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Abstract In the day-side sunlit polar ionosphere the varying and IMF dependent convection
creates strong ionospheric currents even during quiet geomagnetic conditions. Observations
during such times are often excluded when using satellite data to model the internal geomag-
netic main field. Observations from the night-side or local winter during quiet conditions are,
however, also influenced by variations in the IMF. In this paper we briefly review the large
scale features of the ionospheric currents in the polar regions with emphasis on the current
distribution during undisturbed conditions. We examine the distribution of scalar measure-
ments of the magnetic field intensity minus predictions from a geomagnetic field model.
These ‘residuals’ fall into two main categories. One category is consistently distributed ac-
cording to the well-known ionospheric plasma convection and its associated Birkeland cur-
rents. The other category represent contributions caused by geomagnetic activity related to
the substorm current wedge around local magnetic midnight. A new observation is a strong
IMF By control of the residuals in the midnight sector indicating larger ionospheric currents
in the substorm current wedge in the northern polar region for By > 0 and correspondingly
in the southern hemisphere for By < 0.

Keywords IMF · Polar cap · Ionospheric currents · Substorms · Quiet time

1 Introduction

The dedicated satellite missions that have monitored the geomagnetic field during the last
nearly two decades, Ørsted, CHAMP and Swarm, have been crucial for producing the geo-
magnetic reference field models that are used extensively in research and applications. The
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Swarm mission with its improved instrumentation (e.g., Friis-Christensen et al. 2006) and
its carefully designed constellation of three satellites promises a significant improvement
in our knowledge of the main magnetic field and its temporal variation. The measurements
are now so accurate that even data selected during magnetically quiet times do show large
systematic deviations (residuals) from the best models at high geomagnetic latitudes during
dark conditions. Although the residuals are often characterised as noise, it is important to
examine whether this “noise” is systematic and therefore might influence the models of the
main field, in particular the models of the lithospheric field and the secular variation of the
core field that require high accuracy.

The current systems at high latitudes consist of ionospheric currents connected to the
magnetosphere by Birkeland currents along the magnetic field-lines. The magnetic field
perturbations from the field-aligned currents, which are perpendicular to the magnetic field
lines, contribute only little to the observed scalar magnetic field, which is used for main
field modelling at high magnetic latitudes. The ionospheric current systems fall into two
main categories: One is part of the substorm current wedge connecting the closed field-line
part of the magnetotail with the polar ionosphere via the magnetic field lines to the midnight
auroral oval in the ionosphere. The other component of high-latitude ionospheric currents
is associated with the always existing, and always varying plasma convection caused by the
interaction between the solar wind and the Earth’s magnetic field.

In order to obtain the best models describing the main field, i.e. the core field and the
lithospheric field, it is important to minimise the influence of the contribution from external
fields, in particular the magnetospheric and ionospheric currents. This can be done partly by
modelling the known sources and partly by careful selection of the observations that consti-
tute the input data for the modelling. This selection aims at avoiding data during so-called
geomagnetically disturbed periods. These include the magnetospheric substorms that are re-
flected in geomagnetic indices like the AE and Kp (see, for example Kauristie et al. (2016)).
These indices may be used to avoid relatively large and extended substorms, but the poor
spatial resolution of the ground based observatory network on which these indices are based
may easily imply missing the isolated substorms that often take place during geomagneti-
cally quiet conditions. The occurrence rate as well as the magnitude of substorms depends
on the energy that is transferred to the magnetosphere through the interaction between the
solar wind and the magnetosphere, in particular through the so-called merging process at
the day side. The result of this process is directly observed in the ionospheric convection,
which is associated with horizontal ionospheric currents that contribute to the observed high
latitude magnetic field. The magnitude of the currents depends both on the convection elec-
tric field and on the ionospheric conductivity. This part can therefore be reduced by selecting
data corresponding to a small merging electric field in the solar wind and by using data taken
during low ionospheric conductivity i.e. dark conditions with limited solar EUV radiation.
On the night-side, especially during quiet times, enhanced convection can proceed without
substorms, but is still temporally decoupled from the day-side driver such that the merging
electric field will not predict well any night-side enhancements.

Ritter et al. (2004) carried out a comprehensive study of the residuals between the scalar
field measurements and a high degree field model during the first years of CHAMP. They
specifically examined the ionospheric and field-aligned currents during quiet conditions,
which they defined by a small root-mean-square (rms) value of the residuals along the satel-
lite orbit in order to identify the prevailing physical conditions for optimising the data selec-
tion criteria for geomagnetic main field modelling.

After examining various and commonly used geomagnetic indices Ritter et al. (2004)
conclude that there is no single index that is able to identify reliably quiet periods at high
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latitude. Apart from the obvious dark ionosphere and northward IMF conditions the most
predictive parameter in the solar wind is the merging electric field Em as defined by Kan
and Lee (1979) and Newell et al. (2007). This is expected because a strong merging elec-
tric field means increased build-up of magnetic flux in the magnetosphere, which in turn
increases instability in the tail and hence the probability of substorm activity. Ritter et al.
(2004) find that there is a small difference in the average By for quiet conditions in the
Northern and Southern Hemisphere winters consistent with a reported, but not explained,
stronger westward electrojet for IMF By > 0 in the Northern Hemisphere during winter
months (Friis-Christensen and Wilhjelm 1975).

In this study we examine the residuals of the combined CHAMP and Swarm dataset from
2000 to 2014 used in developing the CHAOS-4 and CHAOS-5 geomagnetic field mod-
els (Olsen et al. 2014; Finlay et al. 2015). Our main focus is to examine to which degree
the relatively well described and understood ionospheric current systems may contribute to
the observed residuals relative to the main field model. In particular, we want to examine
whether the strong control of the By component of the interplanetary magnetic field (IMF)
on the plasma convection in the polar regions can be observed in the spatial distribution of
the residuals and we want to examine and understand the reported By effect on the electrojets
in the winter hemispheres.

2 IMF Control of Ionospheric Currents

The currents in the polar ionosphere fall into two main categories. One category is related
to the plasma convection from day to night and its associated electric field. This system
relatively early got its name the DP2 current system to distinguish this system from the
current system associated with the auroral substorm, the DP1 system in the midnight sec-
tor. The important role of the interplanetary magnetic field Bz component in the coupling
processes between the solar wind and the ionosphere was one of the first issues to be inves-
tigated when magnetic field measurements in the solar wind became available (Nishida and
Maezawa 1971). The effect of merging between two oppositely directed magnetic fields had
already been predicted by Dungey (1961) and observations confirmed that the auroral lati-
tude currents are generally small when the Earth’s magnetic field and the IMF are parallel,
namely during northward IMF.

In the polar cap, however, poleward of ionospheric currents in the auroral zone, magnetic
observatory data showed strong ionospheric currents in the day side and solar illuminated
polar cap. This feature was extensively studied by Friis-Christensen et al. (1972) who con-
cluded that a particular component of the IMF, the azimuthal component, By , was crucial for
this effect. This study was followed by the first identification of the patterns of equivalent
current systems at high latitudes that were associated with various IMF orientations (Friis-
Christensen and Wilhjelm 1975). In these patterns a new equivalent current system in the
day side ionosphere located at higher latitudes than the well-studied auroral zone was iden-
tified and coined the “DPY-current”. The study was based on limited data from available
magnetic observatories in the northern hemisphere. In 1972 a dense magnetometer array
was established along the west coast of Greenland poleward of the auroral zone magnetic
observatories. This allowed Wilhjelm et al. (1978) to demonstrate that the DPY-current is an
ionospheric Hall current sandwiched between two oppositely directed field-aligned current
systems simultaneously measured by satellites.

Crooker (1979) developed the concept of antiparallel merging for various IMF orienta-
tions and Reiff and Burch (1985) used this concept to formulate a general convection model
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Fig. 1 Model distribution of Birkeland currents on the basis of the statistical distribution obtained by satellite
observations and derived from ground-based observations of magnetic fields and aurora. Hatched areas indi-
cate downward currents and dotted areas upward currents. In (a) is shown the distribution for IMF By = 0
and Bz = 0; (b) is for By < 0 and (c) is for By > 0. (Friis-Christensen and Lassen 1991)

for arbitrary orientation of the IMF. The dense magnetometer chain in Greenland, the first of
its kind at such high latitudes provided the observations that resulted in the first maps of the
complete set of ionospheric currents, field-aligned currents and electric fields for various ori-
entations of the IMF (Friis-Christensen et al. 1985). Using realistic conductivity models for
the summer ionosphere they were able to calculate the distribution of field-aligned currents
for IMF By > 0 and By < 0 demonstrating the dominant pair of oppositely directed Birke-
land currents at magnetic local noon with upward currents in the polar cap for By > 0 and
downward currents for By < 0. Combining patterns of ground-based observations of mag-
netic perturbations and aurora Friis-Christensen and Lassen (1991) proposed a conceptual
model of the distribution of Birkeland currents in the polar cap and auroral oval illustrated
in Fig. 1. Both the distribution of discrete aurora and the region 1 Birkeland currents seem
to consist of two populations, one in the day-side (region 1a) and one mainly located in the
night-side (region 1b). The region 1a part gets particularly intense for northward Bz and is
strongly controlled by By while the region 1b part becomes stronger when Bz gets more
negative and is not supposed to be much affected by By .

For small By and Bz > 0 a small double-cell current system corresponding to reversed
convection is observed in the polar cap, separate from the morning and afternoon region 1
current systems. This system, coined the NBZ current (Northward Bz) was discovered by
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Iijima et al. (1984) using satellite measurements of the field-aligned currents. The direct
measurements proved that the NBZ system was a real and independent current system and
not just a statistical phenomenon resulting from averaging of the By positive and By negative
current systems near noon.

Merging on the open magnetic field lines in the tail lobes as discussed in a model pre-
sented by Burch et al. (1985) does not involve any magnetic flux being transferred from
the day-side to the night-side. Merging between the IMF and day-side closed field lines,
on the other hand, implies pile-up of flux in the night-side and subsequent reconnection of
these open field lines at some later time. This is the basis for the Expanding-Contracting
Polar Cap (EPCP) paradigm of solar wind-magnetosphere-ionosphere coupling (Cowley
and Lockwood 1992). Although the physical processes related to the day-side merging and
the night-side reconnection are independent, they are of course interrelated through the his-
tory of the IMF and the solar-terrestrial coupling. Consistent with the EPCP paradigm Milan
(2013) modelled the region 1 and 2 Birkeland current system intensities for varying day-side
merging and night-side magnetic reconnection rates and find results consistent with many
of the satellite and ground-based observations of magnetic and electric fields and plasmas.
The time-dependence between the day-side and night-side processes is a likely source of
residual that cannot be modelled by using parameters like the merging electric field.

3 Data Sources

The primary data used in this article are scalar measurements of the magnetic field intensity
minus predictions from a geomagnetic field model. We consider only such ‘residuals’ of
data that were actually used in the construction of a field model. These ‘residuals’ corre-
spond physically to the ground perturbation field, which is typically more simply derived by
subtracting an average, or “quiet time value” from the measured field. The majority of the
presented examples come from the data set used to construct the CHAOS-5l geomagnetic
field model (Finlay et al. 2015). CHAOS-5l estimates the large-scale, time-dependent inter-
nal field (to spherical harmonic degree 20), the static lithospheric field (to degree 80) and
the large-scale external (magnetospheric) field in SM and GSM coordinates. Further details
of the development of the CHAOS model may be found in Olsen et al. (2006) and Olsen
et al. (2014).

CHAOS-5l used only data from dark regions (sun at least 10◦ below the horizon), and in
the polar regions relevant here, only scalar intensity data were used. The data were sampled
at 60 second intervals. Furthermore, in an attempt to exclude very disturbed conditions, data
were only selected when the RC-index (Olsen et al. 2014) changed by at most 2 nT/hr,
and when the mean value of Em over the preceding one hour was less than or equal to
0.8 mV/m, where Em = v4/3B

2/3
t sin8/3 (|Θ|/2) (Newell et al. 2007) with v the solar wind

speed, Bt =
√

B2
y + B2

z the magnitude of the Interplanetary Magnetic Field (IMF) in the

y–z plane in Geocentric Solar Magnetospheric (GSM) coordinates and Θ = arctan(By/Bz).
Values of the IMF and v at five minute resolution were taken from the OMNI database.1 In
all, in the polar regions above 55 degrees quasi-dipole latitude, 121,293 Ørsted scalar data
(between March 1999 and June 2013), 188,015 CHAMP scalar data (between August 2000
and September 2010), 26,118 SAC-C scalar data (between January 2001 and December
2004) and 17,485, 17,774, and 16,697 scalar data respectively from the Swarm Alpha, Bravo

1ftp://spdf.gsfc.nasa.gov/pub/data/omni/high_res_omni/

ftp://spdf.gsfc.nasa.gov/pub/data/omni/high_res_omni/
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and Charlie satellites (between November 2013 and September 2014, release 0302 where
available or else 0301) were used. The numbers above refer to individual data points, which
were assumed to be independent. In the data selection for the CHAOS-5l model, considering
scalar data at polar latitudes, which were used in this study, there is naturally a bias to
positive IMF Bz conditions. This bias amounts to 313333 scalar data (81 %) for Bz > 0 and
74019 data (19 %) for Bz < 0. Below we focus on CHAMP residuals; due to CHAMP’s
lower altitude, these most clearly show the magnetic disturbances due to polar ionospheric
currents.

In addition to scalar residuals from CHAOS-5l, we also present an example from the
CHAOS-4h model (Olsen et al. 2014). CHAOS-4h is the high-degree (lithospheric) part of
the CHAOS-4 model. The maximum spherical harmonic degree of the static internal part
of this model was set to 100. CHAOS-4h was derived only from CHAMP data obtained
between September 2008 and September 2010, using a shorter data sampling interval of
30 seconds. The data selection criteria was similar to that for CHAOS-5, except that in-
stead of considering the mean value of Em in the preceding hour, it used a weighted sum
of Em over the preceding 2 hours (corresponding to the preceding 24 five-minute values)
with weights wk = exp(−kΔt/0.75 h)/

∑
wk . 147,247 scalar data were use to construct

CHAOS-4h. A very similar dataset, but including all three vector field components has been
used by Kother et al. (2015) for high resolution lithospheric field studies.

4 Ground Magnetometer Activity During Large Residuals

In order to examine the detailed distribution of the observed residuals it is necessary to
first understand the origin of the very large residuals since they are most probably related
to non-steady state conditions in the ionospheric convection most obviously experienced in
connection with substorms. A search for the largest residuals was performed and in order to
illustrate the location of those, selected samples including the maximum residual were plot-
ted in a polar diagram. A substorm, small or big, corresponds to an unloading of energy that
has been loaded into the magnetosphere by the merging process on the day-side. The sub-
storm events vary in frequency and magnitude. For the relatively small manifestations that
we are dealing with in this context, we are further limited in our understanding of these phe-
nomena. That is because the spatial resolution of the ground observatory network is rather
poor, in particular in some crucial regions. It is therefore not always possible to identify the
cause of the events. However, when looking at the history of the solar wind and in particular
the IMF By and Bz time variations prior to large residual events we usually observe rela-
tively large time variations. Looking at the merging electric field Em, which is a function of
the By and Bz components as well as the solar wind velocity v, we may expect that if the
merging field has been large within the previous hour there is a great risk of a disturbance in
form of a small substorm. This is illustrated in Fig. 2 showing a large residual due to a sub-
storm occurring about half an hour after a large merging electric field of around 5 mV m−1.
This residual originates from the CHAOS-4h dataset that was less strict regarding avoiding
periods of large merging electric field as described in Sect. 3. The observation of the en-
hanced residuals takes place near dawn, in an area without ground based observations. The
two SuperMAG plots in Fig. 2 illustrate the development of a substorm in the midnight sec-
tor. The first plot suggests that it starts with a strong upward field-aligned current filament
(downward precipitating electrons) corresponding to outward radiating equivalent currents
consistent with the anticlockwise magnetic field line surrounding the upward field-aligned
current. Due to the initial small ionospheric conductivity we do not see any effect of Peder-
sen currents, which would be oppositely directed. In the next frame the conductivity in the
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Fig. 2 The upper left panel shows a polar plot above 60 degrees quasi-dipole latitude with magnetic local
noon at the top. Plotted is a time sequence of residuals observed from CHAMP and colour coded according
the magnitude of the residual ΔF . The maximum residual in the sequence is indicated with an extra circle
and corresponds to the time indicated at the top of the plot. In the bottom panel is plotted time series of
IMF By , Bz , and the merging electric field Em before and after the time of the maximum residual indicated
by the vertical light blue line. On the right-hand side is presented corresponding SuperMAG ground-based
magnetometer plots (Gjerloev 2009, 2012) of equivalent currents (green arrows are horizontal magnetic field
disturbance rotated by 90 degrees). The presented plots are at 20:40 (top) and 20:45 (bottom)

region has increased and therefore the contribution from the field-aligned currents and the
Pedersen currents partly cancel (Fukushima 1976) and we see mainly the development of a
westward equivalent current, which we interpret as the westward Hall electrojet. We con-
clude that the current extends into the dawn sector and that it is the magnetic effect from this
current, which is observed in the scalar field on CHAMP, positive (downward) on the pole-
ward side, negative (upward) on the equatorward side. The current is part of the substorm
current wedge near midnight, which constitutes the DP1 ionospheric current system.

The magnetosphere is never completely quiet because it constantly has to adapt to the
changing solar wind. Whereas the day-side large-scale convection responds in a continu-
ous way to the varying solar wind, the reconnection on the night-side occurs in form of
bursts accompanied by particle precipitation, which creates aurora. Some of these develop
into substorms that encompass the whole night-side and some only create geographically
localised perturbations in the magnetic field. Such an event is seen in Fig. 3. We notice that
it occurs during a small merging electric field but we also notice that during several hours
prior to the event Bz has been negative, thereby favouring magnetic flux to be transferred
from the day to the night-side, which eventually has to be unloaded.

Another kind of magnetic disturbance creating large residuals is related to sudden
changes in the orientation of the IMF. An example of this is seen in Fig. 4. Here the Swarm
satellites are crossing the midnight auroral oval just as a sudden and relatively large change
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Fig. 3 The upper left panel shows a polar plot above 60 degrees quasi-dipole latitude with magnetic local
noon at the top. Plotted is a time sequence of residuals observed from Swarm and colour coded according
the magnitude of the residual ΔF . The maximum residual in the sequence is indicated with an extra circle
and corresponds to the time indicated at the top of the plot. In the bottom panel is plotted time series of
IMF By , Bz , and the merging electric field Em before and after the time of the maximum residual indicated
by the vertical light blue line. On the right-hand side is presented corresponding SuperMAG ground-based
magnetometer plots (Gjerloev 2009, 2012) of equivalent currents (green arrows are horizontal magnetic field
disturbance rotated by 90 degrees). The presented plots are at 03:30 (top) and 03:35 (bottom). Footprints of
the Swarm satellites are shown as small coloured triangles

in the Bz and By takes place. Apparently the maximum residual is observed a little prior to
the IMF change. But although the solar wind data from the OMNI database (see Sect. 3) have
been projected to the bow shock we must take into account that there is some uncertainty as-
sociated with the projected time of the arrival of the solar wind structure, in particular when
there is a major change in the IMF orientation. Whether the satellite observes a magnetic
perturbation directly due to the sudden increase in the merging electric field or whether the
sudden change in the IMF orientation triggers the start of a substorm is difficult to conclude
from the available data but in the latter case the substorm is very short-lived and localised.

5 IMF Control of Observed Residuals in the Day-Side

During substorm-free periods we expect the observed residuals to be controlled by the
plasma convection in the polar ionosphere. Therefore, and due to the strong ionospheric
currents during day time, main field modelling is often based on observations made in dark-
ness. From ground based magnetic observations it is very difficult to see the By related
cusp currents around magnetic noon at quiet intervals during the local winter season. One
would therefore not expect a large systematic contribution to the observed residuals from
ionospheric sources, except during substorm related enhanced precipitation of particles that
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Fig. 4 The upper left panel shows a polar plot above 60 degrees quasi-dipole latitude with magnetic local
noon at the top. Plotted is a time sequence of residuals observed from Swarm and colour coded according
the magnitude of the residual ΔF . The maximum residual in the sequence is indicated with an extra circle
and corresponds to the time indicated at the top of the plot. In the bottom panel is plotted time series of
IMF By , Bz , and the merging electric field Em before and after the time of the maximum residual indicated
by the vertical light blue line. On the right-hand side is presented corresponding SuperMAG ground-based
magnetometer plots (Gjerloev 2009, 2012) of equivalent currents (green arrows are horizontal magnetic field
disturbance rotated by 90 degrees). The presented plots are at 17:05 (top) and 17:10 (bottom). Footprints of
the Swarm satellites are shown as small coloured triangles

increases the ionospheric conductivity and hence the magnitude of the contribution from
ionospheric currents. The number of such events are aimed at being minimised as much as
possible taking into consideration the necessity of having a sufficiently large and spatially
well distributed data set available for the modelling exercise. As seen in the mass plot of
residuals presented by Finlay et al. (2016), there is a systematic distribution of the residuals
corresponding to the gross pattern of the auroral zone currents, which means that there must
be a sufficient conductivity available in the auroral zone for creating ionospheric currents
that can be observed at satellite altitude also during quiet conditions.

To examine to which degree the statistical and well understood convection patterns can
be observed in the residuals we have sorted all the residuals according to By and Bz but
with some additional constraints to avoid contributions arising from changes in the IMF
orientations. The IMF values used in the selection correspond to the time when the solar
wind reached the bow shock at the front of the magnetosphere. The observed time lag before
a change in the IMF is observed in the ionosphere has been measured to be typically around
10 minutes. The necessary time to reconfigure the magnetosphere after a change is typically
another 15 minutes (Ridley et al. 1998); therefore, in order to interpret the sign of By and Bz

correctly we demand that all one minute samples during the previous 30 minutes fulfils the
given selection criteria. In this way we decimate the available data but with the combined
CHAMP and Swarm dataset over a decade or more, we end up with a quite striking result
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Fig. 5 Polar plot of scalar field residuals from CHAMP and Swarm data used to construct the CHAOS-5
model, collected in the northern (top) and southern polar region (bottom) for By < −3 nT (left) and
By > 3 nT (right). Displayed are residuals as a function of QD latitude and magnetic local time. Each dot rep-
resents a single observation, no binning or averaging has been performed. The scale of ±20 nT is saturated.
The black circles delimit QD latitudes of 60, 70 and 80 degrees

in Fig. 5, which shows the distribution according to By positive and By negative for both
hemispheres. The distributions of the residuals are consistent with the statistical patterns
derived from the ground based magnetometer and radar measurements and the conceptual
models derived from those patterns. There is a high degree of internal consistency meaning
a relatively small scatter of the residuals in each local time sector. In the polar cap the
ionospheric conductivity is too low to carry substantial currents. The equivalent currents
seen from ground-based magnetometers during darkness are therefore predominantly due to
the magnetic field from the Birkeland currents, mainly the region 1 currents on the poleward
side of the auroral oval (Laundal et al. 2015, 2016). We here interpret the scalar residuals as
resulting from the magnetic contribution from the divergence-free part of the total horizontal
current system. For a westward horizontal current in the northern hemisphere the magnetic
perturbation on the poleward side of the current at satellite altitude is downward, which is in
the same direction as the main magnetic field and therefore represents a positive contribution
to the scalar field. This is clearly seen by the dominance of positive residuals poleward
of the westward electrojet in the morning sector. For the southern hemisphere a westward
current produces an upward perturbation on the poleward side, which is also a positive
residual. Due to selection criteria the residuals correspond to positive IMF Bz. Therefore,
the main distinction between the distribution of the residuals reflects the effect of the IMF
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Fig. 6 Schematic diagram of location, flow direction and field-aligned current closure of the convection
electrojets and the substorm current wedge (Baumjohann 1983)

By component. In order to emphasise the By effect we have selected a rather large lower
limit of |By | in the two populations: one corresponds to By < −3 nT and one to By > 3 nT.

On the day-side we clearly see the dominance of the morning and afternoon ionospheric
current cell, respectively, corresponding to the sign of By . It is remarkable and surprising
that small scale features like the cusp currents in the DPY-region are so well delineated
considering the dark conditions. This must mean that sufficient particle precipitation exists
in the polar cusp to create the necessary conductivity in the auroral oval and is probably
related to the region 1a currents statistically found to be coincident with areas of discrete
auroras (Friis-Christensen and Lassen 1991).

The availability of data from both hemispheres allows to compare the By effects. This
confirms the known asymmetry between the By influence on the morning/afternoon side
corresponding to the fact that merging on the day-side will split the closed near noon geo-
magnetic field line with one part being dragged around the Earth towards the morning side
whereas the other part of the field line from the other hemisphere is being dragged towards
the afternoon side, depending on the sign of By . We therefore see an extended afternoon cell
in the northern hemisphere for By > 0 and in the southern hemisphere for By < 0.

6 IMF Effect on Observed Residuals in the Night-Side

In the night-side we notice a very strong effect in terms of enhanced positive scalar residuals
on the poleward side of the electrojet near midnight. This effect corresponds to an intensified
westward current in both hemispheres but in the northern hemisphere the enhancement is
associated with By > 3 whereas the effect is larger in the southern hemisphere for By < −3.

As will be discussed below, the effect does not seem to be related to the plasma con-
vection or the DP2 current system but rather to the substorm DP1 current, which is the
strongest contributor to the AL index. The eastward and westward convection electrojets
meet at the Harang discontinuity in the pre-midnight sector, whereas the substorm elec-
trojet is distributed across the Harang discontinuity as sketched by Baumjohann (1983) in
Fig. 6. To investigate this we plotted the By populations in a normal probability plot each
based on two hours prior to the Harang discontinuity and two hours post midnight in Fig. 7,
separately for the northern and the southern hemisphere. There is a distinct difference be-
tween the populations for positive and negative By but the populations are similar across the
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Fig. 7 Normal probability plot describing the distribution of residuals corresponding to a given magnetic
local time (MLT) and latitude (LAT) interval, and for positive (red) and negative By (blue) respectively.
Northern hemisphere (NH) (top) and southern hemisphere (SH) (bottom)

Fig. 8 Normal probability plot describing the distribution of residuals corresponding to a given magnetic
local time (MLT) and latitude (LAT) interval, and for positive (red) and negative By (blue) respectively.
Northern hemisphere (NH) (top) and southern hemisphere (SH) (bottom)

Harang discontinuity. Similar normal probability plots for periods near dawn and dusk, at
magnetic local time (MLT) from 04 to 06 and from 18 to 20 in Fig. 8 show no difference in
the populations for By > 3 and By < −3, except for a few very large residuals. We therefore
suggest that the By effect is related to the substorm or the DP1 current system connected to
the tail. A combination of the convection electrojet, westward in the morning and eastward
in the evening, and the always westward ionospheric DP1 current, which is part of the sub-
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Fig. 9 Plots of ionospheric and field-aligned currents from a MHD run with corotation and also an inner mag-
netosphere model. The plot corresponds to 2 hours of continuous driving with solar wind v = 500 km s−1,
n = 5 cm−3, By = 5 nT (top) and By = −5 nT (bottom). Both show field-aligned currents in colour and hor-
izontal currents as vectors. Notice that in the colour scale positive numbers indicate currents in the direction
of the magnetic field which means that in the northern hemisphere red colours indicate downward currents
whereas the same colour in the southern hemisphere indicates upward currents

storm current wedge results in an amplification of the westward electrojet in the morning
sector and a similar reduction of the eastward electrojet in the pre-midnight sector.

Kamide (1991) discusses the relationship between these two elements of the westward
electrojet and concludes that the convection electrojet is driven by the plasma convection,
whereas the substorm electrojet is related to an increase in the conductivity caused by en-
hanced precipitation. Vennerstrom et al. (2005) modelled the location and extension of the
polar cap for varying By and Bz conditions and find that during a rotation of the By–Bz

vector from strictly northward to eastward (By > 0) the polar cap opens up completely.
During this condition upward field-aligned currents dominate the polar cap. Since the up-
ward currents correspond to downward precipitating electrons these could provide an extra
contribution to the night-side conductivity that could enhance the DP1 ionospheric current.

This interpretation seems to be consistent with MHD simulations. In Fig. 9 the resulting
field-aligned and ionospheric currents after two hours of constant solar wind conditions have
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Fig. 10 Mean AL index as a function of month and IMF By . The figure is based on 1 min OMNI data from
1981 to 2015

been calculated based on two different IMF By conditions. For By = 5 nT we see a region
of upward Birkeland currents in the pre-midnight sector close to the substorm region. This
current region seems to be detached from the convection related afternoon upward region
1 current, which has a strong post-noon maximum. A similar effect is seen in the southern
hemisphere but for By = −5 nT, also for the upward Birkeland current. This could be related
to increased electron precipitation that could increase the substorm electrojet as proposed by
Kamide (1991).

A corresponding By effect on the westward electrojet during winter was noted already
by Friis-Christensen and Wilhjelm (1975) without having any explanation. That the effect is
robust and not due to biased data selection is confirmed by the fact that a similar asymmetry
between summer and winter is seen in the long record of the auroral electrojet index AL as
demonstrated in Fig. 10.

The residual scalar magnetic field can be understood in terms of a horizontal equivalent
current in the ionosphere. During sunlight this current is on average dominated by Hall cur-
rents (Laundal et al. 2015, 2016). In darkness, on the other hand it tends to be perpendicular
to the Hall current in the polar cap, and antiparallel to the horizontal closure of the Birke-
land current system (Laundal et al. 2015). This is consistent with the true horizontal polar
cap current being close to zero. The observed By effect in Fig. 5, and for winter months in
Fig. 10, may thus reflect a similar variation with By of the Birkeland currents. Indeed, Green
et al. (2009) showed that the total upward and downward field-aligned currents are stronger
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for positive By in the northern hemisphere, regardless of the sign of Bz. In the southern
hemisphere, however, their results were more ambiguous.

The opposite variation with By in summer months in Fig. 10 may be explained in terms
of a similar By dependence of the ionospheric convection, since Hall currents dominate in
this case. Pettigrew et al. (2010) showed that the dawn convection cell, which is associated
with the westward electrojet, is considerably stronger when By is negative during summer
conditions.

7 Conclusions

We have examined the residual differences between the scalar magnetic field observed on
the CHAMP and Swarm satellites and the CHAOS-5 main magnetic field model during
the period 2000 to 2014. We find that during day-side dark winter conditions the residu-
als are systematically distributed consistently with the IMF dependent plasma convection
systems in the polar cap and auroral oval. The result is so clear that it could lead to im-
proved modelling of the main magnetic field or at least improved selection and a reduction
in the amplitude of the residuals. We also find that night-side substorm effects are difficult
to avoid in spite of careful selection of the solar wind conditions. The importance of the
merging electric field is confirmed but sudden changes in the IMF orientation may also cre-
ate large magnetic perturbations. A new observation is a very systematic By effect on the
night-side residuals which we interpret as an intensification of the substorm current wedge
in the northern hemisphere for By > 0 and in the southern hemisphere for By < 0.
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