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[1] Variations in the dayside field‐aligned current (FAC) density (J//), field‐aligned
parallel potential drop (D�//), peak precipitating electron energy (peak Ee), and
precipitating electron energy flux (") as functions of solar wind (SW) and interplanetary
magnetic field (IMF) are investigated with Defense Meteorological Satellite Program
observations and a quasi‐stationary low‐latitude boundary layer (LLBL)–FAC coupling
model. Region 1 (R1) J// responses to variations in SW velocity (Vsw) and density
(nsw) at 8–16 magnetic local time (MLT) suggest that R1 at these local times is
frequently open while R1 at 6–08 and 17–18 MLT is frequently closed. R2 is located
mostly on closed field lines. In the afternoon open R1 at 12–16 MLT, an increase in nsw
increases J//, decreases maximum peak Ee (proxy forD�//), but has little effect on maximum
". In the sameR1 region, an increase inVsw increases J//, maximum peakEe, andmaximum ".
The dependencies of J//, maximum peak Ee, and maximum " are consistent with the
Knight relation and the voltage generator at the magnetopause boundary in the
afternoon open R1. In the midmorning and midafternoon, the response of J// to Vsw is
higher for southward than for northward IMF. This can be attributed to the higher‐
velocity shear at the magnetopause boundary due to higher sunward convection in the
LLBL inside the magnetopause. R1 in the closed‐field lines near dawn and dusk
appears to be more sensitive to merging rate (dF/dt = Vsw

4/3 BT
2/3 sin8/3(�c/2)) than to SW

dynamic pressure.
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1. Introduction

[2] It has been long recognized that solar wind (SW) is the
primary driver of the Earth’s magnetosphere [e.g., Dungey,
1961; Axford and Hines, 1974]. In the polar region, many
studies show that the auroral oval size, location, and particle
precipitation have dependences on SW and interplanetary
magnetic field (IMF) [e.g., Newell and Meng, 1994; Newell
et al., 2004; Wing et al., 1996, 2001]. The dependence of
field‐aligned current (FAC) pattern and density (J//) on
IMF have been well studied [e.g., Iijima and Potemra,
1982; Anderson et al., 2008; Papitashvili et al., 2002;
Weimer, 2001; Rostoker et al., 1982; Taguchi et al., 1993;
Vennerstrom et al., 2005]. There have been relatively fewer
studies of FAC dependence on SW dynamic pressure [Keller
et al., 2002; Nakano et al., 2009; Iijima and Potemra, 1982].

There are even fewer studies on the FAC dependences on SW
velocity (Vsw) and density (nsw). In particular, the J// local
time dependences on Vsw, nsw, SW dynamic pressure, and
merging rate have not been systematically investigated.
[3] It may be expected that the effect of Vsw and nsw on

FACs would be different for open and closed field lines. In
the open region, the velocity shear acts as a voltage source
on open field lines [e.g., Sonnerup, 1980; Stern, 1983;
Siscoe et al., 1991]. This process has been recently modeled
by Echim et al. [2007, 2008]. On the other hand, in the
closed field lines, plasma pressure gradient can play an
important role in FAC generation [e.g., Zaharia and Cheng,
2003; Wing and Newell, 2000].
[4] Recently, Wing et al. [2010] statistically determines

the source regions of the FACs by using simultaneously
observed low‐altitude particle precipitation and magnetic
field measurements obtained from Defense Meteorological
Satellite Program (DMSP) satellites 1983–2006. The study
uses the Higuchi and Ohtani [2000] algorithm to automat-
ically identify the presence of large‐scale FAC current
sheets using DMSP magnetometer data. To identify the
FAC source regions, the study uses an automated algorithm
that identifies precipitating particle source regions in the
DMSP particle data and that has been developed over a
time span of almost a decade [Newell and Meng, 1988;
Newell et al., 1991a, 1991b, 1991c]. The Wing et al.
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[2010] study helps illuminate when, where, and how fre-
quently region 2 (R2), region 1 (R1), and region 0 (R0) are
located on open or closed field lines. The present study
examines R1 and R2 dependencies on SW and IMF with
particular emphases on how these dependencies differ on
open and closed field lines and on local times.

2. Knight and Current‐Voltage Relationships in
the Open Upward Field‐Aligned Current Region

[5] FACs can be located on open and closed field lines.
Here, we would like to explore how nsw and Vsw affect the
upward FAC located at the boundary layer or open field line
region, for example, open afternoon R1 region. According
to the linearized Knight relation [Knight, 1973; Lyons et al.,
1979; Lyons, 1981], in the upward FAC region, the current
due to the precipitating electrons is given by

J== ¼ KD�== ð1Þ

and

K ¼ nee2

2�mekbTeð Þ0:5 ; ð2Þ

where D�// is field‐aligned potential drop, which equals
�i – �m; �i is ionospheric potential; �m is magnetospheric
potential; ne is electron number density; e is electron charge;
me is electron mass; kb is Boltzman constant; and Te is
electron temperature. These electron parameters refer to the
electrons at the source regions in the magnetosphere.
[6] In order to gain some simple understanding of the

Knight relation and current‐voltage relation in the upward
field‐aligned current that is located at the boundary layer
and/or open‐field line, we consider the Echim et al. [2007,
2008] model equations (summarized in section 9):

r � Spr�i ¼ J== �m; �ið Þ ð3Þ
where Sp = height‐integrated Pedersen conductivity; �m

profile is determined primarily by Vsw, for example, velocity
shear at the boundary layer; and J// is determined by a
current‐voltage relationship in equation (1), which we
assume herein to be linear. With these equations and
assuming constant conductivity, it can be obtained that

Sp

K
r2�i ¼ �i � �mð Þ: ð4Þ

Taking the Fourier transform,

J== ¼
X

q
J==qe

iqx; ð5Þ
we find that

�iq ¼ 1

1þ Spq2

K

0
BB@

1
CCA�mq; ð6Þ

D�q ¼ �iq � �mq ¼ � 1

1þ K

Spq2

0
BB@

1
CCA�mq; ð7Þ

and

J==q ¼ � Spq2

1þ Spq2

K

0
BB@

1
CCA�mq: ð8Þ

From these expressions, it can be seen that the Fourier
coefficients of D� are reduced when nsw is increased, while
the coefficients of J// are increased with increasing nsw. This
dependence should lead to larger J//, but smaller D� as the
solar wind n increases.
[7] As an example, consider a velocity profile across

the magnetopause that has the profile Vy(x) = (Vo/2) (1 +
tanh(x/D)), which is supported by a potential of the form

�m ¼ VoBo

2
x þ D log 2 cosh

x

D

� �� �h i
; ð9Þ

where D is thickness of the boundary layer, Vo is magne-
tosheath V, Bo is magnetosheath B, and x is the position in the
direction perpendicular to the magnetopause. We have added
an arbitrary constant so that the potential is zero at the
magnetospheric edge of the boundary layer. Equation (9)
suggests that in this simple treatment, an increase in solar
wind/magnetosheath V would lead to an increase in mag-
netospheric potential, �m, which, in turn, leads to an increase
in J// as suggested in equation (8). We explore J// and particle
precipitation dependence on the solar wind/magnetosheath
V and n observationally in sections 7 and 8 and with the
Echim et al. [2007, 2008] model in section 9.

3. Data and Method

[8] The present study used data from the particle (SSJ4)
and magnetic field instruments onboard DMSP satellites.
DMSP satellites are Sun‐synchronous satellites in nearly
circular polar orbit at an altitude of roughly 835 km and with
a period of approximately 101 min per orbit.
[9] The SSJ4 instrument package included on all recent

DMSP flights uses curved plate electrostatic analyzers to
measure ions and electrons from 32 eV to 30 keV in
logarithmically spaced steps [Hardy et al., 1984]. Because
of its upward pointing and limited pitch angle resolution,
DMSP SSJ4 measures only highly field‐aligned precipi-
tating particles.
[10] The DMSP magnetic field experiments consist of

triaxial fluxgate magnetometers with a range of ±65535 nT
and one‐bit resolution of 2 nT [Rich et al., 1985]. The time
resolution is 1 s.
[11] In the present study, we used over 20 years of

simultaneous DMSP magnetic field and particle precipita-
tion (SSJ4) observations, 1983–2006, to determine the
source regions of R2 and R1. However, not all DMSP sa-
tellites carry a magnetometer, although all carry the SSJ4
instrument during this period. Because we are interested
only in the periods when there is simultaneous magnetic
field and particle precipitation data, our data set is limited to
the periods when both data sets are present. These periods
are DMSP‐F7 (December 1983 to January 1988), and F12
(September 1994 to July 2002), F13 (March 1995 to
November 2006), F14 (April 1997 to November 2006), F15
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(December 1999 to November 2006), and F16 (December
2003 to November 2006).
[12] Solar wind data were obtained from ACE, WIND,

IMP8, ISEE1, and ISEE3 observations. The ACE SWEPAM
and MAG data; and the WIND MAG data were obtained
from CDAWeb. The WIND 3DP data were obtained from
the 3DP team directly. The ISEE1 and ISEE3 data were
obtained from UCLA. The IMP8 data came directly from the
IMP teams. The solar wind was propagated with minimum
variance technique [Weimer et al., 2003] to GSM (X, Y, Z) =
(17, 0, 0) RE to produce 1 min files. For simplicity, a 10 min
propagation time was estimated from (X, Y, Z) = (17, 0, 0) RE

to the ionosphere (∼2 min propagation time from X = 17 RE

to nominal magnetopause location at X = 10 RE with Vsw =
450 km s−1; 5–6 min is added for the delay in magnetosheath
[e.g., Lockwood et al., 1989, Spreiter and Stahara, 1985];
∼2–3 min Alfvén wave propagation from the magnetopause
to the ionosphere [Keller et al., 2002; Lockwood et al., 1989;
Rostoker et al., 1982]. The exact propagation time is not
crucial because only the 30 min averages were calculated and
used. The 30 min averages were centered on the time of the
DMSP encounter with the equatormost boundary of FAC.
These 30 min averages of SW and IMF parameters were
assigned for the entire FAC encounter. Because DMSP
crosses FAC or the auroral oval four times per orbit, four
30 min SW and IMF averages were calculated per orbit per
spacecraft.

4. Method for Obtaining Field‐Aligned Currents

[13] For this study, we applied the automated algorithm
that identifies the large‐scale structure of FACs developed
by Higuchi and Ohtani [2000] on DMSP magnetic field
data. Two of the magnetic field components lie on the
horizontal plane, the plane parallel to the surface of the
Earth. From these two components, the minimum and
maximum variances of the magnetic field are obtained and
denoted by BL and BA, respectively. BL is approximately in
the latitudinal direction, typically the direction of the satel-
lite trajectory, whereas BA in the azimuthal direction,
approximately parallel to the FAC sheets. Thus, if FACs
have large sheet structures, then the magnetic field variation
should be confined primarily to BA only. BA increases or
decreases as the satellite orbits the Earth. The Higuchi and
Ohtani [2000] algorithm uses the first‐order B spline to fit
line segments to BA variations from the pole to approxi-
mately about 40° magnetic latitude (MLAT). If the distri-
bution of large‐scale (>1°) FAC can be approximated as an
infinite sheet, each line segment corresponds to the crossing
of a FAC sheet. This algorithm is essentially the automation
of the way we visually examine a plot of satellite magnetic
field data. Auroral crossings with data gaps are not pro-
cessed. A more detailed description of the algorithm is
provided by Higuchi and Ohtani [2000].

5. Dayside FAC Source Regions

[14] Magnetospheric particles move along the magnetic
field lines and a fraction precipitate in the ionosphere. The
differences in the source regions and structures along the
field line lead to the different signatures of the precipitating
particles. Newell and Meng [1988] and Newell et al. [1991a,

1991b, 1991c] developed an automated algorithm to deter-
mine the particle precipitation region that provides infor-
mation about the origins of these precipitating particles in
the magnetosphere or solar wind. For the present study, an
important piece of information that these particle signatures
can give is whether or not these particles are located on open
or closed field lines.
[15] The particle precipitation identification algorithm

classifies the dayside polar region into nine regions: radia-
tion belt (rad), central plasma sheet (CPS), boundary plasma
sheet (BPS), open‐field line low‐latitude boundary layer
(open‐LLBL), cusp, mantle, polar rain, and void. The
morphology and interpretation of the origins of these par-
ticles have been given by Newell and Meng [1988], Newell
et al. [1991a, 1991b, 1991c], and Wing et al. [2010, and
references therein]. For the present study, it is sufficient to
note that rad, CPS, BPS, and void particles are located on
closed field lines whereas open‐LLBL, cusp, mantle, and
polar rain are located on open field lines. The low‐latitude
boundary layer (LLBL) contains mixtures of magnetosheath
like cold plasma and magnetospheric proper hot plasma that
is commonly found near the magnetopause boundary. As
such, it can be open or closed. BPS* is the region that is
classified as BPS by the particle precipitation region iden-
tification algorithm [Newell and Meng, 1988; Newell et al.,
1991a, 1991b, 1991c], but some of the BPS particles really
correspond to the mantle particles that have gone through
the upward field‐aligned electric field that sometimes exists
within some upward R0 and R1 regions. Hence, unlike BPS,
which is closed, BPS* may be open or closed (see Wing
et al. [2010] for the full description). Void, which is
usually found equatorward of CPS, most likely corre-
sponds to inner magnetospheric region where the particles
are anisotropic and more energetic. As an aside, in the
open region, the algorithm can sometimes identify very
weak polar rain as void, but the present study and the
Wing et al. [2010] study have properly labeled this type
of void as polar rain.
[16] Wing et al. [2010] applied the Higuchi and Ohtani

[2000] and particle identification algorithm to simulta-
neously observed DMSP SSJ4 and magnetometer data to
determine the source FAC source regions. FAC patterns can
consist of two or more sheets, but two‐ and three‐sheet
patterns are the most common [e.g., Ohtani and Higuchi,
2000; Wing et al., 2010]. The source regions for two‐
FAC‐sheet structure is displayed in Figure 1. In Figure 1
and the present study, the data from the northern and
southern hemispheres have been combined. Thus, Figure 1
can be readily compared with particle precipitation maps
[Newell and Meng, 1992; Newell et al., 2004] and FAC
patterns [e.g., Anderson et al., 2008; Weimer, 2001], which
were constructed with data from both hemispheres. We have
looked at the maps constructed from northern and southern
hemispheres alone and found no discernible differences
between the two hemispheres.
[17] Figure 1 shows that the two‐FAC‐sheet pattern is not

symmetrical around noon. Figure 1 shows that the morning
R1 and R2 patterns extend from 6 to 10 magnetic local time
(MLT) while the afternoon R1 and R2 patterns extend from
11 to 18 MLT. It is interesting to note that the shift of the
afternoon pattern toward prenoon (11 MLT) is consistent
with the asymmetry in the averaged convection pattern that
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has the afternoon cell shifted to 11 MLT [e.g., Ruohoniemi
and Greenwald, 1996; Weimer, 1995; Papitashvili et al.,
1994]. Note that the display format used in Figure 1 is
different from that used by Newell and Meng [1992] and
Newell et al. [2004]. Newell and Meng [1992] and Newell et
al. [2004] only give the most probable particle precipitation
source region for a given point in the ionosphere. In con-
trast, as described in the caption, Figure 1 gives all of the

source regions and the probabilities of observing the parti-
cles that originate from each region. Thus, Figure 1 gives
more information than Newell and Meng [1992] and Newell
et al. [2004] particle precipitation maps.
[18] Figure 1 shows that R2 originates mostly from CPS

and BPS in the morning and from void, BPS, and CPS in the
afternoon. Hence, R2 is located mostly on closed field lines,
although a tiny fraction of R2 originates from LLBL, which

Figure 1. Source regions of two FAC sheets. The source regions are color coded using the scheme
depicted in the boxes at the top. The nomenclatures used are p rn, polar rain; mant, mantle; opll,
open‐LLBL; uncl, unclassified; rad, radiation belt; and dgap, data gap. The particle precipitation regions
are described in section 5. The hatched and nonhatched regions indicate currents flowing into and out of
the ionosphere, respectively. In each MLT, each current sheet is divided into five equally spaced lati-
tudinal regions, and within each region, the area of the source (color) region is proportional to the fre-
quency of occurrence. The source regions are sorted from left to right in the order of descending
frequency of occurrence. The numbers below R2 indicate the number of events in each current sheet: the
top and bottom numbers indicate the number of events in R1 and R2, respectively. (Adapted from Wing
et al. [2010].)
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Figure 2
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can be open or closed and located near the magnetopause.
Near noon or prenoon, 10–13 MLT, LLBL becomes a more
frequent source region for R2, suggesting that R2 may be
more open. At these local times, R2 is located at higher
latitudes than at other local times such that it has a better
access to LLBL.
[19] As can be seen from Figure 1, R1 can originate from

open as well as closed field lines, but the relative compo-
sition or occurrence rate varies with MLT and latitude. In
the morning and afternoon, R1 mostly originates from BPS,
which is closed, and a much smaller fraction originates from
LLBL, which may be open or closed and located near the
magnetopause. The frequency of encountering LLBL in R1
increases toward noon. In fact, near noon, LLBL is the most
dominant source region.

6. Solar Wind n and V Driving of J//
[20] Figure 1 shows the two‐current‐sheet FAC source

regions as a function of MLT. In order to see how nsw
affects J// in each MLT within each current sheet, we created
twelve 1 h bins, centered on the hour from 6 to 18 MLT.
Then, for each bin, we computed the median J// for each
4 cm−3 bin for the nsw ranging from 0 to 16 cm−3. The
resulting J// versus nsw are plotted in Figures 2a–2d for
morning R1, afternoon R1, morning R2, and afternoon R2,
respectively. These patterns correspond to those seen in
Figure 1. Figures 2a and 2b show that nsw does not affect
morning and afternoon R1 J//. However, around noon (9–
15 MLT), R1 J// generally increases with nsw. Figures 2c
and 2d show that nsw has little effect on R2 J//. Figure 2
leaves out R1 and R2 curves for 11 and 14 MLT because
they would obscure the already busy plots in Figures 2b and
2d, respectively, without adding much more information. For
the same reason, 11 and 14 MLT curves are left out in other
afternoon R1 and R2 plots throughout this paper.
[21] The error bars in Figures 2, 3, 4, 7, and 8 give a

measure of the standard deviation of the median, smedian.
Assuming a normal distribution, for a large sample, as is the
case in the present study, smedian = 1.25 sdist/sqrt(N), where
sdist is the centroid 68% of the distribution, for example,
16th–84th percentile of the distribution, and N is the number
of points in the sample and ranges from a few thousands to
slightly over ten thousand, as indicated in the caption of
Figure 1 [e.g., Kenney and Keeping, 1951; Hodges and
Lehmann, 1967].
[22] We did the same analysis for Vsw from 0 to 600 km s−1.

The results are plotted in Figures 2e–2h for morning R1,
afternoon R1, morning R2, and afternoon R2, respectively;
the Vsw bin size is 100 km s−1. Figures 2e and 2f show that
morning and afternoon R1 J// increases with Vsw, the slopes of
the curves are positive. The slope starts out small near noon
and increases toward midmorning and midafternoon, maxi-
mizing around 8 MLT and 15–16 MLT, respectively, before

decreasing toward dawn and dusk. Just as with nsw, the
morning and afternoon R2 have little dependence on Vsw.
[23] If the FACs are located on open field lines or LLBL,

the source regions are the inner edge of the magnetosheath
or LLBL (the regions adjacent to the magnetopause). We
use nsw to denote both ion nsw (nswi) and electron nsw (nswe),
and Vsw to denote both ion Vsw (Vswi) and electron Vsw

(Vswe). From the charge quasi‐neutrality consideration, it is
expected that nsw ∼ nswe ∼ nswi and Vsw ∼ Vswe ∼ Vswi [e.g.,
Bame et al., 1992]. The present study has no measurement
of the magnetosheath ne and Ve, but magnetosheath ne and
Ve positively correlate with nsw and Vsw, respectively [e.g.,
Spreiter and Stahara, 1985; Samsonov and Hubert, 2004].
In the LLBL within the magnetosphere, n and T are typically
intermediate between those of magnetosheath and the
magnetosphere proper [e.g., Eastman et al., 1976;
Hasegawa et al., 2003; Wing et al., 2005, 2006; Johnson
and Wing, 2009]. Thus, LLBL n and T positively correlate
with nsw and Tsw, respectively.
[24] In the open upward FAC region, an increase in the

magnetosheath or LLBL n would increase the current car-
riers, which in turn, would increase J//. This can be seen
from equations (2) and (8), which suggest that an increase in
n would increase K and hence J//. Indeed, this relationship is
observed in the afternoon R1 pattern near noon in Figure 2b,
where the currents flow upward (out of the ionosphere) and
are carried mostly by the downward precipitating electrons
[e.g., Burch et al., 1983]. Figure 2b shows that near noon
(12–15 MLT), J// increases with nsw, suggesting that at these
local times, the field lines are mostly open. In contrast, in
the late afternoon (16–18 MLT), J// is less sensitive to nsw.
There could be two possible reasons for this. First, in the late
afternoon, the field lines are more frequently closed than
open. Second, at these local times, the field lines map further
downstream to the tail flanks. For a given Dnsw,
Dmagnetosheath n is larger at the subsolar region around
noon than in the flanks. For example, in the Spreiter and
Stahara [1985] magnetosheath model, n = 4.2 nsw at
noon, but n = 1.6 nsw at the dusk and dawn flanks.
[25] Similar behavior is also observed in the morning R1.

Figure 2a shows that near noon, 9–10MLT, J// increases with
nswwhile in the earlymorning, 6–8MLT, J// is hardly affected
by nsw. However, the interpretation for the morning R1 is not
as straightforward as afternoon R1 because in the morning
R1, the currents flow downward, instead of upward. Hence,
the source region of the electrons is not SW and nsw should
not directly affect J//. Therefore, it is quite interesting to see
that at 9–10 MLT, J// correlates positively with nsw. Morning
R1 J// may connect or close with afternoon R1 J//, which is
affected by the nsw as shown in Figure 2b.
[26] Near the magnetopause boundary, an increase in the

magnetosheath speed leads to an increase in the velocity
shear and the voltage drop across the magnetopause
boundary, which in turn, leads to larger J//, as suggested
from equations (8) and (9), assuming ionospheric conduc-

Figure 2. J// dependence on solar wind n and V. Median J// versus nsw for (a) morning R1, (b) afternoon R1, (c) morning
R2, and (d) afternoon R2. Median J// versus Vsw for (e) morning R1, (f) afternoon R1, (g) morning R2, and (h) afternoon R2.
Median J// for each MLT is calculated in 4 cm−3 bin in Figures 2a–2d and in 100 km s−1 bins in Figures 2e–2h. The J// curve
for each MLT is color coded with the scheme shown in each frame.
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Figure 3. Open afternoon R1 J// and particle precipitation
dependence on nsw: (a) median J//, (b) median maximum
peak precipitating electron energy, and (c) median maxi-
mum precipitating electron energy flux in the afternoon
R1 12–16 MLT that map to open‐LLBL, LLBL, cusp,
mantle, and polar rain. The median J// s are calculated in
4 cm−3 bins.

Figure 4. Open afternoon R1 J// and particle precipitation
dependence on solar wind V: (a) median J//, (b) median max-
imum peak precipitating electron energy, and (c) median
maximum precipitating electron energy flux in the afternoon
R1 12–16 MLT that map to open‐LLBL, LLBL, cusp, man-
tle, and polar rain. The median J// values are calculated in
100 km s−1 bins.
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tivity and other parameters remain the same. However,
there is a local time dependence. The magnetosheath speed
increases with the antisunward distance down the tail and
higher Vsw leads to a larger magnetosheath V. For example,
in the Spreiter and Stahara [1985] magnetosheath model,
V ∼ 0 Vsw at the subsolar region, but V ∼ 0.8 Vsw at the
dawn and dusk flanks. Thus, based on this magnetosheath
speed profile, for a given DVsw, DJ// should asymptotically
increase from noon toward dusk and dawn. This is con-
sistent with Figures 2e and 2f. In Figures 2e and 2f, the
slope starts out small near noon and increases to a peak
value in the midmorning (8 MLT) and in the midafternoon
(15–16 MLT) before decreasing at dawn (6–7 MLT) and at
dusk (17–18 MLT). The slope decreases at 17–18 MLT
and 6–7 MLT suggest that the field lines map to the
magnetopause regions that are mostly closed. Hence, J// at
these locations is less sensitive to Vsw. However, there is a
dawn‐dusk asymmetry: it seems that R1 J// at 6–7 MLT
has stronger dependence on Vsw than R1 J// at 17–18 MLT.
[27] Figure 2 shows that neither afternoon nor morning R2

is affected much by nsw and Vsw, which would be consistent
with this current being located more frequently on closed
field lines well inside the magnetosphere. However, the
closed field lines could be affected by SW dynamic pressure
and/or merging rate, both of which have n and/or V terms.
This is discussed in section 11 of this paper. SW particles
can enter along the flanks and convect to the dayside,
modifying the dayside closed field line pressure gradient
and hence J//. However, the timescale for this mass transport
is about 8 h at dawn and dusk and 15 h on the dayside [e.g.,
Borovsky et al., 1998], whereas the present study uses only
30 min averaged simultaneous SW observations. Thus, the
present study investigates only the nearly simultaneous SW
effects. Substorms and storms, of course, can affect FACs,
particularly at dusk, but the present study does not focus on
substorm and/or storm effects.
[28] Figures 1 and 2 are constructed from data that are

independent of each other. Figure 1 is obtained from
combining DMSP magnetic field and particle data, while
Figure 2 is obtained from combining DMSP magnetic field
and SW data. Yet, both Figures 1 and 2 present the same
consistent picture of the open and closed nature of the R1
and R2 regions. That is, (1) R1 is mostly open near noon,
but mostly closed near dawn and dusk, and (2) R2 is
mostly closed.
[29] In general, there is a gradient of J// with MLT such

that J// is higher closer to noon, as shown in Figure 2. This
may be related to conductivity from solar EUV being higher
closer noon [e.g., Robinson and Vondrak, 1984], although
there may be other factors as well. This would be consistent
with the model results discussed in section 9, which show
that higher conductivity leads to higher J//.

7. Open Afternoon R1 J// and Electron
Precipitation Dependence on nsw
[30] In section 6, at 12–16 MLT, R1 J// dependence on nsw

and Vsw suggests that R1 at these local times is open at least
some of the time or even most of the time. It does not mean
that at these local times R1 is open all the time. In fact,
section 5 and Wing et al. [2010] describe how we statisti-

cally determined how often R1 is open through the use of
simultaneously observed particle data. Using the simulta-
neously observed particle and magnetometer data sets, we
selected the afternoon R1 when the particle signatures
indicate that the entire R1 is on open‐field lines or at the
boundary near the magnetopause, namely the regions that
correspond to LLBL, open‐LLBL, cusp, mantle, and polar
rain.
[31] Figure 3a shows median afternoon R1 J// versus nsw

for the open region or LLBL for 12–16 MLT in a 4 cm−3 nsw
bin size. Because R1 at 17–18 MLT is rarely open or within
LLBL, it is not included. Figure 3a shows that J// increases
with increasing nsw. This is similar to Figure 2b, except that
Figure 2b shows J// for each MLT obtained from all regions,
open and closed. As a result of the more restrictive criterion
for the data selection, Figure 3 contains fewer points than
Figure 2b. In Figure 3, the numbers of points in the [0, 4],
[4, 8], [8, 12], and [12, 16] cm−3 bins are 162, 302, 154, and
67, respectively.
[32] The present study has no direct measurement of the

field‐aligned potential drop or D�//. However, studies have
shown that D�// can be estimated reasonably well from the
peak precipitating electron energy in the electron accelera-
tion or “inverted V” region within the upward field‐aligned
current region [e.g., Lyons et al., 1979; Reiff et al., 1988].
This has been shown on the nightside, particularly in the
dusk–midnight sector where D�// is often very large, up to
about 10 keV, a few to several times larger than the
electron energy in the source region above the field‐
aligned potential region [e.g., Reiff et al., 1988]. On the
dayside, at 12–16 MLT, electron acceleration events are
also found, but D�// is weaker, typically on the order of a
few hundred eVs to a few keVs [e.g., Sonnerup, 1980].
However, these energies are typically at least a few times
larger than the dayside magnetosheath electron energy,
depending on the magnetopause location [e.g., Spreiter
and Stahara, 1985]. The maximum D�// per auroral
crossing should be even larger than the typical magne-
tosheath electron energy. Thus, we should be on firmer
ground, if we use the maximum peak precipitating electron
energy (Ee) per auroral crossing as a proxy for the maximum
D�//. Although within each individual measurement, there is
no guarantee that we will be able to obtain an electron
acceleration event, within each auroral oval crossing, there
are usually some instances of electron acceleration events or
D�//. Hence, maximum D�// or the maximum peak Ee per
auroral crossings can be easily obtained. Figure 3b plots the
median maximum peak Ee versus nsw. The maximum peak
Ee are organized in 4 cm−3 nsw bins. Figure 3b shows that
maximum peak Ee decreases with increasing nsw.
[33] As discussed in section 2, an increase in nsw would

reduce the D�// needed to maintain the same J//. From
equation (2),K increases with ne or nsw, but from equation (1),
the fact that J// increases with nsw suggests that the increase in
K is larger than the decrease in D�//.
[34] Next, we examine how the maximum precipitating

electron energy flux (") varies with nsw. This relationship is
shown in Figure 3c, which plots maximum " versus nsw for
12–16 MLT. It shows that maximum " remains approxi-
mately constant with respect to nsw. The precipitating elec-
tron energy flux " a (n × Vp × peak Ee), where Vp =
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precipitating electron velocity ∼ V + sqrt(2 m−1 × peak Ee),
and n and V are the density and velocity in the source
region. If other parameters were held constant, n (source
region) would increase with nsw, but it is expected that the
peak Ee would vary inversely with nsw, as described above.
Apparently, the changes in these two terms nearly cancel
each other, and overall maximum " does not vary much with
nsw, as shown in Figure 3c.

8. Open Afternoon R1 J// and Electron
Precipitation Dependence on Vsw

[35] The present study also examines how open R1 J//,
maximum peak Ee, and maximum " vary with Vsw. Figure 4
plots the median of these parameters as a function of Vsw in
the same format as Figure 3. The Vsw bin size used to cal-
culate these medians is 100 km s−1. As the Vsw increases, the
velocity shear at the magnetopause boundary increases,
which leads to an increase in the electric potential drop
across the magnetopause (DE = DV × B), which in turn
leads to an increase in J//, assuming other parameters remain
constant. This can be seen from equations (8) and (9) and
has been discussed in section 2. This relationship may be
seen in Figure 4a, which plots J// versus Vsw when the entire
R1 is on open‐field line. The open R1 is determined using
the same criteria that are used in section 7. As a result of the
open‐field line criteria, Figure 4 contains fewer points than
Figure 2f. In Figure 4, the numbers of points in the [200,
300], [300, 400], [400, 500], and [500, 600] km s−1 bins are
20, 315, 301, and 136, respectively.
[36] Figure 4b shows that maximum peak Ee increases

with Vsw. Section 2 discusses how an increase in Vsw would
lead to increases in J// and D�//. The latter can be estimated
with the maximum peak Ee. From the point of view of the
closed circuit formed by the magnetosphere‐ ionosphere, the
higher potential drop across the boundary at the magneto-
pause has to be balanced by the higher D�// and/or cross‐
polar cap potential drop in the ionosphere. Initially, when
Vsw is small, D�// can be small because only small J// is
needed to maintain a small ionospheric potential drop to
balance the small potential drop across the magnetopause
boundary. However, as Vsw increases, larger J// is needed
presumably to increase the cross‐polar cap potential in the
ionosphere. As Vsw continues to increase, J// continues to
increase, but at some point D�// has to increase in order to
draw more electrons downward to maintain the higher J//.
Therefore, if other parameters are held constants, maxi-
mum peak Ee can be expected to increase with Vsw. This
can be seen in Figure 4b, except for the lowest V bin, 200–
300 km s−1. However, this lowest V bin has only 20 points
and its value may be susceptible to variations in other
parameters. For example, it may result from the data points
in this bin having lower‐than‐average densities in a man-
ner discussed in section 7, but unfortunately this is difficult
to ascertain. This is because several of the data points
come from the ACE SWEPAM instrument, which is less
sensitive at low energies that roughly correspond to V
below 300–350 km s−1. Because of this reduced sensitiv-
ity, the densities are often underestimated and, in fact, are
removed from the validated Level 2 data set used in the
present study. However, it was determined that the calcu-
lation of the velocity moment is less sensitive to the un-

certainties, and therefore the velocities are kept in the
database (Ruth Skoug, private communication, 2010).
[37] Finally, in the expression " a (n × Vp × peak Ee), Vp

increases with Vsw and peak Ee also increases with Vsw.
Hence, the overall effect is that maximum " increases with
Vsw, as can be seen in Figure 4c.

9. Comparisons Between Data and Model Results

9.1. A Quasi‐Stationary Model for the Coupling
Between the LLBL Sheared Flow Interface and the
Afternoon Upward J//
[38] Ad hoc convergent electric fields are considered by

Lyons [1980, 1981] to describe the magnetospheric gener-
ator of FACs. Roth et al. [1996] and De Keyser et al. [1998]
suggest that tangential discontinuities (TD) play a role of a
magnetospheric generator. Echim et al. [2008, 2009] mod-
eled the coupling between the TD generators formed at the
inner edge of the magnetosheath and the magnetospheric
LLBL, basically the regions adjacent to the magnetopause.
The Echim et al. [2008] model uses a Vlasov (kinetic)
equilibrium solution [Roth et al., 1996; Echim and Lemaire,
2005] to describe the transition between the magnetospheric
and magnetosheath plasma in the generator. One key fea-
ture of the kinetic description of the generator is the self‐
consistent convergent/divergent electric field perpendicular
to the surface of discontinuity that depends on the shear of
the magnetosheath bulk velocity and the magnetosheath T
and n gradients. A brief description is given below, but a
complete description of this model can be found in the work
by Echim et al. [2007, 2008].
[39] The flux of magnetospheric particles precipitating

into the auroral ionosphere from the magnetosheath/LLBL
contributes to a net field‐aligned current with density J//.
The auroral current–voltage relationship (ACVR) describes
J// as a function of the field aligned potential drop, D�// =
�i – �m, between the generator (characterized by the
electric potential �m) and the auroral ionosphere (charac-
terized by the electric potential �i). The ACVR has been
derived for a monotonically decreasing D�// with altitude,
assuming adiabatic motion of particles along the flux tube
connecting the generator and the load [Knight, 1973;
Lemaire and Scherer, 1973; Chiu and Schultz, 1978;
Fridman and Lemaire, 1980; Pierrard, 1996]. When the
Hall currents are divergence free, the current continuity
equation in the ionosphere requires that the net parallel
current in the ionosphere J// be equal to the divergence of
the horizontal height‐integrated Pedersen current in the
ionosphere (IP):

J== D�==

� � ¼ � dIp
dxi

¼ d

dxi
Sp

d�i

dxi

� �
; ð10Þ

where xi denotes the distance perpendicular to the arc
at ionospheric altitude, and Sp is the height‐integrated
Pedersen conductivity. Equation (10) gives a quantitative
description of the coupling between plasma and magnetic
field properties at the magnetosheath/LLBL (the genera-
tor) and the plasma and field properties in the ionospheric
load. It is solved for the unknown �i and the input
parameters �m and Sp. The ionospheric feedback effect is
introduced in equation (10) via the relationship between
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SP and the precipitating electron energy flux, " [Harel
et al., 1977]:

Sp ¼ Sp0 þ a
ffiffiffi
"

p
; ð11Þ

where Sp0 is the base level of the ambient/background
conductance produced by the solar EUV radiation. The
energy flux of precipitating electrons, ", is determined
from the second‐order moment of the solution of the
stationary Vlasov equation [Lemaire and Scherer, 1973]
and is a function of D�//:

" ¼ nekTe
Bi

Bm

ffiffiffiffiffiffiffiffiffiffiffi
kTe
2�me

s
2þ eD�==

kTe

� �
� eD�==

kTe

	


þ2 1� Bm

Bi

� ��
e

eD�==
Bi
Bm

�1ð ÞkTe
9=
;; ð12Þ

where ne and Te are the density and temperature of the
magnetospheric electrons originating in the magnetosheath/
LLBL and Bi and Bm are the magnetic field intensity in the
ionosphere and the magnetosphere, respectively.
[40] The nonlinear equation (10) is discretized using a

finite difference method and integrated numerically with a
damped Newton iterative scheme and Dirichlet boundary
conditions. A set of results is shown in Figures 5 and 6,
illustrating J//, ", and Sp resulting from a solution of the
current continuity equation evaluated at the ionospheric
altitude zi = 200 km. The altitude of the magnetospheric
generator is zm = 90,000 km, that is, the altitude where, in
the conical geometry used for mapping, the intensity of the
magnetic field is equal to 30 nT, that is, the magnetic field
intensity used to derive the kinetic solution describing the
magnetosheath/LLBL considered in the model. From the
condition that the magnetic flux is conserved and assuming
a cylindrical mapping [Lyons, 1980], the distance xm, and
the magnetic field Bm at the magnetospheric altitude zm
maps to Bi at the ionospheric altitude zi, according to the
relationship xi = xm

ffiffiffiffiffiffiffiffiffiffiffiffiffi
Bm=Bi

p
. The ionospheric electric

potential �i obtained from equation (10) is introduced back
in the analytical expression of J//, ", and Sp at the iono-
spheric altitude zi. Thus one can obtain these ionospheric
electrodynamic parameters associated to the magnetosheath/
LLBL generator, as shown in sections 9.2 and 9.3 below.

9.2. Dependencies on Magnetosheath Velocity and Sp

[41] Figure 5 shows the model calculation results from
three classes of solutions for maximum J//, maximum ", and
maximumD�// obtained for nonuniformSP withSP = 0.5 S +
SP(") (solid lines), andSP = 5 S +SP(") (dashed lines) as well
as for uniform SP = 5 S (dotted lines). The ionospheric
feedback introduced by an increase inSP due to higher " leads
to an increase in (1) the maximum D�//, (2) the maximum ",
and (3) the maximum J//.
[42] Given that Vsw is positively correlated with magne-

tosheath V [e.g., Spreiter and Stahara, 1985], Figure 5 can
be compared with the corresponding quantities derived from
DMSP observations plotted in Figure 4. Figure 4 shows that
J//, maximum peak Ee (proxy for maximum D�//), and
maximum " all increase with increasing Vsw. Figure 5 shows
that the maximum D�//, the maximum ", and the maximum

Figure 5. (a) Maximum J//, (b) maximum D�//, and (c)
maximum " as a function of the bulk magnetosheath V
and Sp. Solid lines represent results obtained for SP that de-
pends on maximum " with a nonuniform conductance SP =
0.5 S + SP("), dashed lines show results obtained for a non-
uniform conductance with SP = 5 S + SP("), and dotted
lines correspond to results obtained for a uniform SP = 5
S. (Adapted from Echim et al. [2008].)
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J//, increase with increasing V at the magnetosheath adjacent
to the magnetopause. This is a direct effect of the changes
induced in the generator by an increased velocity shear and
the quasi‐static coupling with the ionosphere. The TD
interface generates more electromotive force when the
magnetosheath V is higher. This, in turn, leads to the in-
creases in J//, maximum D�//, and maximum ", as discussed
in section 8.

9.3. Dependencies on Magnetosheath Density and Sp

[43] Figure 6 summarizes the ionospheric response to
changes of n in the inner edge of the magnetosheath. It also
shows how these effects depend on the three different
models of Sp, as was done in section 9.2. Regardless of the
conductivities, the maximum D�// decreases when magne-
tosheath n increases and seems to reach a plateau for larger
n. The maximum J// increases with magnetosheath n, as
shown by Figure 6a. The solution of the current continuity
in the topside ionosphere shows strong variations with
magnetosheath n due to its role in the current–voltage
relationship and the ionospheric feedback described in
equations (11) and (12). The variations of J//, maximum
D�//, and maximum " as a function of n in the source region
are discussed in section 7.
[44] Given that nsw correlates positively with magne-

tosheath n [e.g., Spreiter and Stahara, 1985], Figure 6 can
be compared with the DMSP observations in Figure 3.
Figures 3a and 3b show that J// increases with nsw and
maximum peak Ee (proxy for maximum D�//) decreases
with increasing nsw, both of which agree qualitatively with
the model results plotted in Figures 6a and 6b, respectively.
Figure 6c shows that the solution for maximum " for Sp =
0.5 S + Sp(") does not change much with magnetosheath n.
In contrast, the solution for Sp = 5 S + Sp(") slightly de-
creases with increasing magnetosheath n while the solution
for uniform Sp = 5 S increases slightly with increasing
magnetosheath n. However, Figure 3c shows that maximum
" does not vary much with respect to nsw. Hence, the trend in
the observations agrees best with that for nonuniform con-
ductance with a small base level Sp = 0.5 S + Sp(").

10. J// Dependence on IMF Bz

[45] Up to now, we have examined Vsw and nsw effects on
J//, maximum peak Ee, and maximum ". IMF Bz has been
shown to play a significant role in the SW–magnetosphere
interactions. During southward IMF, the reconnection rate is
higher and the magnetosphere is more open than during
northward IMF. Moreover, the ionospheric convection has
been shown to be higher during southward IMF than during
northward IMF [Ruohoniemi and Greenwald, 1996;
Weimer, 1995; Papitashvili et al., 1994]. This means that in
the flanks, inside the magnetopause, the sunward velocity is
higher during southward than northward IMF. Hence, for a
given Vsw, a higher velocity shear may be expected across
the magnetopause boundary for southward IMF than for
northward IMF.
[46] Figures 7b and 7f plot J// versus Vsw for the afternoon

R1 for southward and northward IMF, respectively. As
discussed in section 6, near noon the Vsw effect and hence
the slopes (rates of change) are small because the magnetic
field lines access the magnetosheath regions where the

Figure 6. (a) Maximum J//, (b) maximum D�//, and
(c) maximum " as a function of the bulk magnetosheath
n and Sp. Solid lines represent results obtained for SP that
depends on maximum " with a background conductance
SP = 0.5 S + SP("), dashed lines show results obtained
for a nonuniform conductance with SP = 5 S + SP("),
and dotted lines correspond to results obtained for a uni-
form SP = 5 S. (Adapted from Echim et al. [2008].)
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Figure 7. Median J// versus Vsw for (a, e) morning R1, (b, f) afternoon R1, (c, g) morning R2, and (d, h)
afternoon R2 for IMF Bz < 0 (Figures 7a–7d) and for IMF Bz > 0 (Figures 7e–7h) in the same format as
Figure 2. Median J// values are calculated in 100 km s−1 bins.
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plasma speed is stagnant or small [e.g., Spreiter and Stahara,
1985]. The effect of the higher velocity shear due to higher
Vsw can be seen in the midafternoon. Figure 7b shows that for
southward IMF, the largest slope in the velocity range [200,
600] km s−1 is about 1.9 pA s m−3 at 16 MLT. In comparison,
Figure 7f shows that for northward IMF, the largest slope is
almost about half as much, 1.0 pA s m−3 at 15 MLT. This
would be consistent with the higher velocity shears during
southward IMF than during northward IMF.
[47] Figure 7a and 7e plot J// versus Vsw for the morning

R1 for southward and for northward IMF, respectively. The
slopes of the curves at 9–10 MLT are similar for southward
and for northward IMF. However, in Figure 7a, for south-
ward IMF, the largest slope found is 1.3 pA s m−3 at 8 MLT.
In contrast, for northward IMF, in Figure 7e, the slope at
8 MLT is much smaller.
[48] It would be expected that at 6–7 and 17–18 MLT,

where the field lines are mostly closed, Vsw effect on R1
would vanish, but this is found not to be the case. To be
sure, the slopes are smaller near dawn and dusk. This sug-
gests that there may be coupling of Vsw with R1 even on
closed field lines at these MLTs, albeit the coupling is not as
strong as on open‐field lines. However, the slopes are higher
for southward IMF than for northward IMF, both at dawn
and at dusk. For example, at dusk, 18 MLT, the slopes are
0.5 pA s m−3 and 0.3 pA s m−3 for southward and northward
IMF, respectively. At dawn, 6 MLT, the corresponding
slopes are 1.0 pA s m−3 and 0.63 pA s m−3 for southward
and northward IMF, respectively.
[49] The slopes are smaller in the J// versus Vsw curves for

R2 for both morning and afternoon patterns and for north-
ward and southward IMF as can be seen in Figures 7c, 7d,
7g, and 7h. This would be consistent with R2 located on
closed field lines as shown in Figure 1. It is interesting and
perhaps important to note that although the slopes are
smaller, they are not zero. This suggests that there may
still be coupling between Vsw and R2, even though R2 is
located on closed field lines. It is not clear what causes this
positive correlation between R2 and Vsw. One possibility is
that a change in Vsw leads to a change in the SW dynamic
pressure or merging rate, which, in turn, reconfigures
magnetospheric currents, including FACs. This is dis-
cussed next in section 11.

11. J// Dependence on SW Dynamic Pressure
and Merging Rate

[50] Several studies have shown that an increase/decrease
in SW dynamic pressure leads to an increase/decrease in the
magnetospheric size and cross‐tail, magnetopause, and
field‐aligned (both R1 and R2) currents in the open and
closed regions [e.g., Rufenach et al., 1992;Wing and Sibeck,
1997; Wing et al., 2002; Nakano et al., 2009]. Iijima and
Potemra [1982] report that R1 J// increases with the SW
dynamic pressure, but the paper does not show the local
time variation of this SW dynamic pressure effect. An
increase in SW dynamic pressure can increase the SW–
magnetosphere coupling efficiency as manifested in the
increased cross‐polar cap potential and enhanced iono-
spheric convection velocities [e.g., Boudouridis et al., 2005;
Siscoe et al., 2002]. A change in the ionospheric convection
pattern can be linked to changes in FACs in both open and

closed field lines from the consideration of the convergence
and divergence of horizontal currents and electric field [e.g.,
Reiff and Burch, 1985; Weimer, 1999]. Another view of this
interaction is that a SW dynamic pressure change launches
compressional/rarefactional waves that can mode convert to
shear Alfvén waves near the magnetopause or in the mag-
netosphere that would carry FAC into the ionosphere [e.g.,
Kivelson and Southwood, 1991; Glassmeier and Heppner,
1992; Lysak and Lee, 1992; Keller et al., 2002].
[51] Merging rates can also affect the SW–magneto-

spheric coupling efficiency and the cross‐polar cap potential
[e.g., Reiff and Luhmann, 1986], which can affect FACs on
open and closed field lines [e.g., Siscoe and Lu, 1996;
Russell et al., 1994; Reiff and Burch, 1985]. A magneto-
hydrodynamic (MHD) simulation suggests that the merging
process generates Alfvén waves that carry FACs to the
ionosphere [e.g., Ma et al., 1995].
[52] Newell et al. [2007] investigated 20 SW‐magnetosphere

coupling functions and found that the merging rate corre-
lates best with 10 different indices characterizing the mag-
netospheric activity. They define merging rate as dF/dt =
Vsw
4/3 BT

2/3 sin8/3(�c/2), where BT = magnetic field line
magnitude, and �c = arctan (IMF By/IMF Bz).
[53] The present study compares how the merging rate

and SW dynamic pressure affect R1 and R2 J// at each MLT
and how these effects differ from each other. Figures 8a–8d
plot J// versus dF/dt, while Figures 8e–8h plot J// versus SW
dynamic pressure. Note that the X axis range of SW
dynamic pressure, 0–5 nPa, covers nearly the full distribu-
tion of the SW dynamic pressure [e.g., Shue et al., 1997,
Figure 2; Lee et al., 2009, Figure 5]. Similarly, the X axis
range of dF/dt in Figure 8 covers nearly the full distribution
of dF/dt [e.g., Newell et al., 2007, Figure 3].
[54] Figures 8a and 8b show that J// increases with

increasing merging rate, while Figures 8e and 8f show that
J// also increases with increasing SW dynamic pressure.
However, there are subtle differences between the responses
to dF/dt and to SW dynamic pressure. First, the differences
between the responses in the open and closed R1 are more
noticeable in SW dynamic pressure plots (Figures 8e and 8f)
than in dF/dt plots (Figures 8a and 8b). For example, in
Figure 8e, the slope at 7 MLT (closed morning R1) is about
0.04 mA (nPa−1 m−2) whereas the slope at 10 MLT (open
morning R1) is about 0.1 mA (nPa−1 m−2). In contrast, in
Figure 8a, the slopes for closed morning R1 are similar to
those for open morning R1. A similar relationship can be
discerned from the afternoon R1 shown in Figures 8b and
8f. In Figure 8f, the slopes of 17 and 18 MLT curves are
smaller than those of 13, 15, and 16 MLT curves. In con-
trast, the differences are smaller among the curves at 13, 15,
17, and 18 MLT in Figure 8b.
[55] Second, the responses to dF/dt appear to be notice-

ably stronger than those to SW dynamic pressure in the
closed R1, at 6–8 and 16–18 MLT. This can be seen in
Figures 8a, 8b, 8e, and 8f. Similarly, the slopes of the R2 J//
versus dF/dt curves appear to be larger than those of J//
versus SW dynamic pressure in most MLTs.
[56] From Figures 2a and 2b, it can be discerned that

closed R1 J// does not change much with nsw. Thus, closed
R1 J// response to SW dynamic pressure is almost entirely
due to the Vsw term. Note that the merging rate does not
have the nsw term.
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Figure 8. (a–d) Median J// as a function of merging rate (dF/dt = Vsw
4/3 BT

2/3 sin8/3(�c/2)) and (e–h) SW
dynamic pressure in the same format as Figure 2.
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[57] Figure 8 shows that the effects of dF/dt and SW
dynamic pressure are more modest on R2 than R1 regardless
of the MLT. This is consistent with the view that R1 is more
open than R2. The weak responses of R2 to SW dynamic
pressure, especially near dusk and dawn, are consistent with
the finding for nonstorm times by Nakano et al. [2009],
although here we show that there is an MLT variation.

12. Summary and Conclusion

[58] Solar wind provides the electromagnetic force that
drives FAC at the magnetopause boundary layer. The
velocity shear between the antisunward magnetosheath
plasma flow and the adjacent nearly stagnant magnetospheric
plasma generates a voltage drop across the magnetopause.
The coupling of this voltage dropwith the ionosphere through
the magnetic field creates a complex electric circuit linking
J//, D�//, ", ionospheric conductivity, ionospheric currents,
and ionospheric cross‐polar cap potential drop.
[59] The present study investigates how simultaneously or

nearly simultaneously observed SW and IMF affect dayside
J//,D�//, and " with DMSP observations and the Echim et al.
[2007, 2008] model. Our findings are summarized below.
[60] 1. The open and closed nature of R1 and R2 inferred

from the simultaneous SW and DMSP magnetometer ob-
servations is consistent with that obtained from simulta-
neous DMSP SSJ4 and DMSP magnetometer observations
obtained by Wing et al. [2010], as shown in Figure 1.
[61] 2. In general, R1 J// dependency on nsw is largest near

noon and gradually decreases toward dawn and dusk. This
can be attributed to the magnetosheath n evolution along the
magnetopause. At the subsolar stagnation point, magne-
tosheath n is highest near noon and gradually decreases
away toward the nightside as the magnetosheath flow in-
creases antisunwardly.
[62] 3. R1 J// has also a dependency on Vsw, but unlike nsw,

the largest dependency is in the midafternoon, 15–16 MLT
and in the midmorning, 8 MLT. This can also be attributed to
the magnetosheath evolution along the magnetopause. The
magnetosheath flow nearly stagnates at the subsolar points
and gradually increases toward the nightside. At 17–18 MLT
and 6–7 MLT, the field lines become more frequently closed
and R1 J// dependency on Vsw is weaker.
[63] 4. Within R2, near dusk R1, and near dawn R1, J//

exhibits only weak dependencies on nsw and Vsw because
these FACs are located mostly on closed field lines.
[64] 5. In the open R1 at 12–16 MLT, an increase in nsw

increases K and J//, but decreases the maximum peak Ee (or
D�//), in accordance with the linearized Knight relation
[Knight, 1973] and the expressions in equations (1)–(8),
provided that other parameters are held constant. Maximum "
appears insensitive to nsw because peak Ee varies inversely
with nsw and the effects of the two terms nearly cancel each
other.
[65] 6. In the open R1 at 12–16 MLT, an increase in Vsw

increases J//, maximum peak Ee (or D�//), and maximum "
due to an increase of the velocity shear at the magnetopause
boundary, which leads to higher electric potential drop
across the boundary.
[66] 7. It is appropriate to discuss the 12–16 MLT R1 J//

responses to nsw and Vsw using the linearized Knight relation
[Knight, 1973; Lyons et al., 1979] because the currents flow

upward and SW electrons provide the current carriers.
Interestingly, morning R1 at 9–10 MLT, which flows
downward, exhibits the same responses.
[67] 8. In the open region, the response of J// toVsw is higher

for southward than for northward IMF. This can be attributed
to the higher velocity shear at the magnetopause due to the
higher sunward convection within the magnetosphere for
southward IMF [e.g., Ruohoniemi and Greenwald, 1996;
Weimer, 1995; Papitashvili et al., 1994].
[68] 9. Both R1 and R2 J// increase with increasing SW

dynamic pressure and merging rate, but the biggest differ-
ences between the two effects can be found in the closed R1
near dawn and dusk. At these local times, R1 J// is more
sensitive to merging rate than to SW dynamic pressure.
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