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Abstract The interaction between the interplanetary magnetic field (IMF) and the geomagnetic
field at the dayside magnetopause leads to transfer of momentum and energy which changes the
magnetospheric configuration, but only after a certain time. In this study we quantify this time, to advance
our understanding of the causes for the delayed response of the magnetosphere. We study the response
and reconfiguration time of the inner magnetosphere to IMF By reversals. A superposed epoch analysis of
magnetic field measurements from four Geostationary Operational Environmental Satellite spacecraft at
different local times both for negative to positive IMF By reversals and for positive to negative reversals is
presented. The magnetospheric response time at geosynchronous orbit to the sudden change of IMF By is
less than 15 (∼10) min from the bow shock (magnetopause) arrival time, while the reconfiguration time is
less than 46 (∼41) min. These results are consistent with a By component induced on closed magnetic field
lines due to the asymmetric loading of flux following asymmetric dayside reconnection when IMF By ≠ 0.
Our results also confirm our earlier studies that nightside reconnection is not required for generating a By

component on closed field lines.

1. Introduction

Abrupt changes in the solar wind and interplanetary magnetic field lead to changes in the magnetosphere
and ionosphere, but only after a certain time. In this study we focus on the impact of the interplanetary
magnetic field (IMF) By component on the magnetospheric dynamics at geosynchronous distances. The IMF
By induces a By component in the closed magnetosphere through asymmetric loading of flux to the lobes,
resulting from dayside reconnection. We study the temporal evolution of the resulting asymmetric stresses.
When these stresses are communicated to the different regions of the closed magnetosphere, we observe
an induced By component. This mechanism is explained in detail in Tenfjord et al. [2015], where the response
to a sudden change in IMF By was simulated using the Lyon-Fedder-Mobarry magnetohydrodynamics (MHD)
model [Lyon et al., 2004]. Based on the MHD simulation results and theoretical considerations, Tenfjord et al.
[2015] suggested that the time to induce a By component in the closed magnetosphere should be of the order
of tens of minutes. This study is a follow-up study to explore whether the predicted timing is supported by
observations.

The time it takes for the ionosphere to respond (initial onset) and reconfigure (time scale to reach final con-
figuration) to a change in the solar wind conditions has been studied using a variety of techniques, ranging
from ground-based and spacecraft instruments to numerical modeling [e.g., Nishida, 1968; Friis-Christensen
et al., 1985; Ridley and Clauer, 1996; Dudeney et al., 1998; Khan and Cowley, 1999; Lu et al., 2002; Ruohoniemi
et al., 2002; Kabin et al., 2003; Merkin et al., 2013]. Using Super Dual Auroral Radar Network global convec-
tion patterns, Grocott and Milan [2014] inferred that after a change in the IMF clock angle, during southward
IMF Bz , the magnetosphere reaches an equilibrium state within 20–30 min. Kabin et al. [2003] studied the
response and reconfiguration time during IMF By reversals using an MHD model. The authors found that the
ionospheric convection responded after 4–8 min and took 15–20 min to reconfigure. Yu and Ridley [2009] ana-
lyzed the effect of a sudden change in IMF Bz using the Block-Adaptive-Tree-Solarwind-Roe-Upwind-Scheme
(BATS-R-US) MHD model. Their results agree well with the result from Kabin et al. [2003]. Wing et al. [2002] ana-
lyzed the time-dependent response of the magnetic field at geosynchronous orbit to sudden changes in IMF
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Bz orientation using Geostationary Operational Environmental Satellite (GOES). They found the response at
all local times on the dayside to be 4–5 min and the nightside response time to be 12 min.

There are several processes that can contribute to the observed By component in the closed magnetosphere.
The physical mechanisms responsible for inducing a By component are usually not specified. Instead, the term
“IMF By penetration” is used. This term is used as a very generic and broad term and includes all the different
physical mechanisms actually responsible for generating a magnetospheric By component [Petrukovich, 2009,
2011]. As suggested by Tenfjord et al. [2015], we use the term “induced” and specify the agent or process
responsible for producing a By component in the closed magnetosphere.

Using 9 years of Cluster data, Cao et al. [2014] studied how the “penetration” of IMF By in the neutral sheet
depends upon IMF Bz and the Kp index. The authors did not consider the time delay of the response of magne-
tosphere to solar wind parameters. Using global auroral imaging, Østgaard et al. [2011] found that asymmetric
magnetic field foot points (measured as ΔMLT), which is a signature of an induced By , between the two hemi-
spheres were established after only about 10 min. However, they did not recognize that this time delay is
inconsistent with their interpretation of reconnection being responsible for this, since the tail reconnection
occurs on considerably longer time scales (∼1 h).

Rong et al. [2015] reported the penetration of IMF into the magnetotail to be delayed by 1–1.5 h, based on
two events. Motoba et al. [2011] analyzed one event and found the highest correlation between IMF By and
By in the central magnetotail measured by Cluster when lagging the solar wind by 51 (57 from bow shock
reference) min (reconfiguration time defined by maximum correlation). These results will be discussed in
section 5.

Another example of timing is given by Fear and Milan [2012], where the authors showed the delay of the IMF
By dependence on the magnetic local time at which transpolar arcs form to be as long as 3–4 h. Transpolar arcs
occur predominantly when the IMF has a northward component, and the physical mechanism responsible for
generating By during such conditions could be different compared to southward IMF. However, we will only
discuss how the By component is induced during IMF Bz < 0 conditions.

In this study we perform an analysis of multispacecraft (GOES 8, GOES 10, GOES 11, GOES 12, and solar wind
monitors) data to study the response and reconfiguration at different local times at geosynchronous orbit
following sudden changes of the IMF By component for events favoring dayside reconnection.

The outline of the paper is as follows: In section 2 we describe how By in the magnetosphere is induced
through dayside reconnection and asymmetric loading of magnetic flux. Section 3 describes the data used,
the criteria applied to favor the IMF-induced By conditions, and an example of the methodology. In section 4
we present a superposed epoch analysis between the IMF By reversals and magnetic field measurements from
four GOES spacecraft in the dayside and nightside. In section 5 we discuss the timing results and investigate
the effects of other mechanisms able to induce By in the magnetosphere. We also discuss our results in the
context of earlier studies of this topic. Concluding remarks are given in section 6.

2. Theory

The response time is here defined as the time between the change of IMF By at the bow shock and the onset
of a change in the local (internal) field. We define reconfiguration time as the time it takes to reach the final
configuration of a new state, with error bars based on uncertainty in data. We use the 1 min OMNI solar wind
data, time shifted to the Earth’s bow shock, to time tag IMF By changes. All times given are relative to this bow
shock reference time. Note that there is an additional 4–8 min for the IMF phase fronts to propagate from the
bow shock to the dayside magnetopause [Slinker et al., 1998; Kabin et al., 2003].

Dayside reconnection with an IMF By component results in asymmetric loading of flux in the lobes. For a
positive IMF By , newly reconnected field lines on the dayside in the Northern Hemisphere will be deflected
dawnward by magnetic tension. This asymmetric loading of magnetic flux creates a region of enhanced mag-
netic pressure in the northern dawn and southern dusk lobes. The enhanced pressure would propagate as a
fast mode wave across the field lines from the lobes to the inner magnetosphere. This excites y directed shear
flows in both the dayside and nightside magnetosphere. These flows are directed in opposite directions in
the two hemispheres. Following this idea, first suggested by Khurana et al. [1996], and adapted by Liou and
Newell [2010], Tenfjord et al. [2015] argued that these flows also affect closed field lines already present in the
magnetosphere and therefore induce a By component on closed field lines.
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An alternative mechanism is that a By component on closed field lines follows from nightside reconnection
of field lines with nonconjugate foot points [Cowley, 1981; Hau and Erickson, 1995; Stenbaek-Nielsen and Otto,
1997; Østgaard et al., 2004]. In this scenario, the response on closed field lines is expected to be considerably
slower compared to the more “direct” shear flows inducing By and asymmetric foot points. This differs from
the mechanism explained in Tenfjord et al. [2015] in that it relies on tail reconnection in order to produce By

on closed field lines.

In a MHD description, the time scales of large-scale dynamics depend on the Alfvén velocity. Magnetic energy
is converted into plasma motion only with the passage of an Alfvén wave, and the conversion is progressive
rather than explosive [Parker, 2007]. We therefore expect a response time, depending on the propagation
of the compressional Alfvén wave, responding to a change in the distribution of magnetic flux. The gradual
buildup of magnetic pressure in the lobes results in a gradual reconfiguration [e.g., Caan et al., 1975]. Although
there are variations in the empirical studies of the ionospheric response time, results largely agree that the
response takes less than 15 min while the reconfiguration takes less than 40 min [Kabin et al., 2003, and
references therein]. We will show that our results corroborate these results also for the induced By component.

2.1. Sources of By in the Magnetosphere
The term induced implies a perturbation of the existing background field by an external process. An induced
By component in the closed magnetosphere can be generated by several processes, which may either
counteract or enhance each other. The perturbations can also be more or less pronounced depending on
location.

Magnetospheric By perturbations can be caused by any combination of the following mechanisms:

1. IMF-induced By : asymmetric loading of magnetic flux in the lobes [Tenfjord et al., 2015]. This is illustrated
in Figure 1a, looking from the magnetotail toward the Sun for a positive IMF By . Asymmetric reconnection
leads to asymmetric loading of flux to the northern dawn and southern dusk lobes and results in asymmetric
plasma flow (thick arrows) between the northern and southern lobes. This mechanism is the focus of the
present paper. We have by design chosen conditions that favor asymmetric loading of flux to the lobes
via dayside reconnection while trying to suppress influences from the other mechanisms listed below. The
criteria to achieve this are listed in section 3.3.

2. Twist-induced By : a direct result of the asymmetric loading of flux to the lobes. Pressure balance between the
lobes causes the entire tail, including the neutral sheet, to rotate around the tail axis [Cowley, 1981]. If one
assumes that the magnetic field follows rotation of the normal to the twisted neutral sheet, the By compo-
nent inside the magnetosphere will be oppositely directed to the IMF By and thus represents a damping of
the IMF-induced By . In models, the contribution to By in our region of interest has been shown to be small
[see Petrukovich, 2009; Tsyganenko and Fairfield, 2004], but the effect becomes more pronounced farther
tailward [e.g., Walker et al., 1999; Kullen and Janhunen, 2004]. At geosynchronous distances, the contribution
from this process is negligible.

3. Tilt-induced By : The seasonal and diurnal tilting of the plasma sheet in the XZ plane results in a warping of
the current sheet in the YZ plane, as seen in Figure 1b. To our knowledge, this is the second most important
mechanism and may even dominate over IMF-induced By modulations in certain regions and for large tilt
angles. The shape of the current sheet also depends on the solar wind pressure and strength and direction
of IMF Bz [e.g., Tsyganenko and Fairfield, 2004].
When flux is added asymmetrically (resulting in an IMF-induced By) during periods with large tilt angle,
the warped current sheet is no longer symmetric with respect to the noon-midnight meridian. The current
sheet is then forced to a configuration which is a combination of the twisting (Figure 1a) of the current sheet
and the warping (Figure 1b), making the final configuration skewed.

4. Dipolarization-induced By on the nightside: Substorms and bursty bulk flows are associated with earthward
propagating dipolarization fronts [e.g., Angelopoulos et al., 1992]. Magnetic and plasma pressure enhance
in the region of the return flow, before the region of dipolarization expands azimuthally. The azimuthal
expansion of the return flow near Earth deforms the magnetic field, resulting in the region 2 Birkeland
current system [e.g., Parker, 1996; Snekvik et al., 2007]. These signatures are observed at GOES at times with
high substorm activity. In section 3.3 we discuss how to suppress the contribution from this effect.

Petrukovich [2011] lists magnetotail flaring (in the XY plane) as the second most important source for the
observed By . The flaring increases from the noon-midnight meridian toward the flanks. This By component
exists simply due to the confinement of the magnetosphere by the constant external stresses applied by
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Figure 1. A schematic diagram of cross-sectional view of tilted magnetotail fields in the plasma sheet associated (a) with
a positive IMF By field and (b) with a positive dipole tilt (northern summer). The geocentric solar magnetospheric
coordinate system is used, and the view is from the tail toward the Earth. Figure is from Liou and Newell [2010].

the magnetosheath flow on the magnetopause, compressing the dayside and stretching the magnetotail.
We regard this as a part of the background field and assume that at geosynchronous distances it is properly
modeled by the Tsyganenko model (TS01) [Tsyganenko, 2002]. The question is, instead, how the closed field
lines on the flanks are affected by other sources. We try to suppress the effect of the above processes in our
statistical analysis by only including events where the effects of other mechanisms are small, by applying the
criteria listed in section 3.3. In event studies, separating all these sources is nontrivial.

Petrukovich [2011] observed significant difference between premidnight and postmidnight and showed that
the tilt-induced By component is also affected. No single mechanism is known to be responsible for this effect.

3. Data and Methodology

Below we present a superposed epoch analysis of GOES By magnetic field measurements and OMNI solar wind
data from 1997 to 2013. Magnetic field measurements at geosynchronous orbit are obtained from the fluxgate
instruments on GOES 8, GOES 10, GOES 11, and GOES 12 [Singer et al., 1996]. The full constellation of space-
craft will henceforth be referred to as GOES only. The GOES orbit in solar magnetic (SM) coordinates (used
throughout the paper) is shown in Figure 2. The background magnetic field (given in SM coordinates) shown
in Figure 2 has been calculated using TS01 model when the dipole tilt angle was −28∘ (winter in Northern
Hemisphere).

The OMNI solar wind data set is an extensive compilation of near-Earth spacecraft and plasma parameters
[King and Papitashvili, 2005]. The 1 min OMNI solar wind magnetic field and plasma data have been time
shifted to the Earth’s bow shock nose by assuming continuously varying planar solar wind phase fronts con-
vecting with the solar wind [Haaland et al., 2006; Weimer and King, 2008; Jackel et al., 2012]. Both OMNI and
GOES 1 min data were obtained through http://cdaweb.gsfc.nasa.gov.

Figure 2. Orbit of GOES 8, GOES 10, GOES 11, and GOES 12 in SM coordinates, at ZSM ∼ 1.2, 0.51, 0.98, and 1.15 RE
northward of the geomagnetic equator, respectively. Background magnetic field lines (in SM coordinates) calculated
using TS01 for IMF Bz = −5 nT, By = 0 nT, dynamic pressure Pf = 10 nPa, and VSW = 400 km/s with dipole tilt angle of
−28∘ (winter in Northern Hemisphere).
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3.1. GOES Tilt Bias
GOES has a fixed geographic coordinates (GEO) location centered above North America. The foot points of
the GOES spacecraft align roughly with both the geographical North Pole and the magnetic pole; that is, they
are roughly along the same longitudinal meridian. Therefore, the 11.5∘ offset between the axis of rotation
and the magnetic pole will be fixed with respect to the GOES foot point and Earth’s rotation. This means that
the GOES spacecraft always will be located northward of the magnetic equator (Zsm > 0); see Figure 2. When
the GOES foot point is sunward of the magnetic pole (close to noon), the diurnal tilt effect corresponds to
+10∘ tilt independently of the axial tilt. Thus, a dipole tilt bias exists in the data. The orbital dynamics favors
negative tilt on the nightside and positive tilt on the dayside. For example, when the dipole tilt angle is −35∘
(∼−11.5 diurnal and −23.5 seasonal tilt), GOES will be located in the nightside toward the dusk region (since
the rotational axis and the magnetic pole are not perfectly aligned). For a tilt angle of +35∘, GOES will be in
the dayside dawn region.

The effect of this bias is different in the postmidnight and prenoon. Note that GOES 8, GOES 10, GOES 11, and
GOES 12 have different GEO locations, but they are all centered over North America.

3.2. Example of GOES By Response to IMF By Reversal
Figure 3a shows an example of superposed IMF Bz and By components and their standard error of the mean.
The x axis represents minutes from epoch start. In Figure 3b the mean of the GOES By component is shown in
blue. The position of GOES is shown in an inset panel in Figure 3b; the position corresponds to the position
at t = 0. In Figure 3 we have chosen data in the postmidnight sector, from 1 to 4 magnetic local time (MLT)
at t = 0. This means that the data at t = −60 min are from 0 to 3 MLT, while at t = 180 the location ranges
from 4 to 7 MLT. Therefore, it is not always accurate to compare the different values at different times, since
they may correspond to very different regions. The local By changes sign at midnight, going from negative in
premidnight to positive in postmidnight and eventually reaching a maximum at dawn (or minimum at dusk).
The reason for choosing only the spacecraft with locations between 1 and 4 MLT at t = 0 min (as shown in
Figure 3b) is to avoid inclusion of local times where the local By reduction is mainly an orbital effect (By , due
to the dipole, is negative in the premidnight region and positive in the postmidnight region). The orbit of
the spacecraft is the most important factor for the time development of By as seen in Figure 3b; however, we
can still identify the signatures of the changing IMF By : At t < 0, IMF By is positive and is inducing a positive
By component in the tail (blue line). The increasing trend seen between t = −60 and t = 0 in Figure 3b is a
combination of the location-dependent strength and the induced field. At t > 0 the By component is reduced
(still increasing but more slowly). The strength of By measured by GOES is a combination of an increasing local
By due to the orbit and an induced negative By component. After about 1 h (t > 60) the field strength again
increases which is due to a combination of the orbit, a weakening IMF By , and the fact that for IMF By negative
the By component at dawn (06 MLT) is reduced.

In order to remove the background field, we have used the TS01 combined with International Geomagnetic
Reference Field (green line in Figure 3b). The input to TS01 is calculated for each event using OMNI data, but
with IMF By = 0. Setting IMF By = 0 in the model input is done in order to have a “quiet” background field
which we can subtract from the GOES data. Other contributions to the magnetospheric By are still included
in the TS01 model, which mainly depend on the dipole tilt angle. By setting IMF By = 0 in TS01, we may

underestimate the external magnetic pressure exerted on the magnetosphere (Bt =
√

B2
y + B2

z ), which may

result in an underestimate of the magnetic field magnitude. However, the effect of the magnetic pressure on
the magnetosphere shape and flaring is small compared to the dynamic pressure [see Petrinec and Russell,
1996, Table 1]. Even though our baseline may be affected, the magnitude and response and reconfiguration
times are still valid.

3.3. Statistical Data Set and Applied Criteria
In this section we describe the criteria applied to the events in order to minimize the effects of other sources
of magnetospheric-induced By while keeping the events where By is induced through dayside reconnection
and asymmetric loading of flux. We constructed an algorithm to search for polarity reversals in IMF By , either
from positive to negative or negative to positive. The algorithm required IMF By to be stable, with respect
to the polarity, 20 min prior to the reversal and 20 min after. The algorithm further requires IMF ΔBy to be
larger than 2 nT. We found approximately 1600 reversals of each polarity. We further require the SuperMAG
SML (similar to the classical AL index but derived from more than 300 ground-based magnetometers) index
[Gjerloev, 2012] to be larger than −200 nT for the nightside events, to avoid strong dipolarization signatures
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Figure 3. (a) Superposed IMF By and Bz components and their standard error of the mean. (b) Superposed By component
measured by GOES 8, GOES 10, GOES 11, and GOES 12 is shown in blue, and the calculated TS01 By component is shown
in green. The location shown corresponds to the location at t = 0. Around 70 events were used to generate the averages.
The x axis represents minutes from epoch. All variables are given in SM coordinates.

(related to substorms and magnetotail activity) in the GOES data. We found that substorms add substantial
noise to the data. On the dayside this criteria is not as important, and here we set SML >−300. The IMF clock
angle

(
tan(𝜃) = By

Bz

)
is required to be 290∘ >𝜃 > 70∘, favoring dayside reconnection. To avoid bias due to

dipole tilt (see section 3.1), we only use data from 23 to 04 MLT region for the nightside. On the dayside we
use data between 8.5 and 15.5 MLT.

The uncertainty of the time shift in OMNI is handled by requiring that the standard deviation (given in the
OMNI data set) of the time shift is less than 2 min. We note that there is an additional uncertainty in the
convection time from the bow shock nose to the magnetopause subsolar point. Throughout the paper we
use the presumed arrival of the IMF phase front reversals at the bow shock as our reference point. Finally, we
also require the average dipole tilt angle to be close to zero (<10∘) such that any effect of this source averages
out. The effects of tilt will be discussed in section 5.

4. Determining Response and Reconfiguration Times From Observations

In this section we show how the nightside and dayside magnetosphere respond to an abrupt IMF By reversal.
We present two different IMF transitions of IMF By : a reversal from negative to positive (Figure 4) and positive
to negative (Figure 5).

Figures 4a, 4a’, 5a, and 5a’ show the IMF conditions where the error bars represent the standard error of the
mean. Figures 4b, 4b’, 5b, and 5b’ show both the mean and median of the field measured by GOES with the
background TS01 By subtracted. Error bars represent standard error of the mean. The bar plots in the second
panels (b,b’) show the number of events.

4.1. GOES By Response to Negative to Positive IMF By Transitions
Figure 4 shows the superposed epoch By response at GOES for the dayside and nightside, respectively.
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Figure 4. (a and a’) Averaged IMF By and Bz with error bars corresponding to standard error of the mean. (b and b’) The
mean (blue) and median (red) By component measured by GOES with the TS01 field subtracted. Bar plot in Figures 4b
and 4b’ shows number of events, about 100 for nightside and 200 for dayside. The x axis represents minutes from epoch.
The embedded figures show the location of GOES at t = 0.

For both the dayside (Figures 4a’ and 4b’) and the nightside IMF By reverses from approximately −4 nT
to +4 nT. The solar wind velocity was on average 450 km/s and 455 km/s for the nightside and dayside,
respectively. About 30 min after the reversal, IMF By weakens and the standard error of the mean increases.
Due to the motion of the GOES spacecraft, caution must be taken when interpreting the IMF and magneto-
spheric signatures for anything but the large-scale trends after t = 30 min. Figures 4b and 4b’ show the GOES
By component response to the IMF By reversal. There is no significant difference between the mean and the
median, suggesting that the mean is robust. As seen in Figures 4b and 4b’, there is a pronounced difference
between the response at the nightside and dayside: the induced By is larger on the nightside. Also, the slope
of GOES By is steeper on the nightside. The mean and median values on the nightside are calculated from
about 100 events, whereas the dayside results are based on around 200 events. It is evident that the baseline

Figure 5. As in Figure 3 but now for the opposite IMF reversal.
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Figure 6. IMF By (black) and GOES By correspond to (a, b) Figure 4 and (c, d) Figure 5 but are smoothed using a moving
average with 10 min step length. The black vertical dash-dotted lines show the defined tstart, the time when IMF By
begins to the reverse, and tstop indicates the time when IMF By ends its rotation. The blue vertical dashed lines show the
defined GOES response and the GOES final time. The uncertainty in GOES By represents the standard error of the mean.
See text for details and Table 1 for values.

is not correctly determined by the TS01 model on the dayside, as the mean and median are both close to zero
for positive IMF By (t < 0 min). This is also the case for the opposite reversal seen in Figure 5b’.

4.2. Positive to Negative IMF By Transitions
Figure 5 shows the response to an IMF By reversal from positive to negative for the same locations, under
similar conditions and similar number of events as in Figure 4. For both the dayside and the nightside IMF By

reverses from approximately +4 nT to −4 nT. The solar wind velocity is on average 441 and 443 km/s for the
nightside and dayside, respectively. Similar to Figure 4, the magnitude of the induced By in Figure 5 is larger
on the nightside. Also, the baseline of Figure 5b’ is not correctly determined in this state either (see Figure 4b’).
However, the response and the reconfiguration times should not be affected.

On the nightside, for both IMF By reversals, the magnitudes of the induced By component are comparable.
The “induction efficiency” describes the ratio between the strength of the IMF ΔBy nT to the GOES ΔBy . For
the nightside GOES ΔBy ∼ 4, while IMF ΔBy ∼ 8 nT. The resulting efficiency is about 53% (induced By = 0.53 ⋅
IMF By) in Figure 4a and ∼48% in Figure 5a. On the dayside ΔB ∼ 2.5 nT, resulting in an induction efficiency of
∼30% for both IMF By transitions. Note that these are average values for all solar wind speeds.

4.3. Characteristic Response and Reconfiguration Times
To determine the time between IMF By reversals (tstart) and the corresponding By response at GOES (tresp), we
have filtered the data using a running mean with a 10 min step length (see Figure 6). The 10 min interval
was chosen as the lowest interval that gives a smooth curve (for the nightside) that could be used to define
the lower bounds. By visual inspection, we identify the first signature of changes in By . This is defined as our
lower bound. The upper bound is determined by the standard error of the mean, by identifying the first value
outside the uncertainty of our lower bound as illustrated in Figure 6a. The same method has been applied
to determine tfinal and IMF tstop. We emphasize that we are not using the smoothed running mean to deter-
mine the response time directly; instead, it is used to determine the lower bound. Table 1 summarizes the
observed response and reconfiguration time and their uncertainties. Note that approximately 5 min should
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Table 1. IMF By and GOES By Response and Reconfiguration Times; See Figure 6a

IMF GOES Ratio

Epoch Start te(min) Start tstart Stop tstop ΔtIMF Response tresp Final tfinal ΔtGOES ΔtGOES∕ΔtIMF

Nightside ±By −3 ± 2 0 ± 2 9 ± 2 9 ± 2.8 14.5 ± 3.5 41.5 ± 3.5 27 ± 5 3.0 ± 0.35

Dayside ±By −2 ± 2 0 ± 2 9 ± 2 9 ± 2.8 12.5 ± 5.5 42.5 ± 5.5 30 ± 8 3.3 ± 0.4

Nightside ±By −3 ± 2 0 ± 2 9 ± 2 9 ± 2.8 5 ± 5 30 ± 4 25 ± 6.4 2.8 ± 0.4

Dayside ±By −4 ± 2 0 ± 2 10 ± 2 10 ± 2.8 7.5 ± 4.5 46 ± 4 38.5 ± 6 3.85 ± 0.32

aAll times are relative to the bow shock reference time. Note that there is an additional 4–8 min for the IMF phase fronts to propagate from the bow shock to
the upstream magnetopause.

be subtracted from the GOES response and reconfiguration time to account for the propagation from the
bow shock to the subsolar point. The response and reconfiguration times from the presumed arrival at the
magnetopause are presented in parentheses in the following section.

From Table 1 we conclude that the magnetospheric response time, at all local time positions, is less than 15
(∼10) min from the bow shock (magnetopause) arrival time. In less than 46 (∼41) min the magnetospheric
state has reached its final configuration (tfinal). ΔtIMF and ΔtGOES are defined as the times between the begin-
ning and end of the reversals. The ratio ΔtGOES∕ΔtIMF describes the relationship between the slope of IMF By

and the magnetospheric By ; thus, it describes how quickly the magnetosphere reconfigures with respect to
the time it takes IMF By to rotate. From Table 1 we can see that the reconfiguration in the magnetosphere
takes about 3 times longer than the duration of the IMF reversals.

For both types of reversals on the dayside and nightside, the magnetic field topology changes from a positive
(or negative) By state to a configuration where the induced By has vanished after about 25 (∼20) min. This
means that the tilted field lines have rectified or straightened out. This is determined simply by identifying the
time halfway from peak to peak. For events where the IMF By changes rapidly from zero to some value, one
should expect to observe a significant induced By component during this time scale. In terms of response and
reconfiguration times, Figures 6a, 6b, and 6d reveal similar behavior. IMF By positive to negative transitions (at
least on the nightside—see Figure 6c) show a faster response. This observation is interesting and intriguing,
and we do not have good explanation for it.

4.4. What Controls the Response and Reconfiguration Time?
The coupling efficiency between the solar wind and the magnetosphere is often described by empirical rela-
tions, e.g., the Akasofu 𝜖 parameter [Perreault and Akasofu, 1978] or more refined versions [Milan et al., 2012;
Tenfjord and Østgaard, 2013].

These coupling functions usually contain the solar wind speed, clock angle, density, and the magnetic field.
One could argue that a coupling function describing the transport of magnetic flux across the magnetopause
would be correlated with the reconfiguration time, as a higher rate of asymmetric loading of flux in the lobes
should result in stronger pressure gradients. To check whether the amplitude of the IMF By reversals or the
solar wind velocity results in a different reconfiguration or efficiency, we grouped the data according to these
parameters. To determine the role of the IMF By magnitude, we sorted the events in IMF ΔBy magnitude. In
Figure 7, we selected only events where IMF By < −3 nT prior to the reversal and IMF By > 3 nT after the reversal.
Thus, the average value of ΔBy = 14 nT means that the IMF reversal is from −7 nT to +7 nT. Figure 7 shows
both the nightside (a) and the dayside (b) separately. The impact is clearer on the nightside (Figure 7a). The
first pair, yellow and purple, shows the response for different IMF ΔBy values for events with high solar wind
velocity. Values together with number of events are given in the legend of Figure 7. For the purple line on
the nightside (Figure 7a), the “high solar wind” velocity constraint is V > 350 km/s versus V > 400 km/s for the
dayside (Figure 7b), due to few events in this group. The second pair, green and black, shows the response
for slow solar wind velocity V < 450 km/s and two different IMF ΔBy values. On the nightside (Figure 7a) it
is evident that higher solar wind velocity results in a quicker reconfiguration time and a larger magnitude of
the induced By (compare yellow and green lines). Comparing yellow with purple, the magnitude of GOES ΔBy

is comparable; however, since the IMF ΔBy is larger, the induction efficiency is lower. Comparing purple and
black (large IMF ΔBy , slow and fast solar wind velocity), the purple line has a larger GOES ΔBy and slightly
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Figure 7. Mean value of GOES By-TS01 By for different solar wind velocities and IMF reversal strength on the (a) nightside
and (b) dayside. In the legends, V corresponds to the absolute value of the solar wind velocity and ΔB represents the
magnitude of the change of the IMF By reversal. Blue lines (in Figures 7a and 7b) are the same as in Figures 4b and 4b′.
See text for details.

quicker reconfiguration, again suggesting that the velocity has a larger influence on the induction efficiency
and reconfiguration time. For the dayside (Figure 7b) the difference (purple and black) in the reconfigura-
tion time is not apparent. It shows that a larger IMF ΔBy results in a larger GOES ΔBy ; however, the induction
efficiency remains the same.

Higher solar wind velocities lead to faster loading of asymmetric magnetic flux from the dayside reconnec-
tion site to the lobes, which results in quicker reconfiguration, and larger magnitude (thus also efficiency) of
the induced By . Stronger IMF By results in a larger asymmetric pressure buildup in the magnetosphere and
therefore in a larger induced By [see Tenfjord et al., 2015]. The efficiency for the events with VSW > 450 km/s on
the nightside (yellow line) is close to 90%, while for the purple line it is about 58%, which means that higher
velocity results in higher efficiency. From Figure 7a we conclude that at the nightside the reconfiguration time
is quicker, and the magnitude (ΔBy) is larger for higher solar wind velocity and stronger IMF By . It is not clear
on either of the regions if the solar wind velocity or the magnitude of IMF By influences the response time.

A similar trend, albeit not as clear, is seen when sorting the data according to the solar wind dynamic plasma
pressure, suggesting that the velocity is dominating over the density.
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5. Discussion

The objective of this study has been to determine how fast the By component on closed field lines is induced
and how the magnetic field reconfigures in response to changes in the IMF By component. We have sup-
pressed effects of other By inducing mechanisms by setting constraints on the data, such as clock angle,
dipole tilt angle, and SML index. Now we will discuss consequences of our findings and how these compare
to earlier work.

5.1. Timing
We have shown that magnetic field at geosynchronous orbit responds to an IMF By transition within 15
(10) min from the presumed arrival at the bow shock (magnetopause). No significant differences in response
and reconfiguration times between the dayside and nightside are apparent in the timing analysis. On average
there is a difference between the response of negative to positive (Figure 4) and positive to negative (Figure 5).
For both regions, a positive to negative transition results in a faster response time compared to the opposite
transition. Presently, we have no explanation for this behavior.

Tenfjord et al. [2015] used MHD simulations to show that the pressure distribution inside the magnetosphere
becomes asymmetric after about 10 min. This asymmetric pressure excites plasma flows which in turn induce
a By component on the surrounding closed field lines. The response times presented here correspond to the
buildup of this region of enhanced magnetic pressure and the propagation of the compressional Alfvén wave
from the lobes to the inner magnetosphere.

Tenfjord et al. [2015] modeled the response of the IMF By changing from zero to 10 nT as a simple step func-
tion. The authors showed that after 25 min, a magnetospheric By component was established at L=11 RE on
the nightside. Although tresp and tfinal differ between the nightside, dayside and polarities, the ratio ΔtGOES

ΔtIMF
is

remarkably stable. From Table 1 the ratio between ΔtGOES and ΔtIMF has an average value of about 3.2. The
ratio indicates that for their step function IMF By transition the final reconfiguration time should be close to
30 min. For this reason the conclusion in Tenfjord et al. [2015] that the IMF By induces a By component on closed
field lines on times scales of tens of minutes is in agreement with the empirical results of this study. Tenfjord
et al. [2015] found a shorter reconfiguration time on the dayside. The results from this paper indicate that this
is not the case.

In Figure 7 we saw that the reconfiguration time depends mainly on the solar wind velocity and to a lesser
extent on the magnitude of IMF By . Higher solar wind velocity results in faster loading of asymmetric flux
which means a quicker reconfiguration and larger induced By .

Motoba et al. [2011] reported a case study with 51 min time delay between the IMF clock angle change and the
Cluster By component. The authors performed a cross correlation between the IMF clock angle and the four
Cluster spacecraft located near midnight between 12 and 14 RE . In the period of their cross correlation, two
substorms occurred and magnetotail activity was high. We interpret the prominent magnetic field signatures
in Motoba et al. [2011] as a signature of bursty bulk flows [Birn et al., 2011] launched along the Sun-Earth line
(duskward of Cluster). This interpretation is strengthened by the fact that it is observed first by Cluster 2, which
is closest to midnight, and last by Cluster 1, which is farthest from midnight (toward dawn). The localized dip
in magnetotail By seen in Motoba et al.’s [2011] Figure 2 after it has started to increase can be interpreted as
signatures of a plasma-depleted flux tube [Sergeev et al., 1996] as it coincides with a significant decrease in
the plasma pressure. Thus, it is possible that the observed By change reflects internal configuration within the
magnetosphere during bursty bulk flows, instead of a direct consequence of IMF By . Also, Motoba et al.’s [2011]
prominent feature is a reversal in IMF By from negative to positive, followed by a positive to negative reversal
[Motoba et al., 2011, Figure 2]. The IMF By is positive for only 15 min. As we have shown, at geostationary
distances, it takes the magnetospheric field 3 times longer to completely reconfigure (Table 1). Therefore, we
expect the magnitude of the induced By component to be weak (low induction efficiency), yet the efficiency
in the event Motoba et al. [2011] analyzed is more than 100%. Motoba et al. [2011] determined the time lag by
cross correlation. As our results show, the magnetosphere and ionosphere can respond almost immediately
to changes in solar wind but reconfigure more slowly. Therefore, cross correlation will not always give the
correct time lags, as it will relate to the most prominent signals between the two data sets, such as the peaks
of magnetic perturbations [Lu et al., 2002]. Also, due to the relatively long reconfiguration time, there is not a
linear correlation between the IMF By and the magnetospheric By , and a high correlation coefficient should
not be expected.
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Rong et al. [2015] reported 1–1.5 h lag time between the IMF By and magnetotail By , based on two events.
Both events are chosen to coincide with a strong solar wind dynamic pressure pulse, and in both cases the
IMF Bz is northward. We believe that during postive IMF Bz and nonzero IMF By , dayside lobe reconnection
will transport lobe flux from dusk to dawn (or dawn to dusk depending on the polarity of IMF By) and set up
pressure gradients which will affect the closed magnetosphere (as for IMF Bz <0 and IMF By). However, we do
not know how efficient this will be and what the associated time scales would be. In the events studied by
Rong et al. [2015] there is a pressure pulse coinciding with the IMF By change which may mask earlier signa-
tures of any change in IMF-induced By . Analyzing such events and separating spatiotemporal changes from
IMF-induced effects is problematic. For instance, in the second event analyzed by Rong et al. [2015], the iden-
tified response time in the magnetotail coincides with the time Bx changes sign. Thus, it is expected that By

also will change, in the manner seen in their figure. For these reasons, we do not agree with the interpretation
given by Rong et al. [2015].

5.2. Coupling Efficiency
In this section we compare the efficiency of IMF By in generating a By component on closed field lines to ear-
lier work. In contrast to many of the other studies, we have used the TS01 model as our background field. Even
though we have IMF By = 0 in the model input, the TS01 model has incorporated other processes for gener-
ating By which may influence the efficiency when compared to earlier results. Our results from the dayside
magnetosphere indicate a change in By strength of ∼2.5 nT at geosynchronous orbit in response to ΔB∼8 nT
IMF By change. The By coupling efficiency is about 30%. For the nightside, we find 48–53% efficiency. For
comparison, Petrukovich [2009] found that the penetration efficiency increases from approximately 35% at
X = −30 to 65% at X = −12 RE . Wing et al. [1995] found an efficiency of 29% at noon and 79% around mid-
night at geosynchronous locations. The authors note that by binning the data such that it covers 6 h in local
time, centered around midnight, the efficiency drops to 36% on the nightside. Cowley and Hughes [1983]
found 37± 8% for the nightside and 23± 5% at noon, during southward IMF Bz , in agreement with our result.
Cowley and Hughes [1983] also noted that the highest correlation was found for zero time delay between
the solar wind data and geostationary By , suggesting that the response is less than their 1 h resolution.
Stenbaek-Nielsen and Otto [1997] suggested that the strength of the magnetospheric By component depends
on radial distances. Lui [1984] found the efficiency to be 50% between −30 RE < X < −10 RE , while Fairfield
[1979] found 13% between −30 RE < X < −10 RE (entire magnetotail). Further earthward, Wing et al. [1995]
found 79% (or 36% as discussed above) at midnight. We argue that the pressure distribution in the lobes due
to asymmetric loading of newly reconnected flux from the dayside reconnection determines the magnitude
and the distribution of the induced By component. This was discussed in section 3.2 in Tenfjord et al. [2015]
and shown in their Figure 2.

Stenbaek-Nielsen and Otto [1997] suggested that since By is induced nonuniformly in the magnetotail, there
should exist a region where the efficiency is maximum and a minimum region close to Earth where the dipole
field dominates. The authors considered By on closed field lines to arise due to tail reconnection of field lines
with asymmetric foot points. Due to the pileup effect [Hau and Erickson, 1995], they suggested that the region
of maximum By would exist somewhere between the reconnection site and Earth. Even though the results
presented here do not indicate a region of maximum efficiency, we have now shown that an induced By arises
on closed field lines independently of tail reconnection. Thus, the quickly induced By is a strong indication
that asymmetric magnetic pressure loaded through dayside reconnection controls the distribution of By in
the magnetotail.

The induction efficiency is lower on the dayside for both IMF By reversals. As explained above, the loading
of asymmetric flux creates a region of enhanced pressure in the two lobes. This region excites plasma flows
(vy) via the momentum equation: 𝜌

dvy

dt
= −1

2𝜇0

𝜕

𝜕y
(B2

x + B2
z ) [Tenfjord et al., 2015, equation 2]. We suggest that

since the dayside magnetic field is more compressed compared to the nightside, the asymmetric loading
of magnetic flux will result in a weaker gradient on the dayside. The shear flows (which in turn induces the
By component) will be weaker on the dayside of the dawn-dusk meridian compared to the nightside. This
argument is equivalent to stating that the stiffness of the inner magnetospheric field is greater on the dayside
compared to the nightside on geosynchronous distances.

5.3. Mechanisms Responsible for Inducing By in the Magnetotail
Internal processes may also influence the induction efficiency. We found the dipole tilt angle to be a significant
source of magnetospheric By . We noted in section 1 that a tilt bias exists in the GOES data, favoring negative tilt
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on the nightside dusk region. The warped current sheet arising as a consequence of the dipole tilt [Tsyganenko
and Fairfield, 2004] will affect the resulting By component [e.g., Liou and Newell, 2010, Figure 3]. While we see
significant contributions from the dipole tilt angle effect, we were unable to quantify a systematic behavior
depending on IMF By polarity, tilt, and region in our limited data set.

We also saw dawn-dusk asymmetries in the magnitude of magnetospheric ΔB. Some of these asymmetries
appear to be related to dipole tilt effects. Some of these effects become mitigated by the subtraction of TS01 as
the background field, so that whatever remains could be unsystematic residuals (see discussion in Petrukovich
[2009]). Using Geotail data, Petrukovich [2009] found the tilt effect to be uneven in both radial distance and
in the postmidnight and premidnight regions. They identified regions in the magnetotail where the average
addition to By due to the tilt effects was maximum and minimum (see their Figure 7). For instance, it was
found that in the region X >−20 RE and 0 < Y < 10 RE the effect is 4 times stronger compared to neighboring
regions. Due to the orbit of Geotail, Petrukovich [2009] only analyzed X < −8 RE . We observe similar asymme-
tries at geosynchronous orbit, consistent with their results. Analyzing these asymmetries is outside the scope
of this paper.

As mentioned, we set constraints on the data in order to keep the dipole tilt angle comparable between the
different polarities. We required the dipole tilt angle to be on average close to zero (|tilt|< 10∘). Nevertheless,
there are differences in the dipole tilt angle during the time intervals. On the dayside, the dipole tilt is positive
∼8∘ at t = 0 and declining to about 2∘ at t = 240 min, for both states. On the nightside, for both polarities, the
dipole tilt angle is negative, starting at about ∼−8∘ at t = 0 and increasing to 0 at t = 240 min. Additionally,
even though the evolution of the dipole tilt is comparable for each region, there are differences. According to
Liou and Newell [2010] (see their Figure 3), a negative tilt angle favors a positive By in the postmidnight region.
Thus, we should expect Figure 4b to show a stronger induced By compared to Figure 5b. No such signature
is seen. On the dayside the effect would be opposite; however, since the locations of the spacecraft are more
evenly distributed between the prenoon and postnoon regions, it is not likely that this is contributing to the
differences between the response.

Other mechanisms able to generate a By component on closed magnetospheric field lines discussed in
section 1 are considered small or negligible in the region we have studied.

6. Summary

The results of this paper can be summarized as follows:

1. The magnetosphere responds to a change in IMF By in less than 15 (∼10) min in all local time sectors from
the presumed arrival at the bow shock (magnetopause).

2. At geosynchronous distances, the reconfiguration time is less than 45 (∼40) min in all local time sectors.
3. The response time is consistent with asymmetric loading of flux to the lobes.
4. A By component is induced on closed field lines independently of tail reconnection.
5. On the nightside, the reconfiguration time and the magnitude of the induced By component depend on

the solar wind velocity.
6. The positive-to-negative and the negative-to-positive By transitions have significantly different response

characteristics, but the ratio ΔtGOES∕ΔtIMF is remarkably similar.
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