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Average field-aligned current configuration parameterized
by solar wind conditions

J.A. Carter', S.E. Milan, J. C. Coxon"2, M.-T. Walach', and B. J. Anderson?

TDepartment of Physics and Astronomy, University of Leicester, Leicester, UK, Z2Now at School of Physics and Astronomy,
University of Southampton, Southampton, UK, 3The John Hopkins University Applied Physics Laboratory, Laurel,
Maryland, USA

Abstract we present the first large-scale comparison of the spatial distribution of field-aligned
currents as measured by the Active Magnetosphere and Planetary Electrodynamics Response Experiment,
with the location and brightness of the average auroral oval, determined from the Imager for
Magnetopause-to-Aurora Global Exploration far ultraviolet instrument. These distributions are compared
under the same interplanetary magnetic field magnitude and clock angle conditions. The field-aligned
currents and auroral oval drop to lower latitudes, as the interplanetary magnetic field becomes both
increasingly stronger in magnitude and increasingly southward. We find that the region 2 currents are more
closely aligned with the distribution of auroral UV emission, whether that be in the discrete auroral zone
about dusk or in the postmidnight diffuse aurora sector. The lack of coincidence between the region 1
field-aligned currents with the auroral oval in the dusk sector is contrary to expectation.

1. Introduction

The traditional viewpoint is that upward field-aligned currents (FACs, also known as Birkeland currents) are
coincident with discrete aurora [Elphic et al., 1998]. We compare the location and brightness of the auroral
oval, obtained from the Imager for Magnetopause-to-Aurora Global Exploration (IMAGE) far ultraviolet (FUV)
cameras, with the distribution of FACs, obtained from the Active Magnetosphere and Planetary Electrody-
namics Response Experiment (AMPERE) data set. There are currently no high-altitude, polar orbit imagers
of the auroral zone, so the data sets we use were not obtained simultaneously. The data as a whole spans
two solar cycles. However, by binning the data under the same solar wind and geophysical conditions we
are able to compare the distributions of the auroral oval with that of the FACs. This paper presents the first
large-scale statistical comparison of the auroral oval UV emission, for both the electron and proton aurora,
with the distribution of the Birkeland currents.

Previous space missions have imaged the polar regions from high-altitude vantage points afforded by orbital
trajectories with large apogees in highly inclined orbital planes. These missions have taken measurements
over time periods of less than a solar cycle but have nonetheless provided large databases of images of
the polar regions under many different input solar wind conditions. Missions such as Polar [Torr et al., 1995]
(operational between 1996 and 2008) and IMAGE [Mende et al., 2000a, 2000b] (operational between 2000 and
2005) have imaged either the Northern Hemisphere or Southern Hemisphere polar cap at ultraviolet wave-
lengths during their operational lifetimes. For both Polar and IMAGE the hemisphere wholly visible to the
spacecraft at one time changed during the lifetime of the mission due to precession of the apogee, so both
hemispheres were sampled.

Milan et al. [2010] investigated the differences in the location and intensity of the main auroral oval, as
observed by the IMAGE FUV instrument suite, under a variety of different solar wind and geophysical
conditions. They found that geomagnetic activity as measured by the Kp index, and auroral dynamics are
closely associated, but that solar wind parameters, such as the solar wind speed or density, were less impor-
tant in regulating the auroral oval. The interplanetary magnetic field (IMF) magnitude and orientation also
plays an important role in modulating the auroral dynamics, in particular, with regards to the spatial config-
uration of the auroral oval and the appearance of the cusp spot under IMF northward conditions. Milan et al.
[2010] compared the locations of the auroras produced by precipitating protons and electrons. The dawn
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Magnetopause current sector is brighter for electrons,
whereas the dusk sector is brighter
for protons. In addition, the proton
aurora is found at lower latitudes than

To the sun  the electrons in the dusk sector and at
higher latitudes in the dawn sector.

Region 1

The global distribution of the FACs
was first demonstrated using 1 year
worth of data from the TRIAD satellite
that measured transverse magnetic
p perturbations [liima and Potemra,
1976a, 1976b]. These currents are
broadly distributed into two concen-
tric areas [liima and Potemra, 1978],

known as the region 1 and 2 currents,
Figure 1. The global layout of the magnetospheric current systems of the  found at higher and lower latitudes,
Earth (Northern Hemisphere only). The region 1 and 2 currents are shown,
along with the magnetopause (Chapman-Ferraro, black), partial ring ) X ] .
current (black dashed), and the Pedersen currents (green) that flow across tion of these currents is depicted in
the polar cap. Upward/downward current regions in the polar region and Figure 1 (adapted from similar figures
the region 1 and 2 currents are colored red/blue. lllustration adapted from  in Clausen et al. [2012] and Coxon et al.
Clausen et al. [2012] and Coxon et al. [2014a].

Region 2

Pedersen

Earth from the nightside

respectively. The large-scale distribu-

[2014a]). The region 1 and 2 currents
close in the polar cap ionosphere via
Pedersen currents and connect with the current at the magnetopause (Chapman-Ferraro) on the dayside and
the partial ring current on the nightside. A third current system, known as region 0, is occasionally present
on the dayside polar cap poleward of the large-scale region 1 currents and is associated with the auroral
cusp [lijima and Potemra, 1976b] (not shown in the figure). The polar cap is a region of open magnetic flux,
whose size is governed by the balance between the rates of magnetic reconnection at the dayside magne-
topause and in the nightside magnetotail [Milan et al., 2012, and references therein]. The region 1 currents
are believed to flow in part inside the boundary layer that separates the open polar cap and closed magnetic
flux regions [Clausen et al., 2012], whereas the region 2 currents exist at lower latitudes and close via the
westward nightside partial ring current.

Recently, data from the AMPERE project have been made available to the community. AMPERE data are col-
lated from the commercial Iridium® satellites. The Iridium constellation comprises 66 spacecraft orbiting in
six polar orbital planes, each with a period of 104 min at an altitude of 780 km. Each satellite uses a set of engi-
neering fluxgate magnetometers for attitude keeping. The local current density, across all local time sectors, is
found via a least squares fit of a set of spherical harmonic functions to the cross-track magnetic perturbations
as measured by the Iridium magnetometers [Anderson et al., 2008; Waters et al., 2001]. At high latitudes (>60°),
the current density will be dominated by the distribution of the FACs. Coxon et al. [2014b] made a statistical
analysis of the available AMPERE data set to quantify the magnitudes of the region 1 and 2 currents, under the
driving influence of the dayside reconnection rate. They found that the strengths of the currents are strongly
correlated with the dayside reconnection rate. The currents generally exhibited magnitudes of between 1 and
4 MA, rising to ~6 MA at the most geomagnetically active times. Region 1 and 2 currents are of approximately
the same magnitude until a threshold of ~4 MA is reached, whereby the region 1 currents dominate the region
2 currents by an average factor of ~1.15. Using the same data set, Coxon et al. [2014a] observed the Birkeland
current ovals move equatorward with increased dayside reconnection, later moving poleward after substorm
onset, consistent with the Expanding/Contracting Polar Cap Paradigm (ECPC) [Cowley and Lockwood, 1992;
Milan et al., 2012, and references therein].

This paper compares the average FAC distribution with distributions of auroral UV emissions as parameterized
by IMF condition and is laid out as follows. In section 2 we describe our data analysis sets. In section 3 we
present maps of the global distributions of the FACs as compared to those of the auroral oval, binned by solar
wind conditions. In section 4 we discuss these global distributions in terms of the colatitude location of the
peak FAC intensities, as compared to location of the peak auroral oval emission. We conclude in section 5.
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Figure 2. Histogram of the distribution of AMPERE data used in this study, parameterized by clock angle as shown by
the x axis dials. Each clock angle is split into an IMF magnitude bin: 0 to 5 nT (black), 5 to 10 nT (blue), 10 to 15 nT (red),
and 15 to 20 nT (green).

2. Data Analysis

The IMAGE FUV imaging suite comprised the Spectrographic Imager (SI) and Wideband Imaging Camera
(WIC). WIC is sensitive in the range 140 nm to 190 nm and observes the aurora resulting from precipitating
electrons in this band. The SI12 channel measured Doppler-shifted Lyman-a emission and therefore observes
the aurora resulting from precipitating protons. WIC images are sensitive to dayglow, which we consider fur-
ther in section 3. The Northern Hemisphere data set from the Milan et al. [2010] study comprised 350,000
images from SI12 taken during the period June 2000 to May 2002 and 150,000 images from WIC taken
from the winter months from October through to February from late 2000 to early 2002. Average auroral
images were produced under different solar wind and geophysical conditions, and these form the basis of our
comparative study.

In this study, solar wind data were obtained via the OMNI database [King and Papitashvili, 2005], whereby the
interplanetary magnetic field (IMF) parameters have been adjusted in time for propagation to the dayside
bow shock.

Using the time stamps of the 1 min resolution OMNI data, we are able to bin the 10 min cadence AMPERE
data to make maps of average current density under different solar wind and geomagnetic conditions, for
the period January 2010 to 5 September 2013. From the OMNI data we extract information regarding the
IMF magnetic field strength and direction, from which we calculate the IMF clock angles and IMF field mag-
nitudes. The AMPERE data were binned by the same IMF clock angles and IMF magnitude in four bins. Any
magnetic local time and magnetic latitude map segment with current densities with a magnitudes less than
0.1 A m~2 were rejected (Clausen et al. [2012] and Anderson et al. [2014] used the more conservative thresh-
olds of 0.2 pA m~2 and 0.16 pA m~2, respectively). The eight clock angle bins have a width of 45°, and the first
bin was centered on 0° (northward IMF). The IMF magnitude (4 /B$ + B%, from the dayside coupling parame-
ters as expressed in Milan et al. [2012]) bins cover 0 nTto 5 nT, 5 nTto 10 nT, 10 nT to 15 nT, and 15 nT to 20 nT.
The relative coverage for the parameterization is shown in Figure 2 (note that there are bins with data higher
than 20 nT, but we restrict our analysis to ranges given above for direct comparison with the Milan et al. [2010]
result). In the following sections we discuss the results in terms of the average current density distributions.

3. Results

In Figures 3 and 4 we plot the distributions of the average current densities for the Northern Hemisphere, using
magnetic latitude and local time coordinates. In both figures, each subpanel is arranged by IMF clock angle
(as shown by the arrows on the left-hand side of each row), organized per magnitude bin. Each panel s plotted
with noon to the top, on a magnetic local time (MLT) and magnetic colatitude grid. The AMPERE data grid is of
resolution of 1 h MLT and 1° colatitude. Contours have been overlain on each image, which have been adapted
from the results of Milan et al. [2010] for the same IMF clock angle and IMF magnitude parameterization.
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Figure 3. Average Northern Hemisphere FAC distributions parameterized by IMF magnitude and clock angle, plotted
ona 1hMLT and 10° colatitude grid (gray). Noon is to the top, and we note the number of contributing AMPERE and
IMAGE data points in each panel. We overplot average electron auroral oval contours (green) from IMAGE WIC data, from
1000 until 2000 counts at 250 counts intervals and at intervals of 1000 counts thereafter. The FACs color bar has been
saturated to increase clarity. Additional lines in Figure 3h.i indicate the meridians used for Figures 5 and 7: 15-03 h MLT
(magenta) and 21-09 h MLT (light blue).

IMAGE WIC data have a 1° resolution, whereas IMAGE SI12 data are presented at 2° resolution. In Figures 3h.i
and 4h.i, representative lines are shown in magenta and light blue. These indicate the local time sectors used
in the meridinal profiles, as described later on in this section.

In Figures 3 and 4 we overplot contours from average auroral maps created using stacked IMAGE WIC data and
SI12 data, respectively. The IMAGE WIC contours have been adapted to remove local magnetic times between
07 h MLT and 17 h MLT to account for dayglow that would otherwise dominate the contours in every subpanel.
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Figure 4. As for Figure 3, but with average proton auroral oval contours (green) constructed from IMAGE SI12 data.
Contours are shown at 100 count intervals from 200 counts. Meridian slices are shown in Figure 4h.i: 15-03 h MLT
(magenta) and 21-09 h MLT (light blue) as used for Figures 6 and 8.

We have saturated the color scale for Figures 3 and 4 so that global distributions of region 1 and 2 currents
are more easily visible.

In general, the global distribution of the upward and downward region 1 and 2 average currents of Figures 3
and 4 shows increasing current densities with increasingly southward orientated IMF (Figures 3a-3h and
4a-4h).In addition, increased current density is observed with increased magnitude of the IMF (Figures 3a-3h
and 4a-4h). For the smallest (northward IMF) clock angles (Figures 3a-3c and 4a-4c), the FAC current densi-
ties are most intense in the noon sector and are considerably poleward compared to the other distributions.
These are region 0 currents associated with lobe reconnection. These high-latitude regions of increased cur-
rent density become much less pronounced for southward IMF (lower panels). Region 1 and 2 currents are
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Figure 5. Average FAC (red/blue for upward/downward FACs, respectively) and average electron auroral profiles (black), obtained from Figure 3, across the 15 h
to 03 h MLT meridian, as parameterized by IMF magnitude and clock angle. The profiles run from 15 h MLT on the left of each panel to 03 h MLT on the right.

weak (< 0.2p A m~2) for northward and weak IMF (e.g., panel a.i). The region 1 currents also extend into the
nightside polar cap, and the region 2 currents extend further into dayside MLT sectors, as the clock angle and
IMF magnitude increase. Both the region 1 and 2 current systems become broader in latitudinal extent and
move to lower latitudes, as the clock angle becomes increasingly southward, and the IMF magnitude increases
(compatible with the ECPC paradigm and as investigated by Coxon et al. [2014a]). The effect of the IMF By, ori-
entation on the distribution is most notable on the dayside for northward IMF (rows a to c), in particular, for the
high-latitude NB2 current system, which is not the focus of this study and which we do not consider further.
Auroral oval contours between conjugate IMF B, directions are similar (e.g., rows d and e), with larger dif-
ferences observed for the higher IMF magnitude bins. This is most probably due to the low number of
contributing images in these bins.

In Figures 5-8 we plot latitudinal profiles for the average current densities and auroral oval maps (as presented
in Figures 3 and 4). Each subpanel represents a different IMF magnitude and clock angle combination, as
arranged previously in Figures 3 and 4. In Figures 5 and 6 we plot profiles along the 15 h to 03 h MLT meridian,
along with profiles along the same meridian for the IMAGE WIC or SI12 auroral counts, respectively. In Figures 7
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Figure 6. Average FAC (red/blue for upward/downward FACs, respectively) and average proton auroral profiles (black), obtained from Figure 4, across the 15 h to
03 h MLT meridian, in the same format as Figure 5.

and 8 we plot a profile along the 21 h to 09 h MLT meridian and include a profile along the same meridian for
the IMAGE WIC or SI12 auroral counts, respectively.

We further investigate the relationship between the colatitude of the peak current densities versus the
peak auroral emissions. To do this, we fit a Lorentzian distribution (using a least squares fitting technique,
[Markwardt, 2009]) to each current density meridian profile, for each of the profiles as parameterized by IMF
clock angle and magnitude (from the profiles of Figures 5-8), within one particular MLT sector of interest. We
similarly fit to each auroral emission counts profile peak in the same MLT sector. We note the colatitude and
the 1 sigma uncertainties of the peaks found (via the error bars on each point). These results are plotted in
Figure 9a-9d. Each point is color coded by IMF magnitude, as shown in the figure legend on the right-hand
side. Each pointis also plotted as either as a diamond, for IMF southward conditions, or as a cross, for IMF north-
ward conditions. In Figures 9a and 9b we plot the upward FAC peak colatitude in the 03 h MLT sector (region 2),
versus that of the average auroral oval, as obtained from IMAGE WIC and SI12, respectively. In Figure 9c and 9d
we plot the downward FAC peak colatitude in the 21 h MLT (region 2) sectors again versus that of the average
auroral oval, as obtained from IMAGE WIC (electron aurora) and SI12 (proton aurora), respectively. We plot a
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Figure 7. Average FAC (red/blue for upward/downward FACs, respectively) and average electon auroral profiles (black), obtained from Figure 3, across the 21 h to
09 h MLT meridian, in the same format as Figure 5. The profiles run from 21 h MLT on the left of each panel to 09 h MLT on the right.

least squares linear fit to each data set in Figure 9 (magenta dashed line). A representative one-to-one linear
relationship between the parameters for each panel is shown by a gray dashed line.

4. Discussion

The overall current distribution, organized by IMF magnitude as shown in Figures 3 and 4, shows behavior
consistent with the the ECPC paradigm, in that as the IMF becomes increasing southward, the currents move
to lower latitudes and become broader in extent [Coxon et al., 2014b]. In this section we discuss the current
profiles in more detail, with respect to previous results in the literature using other observations of auroral
emissions.

Waters et al. [2001] compared one image from the Polar Ultraviolet Imager (UVI) with the distribution of FACs
from data obtained by the commercial Iridium® satellite data suite [Anderson et al., 2000], and that had been
compiled over a period of 1 h. They took auroral emission intensities in the Lyman-Birge-Hopfield (LBH) long
band (160-180 nm) and found, as anticipated, that discrete aurora within the afternoon and early evening
sectors was, in general, coincident with regions of intense upward FACs (downward precipitating electrons).
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Figure 8. Average FAC (red/blue for upward/downward FACs, respectively) and average proton auroral profiles (black), obtained from Figure 4, across the 21 h to
09 h MLT meridian, in the same format as Figure 7.

Maximum intensities of the auroral emissions compared to those of the FAC current densities were, however,
offset from one another in MLT, with the upward FAC being most intense in the afternoon and that of the UV
emission maximizing around dusk. Waters et al. [2001, and references therein] proposed that this offset is due
to either a feedback mechanism involving variations in ionospheric conductivity or to a difference in location
of the mapping of the dayside and nightside region 1 currents to the magnetopause leading to gradients in
the available particle densities, both possibilities that lead to increased nightside auroras. In addition, regions
of diffuse aurora in the postmidnight sector did not show similar enhancements in the intensities of the FAC.
In a more recent study, Korth et al. [2014] compared AMPERE data with electron precipitation derived from
data obtained by the Global Ultraviolet Imager (GUVI) [Humm et al., 1998] on board the Thermosphere, lono-
sphere, and Mesosphere Energetics and Dynamics (TIMED) satellite. By employing a scan mirror, the GUVI
was sensitive at the LBH long and short bands and to Lyman-a emission. The authors used an empirical rela-
tionship to derive the electron energy flux and mean electron energy, by subtracting contributions from
protons derived solely from the Lyman-a emission. The TIMED spacecraft is at low altitude, resulting in indi-
vidual swaths of spatially narrow images, but by combining data from the GUVI operational period between
February 2002 and December 2007, maps of electron precipitation in the polar regions were produced.
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Figure 9. Colatitude locations of the peak average FAC versus the peak average auroral intensity, obtained from the
profiles of Figure 5-8. Figures 9a and 9b are for the upward FAC versus the electron/proton aurora colatitude along
the 03 h MLT meridian. Figures 9c and 9d are for the downward FAC versus the electron/proton aurora colatitude
along the 21 h MLT meridian. The dashed gray line represents a linear one-to-one relationship between the values.
The magenta dashed line represents a linear fit to the data. Each point and error bar is color coded by IMF strength,
as shown in the legend. Points under IMF southward/northward conditions are plotted as diamonds/crosses.

Korth et al. [2014] found a close association between region 1 upward currents at dusk with regions of intense
electron precipitation, in the discrete auroral region, and attribute this correspondence to precipitation due
to field-aligned acceleration in this sector [Newell et al., 2009]. Little association between the precipitat-
ing electrons and upward FACs was found in the postmidnight to dawn sector. This is consistent with the
notion that pitch angle scattering of eastward drifting plasma sheet electrons into the loss cone by whistler
mode waves dominates the precipitation within this region without the need for a large contribution of
precipitating particles accelerated by a field-aligned potential drop, resulting in the diffuse aurora observed
[Korth et al., 2014].

Itis clear from Figure 3 that the largest average upward current densities and the largest average IMAGE WIC
contours are approximately colocated in the postmidnight sector (region 2). In a comparison of data obtained
by Polar UVI and the AMPERE during a 1 h period, Waters et al. [2001] noted that postmidnight auroral emis-
sions may have a weak region 2 upward FAC associated with them and comment that diffuse aurora in this
sector is not necessarily produced solely by precipitating electrons. Diffuse aurora is brighter in the FUV (which
shows the distribution of the proton aurora) relative to the discrete aurora region, as shown in Waters et al.
[2001] and the results of Milan et al. [2010]. Murphy et al. [2013] found that aurora was largely coincident with
the upward FAC regions in the midnight sector under substorm conditions. Murphy et al. [2013] also noted
that downward FAC typically occurs in regions of diffuse aurora. We find that average auroral emissions from
statistical distributions of downward precipitating electrons (e.g., for southward IMF and an IMF magnitude
>10 nT, Figures 3f.iii, 3f.iv, 3g.iii, 3g.iv, 3h.iii, and 3h.iv) peak in the postmidnight sector and are more closely
aligned with the strong upward FACs of region 2 (comparable to Waters et al. [2001]). Korth et al. [2014], when
comparing AMPERE data and GUVI electron auroral emissions, find electron precipitation that almost encom-
passes the entire FAC region in the dawn sector, during southward orientations of the IMF. However, these
authors note a poleward latitudinal offset, greater than the resolutions of the AMPERE and GUVI data sets, of
the peakin the precipitating electron flux compared to the peak in the region 2 upward FAC in the dawn sector.
They attribute this offset to the dominance of precipitating pitch angle scattered electrons in this sector, over
any field-aligned contribution, to the observable auroral emission. In addition, the electron fluxes of the Korth
et al. [2014] result are stronger in the postmidnight region than around dusk, as are the average electron
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aurora shown in Milan et al. [2010]. Region 2 FACs occur in closed field line regions, whereas the region 1 FACs
close via the magnetopause and are open to the solar wind. Region 1 and 2 FACs therefore sample plasma
populations with different origins and by consequence different energies.

For any panel in Figure 3 the most prominent IMAGE contours and the strongest upward currents are not coin-
cident in the dusk or evening sectors. For the statistical downward currents, best shown in Figure 4, overlaid
with contours from parameterized average IMAGE SI12 data (sensitive to emission from proton aurora, from
precipitating protons), the strongest auroral emissions maximize around 21 h MLT, which are superimposed
on aregion of increased region 2 downward current density, for all IMF magnitudes >10 nT (Figures 4a.iii, 4b.iii,
4c.iii, 4d.iii, 4e.iii, 4f.ii, 4g.iii, 4h.iii, 4a.iv, 4b.iv, 4c.iv, 4d.iv, 4e.iv, 4f.iv, 4g.iv, and 4h.iv), and most readily seen
for southward IMF (Figures 4f-4h). In their single case study, Waters et al. [2001] found that discrete electron
aurora in the dusk sector is associated with region 1 upward currents and therefore downward precipitating
electrons, consistent with previous expectations [Elphic et al., 1998], but in contrast with our result. In addition,
Waters et al. [2001] found a lack of FUV emission coincident with the region 2 downward current in the dusk
sector. Korth et al. [2014] also found region 1 upward currents and precipitating electrons closely coincident
in the dusk sector for southward IMF conditions, resulting in the discrete aurora excited by monoenergetic
field-aligned electrons [Newell et al., 2009]. The data of Korth et al. [2014] show electron fluxes, for southward
IMF conditions, over a broad range of latitudes. The peak in electron-excited emissions is seen at around 75°
latitude; however, emissions are observed down to approximately 60° latitude. Although the peakin electron
fluxes is found within the boundaries of the region 1 upward current region at dusk, the latitude of these peak
emissions is high given the prevailing southward IMF. The high latitude of the electron fluxes contrasts with
the peak auroral emissions as shown in Milan et al. [2010], which are found at slightly below 65° latitude post-
dusk but premidnight (see the contours in Figure 3 for the strongest and most southerly IMF conditions, e.g.,
Figures 3h.iii and 3h.iv). The Korth et al. [2014] study parameterized the data by IMF orientation only, whereas
the Milan et al. [2010] result parameterized the data by both IMF orientation and magnitude. The Milan et al.
[2010] result clearly shows the peak auroral emissions dropping to lower latitudes with increasingly south-
ward IMF, consistent with the ECPC paradigm [Cowley and Lockwood, 1992; Milan et al., 2012, and references
therein], whereby the polar cap open-closed field line boundary expands to lower latitudes, as open flux is
added to the polar cap following reconnection at the dayside magnetopause. Future studies that analyze the
energy of the precipitating particles in the vicinity of the region 2 FACs, under the same geophysical con-
ditions as presented here, will investigate the location and nature of the acceleration of the particles in this
sector, with the aim to understand the discrepancy of the result presented in this paper with previous studies.

A comparison between the peak fitting results in Figures 9a—9d shows that as the IMF strength increases
(points for when the IMF magnitude is between 15 nT and 20 nT are colored red), the peaks of the measured
currents drop to lower latitudes (increasing colatitudes). Clausen et al. [2012] found that the spatial locations
of region 1 FACs could be used as a proxy for the area of the polar cap open field line region. The change
in latitude of the region 1 FACs for periods of enhanced geomagnetic activity was consistent with the ECPC
paradigm. The general proxy of the region 1 current equatorward latitudinal displacement with increased
IMF magnitude [rather than with increased geomagnetic activity in the case of Clausen et al. [2012] is shown
in Figures 9a and 9b, and the same general behavior is observed for the (lower latitude) region 2 currents in
Figures 9c and 9d.

For the upward region 2 currents along the 03 h MLT meridian (Figure 9a), all upward FAC peaks are found
at lower latitudes than the electron auroral emission peaks (IMAGE WIC) in the same sector, except for a few
cases, when the IMF magnitude is strongest. This latitudinal shift, at all but the largest IMF magnitudes, is
consistent with the results of Korth et al. [2014], who observed a poleward shift of the auroral precipitation
with respect to the peak in the upward FAC that peaked at approximately 5°. As previously described, Korth
etal.[2014] attribute this poleward shift to the dominating contribution of diffuse precipitating electrons over
any field-aligned acceleration in the postmidnight sector.

Surprisingly, and most evident for the southward IMF cases, the peak of average proton auroral emission
(IMAGE SI12) at 03 MLT occurs at or very close to the colatitude of the peak of the average upward FAC (down-
ward precipitating electrons), rather than the average downward FAC as would be expected for downward
precipitating protons, as shown in Figure 6. IMAGE SI12 profiles in the 15 MLT sector are rather flat, and the pro-
files are dominated by the nightside emissions. For the upward region 2 currents along the 03 h MLT meridian
(Figure 9b) plotted against the IMAGE SI12 average auroral oval profile, there is a wide spread in colatitude for
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the peak in the auroral emissions, for a given band of IMF magnitude, in particular, for the largest IMF magni-
tudes. Data points at lower IMF magnitudes, in general, sit closer to the one-to-one relationship. Waters et al.
[2001] comment that the diffuse aurora, found in the postmidnight sector, is not necessarily produced solely
by electrons, and the FACs associated with diffuse aurora in this sector are not necessarily carried by precipi-
tating electrons, and this could explain the coincidence of the precipitating protons with the auroral oval in
the 03 MLT sector. The results of Figures 9a and 9b would suggest that at smaller IMF magnitudes downward
FACs (downward precipitating protons) and the proton aurora is coincident. At higher IMF magnitudes, the
proton aurora is not predominately fed by the region 2 FACs.

Region 2 downward current peaks versus the peaks in average auroral emission (IMAGE WIC) along the 21 h
MLT meridian are shown in Figure 9c. Although downward precipitating electrons resulting in the region of
discrete electron aurora premidnight are not expected to coincide with downward FACs, we note that the
peaks in the average auroral emissions of Figure 7 are approximately aligned with the maximum average
downward currents in each profile. Again, the general expansion to lower latitudes, following the ECPC, is seen
along with this meridian, with greater IMF magnitudes resulting in lower latitudes. We have already seen that
the peak in electron auroral emissions occurs postmidnight (Figure 3), and it is probable that the relationship
here is simply a result of a general expansion of the region 1 and 2 current systems. The largest error bar
occurs for the highest magnitude bins for when the IMF is northward with negative By, but the number of
contributing IMAGE WIC points for this bin is low, and the auroral contours are not well defined.

For the downward region 2 currents along the 21 h MLT meridian (Figure 9d, resulting from the fitting of the
profiles seen in Figure 8), all downward FAC peaks except one are found at lower latitudes (higher colatitudes)
than the proton auroral emission peaks in the same sector. The offset, as represented by the linear fit (magenta
dashed line) increases with increasing IMF magnitude. As mentioned previously, the linear relationship in
this sector (dusk and premidnight) of the downward region 2 FACs with the proton auroral oval is surprising.
Previous studies [e.g., Korth et al., 2014] have observed discrete auroral forms from precipitating electrons that
were coaligned with region 1 upward FACs in the dusk sector. Electrons in this sector have been shown to
be monoenergetic, which have undergone field-aligned acceleration to produce the discrete aurora [Newell
etal., 2009]. Ourimages of the electron aurora (Figure 3) in this sector are hampered by considerable dayglow.
However, Korth et al. [2014] note an alignment of region 1 upward FACs and precipitating electrons in this
sector that extends considerably postdusk, which is not reflected in our data. Instead, the average IMAGE WIC
contours peak in the postmidnight region, as discussed previously. The average electron aurora, as shown
by the WIC contours, span a reasonably wide latitude band, with the largest width in the contours observed
in the postmidnight sector. The postmidnight peak emission is found at approximately 60° for the largest
magnitude and most southerly IMF. Only low levels of average electron aurora are seen at dusk for southerly
IMF conditions, with the peak of emissions occurring at region 2 downward FAC latitudes.

In this analysis we have not applied any filtering steps involving stability of the AMPERE measurement (involv-
ing considerable overlap between sequential distributions of the FACs in time), as was the case in the Korth
et al. [2014] study. However, we used an improved temporal and latitudinal resolution of the AMPERE data
(10 min intervals and 1° as compared to a 1 h accumulation and 3° of latitude), which would have reduced
smearing of the FAC distributions. By using a parameterization that includes both the orientation and magni-
tude of the IMF, compared to only the IMF orientation, we aim to better represent the response of the auroral
oval to ambient IMF conditions and therefore avoid the broadening in latitude seen in the electron fluxes of
the GUVI data, as in the Korth et al. [2014] analysis. The data in the Korth et al. [2014] study (from both AMPERE
and GUVI) were taken between February 2002 and December 2007, compared to the IMAGE data in the Milan
etal. [2010] study which was accumulated between June 2000 and May 2002 (SI12 images, compared in this
paper with AMPERE data from January 2010 to September 2013). Although these auroral-emission measure-
ment time periods of interest differ slightly in time, they overlap and do not occur at different extremes within
the solar cycle. Using the Heppner-Maynard Boundary as a proxy for the auroral oval in a long-term study
spanning more than a solar cycle, Imber et al. [2013] showed that the range in latitudes of the auroral oval over
a year period is fairly constant, regardless of phase of the solar cycle. We are therefore confident that compar-
ison between data sets from nonsimultaneous periods under the same incoming IMF conditions is a robust
method. It should be noted that the influence of any seasonal variability, which may influence high-latitude
conductivity in the ionosphere, has not been investigated in this paper, which may add a level of uncertainty
to the location of the FACs. The origin of the discrepancy between this result and that of Korth et al. [2014] in
the dusk sector remains an area of investigation. Although the FAC colatitudes can move by approximately
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10° colatitude equatorward with increasing dayside reconnection, the auroral oval also moves equatorward
in colatitude to the same extent; therefore, the region 2 FAC association with the UV emissions is unlikely due
to large-scale averaging performed in this study, given that the data were binned under the same incoming
IMF conditions parameters.

5. Conclusions

In this paper we have compared the global average distribution of the FACs with the average distributions of
the proton and electron auroras, parameterized by IMF magnitude and clock angle. We leave the comparison
with other solar wind parameters to future studies.

The FAC maps presented in this paper show the combined average global distribution of the FACs and the
net flow of charge in the polar region. The large-scale FAC distribution into region 1 and 2 areas is a simpli-
fication of a complicated system that includes other minor current systems. By averaging under similar IMF
conditions, we are able to compare the FAC maps with similar maps of average proton and electron aurora,
from a data set that is not contiguous with the AMPERE archive. The auroral maps show the average distribu-
tions of precipitating ions (S112) and electrons (WIC). Electron auroras are usually expected to be associated
with upward FACs, carried by precipitating electrons. We would therefore expect to find a close spatial cor-
respondence between the electron aurora and region 1 upward currents in the dusk sector and the region 2
upward currents in the dawn sector.

However, we find that region 2 current systems are associated with the spatial distribution of both the proton
and electron auroras, with only a weak association between the auroras and region 1 FACs on average. This is
in contrast with existing expectations, especially in the dusk sector. Both electron and proton auroras are dis-
tributed throughout the region 2 FAC system; however, electron auroras dominate in the postmidnight sector
where upward currents are seen, and proton auroras dominate premidnight where downward currents are
seen. The statistical results presented in this paper indicate that the location of the auroras is not necessarily
a good gauge of the location of the FACs.

References

Anderson, B. J., K. Takahashi, and B. A. Toth (2000), Sensing global Birkeland currents with iridium® engineering magnetometer data,
Geophys. Res. Lett., 27, 4045-4048, doi:10.1029/2000GLO00094.

Anderson, B. J., H. Korth, C. L. Waters, D. L. Green, and P. Stauning (2008), Statistical Birkeland current distributions from magnetic field
observations by the Iridium constellation, Ann. Geophys., 26, 671-687, doi:10.5194/angeo-26-671-2008.

Anderson, B. J,, H. Korth, C. L. Waters, D. L. Green, V. G. Merkin, R. J. Barnes, and L. P. Dyrud (2014), Development of large-scale Birkeland
currents determined from the active magnetosphere and planetary electrodynamics response experiment, Geophys. Res. Lett., 41,
3017-3025, doi:10.1002/2014GL059941.

Clausen, L. B. N., J. B. H. Baker, J. M. Ruohoniemi, S. E. Milan, and B. J. Anderson (2012), Dynamics of the region 1 Birkeland current oval
derived from the Active Magnetosphere and Planetary Electrodynamics Response Experiment (AMPERE), J. Geophys. Res., 117, A06233,
doi:10.1029/2012JA017666.

Cowley, S. W. H., and M. Lockwood (1992), Excitation and decay of solar wind-driven flows in the magnetosphere-ionosphere system,
Ann. Geophys., 10,103-115.

Coxon, J,, S. Milan, L. Clausen, B. Anderson, and H. Korth (2014a), The magnitudes of the regions 1 and 2 Birkeland currents observed
by ampere and their role in solar wind-magnetosphere-ionosphere coupling, J. Geophys. Res. Space Physics, 119, 9804-9815,
doi:10.1002/2014JA020138.

Coxon, J., S. Milan, L. Clausen, B. Anderson, and H. Korth (2014b), A superposed epoch analysis of the regions 1 and 2 Birkeland currents
observed by AMPERE during substorms, J. Geophys. Res. Space Physics, 119, 9834-9846, doi:10.1002/2014JA020500.

Elphic, R. C., et al. (1998), The auroral current circuit and field-aligned currents observed by FAST, Geophys. Res. Lett., 25, 2033-2036,
doi:10.1029/98GL01158.

Humm, D. C, et al. (1998), Design and performance of the Global Ultraviolet Imager (GUVI), in EUV, X-Ray, and Gamma-Ray Instrumentation
for Astronomy IX, Society of Photo-Optical Instrumentation Engineers (SPIE) Conf. Ser., vol. 3445, edited by O. H. Siegmund and
M. A. Gummin, pp. 2-12, SPIE.

lijima, T, and T. A. Potemra (1976a), The amplitude distribution of field-aligned currents at northern high latitudes observed by TRIAD,
J. Geophys. Res., 81,2165-2174, doi:10.1029/JA081i013p02165.

lijima, T, and T. A. Potemra (1976b), Field-aligned currents in the dayside cusp observed by TRIAD, J. Geophys. Res., 81, 5971-5979,
doi:10.1029/JA081i034p05971.

lijima, T,, and T. A. Potemra (1978), Large-scale characteristics of field-aligned currents associated with substorms, J. Geophys. Res., 83,
599-615, doi:10.1029/JA083iA02p00599.

Imber, S. M., S. E. Milan, and M. Lester (2013), Solar cycle variations in polar cap area measured by the superDARN radars, J. Geophys. Res.
Space Physics, 118,6188-6196, doi:10.1002/jgra.50509.

King, J. H., and N. E. Papitashvili (2005), Solar wind spatial scales in and comparisons of hourly Wind and ACE plasma and magnetic field
data, J. Geophys. Res., 110, A02104, doi:10.1029/2004JA010649.

Korth, H., Y. Zhang, B. J. Anderson, T. Sotirelis, and C. L. Waters (2014), Statistical relationship between large-scale upward field-aligned
currents and electron precipitation, J. Geophys. Res. Space Physics, 119,6715-6731, doi:10.1002/2014JA019961.

CARTERETAL.

AVERAGE FACS PARAMETERIZED BY IMF 1306


http://dx.doi.org/10.1029/2000GL000094
http://dx.doi.org/10.5194/angeo-26-671-2008
http://dx.doi.org/10.1002/2014GL059941
http://dx.doi.org/10.1029/2012JA017666
http://dx.doi.org/10.1002/2014JA020138
http://dx.doi.org/10.1002/2014JA020500
http://dx.doi.org/10.1029/98GL01158
http://dx.doi.org/10.1029/JA081i013p02165
http://dx.doi.org/10.1029/JA081i034p05971
http://dx.doi.org/10.1029/JA083iA02p00599
http://dx.doi.org/10.1002/jgra.50509
http://dx.doi.org/10.1029/2004JA010649
http://dx.doi.org/10.1002/2014JA019961
http://omniweb.gsfc.nasa.gov
http://ampere.jhuapl.edu

@AG U Journal of Geophysical Research: Space Physics 10.1002/2015JA021567

Markwardt, C. B. (2009), Non-linear least-squares fitting in IDL with MPFIT, in Astronomical Data Analysis Software and Systems XVIll,
Astron. Soc. of the Pac. Conf. Ser., vol. 411, edited by D. A. Bohlender, D. Durand, and P. Dowler, pp. 251-254, Astron. Soc. of the Pac.,
San Francisco, Calif.

Mende, S. B, et al. (2000a), Far ultraviolet imaging from the IMAGE spacecraft. 2. Wideband FUV imaging, Space Sci. Rev., 91, 271-285.

Mende, S. B., et al. (2000b), Far ultraviolet imaging from the IMAGE spacecraft. 1. System design, Space Sci. Rev., 91, 243-270.

Milan, S. E., T. A. Evans, and B. Hubert (2010), Average auroral configuration parameterized by geomagnetic activity and solar wind
conditions, Ann. Geophys., 28, 1003-1012, doi:10.5194/angeo-28-1003-2010.

Milan, S. E., J. S. Gosling, and B. Hubert (2012), Relationship between interplanetary parameters and the magnetopause reconnection rate
quantified from observations of the expanding polar cap, J. Geophys. Res., 117, A03226, doi:10.1029/2011JA017082.

Murphy, K. R., I. R. Mann, I. J. Rae, C. L. Waters, H. U. Frey, A. Kale, H. J. Singer, B. J. Anderson, and H. Korth (2013), The detailed spatial
structure of field-aligned currents comprising the substorm current wedge, J. Geophys. Res. Space Physics, 118, 7714-7727,
doi:10.1002/2013JA018979.

Newell, P. T., T. Sotirelis, and S. Wing (2009), Diffuse, monoenergetic, and broadband aurora: The global precipitation budget,

J. Geophys. Res., 114, A09207, doi:10.1029/2009JA014326.

Torr, M. R, et al. (1995), A far ultraviolet imager for the international solar-terrestrial physics mission, Space Sci. Rev., 71, 329-383,
doi:10.1007/BF00751335.

Waters, C. L., B. J. Anderson, and K. Liou (2001), Estimation of global field aligned currents using the iridium® system magnetometer data,
Geophys. Res. Letter., 28,2165-2168, doi:10.1029/2000GL012725.

CARTER ET AL.

AVERAGE FACS PARAMETERIZED BY IMF 1307


http://dx.doi.org/10.5194/angeo-28-1003-2010
http://dx.doi.org/10.1029/2011JA017082
http://dx.doi.org/10.1002/2013JA018979
http://dx.doi.org/10.1029/2009JA014326
http://dx.doi.org/10.1007/BF00751335
http://dx.doi.org/10.1029/2000GL012725

	Abstract
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (ECI-RGB.icc)
  /CalCMYKProfile (Photoshop 5 Default CMYK)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


