraft.

[39] The dark blue spacecraft in the same orbit as the
orange one discussed above passes over�20ı colatitude just
premidnight between 1746 and 1750 UT (Figures 9a, 9d, and
9g) and measures no significant perturbations. This observa-
tion agrees with both LFM/Wind and LFM/THC simulations
that indicate weak magnetic perturbations in that region
(Figures 7, 8, second column) during this time interval. The
yellow spacecraft in the same sector (premidnight) in the
orbit at a smaller MLT (Figure 9j) measures weak perturba-
tions in that region at 1752 UT. Both simulations indicate a
stronger signal there, but on the other hand, they also sug-
gest that these perturbations should be weaker than those at
still smaller MLT locations toward 1800 MLT.

[40] The above discussion suggests that, because of the
timing of the Iridium spacecraft passage over the flank and
nightside regions, where intensified magnetic perturbations
are indicated by the simulations, the FAC patterns resulting
from AMPERE inversions started responding to the shock-
associated transient changes with &10 min delay compared
to LFM. The first significant perturbations are measured in
the post-midnight sector starting at 1750 UT (blue space-
craft in Figure 9g and red spacecraft just post-midnight
in Figure 9j), and also by the dark red satellite at dawn
(Figure 9j, 0600 MLT, �20ı colatitude). The blue space-
craft measurements at midnight generally agree with pre-
dictions from both LFM/Wind and LFM/THC simulations
(Figures 7 and 8, last row), while the red spacecraft indicates
the presence of an intense downward-upward current pair
(upward current being at lower latitudes) just post-midnight.
The LFM simulations (particularly, LFM/Wind) indicate the
presence of this current pair in the region, but shifted pole-
ward by a few degrees. The dark red spacecraft (Figure 9j,
0600 MLT,�20ı colatitude) measurements are in agreement
with both LFM runs, although they are weaker than the sim-
ulations would indicate in that region at 1752 UT (Figures 7k
and 8k). A few minutes later, after the next Iridium mea-
surement in that region, the signal intensifies significantly
(Figure 11a).

[41] In spite of the number of elevated magnetic pertur-
bation measurements made by the Iridium spacecraft in the
post-midnight sector at 1750 and 1752 UT, the AMPERE
FAC patterns show little response to the shock arrival until
after 1752 UT. This is partly explained by the fact that
these perturbations are not sufficient to affect the AMPERE
inversions considerably. In addition, a weak FAC forming
in response to the dark red spacecraft in Figure 9j at 0600
MLT is not seen because it falls below the plotting thresh-
old. At the same time, the LFM simulations demonstrate
significant dynamics during these 12 min (Figures 7 and
8). We can, however, see the intensification of the post-
noon currents and magnetic perturbations in the AMPERE
patterns because of the updated measurement of the strong
perturbations by the green satellite in the post-noon sec-
tor in Figures 9d and 9g. This is consistent with both LFM
simulations (Figures 7g–7i and 8g–8i).

[42] The discussion above explains, in particular, the dis-
agreement of the flank and nightside FAC densities that
we noted above (Figures 5d–5f). As Figure 5 indicates, the

agreement should become better at later times when the cor-
responding regions of strong perturbations are updated with
new Iridium measurements.
5.3.2. After the First 12 Min

[43] We follow the subsequent evolution of the system
using only results from the LFM/THC simulation which,
according to Figure 4, was likely driven by more real-
istic solar wind and IMF conditions after 1750 UT and
resulted in better agreement with the Geotail measurements.
Figures 10 and 11 show the results of LFM/THC simulation
and AMPERE observations, respectively, in the same for-
mat as Figures 7–9 between 1756 and 1825 UT. During this
time, IMF BY mainly stayed negative, first briefly reaching
zero and then dropping to� –10 nT, while BZ slowly rotated
from southward to northward direction steadily increasing in
magnitude (Figures 1, 2, and 4).

[44] Figures 10a–10c show a snapshot of the simulation
�4 mins after the last time snapshot considered in the pre-
vious subsection (Figures 8j–8l). Together, these plots are
to be compared with Figures 11a–11c. We note the day-
side perturbation measured by the purple satellite at noon.
These measurements were acquired while the spacecraft tra-
versed this region between 1750 and 1756 UT; therefore, it
is appropriate to compare these measurements with the sim-
ulation snapshots taken at 1752 and 1756 UT. The primary
measured feature is the almost purely dawnward direction
of the major perturbations indicating a nearly dawn to dusk
alignment of the convection throat. The simulations indicate
a similar orientation of the magnetic perturbation vectors:
slightly more so at 1752 UT (Figures 8j and 8k) than at
1756 UT (Figures 10a and 10b), because the structure is
rotating toward a more diagonal orientation seen at later
times (Figures 10d–10f). At 1804 UT (Figures 11d–11f),
the red Iridium spacecraft measured a broad distribution
of magnetic perturbations at noon, which is in agreement
with the rotated convection throat orientation predicted by
LFM (Figures 10d–10f). Returning to the 1756 UT snapshot
(Figures 10a–10c and 11a–11c), we note the small region of
duskward perturbations near the pole measured by the pur-
ple spacecraft just discussed. In the LFM/THC simulation,
the duskward perturbations occur a few degrees dawnward
of the pole, suggesting that the positive magnetic potential
cell was located closer to the pole in reality.

[45] Also at this time, the black Iridium satellite observed
a strong intensification of the westward perturbations in the
post-midnight sector. In the next snapshot (Figures 11d–
11f), in addition to the red satellite measurement at noon
noted above, updated measurements appear at all local times
and show the strong intensification seen in the simulations
before 1750 UT. Note, the satellites shown in gray rep-
resent missing data which are replaced by averaging the
spacecraft ahead and behind. The measurements of intensi-
fied perturbations occur between 1756 and 1804 UT, not at
1804 UT, so they are delayed compared to LFM by a
few minutes (quantified below). The measured perturbations
agree well with the morphology of the simulated pattern,
including the westward sense of perturbations on the dawn-
side and the bipolar signatures on the duskside correspond-
ing to the “crescent” and “round” convection cells discussed
above (Figures 10d–10f). This agreement explains the cor-
respondence of the simulated and observed current patterns
described in section 5.2 (Figures 5g–5i; see also Figures 10f
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Figure 10. Same as Figure 8 (LFM/THC simulation), but for the time period from 1756 to 1825 UT.

and 11f). Note also that, at this time, the sense of pertur-
bations at midnight (purple satellite) and premidnight (dark
blue satellite) agree with the simulated signatures, which
correspond to the downward Region-1 current post-midnight
poleward of �20ı colatitude and the upward Region-2

current at midnight (Figure 10f; see also the “hook” of the
crescent cell at midnight in Figure 10d).

[46] The next snapshot marks the transition of the system
to strong northward IMF BZ with strong BY driving (third
row in Figures 10 and 11). The primary feature we point
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Figure 11. Same as Figure 9, but for the time period corresponding to the simulation results in
Figure 10.

out here is the very strong localized perturbation measured
at noon by the purple satellite (the measurement occurs at
�1812 UT). The LFM simulation (Figures 10g–10i) demon-
strates that an intense round cell has been set up with

the sense of magnetic perturbations at noon correspond-
ing to the Iridium measurement. The magnetic perturbations
measured at other MLT locations also show close corre-
spondence with the simulation, also reflected in the FAC
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patterns discussed above (Figures 5j–5l; see also Figures 10i
and 11i).

[47] Finally, the last row in Figures 10 and 11 depicts the
state of the system after �20 min of northward IMF driving
with strong negative BY (Figures 1–4). As in the previous
snapshot, the simulation indicates a strong NBZ current sys-
tem skewed due to strong negative IMF BY. However, at
this time, the downward current peak moved almost to the
pole, and thus the positive magnetic potential cell is centered
on the pole as well. The corresponding observed signature
of particular interest is the set of perturbation vectors mea-
sured just over the pole and in the post-noon sector by the
green satellite and by the red satellite traversing the polar cap
from midnight toward noon. Together, these measurements
create a distribution of magnetic vectors, which is in close
agreement with the simulation. Particularly, the green satel-
lite measurements at the pole indicate the center of the cell
there. The eastward perturbation vectors measured by the
red satellite equatorward of 10ı colatitude suggest a strong
downward current, reflected in the inversion (Figure 11).
The simulation does produce a downward current around
noon equatorward of the strong upward current, but this
downward current is sufficiently weak that simulated mag-
netic perturbations do not reproduce the observed signature.
As in the previous comparisons in this section, the rest of
the simulated perturbations are in close correspondence with
the observations. In particular, the band of eastward vectors
on the duskside near 20ı colatitude is reproduced well indi-
cating the presence of a substantial Region-2 current there
(Figure 10l).

5.4. Quantitative Comparison and Time Evolution
of Maximum Magnetic Perturbations

[48] In the preceding sections, we discussed the evolution
and morphology of the spatial distribution of observed and
simulated magnetic perturbations. Although the magnitude
of perturbations could be inferred from the figures presented,
we analyze their interrelation in a more quantitative fash-
ion. This is particularly interesting in view of our earlier
finding that the peak simulated FAC densities could signifi-
cantly exceed those inferred from the AMPERE inversions.
Since the AMPERE current densities are derived through a
spherical cap fitting procedure, high current densities cor-
responding to sharp gradients in the magnetic perturbations
are attenuated due to the latitude resolution of the fit cor-
responding to the fit degree. Therefore, it is important to
understand whether there is a systematic bias in our sim-
ulations to overestimate FAC densities and the underlying
magnetic perturbations, or whether the discrepancy is due
to the latitude smoothing implicit in the spherical cap fitting
used to derive the AMPERE current densities. To do this, we
compare the simulated values with the perturbations actu-
ally measured by Iridium spacecraft as depicted in the left
columns of Figures 9 and 11.

[49] It is also important to note that, as demonstrated
by the high-resolution simulation results presented above,
the peak current densities and magnetic perturbations can
be very spatially localized, sometimes to within an area of
. 2ı � 200 km, particularly, during events with signifi-
cant IMF BY and/or positive BZ. Therefore, it is possible that
during any given time, the region of maximum perturbations
is between the Iridium orbital planes. Finally, in a situation

Figure 12. Maximum magnetic perturbations measured
by Iridium (black) and simulated by LFM/Wind (red) and
LFM/THC (cyan) over (a) the entire northern ionosphere
and in (b) the post-midnight sector equatorward of 10ı colat-
itude only. The ends of the 10 min accumulation intervals
are chosen as the time stamps for the Iridium data.

when the FAC and magnetic perturbation patterns change on
timescales of minutes, it is possible that Iridium measure-
ments updated every 10 min at any given location will miss
some of the dynamics.

[50] On the other hand, calculations of FAC densities
and magnetic perturbations in our simulations are affected
by a number of factors, including intrinsic uncertainties
in the solar wind and IMF driving (sections 2 and 5.1),
ionospheric conductance, and the mechanisms of FAC gen-
eration, e.g., the amount of hot plasma in the nightside inner
magnetosphere to drive Regions-2 currents.

[51] With these considerations in mind, we plot in
Figure 12 the maximum magnetic perturbations simulated
by LFM/Wind and LFM/THC and measured by Iridium
satellites. The ends of the 10 min accumulation intervals are
chosen as the time stamps for the Iridium data. Figure 12a
shows the magnitude of the maximum perturbation mea-
sured or simulated over the entire northern ionosphere as a
function of time, while Figure 12b shows only the values in
the post-midnight sector (between 0000 and 0600 MLT and
equatorward of 10ı to exclude the localized strong convec-
tion region near the center of the intense lobe cell toward the
end of the simulation, i.e., 1830 UT).

[52] In Figure 12a, we observe that before the shock
arrival at 1740 UT, both simulations track the observed sig-
nal quite well. The simulations overestimate the maximum
perturbation before 1720 UT, which can be attributed to any
of the factors mentioned above, but it is clear that the over-
estimation is not due to a systematic bias, because between
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1720 and 1740 UT, the simulated perturbations agree closely
with the measured signal. After the shock arrival, the picture
is dominated by strongly localized regions of intense cur-
rents and magnetic perturbations on the dayside (Figures 5,
7, 8, and 10). Therefore, it is likely that these regions could
fall between the Iridium orbital planes and hence the peak
magnetic perturbations were not sampled, resulting in the
deviation of both simulations from the measurements. Con-
sidering Figures 9 and 11 in combination with Figure 12a,
we note that, as discussed above, the first measured inten-
sification upon the shock arrival occurs at 1744 UT (red
satellite at noon, Figure 9a). The next two updates on the
dayside occur at 1748–1750 UT (green satellite, post-noon,
Figures 9d and 9g) and at 1754 UT (purple satellite, noon,
Figure 11a), but neither of these measurements affects the
black curve in Figure 12a, because they do not update the
maximum measured value. The next measurement resulting
in a visible increase in the black curve in Figure 12a occurs
at 1758 UT (red satellite, post-noon, Figure 11d) followed by
two more updates that are not visible in Figure 12a until the
purple satellite shown in Figure 11g measures a major sig-
nal at noon at 1812 UT. Thus, we essentially see two major
events in the measured signal in Figure 12a: the initial shock
arrival (the step-increase in the black curve at 1744 UT)
and the northward rotation of IMF BZ (1812 UT). The same
two events are identified in both simulations, the second one
being premature in the LFM/Wind run as expected from the
discussion in sections 2 and 5.1. However, most of the sim-
ulated dynamics between these two events are not registered
by the Iridium spacecraft.

[53] Since the perturbations from the simulations on the
nightside are more uniformly distributed in MLT (Figures 7,
8, and 10), the localization problem discussed above should
not affect the comparison with AMPERE observations in
Figure 12b. First, the figure shows, similarly to Figure 12a,
that prior to the shock arrival, both simulations closely track
the observed signal. Upon the shock arrival, both simula-
tions exhibit a �5–6 min dropout period during which the
magnetic perturbations are reduced below the preshock lev-
els, as discussed above (section 5.3). This period is signified
by the state depicted in Figures 7a–7c and 8a–8c. The Irid-
ium observations do not capture the dropout period mainly
because of preshock measurements still existing in the post-
midnight sector during this time but also due to the update
occurring just post-midnight at 1744 UT (Figure 9a, purple
satellite, post-midnight), possibly indicating tail dynamics
not captured by the simulations. More importantly, after this
initial period, Figure 12b demonstrates very close agree-
ment between the simulations and Iridium measurements,
the latter showing significantly increased perturbations on
the nightside with a �6 min delay after the LFM/Wind sim-
ulation and �4 min delay after the LFM/THC simulation as
discussed above. The dynamic behavior of both LFM sim-
ulations toward the end of the simulated period indicating
somewhat elevated values of perturbations over the more
stable Iridium signal may be due to localized nightside acti-
vations (e.g., Figures 10k and 10l), which can be missed
by the Iridium spacecraft if they occur between the orbital
planes. Figure 12b thus demonstrates that the simulations
exhibit no bias toward overestimating ionospheric magnetic
perturbations, also indicating that the nightside conductance
in the simulations attained realistic values.

6. Conclusion
[54] In this paper we explored the dynamic evolution of

ionospheric Birkeland current patterns on 10 min timescales
in response to a sequence of transitions in solar wind and
IMF parameters following the arrival of an interplanetary
shock at Earth. We used FAC patterns derived from globally
distributed magnetic field measurements from AMPERE
and compared them with results from our high-resolution
global MHD model. To take into account uncertainties
in the upstream driver of the model, we ran two separate
simulations using different upstream monitors (Wind and
Themis C) for input. Our findings concentrate around three
primary points: morphology, dynamics and intensity of FAC
patterns, and the corresponding distributions of magnetic
perturbations.

[55] We showed that immediately following the arrival
of the interplanetary shock, both simulations showed a
short (4–6 min) period of reduced magnetic perturbations
and currents over the northern hemisphere outside of the
directly driven dayside current system. After this period, the
nightside became activated, magnetic perturbations quickly
reached levels significantly exceeding the preshock levels
and a global FAC pattern developed. This process is best
tracked by examining Figures 7, 8, and 12. Due to the 10 min
effective resolution of Iridium measurements at any given
location, the nightside activation was first registered approx-
imately 10 min after the shock arrival, but was sufficiently
sampled in MLT to affect the derived FAC pattern globally
a few minutes later.

[56] Except for this initial period following the arrival of
the shock, the morphology of the simulated and AMPERE-
derived FAC patterns were in strong agreement including the
location and spatial distribution of all major features of the
current system (Figure 5). We further considered the distri-
bution and temporal evolution of the simulated and observed
magnetic perturbations and were able to relate them directly
to the transitions in the upstream driver. Again, outside of the
initial delay in the Iridium response, we found strong corre-
spondence, both in morphology and dynamics, between the
simulated and observed ionospheric responses.

[57] Aside from the morphology and dynamics of FAC
densities and magnetic perturbations, we were concerned
with their magnitude. Due to the fine resolution of our simu-
lations, the peak current densities were found to significantly
exceed the AMPERE values. Since the FAC density is a
quantity derived in AMPERE through a spherical cap har-
monic fit with limited spatial resolution, we further analyzed
the magnitude of the underlying magnetic perturbations in
our simulations and showed that it closely followed the
signal directly measured by Iridium spacecraft.

[58] Thus, upon careful analysis of the temporal evolution
and spatial distribution of the simulated and observed iono-
spheric responses, we found considerable agreement in all
three components we set out to investigate: the morphology,
dynamics, and magnitude of the corresponding quantities.
This paper makes the first step toward the future of using
globally distributed measurements for validation of and,
potentially, assimilation in global models, as well as using
such observations and models in concert to learn about
the underlying physics of the solar wind-magnetosphere-
ionosphere interactions. The substantial agreement found
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between the LFM simulations and AMPERE suggests
that this direction will be fruitful both from the scien-
tific and application points of view. There are clearly
many challenges. The need for continual development and
improvement of global models toward better representa-
tion of underlying physics and thus better agreement with
data is one such challenge. In addition, obtaining truly
global coverage of observationally informed parameters
on relatively short scales (�10 min) is achieved by trading
off the actual measurements made at a given location and
at a given moment of time for temporally and spatially
interpolated patterns. The results also motivate continued
development of algorithms to recover latitude resolution
in the derived currents commensurate with the latitude
spacing of the input magnetic field data. Deciphering how
the global patterns relate to the underlying measurements
that dynamically evolve as the solar wind and IMF condi-
tions change and associating these dynamic features with
simulated ones is a difficult task. However, once this task
is accomplished, the reward is the possibility to directly
compare simulated global FAC patterns with those derived
from in situ observations. Learning to understand these
comparisons and extracting meaningful knowledge about
the underlying physics is important in anticipation of more
advanced and refined future data sets of globally distributed
and dynamically evolving measurements.
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