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Abstract. The configuration of the Earth’s magnetosphere
under various Interplanetary Magnetic Field (IMF) and solar wind conditions alters the global distribution of FieldAligned Currents (FACs) at the high latitude ionospheres.
We use magnetic field data obtained from the Iridium constellation to extend recent studies that infer the dependence
of the global FAC configuration on IMF direction and magnitude, hemisphere and season. New results are a reduced
IMF By influence on the FAC configuration for the winter
hemisphere and a redistribution of FAC to the nightside for
winter relative to the summer hemisphere. These effects are
linked to the winter ionosphere conductance distribution being dominated by localised nightside enhancement associated with ionisation from energetic particle precipitation. A
comparison of an estimated open-closed field line boundary
(OCFLB) with the Region 1 FAC locations shows reasonable agreement for summer FAC configurations. However,
the OCFLB location is decoupled from the Region 1 FACs in
winter, especially for IMF Bz >0.
Keywords. Ionosphere (Auroral ionosphere; Electric fields
and currents) – Magnetospheric physics (Current systems)
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Introduction

The interaction between the solar wind and interplanetary
magnetic field (IMF) with the Earth’s magnetic field generates a system of global-scale electrical currents in the nearEarth space environment. Birkeland (1908) first suggested
that a system of field-aligned currents (FACs) flowed in the
upper atmosphere. These currents couple energy from the
magnetosphere to the high latitude conducting ionospheres.
Since the first in-situ satellite observations of transverse
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magnetic perturbations associated with FACs (Zmuda et al.,
1966; Cummings and Dessler, 1967; Zmuda et al., 1970;
Armstrong and Zmuda, 1970), there has been a great deal of
research to characterise their spatial and temporal variability
(e.g., Zanetti et al., 1983; Potemra, 1985). The FAC configuration observed at low Earth orbit (LEO) altitudes reflects
the structure of the magnetosphere. Therefore, a knowledge
of the FAC distribution under various geomagnetic conditions is important for understanding energy transfer in the
magnetosphere-ionosphere system.
Early studies of the global FAC distribution used data from
LEO spacecraft averaged over many orbits to build a global
picture. Average spatial distributions of the transverse magnetic perturbations associated with FACs were presented by
Armstrong and Zmuda (1975) and Zmuda and Armstrong
(1974a,b) who used vector magnetic field data from the
TRIAD spacecraft and by Sugiura (1975) using OGO 5 magnetometer data. The first spatial distribution of FACs was
obtained from TRIAD magnetometer data and used an average over 439 orbits (Iijima and Potemra, 1976a,b). This
well known FAC configuration consists of Region 1 currents
that flow into the ionosphere in the morning sector and away
from the ionosphere in the evening sector. The Region 2 currents are located equatorward and have opposite polarity to
Region 1. Statistically, the intensity of the Region 1 currents
is larger than the Region 2 currents while the total integrated
current into the ionosphere is equal to the amount flowing
out of the ionosphere (Iijima, 2000). It is thought that the
dayside Region 1 currents map to magnetic field lines that
directly link with the solar wind dynamo while the nightside Region 1 currents map to closed field lines in the magnetosphere tail (Stern, 1983; Cowley, 2000). Region 2 currents map along closed field lines to the ring current region
and are linked with the dynamics of the inner magnetosphere
(Tanaka, 1995; Tsyganenko, 1993).
Observations of the FAC distribution in the topside ionosphere have shown that the IMF direction has a clear effect on
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the configuration. For large IMF By conditions there appears
to be a “Region 0” current system, located poleward of Region 1. Region 0 currents were initially named the cusp current (Iijima and Potemra, 1976a) and have also been called
the “traditional cusp current” (Erlandson et al., 1988) and the
“mantle current” (Bythrow et al., 1988) due to possible collocation with cusp particle precipitation. Following Ohtani
et al. (2005b), we use the term “Region 0”. The distribution
of Region 0 and dayside Region 1 currents strongly depends
on IMF By (Iijima et al., 1978; Erlandson et al., 1988). The
polarity of the Region 0 currents is controlled by the sign
of IMF By and they appear to be an extension of Region 1.
The basic FAC distribution presented by Iijima and Potemra
(1976a) is most representative of the configuration for southward (negative) IMF Bz . Iijima (1984), Zanetti et al. (1984)
and Iijima and Shibaji (1987) reported the so called NBZ
currents which occur poleward and with opposite polarity to
Region 1 during periods of northward (positive) IMF.
There have been a number of statistical studies that have
examined the seasonal dependence of the average latitude
and intensity of the FACs. Fujii et al. (1981) used TRIAD
satellite observations to show that the average latitude of dayside FACs in summer is 1◦ –3◦ poleward of the average winter location. More recently, Christiansen et al. (2002) using magnetometer data from the Oersted spacecraft reported
that the average dayside FAC location is shifted poleward in
summer relative to winter, decreasing the over-the-pole distance between the daytime and nighttime current systems by
4◦ . However, the same analysis of Magsat data showed that
the dawn-dusk cross polar cap distance of the Region 1/Region 2 currents had little seasonal dependence. Ohtani et al.
(2005b) examined the seasonal change in the location of dayside FACs using DMSP data and showed a relative difference
of up to 5◦ between the poleward summer and equatorward
winter locations. In contrast to the Oersted results of Christiansen et al. (2002), Ohtani et al. (2005b) found that the
nightside FACs moved equatorward in summer and poleward
in winter with a maximum shift of 4◦ . These conflicting results were attributed to different definitions of FAC location.
Ohtani et al. (2005b) compared their FAC locations with the
Tsyganenko (1996) magnetic field model and concluded that
the effect of the dipole tilt angle was the main cause of the
annual variation in FAC latitude. Ohtani et al. also examined the dawn-dusk seasonal dependence. They reproduced
the result from the Oersted data of Christiansen et al. (2002)
but also revealed a semi-annual latitudinal variation of ∼1◦
in average FAC location in the flank sectors. This was attributed to expansion of the auroral oval during the higher
geomagnetic activity equinoxes.
Analyses of the seasonal variation have shown that the average total FAC is larger in summer compared with winter
by a factor of 1.35 (Papitashvili et al., 2002) and between
1.5 and 1.8 (Christiansen et al., 2002). Ohtani et al. (2005b)
extended this analysis and showed that the dayside Region 1
current intensity varies by a factor of 2 to 3 over the entire
Ann. Geophys., 27, 1701–1715, 2009
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dipole tilt angle range. They also showed that the seasonal
variation of the nightside FACs was more complicated with
the nightside Region 2 current intensity more intense during
winter than in summer.
Recent statistical studies using low Earth orbit (LEO)
satellites has begun to characterise the variation of the global
FAC distribution in both latitude and local time for varying
IMF conditions, hemisphere and season. Accurate observations of the FAC response to varying driving conditions are
essential for the development of realistic global magnetosphere models. The first comprehensive empirical model of
the FAC distribution was developed by Weimer (2001) and
based on in-situ magnetic field observations from the Dynamics Explorer 2 spacecraft. This model is parameterised
by IMF, solar wind velocity, solar wind density and dipole tilt
angle. Papitashvili et al. (2002) also developed an empirical
model for the FAC distribution based on Magsat and Oersted
spacecraft magnetic field data. They extended the results of
Weimer (2001) by investigating the hemispheric dependence
of the FAC distribution and the ground state (IMF ∼0) patterns.
Anderson et al. (2008) presented average FAC maps for
the Northern Hemisphere derived from magnetic field observations obtained from the Iridium satellite constellation. The
average Northern Hemisphere, Iridium FAC maps for southward IMF and the model results presented by Papitashvili
et al. (2002) for Northern Hemisphere summer showed broad
agreement. However, Papitashvili et al. (2002) showed NBZ
currents for southward IMF while Anderson et al. (2008) did
not. Papitashvili et al. (2002) also reported larger R1 and
R2 currents compared with the NBZ system, for northward
IMF while Anderson et al. (2008) showed that the NBZ current densities were larger than the R1 and R2 currents. Furthermore, Papitashvili et al. (2002) presented the averaged
FAC data sorted by hemisphere while Anderson et al. (2008)
showed Northern Hemisphere FAC patterns.
In this paper we extend the results of Anderson et al.
(2008) by presenting both the Northern and Southern Hemisphere FAC patterns and the average FAC distributions as
a function of season, IMF direction and magnitude, including the case for near zero IMF magnitude. We use magnetic
field data obtained from the Iridium constellation which is
capable of monitoring the global FAC distribution on hourly
timescales as opposed to using many single satellite passes
to build the average pattern. As discussed by Green et al.
(2008), previous FAC studies using Iridium data have focused mostly on the Northern Hemisphere due to uncertainties in the Southern Hemisphere FAC reconstruction. This
is associated with the offset between the Iridium orbit plane
intersection point and the geomagnetic pole. Green et al.
(2008) investigated the basis functions used for estimating
the Southern Hemisphere FAC data and showed that the Elementary Current Method (ECM) (Amm, 2001) yields improved FAC values compared with using the Spherical Cap
Harmonic Analysis (Green et al., 2006). For this study all
www.ann-geophys.net/27/1701/2009/
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FAC maps are calculated using the ECM. The location of the
Region 1 FACs has been linked to the open-closed field line
boundary (OCFLB) (Cowley, 2000). We compare the location of an average OCFLB estimated from the Tsyganenko
and Sitnov (2005) TS05 magnetic field model with the FAC
distributions. We only consider stable FAC patterns, excluding storm time data intervals. The selection of the event list
is discussed in Sect. 2. In Sect. 3 we present the average FAC
maps and discuss these results with respect to the estimated
OCFLB.

2

Event selection

Statistical studies of the FAC distribution based on single
satellite observations (e.g., Weimer, 2001; Papitashvili et al.,
2002) averaged all data in the same bin of geomagnetic conditions. Therefore, changes in the FAC distribution that occurred during all selected data intervals are averaged over
all these configurations. For the present study we derived
the global FAC configuration from magnetic field data obtained by the Iridium satellites. Data accumulated over a one
hour period is usually required to provide sufficient data to
the fitting algorithm. A more representative pattern is obtained when the FACs show little to no variation over the one
hour interval (see Anderson et al., 2000; Waters et al., 2001).
We have processed all available Iridium data from September 1999 through to December 2006 and selected intervals
where the current patterns are stable.
Identification and selection of events was achieved by the
following procedure: (a) The FAC patterns were calculated
using a one hour data accumulation time stepped by 20 min
intervals, giving around 165 000 FAC maps. (b) Each FAC
map was compared with the preceding 6 maps (2 h) for similarity. The large number of events required an automated
process for identifying “similarity”. (c) Numerical values
for “similarity” were calculated from the 2-D cross correlation coefficient between the FAC map under scrutiny and
the preceding 6 maps. The total of these correlation values
is a number between −6 and 6. (d) A threshold correlation
value greater than or equal to +4 defines an event. This value
was chosen based on FAC maps that were judged stable by
manual inspection. We confine the events to those obtained
during the months of December, January, February (northern
winter and southern summer) and June, July, August (northern summer and southern winter) to give a total of 3250, one
hour events.
The procedure for selecting events from the Iridium data
set differs from the IMF variability based stability estimates
used in previous studies (e.g., Korth et al., 2008; Green et al.,
2006). Anderson et al. (2008) used a more direct event selection method based on a comparison of consecutive one
hour, non-overlapping FAC patterns and independent of the
IMF parameters. The process involved the identification of
FAC features in each map followed by a check for tempowww.ann-geophys.net/27/1701/2009/

Fig. 1. Histogram of minimum time differences between each of
our 2380 events and those discussed in Anderson et al. (2008).

ral consistency within those regions. For the present study
we have also used an event selection process that is based on
the temporal stability of the FAC pattern and independent of
IMF parameters. In order to check the relationship between
the events selected by Anderson et al. (2008) and the process
described above, we initially limited our data to the same
time span (February 1999 to December 2005) and to Northern Hemisphere events. The 2-D correlation process for selecting events is less restrictive, giving 2380 events compared
with 1340 identified by Anderson et al. (2008). For each of
our events, the minimum time difference was found by comparing with the events of Anderson et al. (2008). A minimum
time difference of zero identifies the same event. The histogram of all minimum time differences is shown in Fig. 1,
illustrating the large overlap in the two populations.
The distribution of all events used in this paper (February
1999 to December 2006) with IMF clock angle, IMF magnitude and season is shown in Fig. 2, in a similar format to Papitashvili et al. (2002). There is a clear bias for southward IMF
conditions as these result in larger currents. The distribution
shows more events in the Northern Hemisphere (NH) summer compared with NH winter, Southern Hemisphere (SH)
summer and SH winter. The circle sizes in Fig. 2 are proportional to the standard deviation of the IMF clock angles over
the event hour. In general, the IMF clock angle variability is
larger for southward IMF events. In order to compare with
Papitashvili et al. (2002), the FAC patterns as a function of
IMF clock angle are shown in Fig. 4 and 5 for the two NH
summer cases where |BIMF |≤4 and |BIMF |>4. The limited
number of events prevents resolving the FAC dependence on
IMF magnitude for the NH winter, SH summer and SH winter in Figs. 6–8.
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Fig. 2. IMF clock angle and magnitude distribution of stable field-aligned current events. Each panel is divided into eight clock angles and
three IMF magnitude regions; |BIMF |≤1, 1<|BIMF |≤4 and 4<|BIMF |. The circle sizes represent the standard deviation of IMF clock angle
during the one hour period for that event. A legend showing standard circle sizes is shown at the top left.

Figure 3 shows the distribution of the IMF magnitude for
all the events. There is a bias toward |BIMF |>4 events in
most of the IMF clock angle bins with the most common
value around 5 nT.

Ann. Geophys., 27, 1701–1715, 2009
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Results and discussion

The NH summer FAC maps for |BIMF |≤4 are shown in
Fig. 4. These show the usual patterns consistent with present
understanding of the effect of the IMF direction. The three
lower panels correspond to IMF Bz <0 showing the Region 1
(R1) and Region 2 (R2) current systems. For By <0 the
morning sector R1 system moves into the polar cap while for
www.ann-geophys.net/27/1701/2009/
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Fig. 3. IMF magnitude distribution of our events. NH curves are black while the SH are shown in red. Solid lines are for summer, dotted
lines are for the winter hemisphere. Note the 0 to 1 IMF magnitude range for the center panel.

By >0 the evening sector R1 current extends toward the pole.
While there are only seven stable events used in the construction of the Bz <0, By =0 map, the configuration appears to be
consistent with the other panels.
The centre row configurations are for IMF Bz =0. The locations of the R1 and R2 currents are similar to the Bz <0
cases, shifted slightly poleward. However, the effect of IMF
By is more pronounced. For IMF By <0 the downward R1
system includes the pole while for IMF By >0, some upward
www.ann-geophys.net/27/1701/2009/

R1 current occurs at the pole. This is most probably the Region 0 (R0) current system identified in previous work (e.g.,
Iijima and Potemra, 1976a). The total integrated current is
less for IMF Bz =0 than for IMF Bz <0 due to less solar wind
energy entering the magnetosphere, and smaller again for the
IMF ∼0 configuration (Bz =By =0, center panel). For IMF
∼0, the FAC map shows a clear R1/R2 system with no R0.
The top row shows the average FAC patterns for IMF
Bz >0. The effect of IMF By dominates the configuration and
Ann. Geophys., 27, 1701–1715, 2009
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Fig. 4. Northern Hemisphere summer average field-aligned current distributions for |BIMF |≤4. Each panel shows the average of the number
of events indicated at the top right (e.g. 73 for the top left panel). The mean IMF Bz and By (nT) and Pdyn for these events are shown
at the top left for each panel. The location of the maximum and minimum current densities are indicated by the “+” and “x” symbols
respectively. The current density values (J; µAm−2 ) at these locations are the lower numbers at the bottom left (minimum) and bottom right
(maximum). Total upward and downward current (I; MA) are shown just above the current density values. Red indicates upward current
and blue is downward current. Contour levels are in 0.05 µAm−2 steps. The approximate open-closed field line boundary calculated from
the Tsyganenko and Sitnov (2005) field model for the mean IMF parameters is shown by the two black traces around the pole. All panels
include the 1 standard deviation range in the location of the sunlit terminator. Coordinates are geomagnetic latitude and magnetic local time
(MLT).

the R0 current becomes detached from the R1 system. The
R2 currents are reduced in magnitude to below the Iridium
detection limit (∼0.01 µAm−2 ). For Bz >0, By =0 a clear
R1 system is seen along with an NBZ current system with
opposite polarity and poleward of R1.
Comparison between Figs. 4 and 5 shows the dependence
of the FACs on IMF magnitude for the summer Northern
Hemisphere. Essentially the spatial distribution of the currents is similar. The current density increases for the larger
Ann. Geophys., 27, 1701–1715, 2009

IMF case with an associated equatorward expansion of 2–3◦ .
Our Fig. 5 is very similar to Fig. 5 of Anderson et al. (2008)
which represents the average FAC pattern for mostly summer
events for the Northern Hemisphere along with strong solar
wind driving conditions. We have placed the IMF By >0 patterns on the right, consistent with Weimer (2001) and Papitashvili et al. (2002). The IMF By >0 patterns are on the left
in Fig. 5 of Anderson et al. (2008).

www.ann-geophys.net/27/1701/2009/
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Fig. 5. Northern Hemisphere summer average field-aligned current distributions for |BIMF |>4. For full figure description see Fig. 4.

The FAC maps for NH winter are shown in Fig. 6. Comparing the IMF Bz <0 patterns (bottom row) with the summer patterns in Figs. 4 and 5 shows a relative MLT rotation
in the location of the R1 and R2 current density maxima.
In both Figs. 4 and 5 the maximum current densities of the
evening sector R1 and R2 currents are located in the 12:00–
18:00 MLT quadrant. The winter FAC configuration in Fig. 6
shows the maximum current densities of the evening sector
R1 and R2 currents has rotated relative to the summer locations to be in the 18:00–24:00 MLT quadrant. In contrast to
the evening sector, the morning sector R1 and R2 current patterns remain essentially the same for the summer and winter.
The effect of IMF By on the NH winter configurations
is not as strong compared with the summer configurations.
There is no extension of R1 into the polar cap for any IMF
www.ann-geophys.net/27/1701/2009/

clock angle. It is also difficult to identify R0 currents in
any of the winter patterns. In the top row, the FAC pattern
for IMF Bz >0, By =0 does not show clear NBZ currents although only four FAC maps were available for this configuration. Stauning (2002) presented a statistical analysis of
NBZ currents derived from Oersted magnetometer observations and showed that the NBZ system is only present in the
summer hemisphere, consistent with our observations. They
suggested that the absence of winter NBZ currents is due to
the central polar cap ionosphere conductivity being an order
of magnitude lower in winter compared with summer.
The most significant observational difference between our
summer and winter FAC configurations is most easily seen
when IMF Bz ≥0 (top and middle rows of Fig. 6). The
NH summer patterns (Figs. 4 and 5) show a configuration
Ann. Geophys., 27, 1701–1715, 2009
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Fig. 6. Northern Hemisphere winter average field-aligned current distributions. For full figure description see Fig. 4.

dominated by IMF By that extends R1 into R0 with the maximum current densities located on the dayside. In contrast,
the NH winter currents show less effect with IMF By and
the afternoon to pre-midnight sector R1 and R2 current density maxima move toward the nightside in winter. The winter patterns include all IMF magnitudes which may result
in some equatorward expansion compared with the summer
|BIMF |≤4.

summer configurations is reduced for the winter configurations with no clear R0 current system for any IMF direction
in winter. (iii) The NBZ current system seen for IMF By =0,
Bz >0 in summer is not seen in winter. (iv) The winter R1 and
R2 configuration for Bz ≥0 is considerably different from the
corresponding summer configuration with the R1 and R2 currents clearly shifted to the nightside in winter. The following
sections discuss possible explanations for these observations.

3.1

The seasonal differences in the FAC patterns might suggest effects related to the Earth’s dipole tilt angle, location
of the OCFLB or effects related to solar illumination and
the distribution of ionospheric conductivity over the polar
regions. Ohtani et al. (2005b) suggested that the seasonal
change in the geomagnetic field configuration may explain
the poleward shift in the location of the dayside FACs in

Summary of seasonal FAC observations

There are a number of observational differences between the
NH summer and winter FAC configurations: (i) For IMF
Bz <0 there is a MLT shift from the summer location of the
evening sector R1 and R2 current density maxima toward the
nightside. (ii) The skewing effect of IMF By seen in the
Ann. Geophys., 27, 1701–1715, 2009
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Fig. 7. Southern Hemisphere summer average field-aligned current distributions viewed as seen from above the Northern Hemisphere through
the Earth. For full figure description see Fig. 4.

summer compared with winter since the dayside R1 currents
are thought to be located near the OCFLB. In order to investigate this we have overlayed on each FAC map an average
OCFLB estimated from the Tsyganenko and Sitnov (2005)
TS05 magnetic field model for the mean IMF and solar wind
conditions associated with the events used in constructing
each FAC map. A full description of how the OCFLB was
estimated is given in Appendix A. We would expect the latitudes of the dayside R1 currents and the OCFLB to be similar. The question of where the nightside R1 currents flow
into the tail region is less well known and may not coincide
with the model OCFLB.
The OCFLB and dayside R1 locations in Figs. 4 and 5
generally appear to coincide. The OCFLB contracts for more
www.ann-geophys.net/27/1701/2009/

positive IMF Bz values, shifts toward the evening sector for
IMF By <0 and toward morning for IMF By >0, consistent
with IMF By skewing of the FAC pattern. For Bz >0, By =0
the OCFLB contracts and shifts toward the dayside, surrounding the NBZ currents, being co-located with R1. The
equatorward expansion of the FACs for increasing IMF magnitude (i.e. from Fig. 4 to 5) is also mirrored by an equatorward expansion of the OCFLB.
The OCFLB are also shown on the NH winter FAC maps
in Fig. 6. The winter OCFLB appears to follow the NH
summer OCFLB shapes for |BIMF |≤4, rather than following the changes seen in the FAC patterns. Figure 6 shows
the OCFLB estimate is reasonably well co-located with R1
for Bz <0. For Bz ≥0, By ≤0 the OCFLB does not encompass
Ann. Geophys., 27, 1701–1715, 2009
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Fig. 8. Southern Hemisphere winter average field-aligned current distributions viewed as seen from above the Northern Hemisphere through
the Earth. For full figure description see Fig. 4.

the morning side R1, nor is it co-located. The same is true for
the afternoon to evening upward R1 current for Bz ≥0, By ≥0
which is maximum on closed field lines near 21:00 MLT.
In addition to the geomagnetic field configuration, the
ionosphere conductance influences the FAC pattern (e.g., Fujii and Iijima, 1987; Ridley et al., 2004; Ohtani et al., 2005b).
The ionosphere-magnetosphere interaction at FAC latitudes
involves the ionosphere conductance and available electron
density, the FAC energisation source, particle precipitation
and auroral emissions. During summer a larger area of the
high latitude ionosphere is illuminated by solar EUV radiation. The ionospheric conductivity has a solar EUV contribution which increases smoothly toward the dayside (Vickrey et al., 1981; Robinson and Vondrak, 1984; Rasmussen
Ann. Geophys., 27, 1701–1715, 2009

et al., 1988). Additionally there are localised conductance
enhancements due to particle precipitation (Hardy et al.,
1987), mostly from auroral particle acceleration. Upward
FACs identified using Iridium data were shown to be colocated with far ultra-violet auroral emissions, particularly
R1 on the duskside (Waters et al., 2001).
The effects on the FAC patterns due to ionosphere conductance may be related to the relative contributions of the
particle compared to solar EUV conductance sources. On
the dayside, both sources exist while on the nightside, the
solar EUV is absent. During winter, most of the high latitude
ionosphere is in darkness and the ionospheric conductivity
would be dominated by the more localised enhancements due
to particle precipitation. In order to identify the solar EUV
www.ann-geophys.net/27/1701/2009/
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contribution to the conductance in the FAC patterns, the sunlight terminator locations were calculated for each event and
the mean location (±1 standard deviation) is shown on each
FAC pattern. For the NH summer, over 95 percent of the
R1 and R2 current systems are in sunlight for all IMF angles
while for NH winter, the currents interact with a dark ionosphere. We see two consequences of the seasonal difference
in ionospheric conductivity: The first is related to the background EUV conductance and the cause of item (ii) above.
Figures 4, 5 and 7 show that for summer hemispheres the
background EUV conductance allows extension of R1 into
the polar cap in response to changes in IMF By . The lack of
an EUV contribution in winter hemispheres means reduced
polar cap conductance preventing the extension of R1 into
the polar cap explaining the reduced IMF By dependance
seen in Figs. 6 and 8. The second is related to the particle
induced condctance and the cause of item (i). While auroral
particle induced conductance is localised in latitude, there
is also a great deal of variation in MLT, around the auroral
“ring”. A number of studies have shown that auroral particle
precipitation and emissions appear more intense in the winter
compared with the summer hemisphere (Newell et al., 1996;
Liou et al., 2001; Morooka et al., 2002), particularly in the
18:00–24:00 MLT quadrant. The afternoon R1 and R2 current density maxima move from afternoon daytime in summer to the dark pre-midnight sector in winter, suggesting a
redistribution of the FACs in response to the nightside location of particle produced, enhanced ionospheric conductivity. This redistribution of FAC to the nightside may also
explain the increased FAC intensities near midnight during
winter relative to summer observed by Nakano et al. (2002)
and Ohtani et al. (2005a). The transfer of FAC from the
dayside in summer to the nightside in winter also appears
to have an IMF dependence. For Bz <0, Figs. 6 and 4 show
that the afternoon R1 and R2 currents are affected more than
the dawnside currents. The cause of this dawn/dusk asymmetry is unclear. For Bz ≥0, both the dawn and dusk side R1
and R2 currents move into the nightside for the winter.
3.2

Southern Hemisphere

The summer FAC maps for the SH are shown in Fig. 7. Comparing with the NH summer maps in Figs. 4 and 5 shows a
similar FAC configuration. However, the effect of IMF By is
reversed. For Bz <0, and By <0 in the SH (Fig. 7) the dusk
side R1 extends into the polar cap while for the NH (Fig. 4)
the dawn side R1 is extended. This hemispheric asymmetry
is due to the sunward reconnection point (where the IMF is
anti-parallel to the Earth’s main field) for By <0 located on
the dusk side for the SH and dawn side for NH.
A comparison of the SH summer (Fig. 7) and winter
(Fig. 8) configurations for Bz ≤0 shows some evidence for
a redistribution of FAC toward the night side as was seen for
the NH. For IMF Bz =0 the SH winter patterns show reduced
By influence and some movement of current to the nightside
www.ann-geophys.net/27/1701/2009/
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compared with the summer, particularly for IMF By <0. For
IMF Bz >0 the SH winter patterns show some evidence of
small currents with a configuration different to those of the
NH winter. However, the magnitude of these currents are
close to the noise floor and without further improvement in
data resolution no definitive conclusions can be made.
Previous research has reported up to twice the average total FAC in summer compared with the winter hemisphere
(Papitashvili et al., 2002; Christiansen et al., 2002). In order to determine the total average current values for summer
compared with winter from our data, we selected the stable
events that were common to both the NH and SH. This subset
of the events was then used to produce average FAC patterns
sorted by IMF clock angle. The ratios of the total average
currents for summer compared with winter hemispheres for
these events are listed in Table 1. The average current ratios
for summer compared with winter range from around unity
to 2.
Table 1 indicates that the average SH currents are smaller
than those in the NH. This difference can be explained in
terms of the Iridium orbit configuration. The current densities were estimated from the cross-track component of the
Iridium magnetic field measurements. At present the alongtrack component of the magnetic field is not recoverable (Anderson et al., 2000). Therefore, the angle between the Iridium
tracks and the large-scale FAC sheets affects the magnitude
of the cross-track perturbation. Since the intersection point
of the Iridium orbit planes is approximately co-located with
the geographic pole there is a difference between the angle at
which the Iridium tracks cut the geomagnetic aligned FACs
in the south compared with the Northern Hemisphere. Preliminary analyses shows that on average, current densities
derived from the Iridium data in the SH are smaller by around
10 percent compared with NH values. This would tend to inflate the NH/SH and reduce the SH/NH current ratios. If this
factor is folded into the values in Table 1, the average current
ratios for both NH/SH and SH/NH are similar at 1.3. We note
that, taking into account the statistical scatter in our data and
those in the data of Papitashvili et al. (2002) and Christiansen
et al. (2002), our ratio of 1.3 and their ratios are regarded to
be the same.
Given that the ionosphere conductance influences the FAC
magnitude and pattern, we considered the possibility that the
solar EUV contribution may introduce a local time dependence. This may affect the FAC patterns in each IMF bin if
the events are from different local time distributions. We examined this by calculating the local time distribution of the
events in each IMF bin. Focusing on the NH data for Bz ≤0,
the NH winter and summer events showed very similar local time distributions for By ≥0. Since these data also show
the shift in FAC from the day to nightside as we go from
summer to winter, this is a seasonal rather than a local time
effect. For the equinoxes, the sunlight terminator would vary
near the 06:00–18:00 MLT line during the day which would
enhance any local time variation in the FACs. Since our data
Ann. Geophys., 27, 1701–1715, 2009
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Table 1. Ratios of the NH to SH total upward current (I+ in MA) and downward current (I− in MA) for the stable events common to both
the NH and SH. The number of events for each IMF clock angle sector are shown in the Number column. The average and standard deviation
for each column are shown in the bottom two rows.
NH Summer/SH Winter
I−
I+
Number

SH Summer/NH Winter
I+
I−
Number

N
NW
W
SW
S
SE
E
NE
|BIMF |≤1 nT

1.5
1.7
1.4
1.3
1.4
1.5
1.6
1.9
1.2

1.4
1.8
1.5
1.3
1.3
1.4
1.6
1.9
1.4

0.9
1.4
1.3
1.2
0.9
1.1
0.9

1.0
1.4
1.4
1.2
1.0
1.2
1.1

Average
Std Dev

1.5
0.2

1.5
0.2

1.1
0.2

1.2
0.2

IMF Clk Sector

have been sorted into summer and winter events where the
FACs are mostly either in sunlight or darkness, local time
variations on the solar EUV conductance and FAC are much
smaller than would be expected for the equinoxes.
3.3

Comparison with empirical FAC models

In general, our FAC configurations are consistent with empirical FAC model results for |BIMF |=5 nT presented in the
supplementary material to Papitashvili et al. (2002). Differences between our results and the empirical model appear
to be; (i) The results presented here are derived from the
Iridium magnetometer data that have a minimum detection
around ∼30 nT. The model results of Papitashvili et al. are
based on high-precision magnetometer observations from the
Oersted and Magsat satellites so the empirical model may include smaller FAC intensities as seen for SH winter for IMF
Bz >0. (ii) Our results consider stable events only and this
appears to contribute to some differences with the empirical
model configurations. For example, for NH summer, IMF
By <0 our results do not show the weak downward current
near 21:00 MLT and 60 degrees. For NH winter, IMF Bz <0
the expansion of the morning sector R1 toward midday is not
present in our results and in general, the location of both the
R1 and R2 FACs are further poleward in our results. (iii) The
empirical model configurations for winter IMF Bz <0 show
an up/down current system located at the pole. Although this
feature has a magnitude that should be detected by Iridium it
is not present in our winter FAC maps. Possible reasons for
this difference were discussed by Anderson et al. (2008).

4

Conclusions

A comprehensive description of the IMF direction and seasonal dependence of the global FAC distribution has been
Ann. Geophys., 27, 1701–1715, 2009
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4
12
16
8
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22
5
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presented for both Northern and Southern Hemispheres. For
the summer hemisphere, the FAC configuration is consistent
with previous results in Weimer (2001), Papitashvili et al.
(2002) and Anderson et al. (2008) showing a large dependence on IMF By and equatorward expansion of the FACs
for increased IMF magnitude. For winter, no NBZ currents
are seen, similar to the results of Stauning (2002). We have
found that the winter hemisphere shows a reduced dependence of the FAC configuration on IMF By and that relative
to summer, exhibits a redistribution of FAC to the nightside.
The reduced IMF By dependence and the redistribution may
be a result of the winter ionospheric conductance being dominated by localised nightside enhancement associated with
particle precipitation instead of the more distributed background conductance due to solar radiation that occurs in the
summer hemispheres. We have presented the first comparison of the global FAC distributions with an estimate of the
OCFLB location. There is reasonable agreement between
the boundary location and dayside R1 FAC for summer. The
FAC configuration was shown to be further decoupled from
the OCFLB location in winter, especially for By >0. The
average amount of current in the summer hemisphere is 1.3
times larger than the winter hemisphere.
Appendix A
Estimation of the average OCFLB location
The estimates of the average OCFLB location presented
in Figs. 4 to 8 were calculated using the geomagnetic
field line tracing routine (TRACE) provided as part of the
GEOPACK software (http://geo.phys.spbu.ru/∼tsyganenko/
modeling.html). The polar region was divided into a regular
grid of 1 h spacing in local time and 2◦ in latitude. At each
point the geomagnetic field was traced away from the Earth’s
www.ann-geophys.net/27/1701/2009/
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Fig. A1. Example estimation of the OCFLB for NH Summer
Solstice 2004 (21 June, DOY=173) Bz =−1.8 nT, By =1.9 nT and
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the 4 individual boundary estimates are shown (black) in addition to the final estimate (red).
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