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Abstract Previous observations have shown a ∼10–15 min time delay in the ionospheric response to
solar wind directional discontinuities marked by either southward or northward interplanetary magnetic
field (IMF) turnings. We have studied one southward IMF turning observed by Time History of Events and
Macroscale Interactions during Substorms (THEMIS) and GOES in the dayside magnetosphere. Using a
global MHD model, we have reproduced the magnetopause motion in this event. We find that the observed
delay in the ground response can be completely explained by deceleration of the directional discontinuity
in the subsolar magnetosheath. We show that the speed of the discontinuity significantly decreases in
the vicinity of the magnetopause where the magnetic barrier formed during the previous northward IMF
interval. The southward turning can reach the magnetopause only after complete disruption of the
magnetic barrier. The disruption or dissipation occurs via magnetosheath reconnection, as confirmed by
high-speed jets in the magnetosheath. The magnetopause moves sunward as the directional discontinuity
transits the magnetosheath. This sunward motion is followed by the earthward motion when the
discontinuity strikes the magnetopause and magnetopause reconnection begins.

1. Introduction

The orientation of the interplanetary magnetic field (IMF) is one of the crucial parameters that control the
dynamics of the magnetospheric-ionospheric (MI) system. Although we know in general the behavior of the
magnetosphere for steady northward and steady southward IMF orientations, the transient processes that
occur when the IMF rotates from northward(southward) to southward(northward) orientation are still not well
understood. One of the unresolved issues concerns the transition time between the two states. Continuous
multipoint ground observations from ground magnetometers and radars may better characterize transition
processes in the magnetosphere than scattered spacecraft observations; therefore, the transition times have
mostly been estimated using ground data. Previous estimations often took the starting point as the time when
directional discontinuities, abbreviated as DD, (whether tangential or rotational discontinuities, but some-
times also interplanetary shocks) encountered the magnetopause, and the final point as the first response
seen in ionospheric convection and/or ground magnetic field variations. Since solar wind data were usually
taken far upstream of the bow shock, various methods were applied to estimate the time lag between the
solar wind monitor (often near the Lagrangian point L1) and the subsolar magnetopause. While the speed and
orientation of DDs in the pristine solar wind are reasonably assumed to be constant, the propagation speed
through the magnetosheath varies and it may results in discrepancies as we will show below.

Spreiter et al. (1966) gasdynamic model predicts velocities in the dayside magnetosheath to vary from about
0.3 VSW downstream of the bow shock to zero at the subsolar magnetopause. Using Spreiter et al.’s model,
Freeman and Southwood (1988) estimated the time lag between solar wind and magnetosheath observations
and compared it with observations. They pointed out that the time lag increases when the magnetosheath
spacecraft moves from the outer magnetosheath toward the magnetopause.

Nishida (1968) was first to estimate the transition time using ground magnetic field data and obtained, on
average, a 7 min time lag between the crossing of an DD through the nose of the bow shock and the associated
magnetic variations on the ground. Clauer and Banks (1986) and Knipp et al. (1991) obtained an estimate
for the transition time (but measured from the time of contact with the subsolar magnetopause) of 15 min.
Etemadi et al. (1988) and Todd et al. (1988) studied the dependence of the ionospheric response time on
magnetic local time and found the most rapid responses of about 4-5 min in the noon and midafternoon
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sectors. Saunders et al. (1992) studied the changes in dayside ionospheric convection that occur in response
to long-period IMF Bz oscillations and found an average first response in the noon sector of 7–10 min after
the estimated time at the subsolar magnetopause. Hairston and Heelis (1995) concluded that the time lag
varies from 17 to 25 min for five cases with northward-to-southward turnings, but it was 28 and 44 min for
two opposite (southward-to-northward) turnings.

Taylor et al. (1998) used high-resolution Super Dual Auroral Radar Network (SuperDARN) observations during
a southward-to-northward turning case to obtain a prompt response in the form of a patch of sunward flow
near noon within ∼2 min. It should be noted, however, that Taylor et al. (1998) estimated the propagation
time of the tangential discontinuity (bringing this Bz variation) from the bow shock to the magnetopause
as 8 min, so they assumed a significant deceleration of the discontinuity in the magnetosheath. Also, using
SuperDARN data, Ruohoniemi and Greenwald (1998) derived the transition time from the magnetopause to
the first ionospheric response as about 14 min, but this response almost immediately (in ∼2 min) expands
to cover all observed sectors of magnetic local time. Using ionospheric convection changes derived from the
assimilative mapping of ionospheric electrodynamics technique for 65 events, Ridley et al. (1998) obtained a
communication time of 8 min. They also took into account deceleration in the magnetosheath but quantified
it as 4 min. The superposed epoch analysis of Turner et al. (1998) showed that the high-latitude polar cap
electric field observed by the Polar spacecraft began to change, on average, 10 min after discontinuities with
southward turning reached the magnetopause. Using radar data, Huang et al. (2000) obtained delays of the
first ionospheric response between 5 and 9 min, while the propagation time through the magnetosheath was
estimated as 8 min. In a recent paper, Bhaskar and Vichare (2013) concluded that the communication time for
signals associated with southward and northward IMF turnings to propagate from the subsolar bow shock to
the ionosphere is 12 ± 6 min, while the ionospheric reconfiguration time is 10 ± 8 min.

Although the dispersion of the transition time estimates is large, summarizing more recent observational
works, we conclude the following. If we add up the propagation time through the dayside magnetosheath and
the time between the first contact of discontinuity with the magnetopause and the first visible ionospheric
response, then the sum lies somewhere between 10 and 16 min. We should also note the large scatter of
magnetosheath propagation time estimates in previous papers.

The interaction of DDs with the Earth’s magnetosphere was simulated using the Integrated Space Weather
Prediction Model in the series of papers (Maynard et al. 2001, 2002, 2007). These global MHD simulations
agree well with observational results. In particular, Maynard et al. (2001) estimated the transition time, with
the very first ionospheric response appearing 8 min after contact with the subsolar magnetopause, while
clear large-scale changes in the ionospheric currents occur 4 min later. Explaining the time delay, the authors
(following to Shepherd et al. (1999)) concluded that it requires a significant draping of the magnetic field lines
in the magnetosheath before a magnetopause reconnection and corresponding ionospheric response occur.

Maynard et al. (2002) provided new details of the transition process and predicted magnetic reconnection in
the magnetosheath. When the DD enters the magnetosheath, the decrease in the solar wind speed causes
the discontinuity front to narrow and the electric current density on the front to increase. This initiates recon-
nection which was confirmed in the simulations by increases in speed in the exhaust direction, an X magnetic
field configuration and dissipation electric fields at locations distant from the magnetopause (Maynard et al.,
2002). When tangential discontinuities associated with significant increases (decreases) in the plasma density
interact with the bow shock, then fast shocks (fast rarefaction waves) precede slightly modified tangential dis-
continuities in the magnetosheath (Maynard et al., 2007; Volk & Auer, 1974; Wu et al., 1993). Phan et al. (2007)
in Cluster and Maynard et al. (2007) in Polar data confirmed the prediction for magnetosheath reconnec-
tion at DD current sheet. Retino et al. (2007) and Yordanova (2016) associated magnetosheath reconnection
with turbulent structures, i.e., small-scale current sheets which may sporadically appear downstream from the
quasi-parallel bow shock.

Although the aforementioned papers made significant progress toward understanding the magnetospheric
response to DDs, we have reproduced one event with a global MHD model and found that some important
details were missed in the picture described above. In particular, we will show below a magnetospheric expan-
sion that precedes the magnetospheric compression and intensification of the magnetopause currents. This
expansion may be observed in the magnetosphere and even on the ground. Moreover, we suggest another
physical explanation for the transition time or the time delay in the ionospheric response which takes into
account magnetosheath processes.
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Figure 1. Interplanetary magnetic field and solar wind dynamic pressure from (a) ACE (black line) and Wind (red line)
and (b) THEMIS B (black line) and THEMIS C (red line). Vertical dashed lines mark the selected discontinuity in ACE and
THB data. The distance between ACE and THEMIS B along x axis is 203 RE .

In this short letter, we present one event in which a DD characterized by a significant Bz change from positive
to negative (a southward turning) impacts the magnetosphere. We have reproduced this event using the
Space Weather Modeling Framework (SWMF) global MHD model (Tóth et al., 2005, 2012) available through
Community Coordinated Modeling Center (CCMC) runs on request. We did not choose this event with the
intention of finding unusual magnetopause behavior; instead, the only two selection criteria were a large and
isolated Bz jump and good coverage by spacecraft with four solar wind monitors upstream of the bow shock
and five spacecraft in the dayside magnetosphere.

2. A Puzzle in Event 7 August 2008

We examine solar wind plasma and IMF data from the Advanced Composition Explorer (ACE), Wind, The Time
History of Events and Macroscale Interactions during Substorms (THEMIS) spacecraft, probes THEMIS B (THB),
and THEMIS C (THC) for an event on 7 August 2008. The four spacecraft observed similar IMF and plasma
variations during the selected time interval. We pay particular attention to a DD that passed ACE at 18:26 UT,
Wind at 18:27 UT, THB at 19:25, and THC at 19:28 UT. Figure 1 shows the magnetic field components and solar
wind dynamic pressure from the four spacecraft. We use GSM coordinates throughout the paper.

Both ACE and Wind were located near the L1 point with the distance separating them about 136 RE , mainly
in the GSM y direction. The large separation distance explains why some IMF variations have different shapes
and are observed at different times by the two spacecraft; however, IMF variations around the selected dis-
continuity are very similar in both the ACE and Wind data. ACE was a little sunward from Wind and registered
the discontinuity 1.5 min before. Through the discontinuity, IMF Bz varied sharply from about +4 to −4 nT,
while the Bx and By remained nearly constant.

Both THB and THC were near the Earth but still upstream of the dayside bow shock. Figure S1 in the support-
ing information shows their positions and the positions of five magnetospheric spacecraft: THEMIS D (THD),
THEMIS E (THE), Geostationary Operational Environmental Satellites (GOES) 10, GOES 11, and GOES 12. In par-
ticular, the THB GSM (X , Y , and Z) coordinates at 19:30 UT are (29, 2, and −6) RE , the THC coordinates are
(18, 3, and −5) RE , THD coordinates are (10, 4, and −3) RE , and GOES 11 coordinates are (6, −2, and −2) RE . The
distance between THB and THC was 11 RE , and they observed very similar magnetic field structures with a
time shift of 3 min.

We have determined the normal of the DD by applying the MVA method (Sonnerup & Cahill, 1967) to both
THB and THC data and also using the timing method since we know the arrival times at the four spacecraft
(Russell et al., 1983). Both methods give similar results, and the normal, with an accuracy of 15∘, coincides with
the GSE x axis. In particular, the timing method gives the normal (x, y, and z)=(0.98, −0.07, and 0.13) in GSM
coordinates and a speed in the Earth’s frame of 352 km/s. The latter is close to the average flow velocity seen
at ACE, Wind, and THEMIS. Using THB data, we have found Bn∕B = 0.18 and Δ(B)∕B = 0.015. Since both ratios
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Figure 2. The IMF Bz from THEMIS C, the density and Bz from
THEMIS D, the Bz from GOES 11 from observations (black) and
MHD simulation (blue), the polar cap (north) index PCN, and the
magnetopause radial distance along the Sun-Earth line obtained
in the MHD simulations. Vertical red (blue) lines mark the
southward (northward) IMF turning in the first panel and
transition from LLBL to the magnetosphere proper (and return
transition from the magnetosphere to the magnetosheath)
observed by THD in the second panel.

are small, the discontinuity may be either a tangential or a rotational discontinuity.
However, the variations of the magnetic field in the selected time interval correlate
well with the variations of velocity (not shown) indicating Alfvén fluctuations, so
we tend to think that it is a rotational discontinuity. The density changes insignifi-
cantly from the upstream to downstream state (with a small peak in the middle of
the discontinuity) and is about 3.5 cm−3.

THD and THE are situated near the subsolar magnetopause, with THD slightly far-
ther from the Earth. Figure 2 shows IMF Bz from THC, density and Bz from THD, Bz

from GOES 11, and the polar cap (north) index PCN (Troshichev et al., 2006). The last
panel displays the magnetopause radial distance obtained in the MHD simulations.
Red and blue vertical dashed lines in the top panel mark the solar wind DD with
the southward turning discussed above and the next well-distinguished discontinu-
ity with an opposite northward turning. Since THC is not far upstream of the bow
shock (x = 18 RE), both solar wind discontinuities need only about 1 min to reach
the nose of the bow shock and a few more minutes to cross the magnetosheath
(at least, the most part of the magnetosheath as discussed below). Then, at
∼19:34 UT, THD observed a decrease of the density and an increase of the tempera-
ture (only the density is shown) indicating magnetospheric expansion (see the shift
in the red line in Figure 2). Probably, the spacecraft moved from the low-latitude
boundary layer (LLBL) into the magnetosphere proper, because the magnetic field
varied only slightly and remained close to typical magnetospheric values. The
response to the northward IMF turning observed by THC at 20:02 UT is opposite, the
density at THD increases at 20:07 UT, indicating the magnetospheric compression.

A magnetospheric expansion following a southward turning and a magnetospheric
compression after a northward turning are opposite to what one expects on the
basis of previous works. It has been well established (e.g., Aubry et al., 1970;
Fairfield, 1971; Petrinec et al., 1991; Pudovkin et al., 1998; Sibeck et al., 1991) that the
magnetopause lies closer to the Earth during southward IMF intervals than during
northward intervals, on average. An initial interpretation of this magnetospheric ero-
sion in terms of partial penetration of the southward magnetosheath magnetic field
into the magnetosphere (Kovner & Feldstein, 1973) violates the frozen-in condition
(Sibeck et al., 1991). A more physical explanation invokes intensification of either
the Region 1 (Hill & Rassbach, 1975; Maltsev & Lyatsky, 1975) or nightside cross-tail
currents (Wiltberger et al., 2003) in response to intervals of southward IMF orienta-
tion. Both current systems decrease dayside magnetic field strengths, allowing the
dayside magnetopause to move earthward.

The behavior of Bz at GOES 11 and of the PCN index confirms, in general, our
assumption about the expansion at 19:34 UT and the compression at 20:07 UT. Bz

decreases until 19:48 UT but then increases after 19:49 UT. The PCN index is deter-
mined from ground measurements in the polar cap and usually correlates well with

Ey the (responsible for reconnection) electric field at the dayside magnetopause. The PCN begins to increase
only after 19:45 UT, but it decreases between 19:34 and 19:45 UT. This indicates a∼15 min delay in the ground
response relative to the DD arrival time at the subsolar bow shock.

3. Can an MHD Model Help Solve This Puzzle?

We have simulated this event with the SWMF (BATS-R-US) global MHD model using solar wind input con-
ditions from THB. Figure 2 compares IMF Bz at THEMIS C, density at THEMIS D, predicted and observed Bz

variations at GOES 11, the ground-based PCN index, and the radial distance to the subsolar magnetopause
predicted by the global MHD model. We used an internal CCMC routine to identify the magnetopause bound-
ary between open and closed magnetic field lines. The model predicts an expanded magnetosphere between
19:33 and 19:41 UT and compressed magnetosphere between 19:46 and 19:52 UT in agreement with the
weak and then enhanced Bz observed at GOES 11 and also with the density changes at THD. In particular,
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Figure 3. The radial distance to the magnetopause subsolar points in
run 1 (black) with unchanged solar wind conditions from THB, in run 2
(blue), in which only the solar wind plasma parameters vary, in run 3
(red), in which only the IMF varies, and in run 4 (red dashed) with
the only Bz change through the discontinuity. The red arrow indicates
the time when the observed magnetospheric expansion begins.

THD stayed in the magnetosphere proper between 19:34 and 19:49 UT, indi-
cating a more expanded magnetosphere at that time. Thus, we conclude that
the MHD model predicts the magnetospheric expansion nearly at the right
time. The next question is how does the model explain this expansion?

The radial distance to the magnetopause depends on both the IMF Bz and
solar wind dynamic pressure. Using MHD simulations, we can separate vari-
ations of Rsub caused by solar wind dynamic pressure changes and those
related exclusively to IMF changes. We have made two simulation runs, in
addition to run 1 with the solar wind conditions completely matching the THB
data. For boundary conditions in run 2, we use plasma parameters (i.e., den-
sity, velocity, and temperature) observed by THB but keep the magnetic field
constant. For boundary conditions in run 3, we use the observed IMF (actually
varying only By and Bz but keeping Bx constant to avoid issues related to div
B errors) and keep the plasma parameters constant. Moreover, we present
results from run 4, in which the only change in input conditions during the
whole time interval is the jump of Bz through the selected discontinuity.
Figure 3 presents the subsolar distance Rsub for the four runs.

Figure 4. The density, velocity Vx , magnetic field Bz , and electric current
density |J| profiles along the Sun-Earth line at t = 19:32 UT (black),
19:36 UT (violet), 19:40 UT (blue), and 19:44 UT (red). Dashed vertical
lines indicate the predicted magnetopause positions at the
corresponding times as indicated in Figure 3, the subsolar distance
monotonously increases from 19:32 to 19:44 UT, but the distances at
19:40 (blue) and 19:44 UT (red) almost coincide).

Over the whole interval, Rsub obtained from run 1 is better correlated with
Rsub from run 2 than from run 3. However, the magnetospheric expansion at
19:33 UT indicated by the red arrow is predicted in runs 1 and 3 but missed in
run 2. This means that the solar wind plasma parameters were nearly constant
at this time (as indeed observed), and this particular expansion results solely
from the IMF changes. Later, plasma parameter variations certainly influence
Rsub in run 1. Using the results of runs 3 and 4, we can conclude that the
magnetospheric expansion continues about 8 min and then the compression
gradually begins. Results from run 4 illustrate the magnetopause behavior if
both the solar wind plasma and IMF parameters are constant during the whole
interval, with the only exception being Bz jump through the DD with the
southward turning. The magnetopause erosion follows the initial expansion,
and the final magnetopause position after a prolonged interval of southward
IMF is closer to the Earth. In this particular case, Rsub decreases from 11.5 to
11.1 RE (at 19:00 and 21:00 UT, correspondingly).

We have related the magnetospheric expansion to the IMF southward turning,
but now we intend to understand the physical mechanism for the expan-
sion. Figure 4 shows profiles for the density, Vx , Bz , and electric current density
|J| along the Sun-Earth line at 19:32 (black), 19:36 (violet), 19:40 (blue), and
19:44 (red) UT. We use the results of run 3 with a high spatial resolution of
1/8 RE in the dayside magnetosheath and magnetosphere. At the initial time
step, 19:32 UT, the DD lies at x ≃ 15 RE in the outer magnetosheath. The
outward magnetopause motion in the simulation begins a minute later. The
electric current density has three clear maxima, the first is at the magne-
topause (≃12 RE), the second is at the DD, and the third is at the bow shock
(≃17 RE). Since the the initial magnetic field is northward, the magnetic field
increases and the density decreases in the inner magnetosheath near the
magnetopause. This particular region is called the magnetic barrier (Spreiter &
Alksne 1969; Erkaev 1988) or the plasma depletion layer (Zwan & Wolf, 1976).
Both names reflect properties of this region. However, the name magnetic
barrier seems to be preferable, because it emphasizes the increase in the mag-
netic field which in turn results in diversion of plasma flow from the earthward
direction to tangential along the magnetopause surface and it creates the
plasma depletion.

At the next two times, the DD moves toward the magnetopause, and the
magnetic barrier gradually dissipates. If we follow the point Bz = 0 at the
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discontinuity front, it shifts from x = 15.3 at 19:32 UT through 13.4 (19:36 UT) and 12.6 RE (19:40 UT) to 12.3 RE

(19:44 UT). Thus, the speed of the discontinuity decreases when approaching the magnetopause because the
flow speed decreases and the northward magnetic barrier prevents the southward turning from rapid inter-
acting with the magnetospheric field. The southward turning can reach the magnetopause only when the
barrier is completely dissipated, and this process requires 8-10 min.

Indeed, the DD comes close to the magnetopause at 19:40 UT, but the maximum of the current density still
lies about 0.4 RE sunward of the predicted magnetopause position. Moreover, the electric current at the mag-
netopause (RMP = 12.1 RE as indicated by vertical blue line in Figure 4) at 19:40 UT is nearly the same as at
19:32 and 19:36 UT. The magnetopause current significantly increases only at the next time 19:44 UT, while
the maximum of the electric current and the predicted magnetopause position (vertical red line) almost coin-
cide. Therefore, we argue that the DD reaches the magnetopause only at 19:44 UT. The discontinuity crosses
the magnetosheath about 14 min, from 19:30 to 19:44 UT.

We began the discussion of this event with a puzzle in the observations because the first response to the
southward turning was an outward magnetopause motion opposite to our expectations of inward motion.
According to the simulation, the dayside magnetopause began to move sunward when the DD crossed about
half the width of the magnetosheath, i.e., nearly at the same time when the dissipation of the magnetic barrier
begins. Samsonov et al. (2012) compared the total pressure at the subsolar magnetopause for northward and
radial IMF conditions and found that the total pressure is higher in the northward case. They explained this
numerical result by the existence of a magnetic barrier in the northward case. In the magnetic barrier the
magnetic pressure rapidly increases, while the thermal pressure decreases; however, the total pressure, i.e., the
sum of magnetic and thermal terms, gradually increases too. Figure S2 in the supporting information shows
the variations of the magnetic and thermal pressures at the subsolar magnetopause. The dissipation of the
magnetic barrier gradually decreases the total pressures at the magnetopause from 19:32 to 19:45 UT, mostly
because of the decrease in the magnetic pressure.

The magnetic barrier dissipates via magnetic reconnection. The reconnection develops in the magnetosheath
at the discontinuity front. This is confirmed by high-speed streams away from the Sun-Earth line along the z
direction. The MHD simulation predicts these high-speed jets; however, space limitation forces us to postpone
their description for the future.

4. Conclusions

We have studied and reproduced with MHD simulations one event on 7 August 2008. We have explored the
magnetospheric response to a solar wind DD, which changes the IMF Bz from strongly positive to strongly
negative. Since the IMF has been directed northward for at least 20 min before the discontinuity, a strong mag-
netic barrier is formed in the magnetosheath upstream of the dayside magnetopause. The simulation shows
that the magnetic barrier significantly decelerates the earthward propagation of the discontinuity. While solar
wind plasma usually crosses the magnetosheath in 2–3 min, the DD requires about 14 min to move from
the bow shock to the magnetopause. It takes nearly 3 min to cross the outer magnetosheath but 11 min to
move through the inner magnetosheath where the magnetic barrier is located. The DD deceleration in the
magnetosheath completely explains the delay in the ionospheric response, because the ionospheric currents
intensify at the time when the discontinuity actually reaches the magnetopause.

The simulation shows that the magnetopause moves outward as the magnetic barrier dissipates (while the DD
transits the inner magnetosheath). The simulated magnetospheric expansion agrees with THD observations
of the inner edge of the low-latitude boundary layer moving outward, the decrease of Bz seen by GOES 11
and the decrease of the PCN index in the ground data at ∼19:34 UT. We explain this outward magnetopause
motion as resulting from a decrease in the pressure applied to the magnetopause caused by the dissipation
of the magnetic barrier. Note that the solar wind density changes insignificantly through the DD; therefore,
the interaction of the DD with the bow shock results in neither a fast shock nor a fast compressional wave
preceding the DD in the magnetosheath if the density changes (Volk & Auer, 1974). When the DD reaches
the magnetopause, the outward magnetopause motion is followed by the inward motion expected due to
magnetopause erosion.

The magnetic barrier near the magnetopause is dissipated via magnetosheath reconnection at the DD. The
simulation shows high-speed jets transverse to the Sun-Earth line that moving earthward together with the
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DD. We deliberately do not discuss the magnetosheath reconnection in this letter, but note that reconnec-
tion at narrowing DD current layers in the magnetosheath has been previously simulated and observed by
Maynard et al. (2002, 2007) and Phan et al. (2007).

Although we have analyzed only one event, so far, we believe that our results are applicable for many similar
events. We suppose that the two conditions in this case determine the magnetospheric behavior: (i) a 20 min
interval of stable northward IMF precedes the DD during which the magnetic barrier has been formed and
(ii) there is a significant IMF rotation through the discontinuity so the magnetic field direction in the magnetic
barrier changes on more than 90∘. It would be interesting to inspect DDs with other upstream and down-
stream IMF directions in order to understand the differences in magnetospheric response. We believe that the
magnetic energy accumulated in the magnetic barrier during an interval with a stable IMF orientation should
be converted by reconnection into the kinetic and thermal energy, if a solar wind directional discontinuity
brings an opposite IMF orientation into the magnetosheath.
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Samsonov, A. A., Němeček, Z., Šafránková, J., & Jelínek, K. (2012). Why does the subsolar magnetopause move sunward for radial
interplanetary magnetic field?. Journal of Geophysical Research, 117, A05221. https://doi.org/10.1029/2011JA017429

Acknowledgments
Simulation results have been
provided by the Community
Coordinated Modeling Center
(http://ccmc.gsfc.nasa.gov) at Goddard
Space Flight Center. ACE, Wind, and
THEMIS data are available from the
Coordinated Data Analysis Web
(CDAWeb), from the THEMIS mission
site (http://themis.ssl.berkeley.edu/),
from ACE mission site (http://www.srl.
caltech.edu/ACE/). A. A. S. work with
THEMIS data at Goddard Space Flight
Center was supported by THEMIS
project. This work was supported
by Russian Science Foundation
Grant N14-17-00072.

SAMSONOV ET AL. SOUTHWARD IMF TURNING 9165

https://doi.org/10.1029/JA075i034p07018
https://doi.org/10.1002/jgra.50436
https://doi.org/10.1029/JA091iA06p06959
https://doi.org/10.1016/0032-0633(88)90107-9
https://doi.org/10.1029/JA076i028p06700
https://doi.org/10.1016/0273-1177(88)90134-2
https://doi.org/10.1029/94GL03385
https://doi.org/10.1029/JA080i001p00001
https://doi.org/10.1029/1999JA000099
https://doi.org/10.1029/90GL02592
https://doi.org/10.1016/0032-0633(73)90206-7
https://doi.org/10.1016/0032-0633(75)90149-X
https://doi.org/10.1029/ 2000JA000454
https://doi.org/10.1029/2002JA009289
https://doi.org/10.1029/2007JA012293
https://doi.org/10.1029/JA073i017p05549
https://doi.org/10.1029/90JA02566
https://doi.org/10.1029/2007GL030343
https://doi.org/10.1007/s00585-998-0388-z
https://doi.org/10.1038/nphys574
https://doi.org/10.1029/97JA03328
https://doi.org/10.1029/98GL02212
https://doi.org/10.1029/JA088iA06p04739
https://doi.org/10.1029/2011JA017429
http://ccmc.gsfc.nasa.gov
http://themis.ssl.berkeley.edu/
http://www.srl.caltech.edu/ACE/
http://www.srl.caltech.edu/ACE/


Geophysical Research Letters 10.1002/2017GL075020

Saunders, M. A., Freeman, M. P., Southwood, D. J., Cowley, S. W., Lockwood, M., Samson, J. C., … Hughes, T. J. (1992). Dayside ionospheric
convection changes in response to long-period interplanetary magnetic field oscillations—Determination of the ionospheric phase
velocity. Journal of Geophysical Research, 97, 19,373–19,380. https://doi.org/10.1029/92JA01383

Shepherd, S. G., Greenwald, R. A., & Ruohoniemi, J. M. (1999). A possible explanation for rapid, large-scale ionospheric responses to
southward turnings of the IMF. Geophysical Research Letters, 26, 3197–3200. https://doi.org/10.1029/1999GL010670

Sibeck, D. G., Lopez, R. E., & Roelof, E. C. (1991). Solar wind control of the magnetopause shape, location, and motion. Journal of Geophysical
Research, 96(A4), 5489–5495. https://doi.org/10.1029/90JA02464

Sonnerup, B. U. O., & Cahill Jr., L. J. (1967). Magnetopause structure and attitude from Explorer 12 observations. Journal of Geophysical
Research, 72, 171–183. https://doi.org/10.1029/JZ072i001p00171

Spreiter, J. R., & Alksne, A. Y. (1969). Plasma flow around the magnetosphere. Reviews of Geophysics, 7(1–2), 11–50.
https://doi.org/10.1029/RG007i001p00011

Spreiter, J. R., Summers, A. L., & Alksne, A. Y. (1966). Hydromagnetic flow around the magnetosphere. Planetary and Space Science, 14,
223–250. https://doi.org/10.1016/0032-0633(66)90124-3

Taylor, J. R., Cowley, S. W. H., Yeoman, T. K., Lester, M., Jones, T. B., Greenwald, R. A., … Hairston, M. R. (1998). SuperDARN studies of
the ionospheric convection response to a northward turning of the interplanetary magnetic field. Annales Geophysicae, 16, 549–565.
https://doi.org/10.1007/s00585-998-0549-0

Todd, H., Cowley, S. W. H., Lockwood, M., Willis, D. M., & Luehr, H. (1988). Response time of the high-latitude dayside ionosphere
to sudden changes in the north-south component of the IMF. Planetary and Space Science, 36, 1415–1428.
https://doi.org/10.1016/0032-0633(88)90008-6

Toth, G., van der Holst, B., Sokolov, I. V., Zeeuw, D. L. D., Gombosi, T. I., Fang, F., … Opher, M. (2012). Adaptive numerical algorithms in space
weather modeling. Journal of Computational Physics, 231(3), 870–903. https://doi.org/10.1016/j.jcp.2011.02.006

Troshichev, O., Janzhura, A., & Stauning, P. (2006). Unified PCN and PCS indices: Method of calculation, physical sense, and
dependence on the IMF azimuthal and northward components. Journal of Geophysical Research, 111, A05208.
https://doi.org/10.1029/2005JA011402

Tóth, G., Sokolov, I. V., Gombosi, T. I., Chesney, D. R., Clauer, C. R., De Zeeuw, D. L., … Kóta, J. (2005). Space weather modeling framework:
A new tool for the space science community. Journal of Geophysical Research, 110, A12226. https://doi.org/10.1029/2005JA011126

Turner, N. E., Baker, D. N., Pulkkinen, T. I., Singer, H. J., Mozer, F., & Lepping, R. P. (1998). High-altitude polar cap electric field
responses to southward turnings of the interplanetary magnetic field. Journal of Geophysical Research, 103, 26,533–26,546.
https://doi.org/10.1029/98JA01743

Volk, H. J., & Auer, R.-D. (1974). Motions of the bow shock induced by interplanetary disturbances. Journal of Geophysical Research, 79(1),
40–48. https://doi.org/10.1029/JA079i001p00040

Wiltberger, M., Lopez, R. E., & Lyon, J. G. (2003). Magnetopause erosion: A global view from MHD simulation. Journal of Geophysical Research,
108(A6), 1235. https://doi.org/10.1029/2002JA009564

Wu, B.-H., Mandt, M. E., Lee, L. C., & Chao, J. K. (1993). Magnetospheric response to solar wind dynamic pressure variations: Interaction
of interplanetary tangential discontinuities with the bow shock. Journal of Geophysical Research, 98, 21,297–21,311.
https://doi.org/10.1029/93JA01013

Yordanova, E. (2016). Electron scale structures and magnetic reconnection signatures in the turbulent magnetosheath. Geophysical
Research Letters, 43, 5969–5978. https://doi.org/10.1002/2016GL069191

Zwan, B. J., & Wolf, R. A. (1976). Depletion of solar wind plasma near a planetary boundary. Journal of Geophysical Research, 81(10),
1636–1648. https://doi.org/10.1029/JA081i010p01636

SAMSONOV ET AL. SOUTHWARD IMF TURNING 9166

https://doi.org/10.1029/92JA01383
https://doi.org/10.1029/1999GL010670
https://doi.org/10.1029/90JA02464
https://doi.org/10.1029/JZ072i001p00171
https://doi.org/10.1029/RG007i001p00011
https://doi.org/10.1016/0032-0633(66)90124-3
https://doi.org/10.1007/s00585-998-0549-0
https://doi.org/10.1016/0032-0633(88)90008-6
https://doi.org/10.1016/j.jcp.2011.02.006
https://doi.org/10.1029/2005JA011402
https://doi.org/10.1029/2005JA011126
https://doi.org/10.1029/98JA01743
https://doi.org/10.1029/JA079i001p00040
https://doi.org/10.1029/2002JA009564
https://doi.org/10.1029/93JA01013
https://doi.org/10.1002/2016GL069191
https://doi.org/10.1029/JA081i010p01636

	Abstract
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (ECI-RGB.icc)
  /CalCMYKProfile (Photoshop 5 Default CMYK)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


