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How does the magnetosphere go to sleep? 
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A B S T R A C T   

Energy and circulation in the Earth’s magnetosphere and ionosphere are largely determined by conditions in the solar wind and interplanetary magnetic field. When 
the driving from the solar wind is turned off (to a minimum), we expect the activity to die down but exactly how this happens is not known. A recent study utilized 
global MHD simulations to addressed the questions of what constitutes the quietest state for the magnetosphere and how it is approached following a northward 
turning in the IMF that minimizes the driving. An exponential decay with a decay time of about 1 h was observed in several integrated parameters related to different 
aspects of magnetospheric activity, including the total field-aligned current into and out of the ionosphere. The same time rate of change for the cessation of activity 
has also been measured in total field aligned current estimates from the AMPERE project, adding observational support to this finding. The observational study also 
revealed both a seasonal and a day/night variation in the decay parameter, with faster decay observed in the winter than in the summer hemisphere and on the 
nightside than on the dayside. Decay time averages varied between 0.8 and 2.0 h for these scenarios. The results can be understood in terms of stronger/weaker line 
tying of the ionospheric foot points of magnetospheric field lines for higher/lower conductivity. Additional global modeling results with varying conductance 
scenarios for the ionosphere confirm this interpretation and provide a quantitative understanding of the effect.   

1. Introduction 

As first suggested by Dungey (1961), plasma circulation and ener
gization in the magnetosphere are powered by magnetic reconnection 
taking place at the dayside magnetopause and in the tail plasma sheet, 
respectively. Most major advancements in magnetosphere research 
made since then, relate to the verification and details in the imple
mentation of this concept of the open magnetosphere (see, for example, 
Southwood et al., 2015; Lockwood, 2016, and references therein). 
Perhaps quite naturally, the bulk of this research has focused on 
different modes of magnetospheric dynamics, namely how the magne
tosphere and its various components evolve over time associated 
particularly with the response to variations in the direction of the 
interplanetary magnetic field (IMF). A complete review of this huge 
body of work is outside the scope of this report. Some key observational 
works include: Nishida (1968); Friis-Christensen et al., 1985; Ridley 
et al. (1998); Murr and Hughes (2001); Lu et al. (2002); Ruohoniemi 
et al. (2002); Fiori et al. (2012); Grocott and Milan (2014); Dods et al. 
(2017); Snekvik et al. (2017); Anderson et al. (2018); McPherron et al. 
(2018), Milan et al. (2018), and references herein. The vast variety of 
different aspects of the dynamics, from substorms to geomagnetic 

storms, plasmoid formation and ejection, formation and evolution of 
ring current and radiation belts, coupling to the ionosphere and relation 
to auroral features, has understandably formed tantalizing research 
targets and continues to do so today. 

In comparison, the quiet magnetosphere, by which is understood a 
magnetosphere devoid of major energization and dynamical changes, 
has received only little attention. Its existence is often implicitly 
assumed. A prominent example is in the establishing of base-lines for 
observations of ionospheric and geomagnetic parameters, including 
geomagnetic indices (for a recent list and descriptions see, e.g., Kauristie 
et al., 2017). Traditionally, the derivation of base-lines (also often 
termed quiet day curves) has built on the concept of quiet days (e.g. 
Campbell, 1989; van de Kamp, 2013) but recently statistical analysis 
approaches have also been successfully developed and employed (e.g. 
Gjerloev, 2012; Klausner et al., 2016). A practical implication of the 
identification of the quiet magnetosphere and associated geomagnetic 
sources is for modeling of the Earth main field. A recent overview of the 
various approaches and models currently being employed is provided in 
Finlay et al. (2017). 

The quiet magnetosphere is often conjectured to result from certain 
solar wind conditions, which would minimize the driving at the 
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magnetopause, such as northward IMF orientation, small magnetic field 
magnitude, and low solar wind density and velocity. The most likely 
combination of parameters to achieve the quiet state can be deduced 
from solar wind-magnetosphere coupling functions, of which quite a few 
exist (see, for example, Akasofu, 1981; Gonzalez, 1990; Newell et al., 
2007; Borovsky, 2008; Milan et al., 2012; and Tenfjord and Østgaard, 
2013, and references herein). It should be noted, however, that the 
coupling functions present a complementary but not independent aspect 
of the quiet magnetosphere as they all are derived and verified based on 
geomagnetic indices. 

While the existence of the quiet magnetosphere is widely accepted on 
a conceptual level and useful from the point of view of developing static, 
theoretical models, its existence on a more fundamental level is poorly 
understood. Very little work has been devoted to the question of what 
the precise nature of the quiet magnetosphere is, how long the system 
takes to reach such a state, and, ultimately, whether such a state even 
exists uniquely. The aim here is to review and describe some current 
studies pertaining to these questions. First, in Section 2, we describe a 
recent study utilizing global MHD modeling to address the questions of 
what constitutes a quiet state for the magnetosphere and how it is 
approached following a northward turning in the IMF that minimizes 
the driving. Next, in Section 3, we discuss observational evidence for the 
generic relaxation time-scale for magnetospheric activity that is pre
dicted by the model, including recent results based on observations from 
the AMPERE project. In Section 4 we return to the model to investigate 
and quantify the dependence on ionospheric conductance of the relax
ation rate that the observations show. Finally, Section 5 presents our 
conclusions. 

2. The quiet magnetosphere in global MHD 

Preliminary results from a study of the quiet magnetosphere using 
global MHD simulations were presented by Hesse et al. (2017). In this 
section we describe in more detail this study and the results obtained. 

2.1. Model and approach 

Four different global MHD runs were conducted with the objective to 
investigate to which degree a relaxed state of the magnetosphere de
pends on prior history. All simulations were initiated with solar wind 
conditions, which drive significant activity; however, the IMF was 
southward for two runs and eastward for two others. In addition, two 
different solar wind densities were used for further variety of solar wind 
input conditions. Each run was subjected to its respective driving con
ditions for 2 h, after which the IMF was turned northward, the solar 
wind speed was reduced, and the density was set to a common, lower 
value. After a further 2 h, the latter conditions were augmented by 
random solar wind fluctuations – identical for all runs, with amplitudes 
commensurate with typical solar wind observations. The objective for 
this final phase of the runs was to investigate the nature of quiet 
magnetospheric states, addressing the question of how quiet a magne
tosphere can be in the presence of typical solar wind fluctuations. 

The global MHD model employed was a magnetospheric imple
mentation of the Space Weather Modeling Framework (SWMF), version 
v20140611 (Tóth et al., 2005, 2012). Runs were executed at the Com
munity Coordinated Modeling Center (CCMC) and tailored to the 
research task: an ultra-high-resolution grid was used with 25 million 
cells and minimum resolution close to the inner boundary at 2.5RE of 
0.0625 RE together with a low diffusion, so-called Sokolov scheme. The 
dipole tilt was fixed at near-equinox conditions (March 20, 2015) and 
not updated for the duration of the run. For the ionospheric solver, an 
auroral conductance model was used to represent conductance varia
tions due to diffuse and auroral particle precipitation, as well as due to 
solar ultra-violet flux. 

The solar wind conditions were applied in three separate phases. 
During the first 2 h, conditions commonly associated with a driven, 

active magnetosphere were applied. These conditions differed between 
the runs that were conducted. After 2 h, for all runs, the IMF was 
changed to purely northward (Bz = 5 nT), the density to 5 cm−3 and the 
solar wind speed reduced to 300 km/s for another 2 h. This set of pa
rameters is chosen to minimize the expected energization of the 
magnetosphere from the combined effects of viscous interaction with 
the solar wind as well as merging with the northward IMF tail-ward of 
the cusp (Bhattarai et al., 2012). Finally, for the last 2 h, to all key pa
rameters was added a 10% fluctuation level (that is, with amplitudes of 
0.5 nT for Bz and Bz, to 0.5 cm−3 for the density, 30 km/s for each of the 
velocity components, and 2.4 × 104 K for the temperature), which is not 
uncommon for the solar wind. While the fluctuations were entirely 
random, they were the same for all runs conducted. The IMF Bx is set to 
zero for the entire simulation period. 

One of the key questions in investigation the relaxation of a previ
ously active magnetosphere to a quiet state, is how much the latter, as 
well as the relaxation time, depend on the prior, active state. In order to 
shed light on this question, four different simulations were conducted, 
each featuring different solar wind conditions during the first 2 h. In run 
1, an IMF By = 0 nT and Bz = −5nT, a density of n = 5 cm−3, and a solar 
wind speed of 500 km/s were applied. Conditions for run 2 were iden
tical, except that the density was increased to 10 cm−3. The solar wind 
conditions for runs 3 and 4 replaced the IMF conditions of runs 1 and 2, 
respectively, with IMF conditions of By = 5 nT and Bz = 0 nT. As illus
tration, the full solar wind inputs, including the parameters not dis
cussed here, are displayed for runs 1 and 4 in Fig. 1. 

3. Results 

Results of run 1 are presented here in detail and an overview of key 
results from run 4 is also given. Results from the other runs are included 
for comparison but not discussed in detail. First for an overview of the 
simulation output, Fig. 2 displays a meridional cut at y = 0 of the 
magnetic field, flow vectors, and pressure for run 1. The three panels 
(from top to bottom on the left) are plotted at the end of the three solar 
wind driver phases, at time ~2 h, 4 h, and 6 h into the simulation. The 
top left panel shows a typical active magnetosphere, with indications of 
both dayside and tail reconnection. The magnetosphere is considerably 
more relaxed in the middle left panel (at time 4 h), with an outwardly 
expanded magnetopause and a much wider region of closed magnetic 
field (magnetic field lines connected to the earth at both ends). The 
growth of the closed field line region appears to continue also through 
the last 2 h (bottom left panel), seemingly indicating that the magne
tosphere continues to relax. The analysis below will show that this 
impression is misleading, though. 

Exhibited in Fig. 2 (panels on the right) are also results for the 
ionosphere, namely field-aligned current patterns in color, contours of 
the polar cap potential, and the open-closed field line boundary, at the 
same times as for the magnetosphere panels on the left. Only the 
northern ionosphere is shown here. The results for the southern iono
sphere are practically identical, as expected for near-equinox conditions 
and purely IMF Bz driving. Corresponding to the magnetosphere 
depicted in the top left panel, the ionosphere in the top right panel shows 
a typical active signature, with a large open field-line region, sur
rounded by region 1 type current patterns. Despite the absence of an 
inner magnetospheric model in these simulations, the results also 
feature weak region 2 type currents at lower latitudes. The situation is 
entirely different in the middle and bottom panels on the right, where 
we find highly reduced currents and potential values, and a minimal 
open field line region. We note, however, that the latter may well be 
underrepresented in global MHD models (Rastätter et al., 2005; 
Anderson et al., 2017). Clearly depicted in these panels, above 80◦

magnetic latitude, are the so-called NBZ currents (Iijima et al., 1984) 
and corresponding reversed convection cell potential pattern associated 
with reconnection between the IMF and magnetosphere fields taking 
place tail-ward of the cusp as expected for northward IMF conditions (e. 
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g. Crooker, 1992; Vennerstrom et al., 2005). Also clearly present in the 
middle panel at magnetic latitudes between 70 and 80◦ is a set of weaker 
convection cells and corresponding field-aligned currents of opposite 
polarity, presumably the result of viscous interaction between the solar 
wind and magnetosphere, which completes the typical four-cell pattern 
expected for northward IMF conditions (e.g. Burke et al., 1979; Ven
nerstrom et al., 2005). Again, very little difference is observed between 
the middle and bottom panels. 

It is possible to capture the overall state of the magnetosphere and its 
evolution by studying certain integrated parameters. To this end, inte
grated values for the currents into or out of the model ionosphere, the 
ionospheric potential, and, for verification purposes, the ionospheric 
Joule dissipation were investigated. The results for run 1 (panels on the 
left) and run 4 (panels on the right) are shown in Fig. 3. Time is counted 
in hours centered on the northward turning of the IMF that took place 
2 h into each run. The two runs exhibit essentially identical evolutions in 
these parameters and the evolution is also virtually identical between 
hemispheres for all parameters. During the first hour, we see an 
adjustment of the model to the driving conditions and subsequent steady 
driving for the second hour. The amplitudes of all parameters exhibit an 
overshoot in response to the northward turning and then reduce rapidly 
during the following 2 h. During the final 2 h the effects of adding the 
fluctuations to the solar wind driving are observed to be to induce large, 
similar fluctuations in all parameters. 

As indicated in the figure, in all cases the decay phase during the 
middle 2 h is exceptionally well represented by an exponential 
decay ~ exp(-λt). For the time constant (e-folding time, t0 = 1/λ), we 
find the following values for the electric potential (Δϕ): t0,ϕ~1 h, for the 
integrated current (J): t0,j~0.9 h, and for the Joule dissipation: t0, 

W~0.5 h. Remarkably, the same e-folding times are seen in both runs 
even as the overall amplitude of the parameters in run 4 is about 20% 
lower than in run 1. This finding indicates that the decay process is 
following an intrinsic internal time scale, and that it depends on the 
starting state only to a smaller degree. The faster time decay of the Joule 

dissipation illustrates the internal consistency between the results. The 
Joule dissipation can be approximated by W =

∫
j‖ϕdA(e.g. Richmond, 

2010), where the integral extends over a spherical surface at some 
suitable altitude above the ionosphere. This relation indicates that the 
decay times of current, potential, and polar cap potential should be 
related, with: 1/t0,ϕ+1/t0,J~1/t0,W. 

The remaining two runs also exhibit essentially the same behavior in 
the decay. This is shown in the panels on the left in Fig. 4, which displays 
the time evolutions of currents and potential for all four runs in a format 
similar to that of Fig. 3 but only including the northern hemisphere. We 
find, again, that the driven phase leads to qualitatively similar time 
evolutions, albeit with higher amplitudes in both currents and potentials 
for southward IMF primarily (red and magenta curves), and higher solar 
wind density secondarily (magenta and blue curves). Not only is the 
decay behavior qualitatively identical, it also, at least to some degree, 
preserves the amplitude ordering, whereby for example, run 1 maintains 
a higher current amplitude than run 4 during the decay phase. It appears 
that the magnetosphere, at least in the model representation here, has 
generally a typical decay time of 1 h, but retains some memory of its 
history after 2 h of relaxation under northward IMF and reduced solar 
wind speed. 

]An interesting question is whether exposure to fluctuations in the 
solar wind driver reduces or eliminates completely the system’s memory 
of the prior history. For the purpose of investigating this question, we 
applied exactly the same fluctuations to all four runs during the last 2 h. 
The panels on the righthand side in Fig. 4 display enlargements of the 
current and potential evolutions of all four runs during the last 3 h of the 
runs. The effects of the fluctuations are seen in the ionosphere with a 
delay of about 0.2 h, which match well the expected time it takes for the 
change to propagate from the upstream boundary of the simulation at 32 
Earth radii to the magnetopause and couple through the magnetosphere 
to the ionosphere (see e.g. Ridley et al., 1998; Milan et al., 2018). We 
notice two key facts: 1) the fluctuations drown out any further decay 
that might otherwise have continued in the ionospheric potential and 

Fig. 1. Depicted is the solar wind input used in simulation runs 1 (left) and 4 (right). From top to bottom are shown the ion density, the temperature, three 
components (GSM X, Y, and Z) of the velocity, and the vector components (GSM X, Y, and Z) of the magnetic field. 
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currents (as well as the dissipation, not shown), leaving the potential to 
fluctuate at a level of about 30% around roughly15kV, and the currents 
to fluctuate at a similar level around roughly 0.5 MA; and 2) the time 
evolutions continue to preserve the amplitude ordering observed 2 h 
after the northward turning, with run 1 having the largest current, and 
run 4 the largest potential. While this ordering indicates that the sys
tem’s memory time is apparently longer than 4 h, it is also apparent that 
all four runs respond to the applied fluctuations in essentially the same 
way, with exceptionally high correlations between the traces for both 
current and potential. System memory is therefore found to be insuffi
cient to dominate the evolution. Instead, the model reacts, in this inte
grated sense, rather similarly to the driving conditions, irrespective of 
the prior history. 

4. Conclusions 

In all four cases examined, not surprisingly, the driven phase es
tablishes a large open magnetic flux region, significant cross polar cap 
potentials, and current systems, the amplitudes and locations of which 
depend on the solar wind driver. The relaxation starts with the states 
attained after 2 h as initial condition. Somewhat surprisingly, we find a 
very well-defined exponential decay of typical parameters, such as total 
current flow into or out of the ionosphere. A further surprise is that, 
independent of the initial condition, the decay time is approximately 1 h 
for all runs. The main sign of memory of the initial state proves to be that 
the amplitude ordering at the start of the relaxation, that is, for example, 
which run features the largest currents, remains throughout the 

evolution. We suggest that the decay time is related to the expected 
decay of a twisted flux tube when coupled to a medium of finite 
conductance, within which the field-aligned currents close. Within this, 
certainly rather simple, concept, it seems reasonable that larger currents 
take longer to decay to the same level as a current system of initially 
lower amplitude. 

In summary, these findings indicate that most of the memory of the 
prior state is lost within about 1 h, which therefore can be seen as a 
typical transition time between states in response to different driving 
conditions. The results also suggest that it may be quite difficult to 
define a proper “quiet state” of the magnetosphere; the main reason 
being that solar wind fluctuations continue to drive activity, even if the 
overall driving conditions are minimal (IMF is northward). This effect 
can be amplified by the nonlinear nature of the driver: for example, the 
kinetic pressure is proportional to the density and the square of the 
velocity, so that correlations between fluctuations of individual quan
tities can have larger impacts. As regards system memory, we find, in 
addition to the “short term memory” of about 1 h also a “long term 
memory,” which persists through the entire evolution. This memory 
effect may make it even more difficult to define a single “quiet state.” 
Finally, we point out that this study was based on a single MHD model, 
albeit of very high resolution and low diffusivity. 

5. Observational evidence 

Few observational studies exist that address the questions of the 
nature and emergence of the quiet magnetosphere. In this section we 

Fig. 2. On the left are shown panels of magnetosphere pressure (color contours), magnetic field lines (blue lines are IMF, black lines are open and red lines are 
closed) and flow vectors in the noon-midnight plane at three different times (01:30 UT at the top; 04:00 UT in the middle; and 06:00 UT at the bottom). On the right 
are show corresponding panels (at the same three points in time) of the northern ionosphere (seen from above the north magnetic pole with noon towards the top and 
the lowest magnetic latitude circle at 50◦) field aligned current (color contours) and electric potential (contour lines). Indicated with a thick black line is the position 
of the boundary between thee open and closed magnetic field. 
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Fig. 3. The panels on the left display the time evolution of the maximum difference in electric potential (top), integrated field-aligned current into the ionosphere 
(middle), and total Joule heating dissipation (bottom) for the northern (red lines) and southern (red lines) hemispheres for Run 1. Time is counted in hours centered 
on the time of the northward turning of the IMF. Also shown in each panel (thick light grey line) is an exponential fit to the data (for the northern hemisphere) during 
the first 2 h after the turning. The parameters for the fits are provided in the legends. The panels on the right show the corresponding results for Run 4. 

Fig. 4. The panels on the left display the time evolution of the integrated electric potential (top) and field-aligned current into the ionosphere (bottom) for the 
northern hemisphere for all four runs with colors as indicated in the legend. Time is counted in hours centered on the time of the northward turning of the IMF. The 
panels on the right provide an expanded view of the same data for the last 3 h of the runs. 
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describe some relevant earlier studies as well as some recent studies that 
have been conducted based on newly available observations of global 
field aligned current distributions. 

5.1. Early findings 

An early observational indication of magnetospheric memory was 
provided by Wygant et al. (1983) who reported on the existence of an 
extended time response in the cross polar cap potential during long 
periods of northward IMF conditions. Their study compared observed 
polar cap potential drops from a polar crossing satellite with predictions 
based on estimates of the dayside reconnection electric field from 
various combinations of solar wind measurements. They found that 
introducing a weighted average of solar wind parameters over the pre
ceding 4 h, with a weighting function in the form of an exponential 
decay with a time scale of 3 h, significantly improved the agreement 
between the predicted and observed potentials as compared to pre
dictions based on hourly averaged solar wind parameters. They inter
preted the existence of this extended time response in their results as the 
time constant for magnetospheric convection to « turn off » after pre
vious periods of high reconnection rates. 

Other earlier studies mainly have been aimed at establishing the time 
it takes for convection and current systems in the magnetosphere and 

ionosphere to reorganize from one characteristic pattern to another 
following a change in IMF. Most studies concern the case of how activity 
develops and current and convection systems are set up following a 
change in the IMF from northward to southward. Far fewer studies have 
presented results specifically for the opposite change from southward to 
northward IMF conditions. Typical reconfiguration times for iono
spheric convection or current systems in the range of 20–40 min have 
been reported for single individual events (e.g. Clauer and 
Friis-Christensen, 1988; Knipp et al., 1991; Hairston and Heelis, 1995). 
Meanwhile, a statistical study by Ridley et al. (1998) found an average 
reconfiguration time of 13 min with no significant difference observed 
between north to south and south to north turnings. This result, which 
was based on ground-based magnetometer measurements, has since 
been corroborated by radar measurements of ionospheric convection 
(see, e.g., discussion in Chisham et al., 2007). 

5.2. Recent results from AMPERE 

The advent in 2010 of the Active Magnetosphere and Planetary 
Electrodynamics Response Experiment (AMPERE) project have made 
available continuous global estimates of the field-aligned currents into 
and out of the high latitude ionosphere (Anderson et al., 2014). The 
AMPERE measurements constitute an ideal new resource for assessing 

Fig. 5. The IMF (top panel) and total current estimates (bottom panel) from AMPERE for a northward turning example event. The IMF from the OMNI database is 
shown in GSM coordinates (X,Y, and Z as indicated in the legend). The time is in hours centered on the time of the northward turning observed in the IMF. The format 
of the figure in the bottom panel is identical to that of Fig. 3. 
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the evolution of the large-scale convection and current systems in the 
magnetosphere. Through an extensive analysis of a large set of events 
identified in the AMPERE dataset, Moretto et al. (2018) was able to 
directly test and verify the predictions from the global MHD simulations 
of Hesse et al. (2017) presented in section 2. Events were carefully 
selected to fulfill the criteria of exhibiting a rapid change from south
ward to northward IMF, preceded and succeeded by extended periods of 
steady IMF conditions. An example event is shown in Fig. 5. This event 
was the one with the longest period of continual northward IMF 
following the turning (even before the occurrence of the gap in the IMF 
observations). Displayed are IMF observations together with total cur
rents into the ionosphere measured by AMPERE for both the northern 
and southern hemispheres in the same format as in Fig. 1 in Moretto 
et al. (2018). Also indicated in the figure is the fitted exponential decay 
in the same way as in Fig. 3. A total of 39 such events were identified and 
analyzed individually and statistically as well as through a superposed 
epoch analysis. The observational results confirm the characteristic 
exponential decay for the currents that was seen in the global MHD 
simulations. The time constant of 0.9 h was also validated in the 
observational study, measuring a decay constant λ = 0.9 (±0.3) h-1 
which corresponds to a time constant of 0.8–1.7 h. Further, in agreement 
with the simulation results, no clear dependence on the amplitude of the 
current was found for the decay parameter. Rather, the variable that was 
found to best explain the spread in values for the decay constant was 
season, with faster decay observed in the winter than in the summer 
hemisphere. It was concluded that the seasonal variation in ionospheric 
conductivity independently affect both the amplitude of the current and 
the decay parameter. 

Further evidence for the impact on ionospheric conductivity on the 
decay rate is found when repeating the analysis of decay parameters 
conducted in Moretto et al. (2018) separately for nightside and dayside 
currents. Alongside with the total hemispheric currents, estimates for 
currents into and out of the nightside and dayside halves of each iono
sphere are also provided as a standard product in the AMPERE dataset. 
For these estimates, dayside is defined simply as the part of the iono
sphere between 06 and 18 magnetic local time and, correspondingly, the 
nightside constitutes the part between 18 and 06. The exponential decay 
is equally evident in this set of currents and the results of the exponential 
fitting for all events are shown in Fig. 6. Each panel in the figure cor
responds to Fig. 3 in Moretto et al. (2018) but with the analysis done 
only for the nightside (left panel) or dayside (right panel) part of the 
currents, respectively. We see that the nightside currents exhibit overall 
larger values of the decay constant than the dayside set and with much 
less spread in the values. This behavior matches the expectation that the 
lower conductivity on the nightside is associated with a faster decay 
rate. The median value for the time constant (e-folding time) over all 
nightside currents is t0,j = 1.0 h as compared to the median value for all 

dayside currents of t0,j = 1.3 h. Ionospheric conductivity on the night
side also varies much less as a function of season than for the dayside, 
which may explain the lack of seasonal variation in the decay constant 
for the nightside. In contrast, the median value for the time constant for 
the dayside currents exhibits a large difference between the winter 
solstice events at t0,j = 0.8 h and the summer solstice events at t0, 

j = 2.0 h. In summary, we find the fastest decay rate in winter on the 
dayside and the slowest decay rate in summer on the dayside. 

To explain the relation between the decay rate and ionospheric 
conductivity, consider again what needs to happen for the convection in 
the magnetosphere to slow down, or stop, namely the unwinding of the 
field-aligned current carrying flux tubes in the coupled magnetosphere- 
ionosphere system. In response to magnetic forcing from the magneto
sphere conveyed through the JxB force, the ionosphere with higher 
conductivity (daytime summer conditions) will have a higher resistance 
to motion thus necessitating a larger current to establish the appropriate 
magnetosphere-ionosphere coupling. For an ionosphere with low con
ductivity, in contrast, comparatively little current is needed to establish 
the coupling. These effects are well documented (e.g Ridley, 2007; 
Coxon et al., 2016). At the same time, stronger/weaker line-tying in the 
higher/lower conductivity ionosphere may also explain the longer/
shorter decay time for magnetospheric activity. With low conductivity 
in the ionosphere and corresponding weaker line-tying of magneto
spheric field lines, the unwinding of current-carrying fluxtubes and 
associated changes in magnetospheric convection that need to happen to 
reach the new quiet state can be more easily and quickly accomplished 
(e.g. Coroniti and Kennel, 1973). The opposite is true for the high con
ductivity case where stronger line-tying makes changes in convection 
take longer to get established. 

The evolution of field-aligned currents in response to changes in the 
IMF have also been investigated in other studies based on AMPERE data, 
albeit with very different techniques which make direct comparisons of 
the results with the decay time scales reported above difficult. Also 
utilizing the total field-aligned currents on the dayside and nightside, 
respectively, McPherron et al. (2018) derived linear prediction filters in 
response to solar wind driving. For both cases, they found response 
functions with total lengths of 3 h but with different decay shapes, 
neither of which was seen to exhibit purely exponential decay. The 
response of the full distribution of the field aligned currents to changes 
in the IMF was examined by Milan et al. (2018) utilizing a principal 
component analysis. After northward turnings, the main field-aligned 
current component (roughly representing the region-1/region-2 cur
rent system) on the dayside was seen to decrease over a period of about 
an hour. However, over the same period of time, a component of the 
current system roughly corresponding to the dayside NBZ currents was 
seen to increase to a maximum, implying that the total dayside current 
would exhibit a slower and more prolonged decay. The decrease 

Fig. 6. Scatter plots of fitting parameters 
derived for the entire ensemble of events and 
for both northern and southern hemispheres 
but separately for the nightside parts (left 
panel) and dayside parts (right panel) of the 
currents. In each panel, the large, light grey 
dot and bars indicate the median values and 
standard deviations for the fitting parame
ters over the entire dataset. Marked in red 
are the events around the June solstice and 
in blue the events around the December 
solstice with corresponding medians and 
standard variations (large dots and bars in 
light red and blue), while the dark grey dots 
represent events that occur around the 
equinoxes. The format of the figure in each 
panel is identical to that of Fig. 3 in Moretto 
et al. (2018).   
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observed for the main current component (roughly the 
region-1/region-2 current system) on the nightside was also much pro
longed, reaching a minimum after about 2 h. Further, no indication of 
effects from substorms were seen in the nightside response in good 
agreement with the finding that the total current in the substorm current 
wedge as observed by AMPERE is very small (on the order of 0.1 MA) 
reported by Clausen et al., 2013. These results also add confidence that 
the exponential decay constants measured here are not significantly 
affected by any substorms occurring during the events. The exponential 
time constant of roughly 1 h measured by Hesse et al. (2017) and 
Moretto et al. (2018), on the one hand, and the 3-h length of the 
response filters reported by McPherron et al. (2018) and the 2-h period 
over which the nightside main current constituents was seen to decrease 
as reported by Milan et al. (2018), on the other, suggest good overall 
consistency between the results from these different analysis methods 
applied to the same AMPERE dataset. 

6. Modeling the role of ionospheric conductance 

To further investigate the role of ionospheric conductance on the 
decay rate we return to the global MHD model. In this section we present 
the results from a series of additional simulations, which were per
formed to illuminate the role of ionospheric conductance. 

6.1. Model and approach 

Five additional simulation runs were conducted to investigate the 
effect of varying the ionospheric conductance in a controlled fashion. 
The same global MHD model was employed as for the study described in 
section 2. However, for the purpose of performing just a quick verifi
cation of the conductance effect, it was run in a simpler, regular 
implementation, which implies a somewhat lower resolution and 
simpler numerical scheme. To facilitate comparison, the solar wind 
profile used to drive all of the new runs is the one for run 1 of the former 
set, but without applying the fluctuations to the parameters during the 
last 2 h. Specifically, the northward IMF conditions were continued 
uninterrupted for a total of 4 h. The only other simplification made here 
is that no dipole tilt was included. Only one run used an auroral model 
for the ionospheric conductance. For the other four runs, to control the 
ionospheric conductance we followed the approach of Ridley et al. 
(2004) and apply the simplest ionospheric conductance pattern that will 
produce a quasi-realistic magnetospheric configuration, namely a uni
form zero Hall conductance and a uniform non-zero Pedersen conduc
tance. The four values for Pedersen conductance tested in the runs are: 1, 
5,10, and 100mho. 

7. Results 

The evolution of the integrated field-aligned current into the 
northern hemisphere is depicted in Fig. 7 for all of five runs. Also 
depicted in the figure are the exponential fits to the decay observed in 
the currents for the first 2 h after the northward turning. Contrary to the 
initial study described in section 2 where the effects of the fluctuations 
were observed at this point, here the driving wasn’t changed. Even so, it 
is obvious that exponential decay is only a good fit for the first 2 h. That 
is, these results indicate that even without the added fluctuations the 
decay changes to a different mode after about 2 h, possibly as the un
winding of the large-scale flux-tubes have progressed to the point that 
other smaller scale dynamics begin to dominate. As a curiosity we note 
that the event displayed in Fig. 5, which is one of only a few events in the 
study for which the IMF remains northward for more than 2 h, exhibits 
the same behavior. However, fluctuations in the IMF are observed in the 
event that could also be the cause of this effect. Further investigation of 
this potential transition in the mode of the decay and the nature of the 
various processes involved with the global MHD model, including the 
role of reversed (high latitude reconnection) and viscous convection 

cells, would be highly interesting. However, such a study would require 
a new set of purposeful, research-grade simulations and, thus is left for a 
future effort. 

In the comparison between the various runs presented in Fig. 7, the 
two effects associated with increasing the ionospheric conductance are 
evident: increased amplitude of the currents during the driving phase 
and increased time constant for the decay (t0 = 1/λ, with λ decreasing). 
In this behavior, the results fully confirm the expectations based on the 
observational results and their interpretation in terms of ionospheric 
conductivity as discussed in section 3. Also noteworthy is the fact that 
the range of values for λ resulting from this set of conductance values 
matches well the range yielded by the observational analyses and cor
responds to time constants (e-folding times) for the decay roughly be
tween 0.7 and 2 h. 

8. Summary and conclusions 

New and recent studies are presented, which provide an answer to 
the question posed in the title: when driving is effectively turned off, 
magnetospheric activity decays exponentially with a generic time con
stant of roughly 1 h. This behavior is observed consistently between 
global MHD simulations and observations of field-aligned currents in the 
ionosphere. One surprising finding is that the decay rate is independent 
of the level and nature of the solar wind driving imposed ahead of 
shutting it off. As an inherent property of the magnetosphere, this 
behavior may be understood as the expected decay of a twisted flux tube 
when coupled to a medium of finite conductance, within which the field- 
aligned currents close. From this idea follows that the decay rate would 
depend on the level of ionospheric conductance. Higher conductance 
means stronger line-tying of the magnetic flux tube and more resistance 
to changing the convection as needed for the flux tube to un-twist. Ev
idence for this expectation is found in the decay rate for ionospheric 
field-aligned currents estimated from observations, which exhibit sig
nificant variations both with season and between dayside and nightside. 
Time constants ranging from about 0.8 h for the dayside in winter to 2 h 
for the dayside in summer are observed. Further direct confirmation of 
the relation between the decay rate and ionospheric conductance is 
provided by a set of global MHD simulations done with uniform, con
stant ionospheric conductance. Varying the conductance from 1mho to 
100 mho yields decay constants ranging from 0.7 h to 1.7 h. How the 
existence of a generic decay rate, independent of the state of the system 

Fig. 7. Time evolution of the integrated field-aligned current into the northern 
ionosphere for all five runs with colors as indicated in the legend on the left. 
Time is counted in hours centered on the time of the northward turning of the 
IMF. Also shown (thick light-colored lines) are the exponential fits to the data 
during the first 2 h after the turning. The parameters for the fits are provided in 
the legend on the right. 
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at the beginning of the decay, can be reconciled with the expectation 
within the ideal MHD approximation of entropy conservation for the 
closed flux tubes is a curious question that warrants further study. 

Simulations done with a longer decay phase indicate that the expo
nential decay only occurs for the first roughly 2 h, after which a near- 
linear decay at a much slower rate is observed. A few rare events in 
the field-aligned current observations, for which the IMF remained 
northward for more than 2 h, seem to support this finding. However, no 
firm conclusions can be drawn based on the available results so far. 
Confirming this feature in the decay and revealing the nature of the 
processes behind it, therefore, is highly recommended as a subject for 
future studies, but would require additional well-defined advanced 
model simulations as well as, potentially, additional extensive obser
vational datasets. 

On the question of memory in the magnetosphere-ionosphere sys
tem, the answer from global MHD model simulations is that after 2 h of 
relaxation, very little memory remains in the system. Evidence for this 
result is seen in that all of the runs presented here exhibit a near- 
identical response, as observed in integrated ionospheric potential and 
current measures, to fluctuations in the solar wind parameters added 
after the relaxation phase, irrespective of the level and nature of the 
driving that is applied prior to the relaxation phase. A small sign of 
memory, however, is seen in the amplitude ordering of parameters be
tween the simulation runs, most prominently observed in the currents, 
which is preserved from the start of the relaxation phase through to the 
end of the fluctuations. The retainment of memory far into the relaxation 
is bad news for quest to identify and specify a unique quiet (ground) 
state for the magnetosphere. On the other hand, the fact that fluctua
tions in the solar wind parameters at a level of only 10% are seen in the 
simulations to generate a strongly amplified response is probably an 
even bigger problem for any practical attempts to reach or accurately 
describe the quiet magnetosphere state. 
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