ARTICLE IN PRESS

Journal of Atmospheric and Solar-Terrestrial Physics 70 (2008) 564–573
www.elsevier.com/locate/jastp

An effort to derive an empirically based, inner-magnetospheric
electric ﬁeld model: Merging Cluster EDI and EFW data
P.A. Puhl-Quinna,, H. Matsuia, V.K. Jordanovab,
Y. Khotyaintsevc, P.-A. Lindqvistd
a

Space Science Center, University of New Hamsphire, Durham, NH 03824, USA
b
Los Alamos National Laboratory, Los Alamos, NM 87545, USA
c
Swedish Institute of Space Physics, SE-751 21 Uppsala, Sweden
d
Royal Institute of Technology, SE-100 44 Stockholm, Sweden
Accepted 27 August 2007
Available online 5 October 2007

Abstract
A key ingredient for modelling many inner-magnetospheric processes is the realistic representation of the spatiotemporal dynamics of the inner-magnetospheric electric ﬁeld, or, IMEF. The Cluster Mission provides a unique
opportunity to construct an IMEF model using electric ﬁeld measurements from both the electron drift instrument (EDI)
and the electric ﬁelds and waves instrument (EFW). A superset of IMEF data is formed by merging EDI and EFW data.
Challenges presented by the merging process include the handling of compromised perpendicular electric ﬁeld ðE? Þ
calculations, electric ﬁeld offsets, scaling problems, and spurious ﬁelds. The present goal is to produce the highest quality
merged IMEF data set possible which is minimally affected by these issues. Preliminary investigation of the merging
process on Cluster 1 for the years 2001–2003 has revealed that merging is a worthwhile exercise. The data sets are shown to
be complementary, and the IMEF merged data set is superior to either data set alone in terms of improved spatial
coverage, and coverage of a wider range of geomagnetic activity levels. Preliminary use of the merged IMEF data set to
construct a parameterized, equatorial, electric ﬁeld model for the inner magnetosphere, the UNH-IMEF model, is also
presented. The electric ﬁeld morphology produced by this preliminary version of the UNH-IMEF model shows the
expected sensitivity to IMF orientation.
r 2007 Elsevier Ltd. All rights reserved.
PACS: 94.30.cb; 94.20.Ss; 94.30.cs; 94.80.+g
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The inner-magnetospheric electric ﬁeld (IMEF)
strongly controls the morphology and dynamics
of the ring-current (e.g., Wygant et al., 1998;
Jordanova et al., 2003, 2006) and plasmasphere
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(e.g., Carpenter et al., 1993; Goldstein et al., 2003;
Darrouzet et al., 2004; Liemohn et al., 2004). The
IMEF formation and dynamics in turn are controlled by magnetospheric coupling to both the
solar wind and the ionosphere. One of the simplest
representations of the IMEF is the superposition of
a constant, global, cross-tail merging electric ﬁeld
(due to solar wind driving), and the corotation
electric ﬁeld. Complicating this simple picture are
the time-dependent nature of the driving ﬁeld due to
its dependence on solar wind velocity and the
interplanetary magnetic ﬁeld (IMF), the fact that
the inner magnetosphere acts to ‘‘shield’’ itself from
this driving ﬁeld (e.g., Vasyliunas, 1970) and also
responds sensitively to abrupt changes in the driving
ﬁeld (leading to ‘‘overshielding’’ and ‘‘undershielding’’ situations which can be associated with
penetration electric ﬁelds, e.g., Huang et al., 2006),
and that other meso-scale electric ﬁeld structures
associated with the formation of an asymmetric ring
current (in particular, sub-auroral polarization
streams (SAPS) and related sub-auroral ion drift
(SAID), e.g., Galperin et al., 1974; Spiro et al., 1979;
Foster and Burke, 2002; Goldstein et al., 2005;
Puhl-Quinn et al., 2007) are set up during geomagnetically active periods. Ultimately, the most
accurate IMEF description must produce the
requisite charged particle dynamics of the inner
magnetosphere which can occur over a broad range
of temporal and spatial scales. These issues are
addressed in much greater depth by the IMEF
numerical experiments of Garner (2003), and
Liemohn et al. (2006).
The IMEF description has been undertaken by
several studies. They include both magnetospheric
and ‘‘mapped’’ ionospheric representations. By
‘‘mapped’’, we mean the mapping of ionospheric
electric potential patterns to the SM equatorial
plane assuming equipotential ﬁeld lines, and using a
parameterized magnetic ﬁeld model, such as that of
Tsyganenko (2002). Magnetospheric representations include those of Volland (1973) and Stern
(1975) (V–S) and the E5D model of McIlwain
(1986). Ionospheric representations include the
assimilative mapping of ionospheric electrodynamics (AMIE) model (Richmond and Kamide,
1988) and the ionospheric potential models
of Weimer (1996, 2001) (hereafter referred to as
W96 and W01, respectively). There are, of course,
several other published electric potential/ﬁeld descriptions (e.g., Baumjohann and Haerendel, 1985;
Papitashvili et al., 1994; Papitashvili and Rich,
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2002; Haaland et al., 2007). We focus, however, on
V–S, E5D and W96/01 because of their relatively
wide use and recent assessment in the inner
magnetosphere.
The V–S model is a semi-empirical, analytic
expression for the global, scalar electric potential
of the Earth’s inner magnetosphere. The electric
ﬁeld is constructed as the superposition of a
‘‘shielded’’ cross-tail electric ﬁeld (convection) with
a corotation electric ﬁeld. The V–S electric convection potential was originally written as a function of
the cross-polar cap potential. Subsequent parameterization by the Kp index was derived by Maynard
and Chen (1975) using Ogo 3 and 5 midnight
plasmapause observations. An optimal shielding
parameter of  2 was empirically found by several
studies (for a more recent discussion, see Korth
et al., 1999). The E5D model is an analytic
representation of the magnetospheric electric ﬁeld
which was constructed using particle measurements
on the ATS-5 satellite at geosynchronous orbit.
It is also geomagnetic activity level dependent,
and has a shielding function. The Kp-dependence of
the E5D model originally prescribed was found
to be unrealistic and subsequently modiﬁed by
Liemohn et al. (2001). The AMIE procedure is the
synthesis of data from several different sources
(including magnetic perturbations at ground and
satellite heights, electric ﬁelds from radars and
satellites and electric currents from radars) in order
to produce ionospheric electric potential patterns.
The mapping of AMIE convection electric potentials (MACEP) to generate inner-magnetospheric
equatorial convection potentials, as well as the
inclusion within the AMIE/MACEP framework of
an asymmetric ring current driven penetration
electric ﬁeld (Ridley and Liemohn, 2002) was
developed by Boonsiriseth et al. (2001). The W96/
W01 models are empirical, high-latitude, ionospheric electric potential models constructed using
Dynamics Explorer-2 satellite vector electric ﬁeld
instrument (VEFI) data. W96 is parameterized by
IMF, solar wind velocity, and dipole tilt angle. W01
is an improved version of W96 in which a substorm
component is added by allowing optional parameterization by the AL index.
Several metrics have been designed to assess an
IMEF model’s ability to realistically control charged
particle dynamics of inner-magnetospheric systems.
Models describing inner-magnetospheric particle
transport and energization are often developed such
that an arbitrary IMEF description can be used as
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a driver. The strengths and weaknesses of various
IMEF models can then be assessed. The IMEF
models described above have received mixed reviews. For example, Jordanova et al. (2003) used
both V–S and MACEP to drive the ring current–
atmosphere interaction model (RAM) to study
storm-time ring current evolution. They found that
the MACEP model outperformed the V–S model,
especially during the storm’s main phase, because of
its higher spatial and temporal resolution. Liemohn
et al. (2004) used modiﬁed E5D, mapped W96 and a
self-consistent IMEF description to drive a version
of RAM coupled to the dynamic global core plasma
model (DGCPM) to study plasmapause shape
during the storm-time recovery phase. They found
the self-consistent model to be the best choice,
followed by W96 and then E5D. Friedel et al. (2001)
and Korth et al. (1999) both used activity-dependent
V–S to derive theoretical ion and electron Alfvén
boundary layer locations and compare them to
statistical locations derived from in situ satellite
data. They found that in terms of average, global
transport, over a wide range of geomagnetic activity,
the V–S model did exceptionally well. And ﬁnally,
Angelopoulos et al. (2002) examined the sensitivity
of storm-time ion phase space modelling to the
IMEF description by using V–S, W96, W01 and
event-speciﬁc, modiﬁed Weimer models. They found
that none of the models could alleviate signiﬁcant
model/data differences, and proposed that inductive
electric ﬁelds and/or nighside injections are likely to
improve the situation.
This study is unique in that it introduces the
development of an empirically based, parameterized
IMEF model, hereafter referred to as the UNHIMEF model, using near-equatorial electric ﬁeld
measurements in the 4oLo10 range from the
Cluster data set which spans 2001-present. Past
efforts to characterize the dynamics of the IMEF
from in situ data reveal important information, but
generally have a smaller scope. Electric ﬁeld
measured by ISEE 1 is limited inside the plasmasphere (Maynard et al., 1983). Electric ﬁeld measurement by CRRES consists of 14 months
(Rowland and Wygant, 1998). Their statistical
electric ﬁeld pattern has limited coverage in
magnetic local time, although reliable electric ﬁelds
are obtained outside the plasmasphere.
Preliminary groundwork for the UNH-IMEF
model is found in the work of Matsui et al. (2003,
2004). In these initial investigations, data from the
Cluster electron drift instrument (EDI) (Paschmann

et al., 2001) were used to construct inner-magnetospheric potential maps. As EDI measures the drift
step of artiﬁcially emitted electrons whose gyroradii are much larger than the size of the spacecraft,
the electric ﬁeld calculated is not affected by
photoelectrons around the spacecraft. However, as
discussed in the following section, the electron
beams do not always come back to the detectors,
causing data gaps. In this study, we have included
electric ﬁeld data from the Cluster electric ﬁelds and
waves (EFW) experiment (Gustafsson et al., 2001)
in order to compensate for these gaps. The purpose
of this paper is to report on a preliminary IMEF
data merging study using Cluster 1 EDI and EFW
data from 2001–2003, and also report on a
preliminary version of the UNH-IMEF model
which uses this merged data set.
2. Merging EDI and EFW data
There are two instruments for measuring the
electric ﬁeld on Cluster: EDI and EFW. As
mentioned above, EDI utilizes the electron gun
technique with electron beam energies of either 1 or
0.5 keV. EDI’s primary measurement is the drift
velocity of these electrons. The convection electric
ﬁeld, or, E? is then derived using drift velocity and
the magnetic ﬁeld measurements. The EDI data we
use is the 4-s resolution prime parameters. The other
instrument, EFW, operates two pairs of double
probes in the spin-plane. EFW’s primary measurement is the electric ﬁeld in the spin-plane of the
spacecraft. The spin-axis component is estimated by
assuming E  B ¼ 0. We use the EFW L3 data
product found at the Cluster Active Archive
(Lindqvist et al., 2006), which also has a 4-s
cadence.
The merging of the EDI and EFW E? data in the
inner magnetosphere is a useful exercise because of
the complementarity of the two data sets. As
mentioned above, E? is a derived parameter for
each of the instruments. Gaps in the E? data sets,
therefore, can result from factors other than
primary measurement failure. Table 1 lists reasons
for either non-existent (Reasons 0–1) or compromised (Reasons 2–5) E? data for each instrument.
These issues are described in detail in Eriksson et al.
(2006). We will brieﬂy describe these issues in the
context of the present inner-magnetospheric study.
Neither instrument operates 100% of the time in
science mode. As for primary measurement failure,
EDI is sensitive to large 0.5–1 keV background
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Table 1
Reasons for either non-existent or compromised E? data
EDI

EFW

(0) Non-science operating mode

(0) Non-science operating
mode
(1) Measurement failure
(2) Sub-optimal analysis
conditions
(e.g., ‘‘alpha-angle’’
problem)
(3) Photoemission
asymmetry
(4) Partial shielding

(1) Measurement failure due to:
High keV e ﬂux
High E variance
High B variance
(2) Sub-optimal analysis
conditions
(e.g., poor triangulation result)

(5) Spurious ﬁelds

electron ﬂuxes that can overwhelm the signal from
its returning electron beam. In addition, electromagnetic ﬁeld temporal variations with frequencies
much higher than the spin frequency of the spacecraft can overwhelm the beam tracking mechanism
(Quinn et al., 2001). Concerning spin resolution
data (4-s cadence), this can result in data dropout
(i.e., no measurements returned during an entire
spin), or compromised E? calculation because of
either too few measurements within the spin and/or
measurements with such great temporal variability
that the assumption of electromagnetic ﬁeld stability within the spin period is invalid. This is referred
to in the table as ‘‘poor triangulation result’’. For
EFW, the use of the E  B ¼ 0 assumption leads to a
major analysis hurdle when the magnetic ﬁeld
orientation lies close to the spin-plane. This is
referred to as the ‘‘alpha-angle’’ problem. It leads to
a compromised E? calculation because the denominator (and also possibly the numerator) in the
expression for the spin-axis component of the
electric ﬁeld goes to zero. We have tried to minimize
the amount of compromised EDI and EFW E? data
by only using the highest quality triangulation
results from EDI and by limiting the use of EFW
data to those data where the magnetic ﬁeld is
oriented greater than 15 from the spin-plane.
Three other reasons for compromised EFW E?
data listed in Table 1 are those which do not affect
EDI data. An asymmetric photoelectron cloud
produces a close-to-constant sunward offset ﬁeld.
Partial shielding, or, the Fahleson effect, results
from the effective antenna length being slightly
shorter than the physical probe separation (Pedersen
et al., 1984). And ﬁnally, spurious ﬁelds due to, for
instance, electrostatic wakes created by supersonic
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ion ﬂows in a tenuous plasma, contaminate the
measurement of the ambient electric ﬁeld (Eriksson
et al., 2006; Engwall et al., 2006).
EDI and EFW E? data are complementary so
that a merged data set will have better coverage. It is
often the case that when one experiment fails to
produce a viable E? calculation, the other experiment is successful. Fig. 1 illustrates three case
studies that illustrate this point. The electric ﬁeld
component in the X-DSI (despun-satellite-inverted,
which is approximately GSE) direction is shown for
the perigee passes of 20011002, 20020418 and
20010704 (top to bottom). EDI data are plotted in
black, while EFW is plotted in red. The shaded
regions are where B is within 15 of the spin-plane.
Therefore, no EFW data are shown for these shaded
regions since it is excluded from the merging
process.
The top panel illustrates that EDI compensates
for EFW’s ‘‘alpha-angle’’ problem on both sides of
the magnetic equator, whereas EFW compensates
for EDI’s high keV e-ﬂux problem near the
magnetic equator. The middle panel, 20020418,
shows that EDI data are almost completely absent
during this pass because of high geomagnetic
activity levels, while EFW is successful and showing
strong variations. The Dst-index shows a medium
storm commencing the previous day on 20020417 at
12:00UT; at the time of the Cluster observations,
Dst averages 115 nT and is within a local
minimum. The bottom panel shows how again,
EDI compensates for the ‘‘alpha-angle’’ problem,
and also shows how spurious ﬁelds near the
magnetic equator contaminate the EFW measurement. The spurious ﬁelds are discussed later in this
section. We focus now on the complementarity of
the two data sets.
After examining the data from 2001 to 2003, it
was found that one of the main strengths of the EDI
data set in terms of complementarity is its insensitivity to the ‘‘alpha-angle’’ problem, as illustrated in
Fig. 1. Statistically, Fig. 2 illustrates how often we
have the ‘‘alpha-angle’’ problem at Cluster in the
inner magnetosphere. Plotted is the percentage of
time the ‘‘alpha-angle’’ problem is encountered in
the inner magnetosphere as a function of magnetic
latitude and magnetic local time sector. The data
were compiled using Cluster 1 magnetic ﬁeld and
spin-axis orientation data that lies within 2 h of the
crossing of the magnetic equator near perigee for
the years 2001–2003. The data were then binned in
5 magnetic latitude bins, and 6-h MLT bins
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Fig. 1. Three case studies illustrating the complementarity of Cluster EDI (black) and EFW (red) data in the inner magnetosphere. The
electric ﬁeld component in the X-DSI (despun-satellite-inverted, which is approximately GSE) direction is shown for the perigee passes
(a) 20011002, SC 1, MLAT¼0 at 22:17:30 UT; (b) 20020418, SC 2, MLAT¼0 at 08:50:30 UT; and (c) 20010704, SC 1, MLAT¼0 at
11:33:30 UT. The data are plotted as a function of time in units of ‘‘hours since the crossing of the magnetic equator.’’ The shaded regions
are where B is within 15 of the spin-plane.

centered on midnight (blue), dawn (red), noon
(orange) and dusk (green). This ﬁgure shows that
the ‘‘alpha-angle’’ problem occurrence rate peaks at
magnetic latitudes in the range of  35 to 25
(þ35 to þ40) degrees in the southern (northern)
hemisphere for all MLT sectors, and that the peak
occurence values approach 90%. Although the EDI
performance during all ‘‘alpha-angle’’ affected
periods is not presented, it is assumed that EDI’s
contribution to a merged data set for these periods
would be signiﬁcant since the EFW E? data are
compromised during these times.
The EFW data set is quite complementary to the
EDI data set since it has better 5-min averaged data
statistics at larger levels of geomagnetic activity
than EDI. (Note: 5-min averages are used in the
construction of the UNH-IMEF model.) Fig. 1b
illustrated this point, as described above. Fig. 3
shows statistically the amount of E? data in the
inner magnetosphere for Cluster EDI and EFW as a
function of Kp, which is an indicator of geomagnetic
activity level. The top panel shows the number of
5-min averaged data points as a function of Kp for
EDI (dashed) and EFW (solid) data. The bottom

panel shows the number of 4-sec data points
comprising each 5-min averaged data point as a
function of Kp for EDI (dashed) and EFW (solid).
If there are no data gaps in the 4-s data, each 5-min
averaged point would be constructed from 75 4-s
data points. This ﬁgure illustrates that while EDI
and EFW have the same number of 5-min averaged
data points (top panel), the number of 4-s data
comprising those averages is much less for EDI at
larger values of Kp (bottom panel). Therefore, we
can assume that for larger Kp values, the 5-min
cadence merged data are more statistically robust.
A by-product of the merging process is the
comparison study of temporally simultaneous EDI
and EFW E? data. This is quite useful for the
study of offsets, scaling and spurious ﬁelds. A study
of constant offset and scaling has not been
completed at this time. Regarding spurious ﬁelds,
EDI and EFW data have been compared previously
to diagnose spurious ﬁelds found in the polar
cap (Eriksson et al., 2006) and magnetotail lobe
(Engwall et al., 2006) regions. Our investigation
concerns spurious ﬁelds found in the inner magnetosphere, like those shown in Fig. 1c). Signiﬁcant
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Fig. 2. Diagnosing the ‘‘alpha-angle’’ problem in the inner
magnetosphere. Plotted is the percentage of time the ‘‘alphaangle’’ problem is encountered in the inner magnetosphere as a
function of magnetic latitude and magnetic local time sector. The
data were compiled using actual Cluster 1 magnetic ﬁeld and
spin-axis orientation data that lies within 2 h of the crossing of
the magnetic equator near perigee for the years 2001–2003. The
data were binned in 5 magnetic latitude bins, and 6-h MLT bins
centered on midnight (blue), dawn (red), noon (orange) and dusk
(green).

differences in the electric ﬁelds ðX2 mV=mÞ measured by EFW and EDI have been found for several
perigee passes, when the spacecraft potential was
getting close to zero ðp0:8 VÞ. Preliminary investigation shows that the error resides in the EFW
measurements and the spurious ﬁeld can be
reconstructed using the EDI and magnetic ﬁeld
data. Modeling shows that the spurious ﬁeld has a
general dependence on the spacecraft potential and
has the following major components: (1) Sun
directed, (2) magnetic ﬁeld aligned, (3) spacecraft
velocity aligned, and (4) plasma convection aligned.
(1) and (2) are related to the photoelectron cloud
asymmetry, while (3) and (4) are related to wakes
created by fast spacecraft motion and/or plasma
convection. Further work is necessary to estimate
the relative importance of these components and to
estimate the feasibility for automatic detection and
correction of such errors in the EFW data.
A simple merging algorithm has been applied to
Cluster 1 EDI and EFW data for the years
2001–2003. EDI data are favored over EFW data
at those times when both return an E? calculation.

Fig. 3. The Kp dependence of the amount of E? data in the inner
magnetosphere for Cluster EDI and EFW. The top panel shows
the number of 5-min averaged data points as a function of Kp for
EDI (dashed) and EFW (solid) data. The bottom panel shows the
number of 4-s data points comprising each 5-min averaged data
point as a function of Kp for EDI (dashed) and EFW (solid). If
there are no data gaps in the 4-s data, each 5-min averaged point
would be constructed from seventy ﬁve 4-s data points.

Care has been taken to account for spurious ﬁelds in
the EFW data set, especially when no EDI data are
available. Fig. 4 illustrates the improvement in data
coverage achieved through merging the EDI and
EFW data sets in the inner magnetosphere as a
function of MLT. Notice that the MLT of perigee
corresponds to a particular month, denoted underneath the MLT values. Again, the inner-magnetospheric data are deﬁned to be that data which is
within 2 h of the magnetic equator crossing near
perigee. This ﬁgure shows that inner-magnetospheric (IM) data coverage is improved by an
overall factor of  2.
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Fig. 4. Improved data coverage achieved through merging the
EDI and EFW data sets in the inner magnetosphere (IM) as a
function of MLT. The MLT of perigee corresponds to a
particular month, denoted underneath the MLT values. Data
coverage using only EDI data is plotted in black, and the
coverage using the merged data ðEDI þ EFWÞ is plotted in
magenta. The IM data are deﬁned to be that which is within 2 h
of the magnetic equator crossing near perigee.

3. Global convection patterns using the merged data
set
The merged IMEF data set is used to construct a
preliminary version of the UNH-IMEF model. This
section shows how the UNH-IMEF average electric
ﬁeld patterns are organized by the polarity of the
Z-component of the interplanetary magnetic ﬁeld
(IMF Bz ). This is a natural choice for an initial
parameterization study due to the well-established
link between southward IMF (i.e., Bz o0) and
increased geomagnetic activity level (e.g., Burton
et al., 1975; Gonzalez et al., 1994). The same type of
statistics were performed using only EDI data by
Matsui et al. (2003). The average electric ﬁelds
are calculated between L ¼ 4 and 10 in all MLT
ranges after mapping to the equatorial plane in
SM coordinates by using the Tsyganenko model
(Tsyganenko, 2002). The interplanetary parameters
with a proper propagation delay are taken from
ACE (Smith et al., 1998; McComas et al., 1998).
The calculated patterns using Cluster 1 merged
EDI/EFW IMEF data, from 2001 to 2003, are

shown in the frame corotating with the Earth in
Fig. 5. Plotted are convection direction vectors
whose length corresponds to the magnitude of the
electric ﬁeld. From left to right are patterns
calculated for IMF Bz 40, 5oBz o0, and
Bz o  5 nT, which we will refer to as P1, P2 and
P3, respectively. The total amount of Cluster 1
merged IMEF data in this time period is  495 h
worth (i.e., 445,500 4-s resolution data points). The
amount of data comprising patterns (P1, P2, P3) are
(275, 195, 25) h. The IMF Bz average values and
standard deviations for (P1,P2,P3) are (2:5  2:8,
1:8  1:3, 7:5  2:7) nT. The amount of time
the Dst-index is less than 100 nT for (P1, P2, P3)
is (0, 0.75, 5) h. The global estimates for electric
ﬁeld standard deviation for (P1, P2, P3) are
(0.8, 1.0, 1.0) mV/m. Two contributing factors for
these estimates are measurement errors and natural
waves such as ULF waves. The measurement errors
are considered random errors and can be eliminated
by the increasing number of data (Matsui et al.,
2004). Natural waves have often large amplitudes
and are known to be comparable to the average
electric ﬁelds (Matsui et al., 2003). This is reserved
for further studies.
The P1 and P2 patterns have basically the same
characteristics as those previously calculated using
EDI data alone: stronger convection, especially on
the dusk-side, occurs for a more southward IMF
orientation, indicating that the merging potential
from interplanetary space depends on the polarity
of IMF Bz . Nevertheless, these new patterns are
statistically more robust because of the aforementioned improved coverage of the new merged data
set. There is also a large asymmetry of the
magnitude between dawnside and duskside, possibly
caused by the asymmetry of the ionospheric
conductivity (Wolf, 1970). The convection strength
is even larger for P3, as expected, although spatial
coverage has become an issue due to fewer data
points for this IMF Bz range. For P3, the coverage
tends to be worse around 3 and 15 MLT,
possibly due to the Russell–McPherron (RM) effect
(e.g., Kamide et al., 1998). For the Cluster perigee
data set, these values of MLT correspond roughly
to winter and summer, whereas the RM effect
predicts higher geomagnetic activity levels in spring
and fall. We cannot make a deﬁnite statement at
this time as to what extent the RM effect is present
in the Cluster IMEF data set, since the patterns
constructed to-date use data from only one spacecraft, and span only 3 years. This will be, however,
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Fig. 5. Electric ﬁeld magnitude and convection direction in the X 2Y plane. The length of the vector corresponds to the magnitude of the
electric ﬁeld. The scaling is denoted in the upper right-hand corner. The direction of the plotted vector is that of convection, so that the
direction of the electric ﬁeld is obtained by rotating 90 . in a counterclockwise direction. Merged EDI/EFW IMEF data from Cluster 1
from 2001–2003 were used to construct these patterns. The data have been sorted by the IMF orientation. From left to right are patterns
calculated for IMF Bz 40, 5oBz o0, and Bz o  5 nT.

a future topic of study as we reﬁne and extend the
merged data set.
A parameterization by solar wind speed, V sw , was
also performed (not shown). The data were sorted
according to V sw o480 and V sw 4480 km=s (patterns P1v and P2v, respectively). The convection
differences between P1v and P2v were similar to
those found between P1 and P2. This could be
reﬂecting the fact that V sw magnitude is known to
correlate with southward IMF Bz strength within
magnetic clouds (e.g., Gonzalez et al., 1998). It
could also be a simple reﬂection of the interplanetary electric ﬁeld’s dependence on V sw .
4. Summary
Knowledge of the spatio-temporal dynamics of
the IMEF is key to the modelling of many innermagnetospheric processes. Construction of a parameterized IMEF model from Cluster EDI and
EFW data, the UNH-IMEF model, is being undertaken. The ﬁrst step has been to merge EDI and
EFW E? data to create a superset. The E? data
superset is superior to either data set alone, because
the EDI and EFW data are complementary.
Compromised and/or non-existent E? data are
features of both data sets. It was shown that it is
often the case that failure to produce viable E? data
on one instrument is often compensated for by the
other instrument. One of the major strengths of EDI
in terms of complementarity is its insensitivity to the

‘‘alpha-angle’’ problem, whereas EFW is more
successful during periods of high geomagnetic
activity levels. For Cluster 1 data from 2001 to
2003, it is shown that spatial data coverage
improved by a factor of 2 after merging. Coverage
in terms of geomagnetic activity levels also improved given the fact that EFW is better able to
measure the turbulent ﬁelds found during storms
and substorms. A byproduct of the merging process
is the study of spurious ﬁelds at perigee when EDI
and EFW have temporally simultaneous measurements. These spurious ﬁelds, which occur often, can
exceed 2 mV/m and appear to be a function of
spacecraft potential, and possibly caused by a
combination of photoemission asymmetry and
wakes. Their study is an ongoing investigation.
Ultimately, a merged IMEF data set using Clusters
1, 2, 3 and 4 data, from the years 2001 present will
be constructed that is minimally affected by
compromised E? data, offsets, scaling problems
and spurious ﬁelds. This superset will be used in the
construction of the UNH-IMEF model. The UNHIMEF model will be an improvement over previous
work done using only EDI data (Matsui et al., 2003,
2004) because of better spatial data coverage and an
increased coverage of a wider range of geomagnetic
activity levels. A preliminary version of the UNHIMEF model shows the expected electric ﬁeld
morphology’s sensitivity to IMF orientation and
solar wind speed. The UNH-IMEF model will
ultimately undergo further development (as the
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merged IMEF data set is improved and augmented),
and be used in a future study to drive the RAM ring
current simulation.
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