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Abstract

The region-1 and region-2 boundary has traditionally been identified using data from a single
spacecraft crossing the auroral region and measuring the large scale changes in the cross track
magnetic field. With data from the AUTUMN, CANMOS, CARISMA, GIMA, DTU MGS,
MACCS, McMAC, STEP, THEMIS, and USGS ground magnetometer arrays we applied a state-
of-art technique based on spherical elementary current system (SECS) method developed by Amm
and Viljanen (1999) in order to calculate maps of region-1 and region-2 current system over the
North American and Greenland auroral region. Spherical elementary current (SEC) amplitude
(proxy for vertical currents) maps can be inferred at 10 s temporal resolution, ~1.5° geographic
latitude (Glat), and 3.5° geographic longitude (Glon) spatial resolution. We compare the location
of the region-1 and region-2 boundary obtained by the DMSP spacecraft with the region-1 and
region-2 boundary observed in the SEC current amplitudes. We find that the boundaries typically
agree within 0.2° £ 1.3°. These results indicate that the location of the region-1 and region-2
boundary can reasonably be determined from ground magnetometer data. The SECS maps
represent a value-added product from the magnetometer database and can be used for contextual
interpretation in conjunction with other missions as well as help with our understanding of
magnetosphere-ionosphere coupling mechanisms using the ground arrays and the magnetospheric
spacecraft data.

1. Introduction

The ionospheric region-1 and region-2 currents (i.e., Birkeland currents) run parallel to the
Earth's magnetic field connecting the Earth's ionosphere with the magnetosphere and they
are the ionospheric projection of different magnetospheric regions. The nightside region-1
currents located in the high latitudes in the auroral oval are believed to be driven by
magnetospheric convection in the plasma sheet (Sonnerup, 1980; Bythrow et al., 1981).
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Moreover, Wing et al. (2010) shows that while region-1 currents near noon are frequently
located at the boundary layer and on open-field lines and region-1 currents near dawn and
dusk are frequently located in the closed field lines that map to the plasma sheet. The
magnetic field lines intersecting the region-1 current system can be associated with the
plasma sheet, plasma sheet boundary layer, and low latitude boundary layer. These magnetic
field lines are more stretched in the magnetotail region. The region-2 currents located at the
low latitudes of the auroral oval are believed to be generated by pressure gradients in the
inner magnetosphere (Vasiliunas, 1970; Southwood, 1977; Harel et al., 1981). The magnetic
field lines intersecting the region-2 current system can be magnetically field line mapped to
the plasmasphere and to the region between the plasmasphere and the plasma sheet. These
region-2 magnetic field lines are more dipole like in nature. Knowing the location of the
boundary between the region-1 and region-2 current system helps us identify the boundary
between the plasma sheet and the inner magnetosphere. Furthermore, Jiang (2013) and Jiang
et al. (2015) has shown the pre-substorm onset auroral arc is within ~1° of the boundary
between the region-1 and region-2 field aligned currents, but the auroral arc typically sits
within upward field aligned currents and that the magnetospheric counter part of the pre-
onset auroral arc is a flow shear within the plasma sheet.

Knowing the location of the boundary between the region-1 and region-2 current system also
helps roughly identify the particle precipitation regions. The studies of Ohtani et al. (2010)
and Contents lists available at ScienceDirect Wing et al. (2010) demonstrated with the
Defense Meteorological Satellite Program (DMSP) spacecraft distinct differences in the
particle precipitation associated with the region-1 and region 2 currents. Specifically, some
of the features Ohtani et al. (2010) and Wing et al. (2010) showed are: (1) the maximum
energy flux of ion precipitation occurs inside the region-2 currents irrespective of magnetic
local time. (2) The region-2 currents consist of precipitation from the central plasma sheet
(CPS) and boundary plasma sheet (BPS) in the morning and from the CPS, BPS, and inner
magnetosphere in the afternoon. (3) The occurrence distributions of the most equatorward
and poleward electron acceleration events indicate that monoenergetic electron precipitation
is mostly confined in the upward region-1 current in dusk to midnight sector. (4) Region-1
currents mostly map to the BPS on closed magnetic field lines in morning and afternoon. (5)
Finally, the transition between structured and unstructured electron precipitation typically
occurs around the region-1 and region-2 boundary.

Low earth orbiting spacecraft in polar orbits, such as the DMSP spacecraft, observe the
boundary between the region-1 and region-2 current systems as a sharp change in the cross
track component of the magnetic field (Wing et al., 2010). However, the DMSP spacecraft
and any other spacecraft in a similar orbit with a magnetometer only obtain a one dimension
cut of the auroral oval and a single location of the region-1 and region-2 boundary.
Furthermore, it is assumed that the region-1 and region-2 currents system is static or slowly
varying to obtain the location of the region-1 and region-2 boundary within the timescale of
several minutes that it takes DMSP to cross the two regions. On the other hand, a two
dimensional picture of the region-1 and region-2 currents system and its boundary can
provide context for both magnetospheric spacecraft and ionospheric observations such as
auroral images, particle precipitation, and ionospheric radar measurements. Furthermore, a
two dimensional picture of the region-1 and region-2 currents system can help with our
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understanding of magnetosphere—ionosphere coupling mechanisms using the ground arrays
and magnetospheric spacecraft data.

A two dimensional picture of the ionospheric currents can be derived with an array of well
spaced ground magnetometers. The spherical elementary current systems (SECS) method
(Amm and Viljanen, 1999), which has been regularly applied to the International Monitor
for Auroral Geomagnetic Effects (IMAGE) ground magnetometer array, can calculate the
equivalent ionospheric currents, the approximate region-1 and region-2 currents, and the
boundary between the region-1 and region-2 currents. The SECS technique defines two
elementary current systems: a divergence-free elementary system with currents that flow
entirely within the ionosphere and a curl-free system whose divergences represent the
currents normal to the ionosphere. For uniform ionospheric conductances, the divergence-
free and curl-free current density components equal the Hall and Pedersen current density
components, respectively. The superposition of these two elementary current systems with
different weights (scaling factors) can reproduce any vector field on a sphere. If it is known a
priori that the vector field is curl-free or divergence-free, then only one set of basis functions
is needed, and thus 50% of the free coefficients (those associated with the other current
system) can be eliminated. One of the important features of this technique is it requires no
integration time of the magnetometer data. Recently, the technique has been applied to the
magnetometers located in North America and Greenland (Weygand et al., 2011, 2012,
2015).

In this study we mainly focus on the SEC current amplitudes, which are a proxy for the
vertical currents. The current amplitudes are calculated from the curl of the equivalent
ionospheric currents. To obtain these results we make two assumptions. The first assumption
is that the Hall to Pedersen conductance ratio is constant: a = X4/ Zp= constantwhere %y
and Zpare thg height integrated Hall and Pedersen conductivities. The second assumption is
that (VX4 x E),=0, where £is the convection electric field. From these two assumptions the
current amplitudes can be written as:

Jatr=V - T=- é (V X 7df>

where 7dfis the divergence free currents (equivalent currents) and /- is the current
amplitude. For more details see Amm et al. (2002), Juusola et al. (2009) and Vanhaméki and
Amm (2011).

The objective of this study is to compare the location of the boundary between the region-1
and region-2 current system identified in the DMSP auroral passes with the DMSP fluxgate
magnetometer (Rich et al., 1985) with the boundary between the region-1 and region-2
current system observed with the SECS current amplitudes. In the next section we will
review the data and methodology. In the third section we will present our results using over
100 region-1 and region-2 boundaries and in the last two sections we will discuss the
importance of our results and summarize.
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The data for this study come from two distinct sources: the DMSP magnetometer from
multiple DMSP spacecraft and the SECS current amplitudes, which are derived from ten
ground magnetometer arrays in North America and Greenland. The DMSP satellites are Sun
synchronous satellites in nearly circular polar orbit at an altitude of about 830 km and with
an orbital period of approximately 101 min. The spacecraft are typically in one of two
orbital planes: approximately dawn-dusk and pre-noon-pre-midnight. In this study we will
use data from the dawn to dusk passes in the northern hemisphere. We use the dawn to dusk
passes because this field aligned current system is simple and typically consists of an
interval of an upward current region and a downward current region. The DMSP magnetic
field experiment, the Special Sensor Magnetometer (SSM), consist of triaxial fluxgate
magnetometer with a range of + 65,535 nT, a resolution of 2 nT, and a temporal resolution of
1s (Richetal., 1985).

For this study we have obtained data from 10 different ground magnetometer arrays:
AUTUMN (Athabasca University THEMIS UCLA Magnetometer Network (http://
autumn.athabascau.ca/), CANMOS (CANadian Magnetic Observatory System) (http://
geomag.nrcan.gc.ca/obs/canmos-eng.php), CARISMA (Canadian Array for Real time
Investigations of Magnetic Activity) (Mann et al., 2008), GIMA (Geophysical Institute
Magnetometer Array) (http://www.asf.alaska.edu/program/gdc/project/magnetometer),
Technical University of Denmark (DTU) Magnetometer Ground Stations in Greenland
(http://www.space.dtu.dk/MagneticGroundStations.aspx), MACCS (Magnetometer Array for
Cusp and Cleft Studies) (Engebretson et al., 1995), McMAC (Mid-continent
magnetoseismic chain) (Chi et al., 2013), the STEP (Solar-Terrestrial Energy Program)
magnetometer array (http://step-p.dyndns.org/~khay/), and THEMIS GMAG (Time History
of Events and Macroscale Interactions During Substorms Ground MAGnetometers) (Russell
et al., 2008), and USGS (United States Geophysical Survey) (http://www.usgs.gov/). Many
of the ground magnetometer arrays share some stations. All of the data from GIMA,
MACCS, and Greenland stations used in this study can be obtained from the THEMIS
GMAG online data archive, while the rest were obtained from the original provider. In total
we have the potential of obtaining data from nearly 100 different stations at this time. We
have not included the Greenland stations on the East coast because these stations are located
far from the rest of the ground magnetometers. Fig. 1 of Weygand et al. (2015) displays the
distribution of the stations used in this study.

The SECS are calculated with the available ground magnetometer data. The number of
available stations may change from day to day due to data gaps, changes in baseline, and
measurement errors. The spatial resolution of the SECS current amplitudes is about 1.5° in
geographic latitude (~161 km) and about 3.5° degrees geographic longitude (roughly 173
km). The temporal resolution for this data set is 10 s. More details on the calculation of the
SECS and the description of the SECS over North America and Greenland can be found in
Amm and Viljanen (1999) and Weygand et al. (2011).
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3. Procedure and Observations

The first step is to select intervals with DMSP magnetometer data that can be confidently
identified with region-1 and region-2 boundaries. The DMSP magnetometer data intervals
are selected visually and we have specifically selected events from dawn and dusk side
crossing. All the events in this study occurred between December 2007 and April 2008 when
ground magnetometer data are available from which the SECs are derived. Dawn and dusk
side crossings are selected because the region-1 and region-2 currents system is relatively
simple. These regions typically consist of a single downward and upward current system and
they are less complicated. For example, Wing et al. (2010) shows that large scale two current
sheet pattern, i.e., region-1 and region-2 currents, occurs 80% of the time near dawn and
dusk. On the other hand, the Harang region in the night side sector and the dayside cusp
region near noon can exhibit more complicated current patterns having more than two
current sheets (lijima and Potemra, 1976). Approximately 75% of the dawn and dusk side
DMSP crossings were rejected due to poor clarity of the region-1 and region-2 boundary in
the DMSP magnetometer data and/or the SECS data. By poor clarity of the region-1 and
region-2 boundary we mean that multiple regions of upward and downward current sheets
were present in the DMSP magnetometer data and/or SECS data making a clear
identification of the region-1 and region-2 difficult. Also, a number of events were rejected
when the SECs appeared to be patches of upward and downward current amplitudes and not
two simple clear bands of region-1 and region-1 current.

Fig. 1 shows an example of a duskside crossing of the auroral oval. The top panel displays
the DMSP By component of the magnetic field, which points radial inward for the DMSP
magnetometer. The middle panel shows the DMSP Bz component, which is the cross track
component of the magnetic field and basically points westward. The middle panel shows the
downward region-2 current and the upward region-1 current that have been labeled between
the gray vertical lines. The middle vertical gray line at 64° geographic latitude (GLat) marks
the DMSP region-1 and region-2 boundary. The region-1 and region-2 boundary is defined
at the peak in the Bz component of the magnetic field. For each boundary we can obtain a
location and the time at which DMSP crosses the boundary. The bottom panel of Fig. 1
shows the SECS current amplitudes given as black ‘+’ symbols. The plotted values are the
closest SECS currents in time and space at the foot point of the DMP spacecraft. Positive
currents are upward and negative currents are downward. The direction of the region-1
(upward) and region-2 (downward) currents are as expected in the duskside auroral oval
(lijima and Potemra, 1976). The black diamond at about 64° GLat marks the SECs region-1
and region-2 boundary. This boundary was determined by linearly interpolating the SECS
data between values at ‘+” symbols to find the location of 0 Amp crossing between the
positive and negative current values. The time at which the SECs boundary is defined as the
time of the SEC map closest to the time when the foot point of the DMP spacecraft crosses
the region-1 and region-2 boundary. Since the resolution of the SECs is 10 s, the difference
between the time when DMSP crosses the region-1 and region-2 boundary and the time
when we define the location of the SECs region-1 and region-2 boundary can be upto 5 s.
This example in Fig. 1 shows there is little or no difference between the DMSP region-1 and
region-2 boundary and the SECs boundary.
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Fig. 2 display the two dimension SECs over North America and Greenland. The red “+s”
and blue squares indicate upward and downward currents, respectively. The key is given in
the lower right corner. The black north—south line on the right side of the image indicates
local midnight. The blue squares extending from Alaska across Canada to the southern end
of Hudson Bay (~55° GLat, ~270° GLon) display where the region-2 current flows into the
ionosphere and the red crosses poleward of the blue indicate where the region-1 current
flows out of the ionosphere. The Harang region is located on the eastern side of the Hudson
bay. The lime green line on the west coast indicates the path of the DMSP spacecraft from
low latitude to high latitude and the mauve dot indicates the region-1 and region-2 boundary
identified with the DMSP magnetometer data, which sits at the region-1 and region-2 SECs
boundary between the red and blue symbols.

In the last example we showed a boundary crossing on the duskside auroral oval. In Fig. 3
we show a dawnside auroral oval crossing. The format of this figure is the same as Fig. 1
and in this event DMSP F17 traverses from high latitudes to low latitudes. In the bottom
panel the SECs values are the opposite orientation of those SECs values in Fig. 1 and as
expected for the dawnside region-1 and region-2 currents. The region-1 and region-2
boundary in the DMSP data (middle panel) occurs at 58.7° GLat and at about 58° GLat in
the SECS currents. Fig. 4 shows the corresponding two dimensional spherical elementary
current system. This figure has the same format as Fig. 2 and DMSP F17 traverses from high
latitudes to low latitudes. The mauve dot again lies between the blue downward region-1
current system and the red upward region-2 current system at about 58° GLat and 105°
GLon.

4. Discussion and Conclusions

In total we identified 110 events with near simultaneous region-1 and region-2 boundary
observations (to within 5 s) in both the DMSP/SSM data and SECS data. Sixty-three of these
events occurred in the duskside auroral oval sector and the remaining 47 occur in the
dawnside auroral oval sector. In Fig. 5 we show a histogram of the difference between the
SECS region-1 and region-2 boundary and the DSMP/SSM region-1 and region-2 boundary
for all 110 events. Along the x-axis is the difference in geographic latitude and the bin size is
0.5°. Located in the upper right corner are the mean, median, and standard deviation of the
differences in latitude. For all the events in this study the mean (and median) difference is
-0.2° = 1.3°. Recall that the spatial resolution of the SECS current amplitudes is 1.5° in
latitude, which means using the SECS method we are able to locate on average the region-1
and region-2 boundary within the spatial resolution of the currents. We also examined the
skewness and kurtosis of the distribution and find that the skewness is —0.2 and kurtosis is
3.6. These two values indicate that the distribution is approximately symmetric (skewness of
0) and nearly Gaussian (kurtosis of 3).

Fig. 5 and the standard deviation of the histogram indicate that large differences between the
SECS region-1 and region-2 boundary and the DSMP/SSM region-1 and region-2 boundary
do occur. In Figs. 6 and 7 we investigate whether there is a dawn or dusk side preference for
the large differences between the SECS region-1 and region-2 boundary and the DSMP/SSM
region-1 and region-2 boundary. The format and scales of these figures is the same as Fig. 5
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and in both figures it is clear that the mean, median, and standard deviation are nearly the
same. Furthermore, the skewness and kurtosis of these distributions are also similar to the
skewness and kurtosis in Fig. 5, which indicates that the difference in latitude is not related
to the dawn or dusk sector.

Figs. 5-7 demonstrate that the mean difference between the SECS region-1 and region-2
boundary and the DSMP/SSM region-1 and region-2 boundary is small, but larger
differences up to 3° occur. We have determined that these differences are not correlated with
the level of geomagnetic activity (results not shown). We can also state that the larger
differences in latitude are not related to auroral dynamics. Hargreaves et al. (1975) has
shown that the ionospheric currents in the auroral oval during active periods drift
equatorward with speeds on the order of 200-500 m/s. The largest time difference between
the identification of the DSMP/SSM region-1 and region-2 boundary and the SECS region-1
and region-2 boundary is 5 s, which translates to at most a shift in the region-1 and region-2
boundary location of about 2.5 km and much smaller than the spatial resolution of both the
SECS and DMSP data.

We have demonstrated that the mean difference between the SECS region-1 and region-2
boundary and the DSMP/SSM region-1 and region-2 boundary is —0.2° + 1.3° for dawn and
dusk side crossing of the DMSP spacecraft when the region-1 and region-2 currents system
is relatively simple. In this study we define simple as a single pronounced band of upward
and downward current and not multiple crossings of strong upward and downward currents
or patches of upward and downward currents. Prior particle precipitation studies, such as
Ohtani et al., (2010) and Wing et al. (2010), have shown differences in the particle
precipitation can vary relative the region-1 and region-2 boundary. Specifically, the
transition from structured to unstructured particle precipitation tends to occur at the region-1
and region-2 boundary and the maximum energy flux of ion precipitation occurs within the
region-2 current irrespective of the magnetic local time. The SECS method applied to the
magnetometer arrays over North American can show the region-1 and region-2 boundary
over approximately 8 h of local time. The SECS method can provide contextual
interpretation for particle precipitation measurements and the magnetosphere-ionosphere
current system in conjunction with other missions such as the SuperDARN radar
measurements, all sky images, and AMPERE current densities.
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Fig. 1.

Region-1 and region-2 duskside boundary crossing. The top panel shows the DMSP F15 By

radial inward component and the second panels displays the DMSP cross track Bz

component. The bottom panel displays the SECS current amplitudes, where the ‘+’ gives the
SECS value closest to the foot point of the DMSP spacecraft. The gray vertical lines
delineate the region-1 and region-2 boarders and the middle vertical lines marks the region-1
and region-2 boundary. The diamond in the bottom panel at 64° GLat marks the SECS

region-1 and region-2 boundary.
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Fig. 2.
SECs two dimension current system over North America and Greenland. The red ‘+’

symbols indicates upward current amplitudes and the blue squares indicate the downward
current amplitudes. The black line over Greenland marks local midnight. The green light
shows the path of the DMSP spacecraft from low latitude to high latitude and the mauve dot
marks the DMSP region-1 and region-2 boundary, which is co-located with the SECS
boundary. The black stars mark the ground magnetometers used to calculate the current
system. (For interpretation of the references to color in this figure, the reader is referred to
the web version of this article.)

J Atmos Sol Terr Phys. Author manuscript; available in PMC 2017 October 19.



1duosnue Joyiny VSN 1duosnuey Joyiny YSYN

1duosnue Joyiny VSN

Weygand and Wing Page 12

DMSP F17 and SECS 2008/01/05

600 | -
= 400 B
<
m>' 200 ™ B
@
0 -MV/ M‘\M
'200 I 4 N N 3 N 3§ M 2 2 N
¥ Region 2 Region 1 1 600
B ' - ~ ' - 1400 &
S
= 1 N 200 mN
@
) ),f\m_/- ’
105 i I I ' I i i i i -] -200
1 L) 1 ) L) T L} L) L] L] L]
Upward Current
05 F .
g
£ i
g t\\
-0.5 b Downward Current \\ / -
.1 1 L 1 L L L L L L
48 50 52 54 56 58 60 62 64 66 68
GlLat
Fig. 3.

Region-1 and region-2 dawnside boundary crossing of DMSP F17. This figure has the same
format as Fig. 1.
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This figure has the same format as Fig. 2. In his event DMSP F17 crosses from high

latitudes to low latitudes.(For interpretation of the references to color in this figure, the
reader is referred to the web version of this article.)
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Fig. 5.
Histogram of the differences between the SECS region-1 and region-2 boundary and the

DSMP/SSM region-1 and region-2 boundary for all events. Along the x-axis is the
difference in geographic latitude where a negative value indicates that the SECS boundary is
at a lower latitude than the DMSP boundary. The mean, median, and standard deviation are
in the upper right corner.
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Fig. 6.
Histogram of the differences between the SECS region-1 and region-2 boundary and the

DSMP/SSM region-1 and region-2 boundary for dawnside events. This figure has the same
format as Fig. 5.
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Fig. 7.
Histogram of the differences between the SECS region-1 and region-2 boundary and the

DSMP/SSM region-1 and region-2 boundary for duskside events. This figure has the same
format as Fig. 5.
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