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Abstract We review the range of applications and use of the curlometer, initially developed to analyze
Cluster multi-spacecraft magnetic field data; but more recently adapted to other arrays of spacecraft flying

in formation, such as MMS small-scale, 4-spacecraft configurations; THEMIS close constellations of 3-5
spacecraft, and Swarm 2-3 spacecraft configurations. Although magnetic gradients require knowledge of
spacecraft separations and the magnetic field, the structure of the electric current density (for example, its
relative spatial scale), and any temporal evolution, limits measurement accuracy. Nevertheless, in many
magnetospheric regions the curlometer is reliable (within certain limits), particularly under conditions of time
stationarity, or with supporting information on morphology (for example, when the geometry of the large
scale structure is expected). A number of large-scale regions have been covered, such as: the cross-tail current
sheet, ring current, the current layer at the magnetopause and field-aligned currents. Transient and smaller
scale current structures (e.g., reconnected flux tube or dipolarisation fronts) and energy transfer processes.
The method is able to provide estimates of single components of the vector current density, even if there are
only two or three satellites flying in formation, within the current region, as can be the case when there is a
highly irregular spacecraft configuration. The computation of magnetic field gradients and topology in general
includes magnetic rotation analysis and various least squares approaches, as well as the curlometer, and indeed
the added inclusion of plasma measurements and the extension to larger arrays of spacecraft have recently been
considered.

Plain Language Summary This article is an account of the curlometer method which was designed
to estimate the electric current density from measurements of the magnetic field taken on board the four Cluster
II spacecraft. It has been used very extensively in many regions of the magnetosphere, and has been applied to
data from other spacecraft. The technique is robust and is known to be stable under certain conditions. It has
also been integrated into other techniques dealing with the geometry of the magnetic field and its gradients in
space.

1. Introduction

The successful launches of the four Cluster II spacecraft (Escoubet et al., 2001), which began full science op-
erations in eccentric polar orbits in February 2001, heralded a step change in the exploration and analysis of
the Earth's magnetosphere, magnetosheath and near-Earth upstream (solar wind) regions. For the first time 3-D
structure and temporal evolution could be probed and partly separated through an evolving spatial array, which
allows spatial gradients (in particular) of key quantities to be analyzed. Such analysis was in fact long anticipat-
ed with a number of early designs of methods specifically for Cluster data: an ISSI working team producing the
first book on collected multi-spacecraft analysis techniques in 1998 (Paschmann & Daly, 1998). The left hand
side of Figure 1 shows that on the dayside the orbit began as a polar, asymmetric, inertial orbit (4 X 19.6 Ry,), but
later fuel conservation and correction manoeuvres resulted in a modified orbit with the inclination rolling over
and a changing apogee height and position. Cluster maintained a phased configuration for much of its operating
life and remains the only space physics mission to do this with fully four-point coverage on such a large range
of spatial scales, spanning two solar cycles. The right hand side of Figure 1 shows the spacecraft separation for
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Figure 1. Dayside Cluster orbit evolution, predicted to 2025, and configuration strategy to the end of 2020 (from Escoubet et al., this issue).

the whole mission. For the early mission, a close, four-spacecraft array was maintained on an average spatial
scale, which was changed through manoeuvres at the start of each mission phase. The spacecraft constellation
evolved around the orbit, repeating every orbit within each phase between manoeuvres. Subsequently, in the
later mission, more complex (multi-scale) operations were achieved in which two spacecraft had much smaller
separation distances than the others (right hand of Figure 1). Nevertheless, all spacecraft have flown in forma-
tion throughout the mission. Currently, Cluster is entering its 21st year of full science operations.

As a result of this unprecedented data coverage of the magnetosphere, the wide range of analysis techniques
have been continuously developed and applied in different ways to determine key quantities and investigate a
large number of phenomena. An update on the application of these multi-spacecraft methods was documented in
Paschmann and Daly (2008), and here we focus on magnetic gradients and specifically magnetic currents (e.g.,
Dunlop & Eastwood, 2008; Shen & Dunlop, 2008; Vogt et al., 2008). Below, we review the use of the curlometer
method, in particular, covering its later adaptation to other recent missions (notably MMS, THEMIS and Swarm).
The Magnetospheric Multi-Scale (MMS) mission is particularly notable since it follows Cluster in maintaining
a close configuration for much of its orbit (Burch, Moore, et al., 2016), but on much smaller separation scales
(a few km), while THEMIS has achieved a 3-spacecraft configuration (of the magnetospheric spacecraft) in its
extended operations (Angelopoulos, 2008) and Swarm achieved 2 and 3 spacecraft formations at low Earth orbit
(LEO) polar altitudes (Friis-Christensen et al., 2008) on meso-scales (~100 km).

2. The Curlometer and Basic Developments
2.1. Method

The basic method to derive the electric current density, along with its various adaptions to different regions and
conditions, has been reviewed in a number of past and recent papers. The standard application and early results of
the curlometer based on Cluster was reviewed by Dunlop and Eastwood (2008), together with other Cluster based
multi-spacecraft techniques, and this was followed by reviews of its adaptation in the ionospheric context (LEO)
by Dunlop et al. (2020) and Trenchi et al. (2020) (and others in the ISSI book on ionospheric multi-spacecraft
data analysis tools Dunlop and Liiehr (2020); as well as recently by Dunlop et al. (2018, 2021). Method imple-
mentations are in the Cluster Science archive (http://www.cosmos.esa.int/web/csa/software and see the technical
note by Middleton and Masson (2016), and can be obtained ready to use.

The calculation uses four spatial positions in a non-planar configuration to make a linear estimate of the electric
current density from Ampére's law, that is, p,J = curl(B), in regions of high electrical conductivity where the
displacement current (p,e,0E/dt) can be neglected (Russell et al., 2016), where B and E are the magnetic and
electric fields and J is the current density. This curlometer technique (Dunlop et al., 1988; Robert et al., 1998),
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Figure 2. The curlometer concept (after Dunlop et al., 1988; top left); a configuration of the three THEMIS spacecraft in the ring current (from Yang et al., 2016, top
right); a configuration of the three Swarm spacecraft (A, B, C) with adjacent positions (A’, C’) from a few seconds earlier (lower left), and a schematic showing some of
the large-scale magnetospheric currents around the Earth (adapted from Kivelson & Russell, 1995, lower right).

therefore provides a rugged and simple formalism for the 3-D vector estimate of current density for a configu-
ration of four spacecraft, that is, ;40<J>.(ARiAARj) = ABi.ARj - ABj.ARl., where AB, AR, are the differences in the
measured magnetic field and positions (i,j) to a reference spacecraft. The top left panel of Figure 2 represents the
current density normal to each face of the spacecraft tetrahedron (the terms on the left hand side of the equation).
In fact the fourth normal component is redundant and can be used to check stability of the estimate (Dunlop
et al., 2018, 2020), by rotating the faces used to estimated J. (Note: this is particularly useful for highly irregular
spacecraft configurations when the parameter Q is less useful as an quality indicator; see below).

Clearly, three of the spacecraft provide one component of J normal to that face of the tetrahedron and for very
irregular spacecraft separations the relative alignment of the spacecraft configuration to the local field geometry
is important, so that often only one face provides an accurate determination of the J component normal to that
face (see also the note in Section 3.3 and the methodology in Shen, Rong, Dunlop, Ma, et al., 2012; Shen, Rong
& Dunlop, 2012; Vogt et al., 2009). This partial estimate can still provide useful information when the large-scale
current orientation is known, such as for field-aligned currents (Marchaudon et al., 2009), for example, and in
the case of the in situ ring current (or the other large scale current systems shown in the lower right panel of Fig-
ure 2); as has been used to calculate ring current density primarily along the azimuthal component. With Cluster
J components along the azimuth direction can be separated from the other components (Zhang et al., 2011), while
with configurations of the three magnetospheric THEMIS spacecraft in the ring current (Yang et al., 2016), as
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shown in the top right panel of Figure 2, the current density normal to the THEMIS plane can be projected into J »
direction as shown. Swarm close configurations can also be used for partial current estimates. Where assumptions
in the behavior of the currents can be made (e.g., the stationarity of the magnetic field, field-aligned or force-free
structures), the curlometer can be generalized to extend the multi-point sampling using positions of the spacecraft
at different times (Dunlop, Yang, Yang, Xiong, et al., 2015; Shen, Rong & Dunlop 2012; Ritter & Liihr, 2013;
Vogt et al., 2013; and references in Dunlop & Liihr, 2020). Figure 2 (lower left) illustrates the adaption in Dunlop,
Yang, Yang, Liihr, et al. (2015), where adjacent positions in time of the Swarm A, C satellites (A’, C’) are used to
form at least four points in space, but at different times (limiting the useful cadence of the currents to the convec-
tion time across the array). The Swarm A, C pair fly side by side in near circular, polar orbits (~500 km altitude)
for most of the mission (i.e., in the plane of the figure shown), while Swarm B flies at a slightly higher altitude (all
100-150 km apart). This means that time shifting A, C pair provides a non-planar configuration. In fact a series of
estimates can be found using different combinations of the five points (A, B, C, A’, C’), where ACA’C’ provides
a vertical (near FAC) component of J, while different four point selections (ABCA’, etc.) provide a series of com-
parative estimates of the full vector current. The configuration ABC is of course a single time position, but suffers
from the fact that the plane is not well aligned to the FACs. Changing the combinations allows slightly different
parts of the current structure to be sampled so that some of the temporal and spatial nature can be probed. Both
forward and backward time shifting can be applied.

Although robust, errors in the estimate arise from uncertainties in the magnetic field measurements, timing and
the spacecraft separation distances; as well as from the form (scale-size, orientation relative to the spacecraft
configuration) of the current structure (i.e., the neglect of nonlinear gradients in the calculation). For Cluster
separations, typically (>100 km), the dominant error is that arising from nonlinear gradients, although meas-
urement errors do contribute. Indeed, both Forsyth et al. (2011) and Runov et al. (2005) for example, have
examined the effect of the characteristic size of current systems on the curlometer estimate. The linear estimator
QO = IdivBl/Icurl(B)l, is useful as an indirect quality parameter (linked to the constellation shape and form of the
magnetic field (Robert et al., 1998 and see also Haaland, Sonnerup, Dunlop, Georgescu, et al., 2004) and has
been used extensively during Cluster studies (typically only to show when the curlometer estimate is likely to be
bad). The linear estimate of the average value of divB over the volume of the tetrahedron is an integral part of
the method and is given by <div(B)>IAR.AR,AR | = |zcyclicABi AR ARl e.g., <div(B)> (AR, AR AR, ) =

AB ;AR AR, + AB AR, AR, + AB, AR , AR ..

This quality parameter can only be used for the full combination of the four positions so that the 2 and 3 space-
craft estimates for components of J, described above, do not have an indication of Q. In addition, Q is found to
be unreliable if the spacecraft configuration is highly irregular and not well aligned to the background magnetic
field structure. The estimate of Q has also been used in qualification of the FOTE (First-Order Taylor Expansion)
method (Fu et al., 2015, 2016).

The effect of nonlinear gradients which are not associated with current density (first noted in Dunlop, Balogh,
Glassmeier, et al., 2002; Dunlop, Balogh, Cargill et al., 2002; while Grimald et al., 2012; considered this more
recently in the context of the ring current), can be minimized in the case of the Earth's magnetosphere by sub-
tracting the dipole (or IGRF) field (for which the model current is zero, but the field gradients are non-linear)
from the measured magnetic field to form magnetic residuals before applying the curlometer. This has been
useful in studies of the in situ ring current (Yang et al., 2016), where the effect of the form of the dipole becomes
significant, and the formation of magnetic residuals is normal practice in analysis of LEO data, particularly for
Swarm (Dunlop et al., 2020; Ritter & Liihr, 2013). For the smaller scale MMS constellations the current density
structure is usually well resolved, so measurement errors (in the magnetic field, spacecraft position and timing)
become more critical, and typically these affect the estimate below a threshold I/ (Dunlop et al., 2018). For the
small MMS tetrahedron scales (a few km), measurement uncertainty (~0.1 nT in B; ~100 m for R and millisecond
timing) drives the error unless the current density is greater than several nAm=2).

2.2. Early Demonstrations

Many papers have used this technique with Cluster data across regions of the magnetosphere and in support of
other derived quantities (see Section 5). Table 1 gives a summary of the values of current density typically found
previously in the Earth's environment. These are based on the average large-scale morphology and transient
structure typically found.
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Table 1

Typical Current Density Values (Modified From Dunlop et al., 2018)

Feature/Region Typical values for J

Magnetopause currents ~10 nA m~2 (Dunlop & Eastwood, 2008), to 100s nA m~2 (see e.g., Panov et al., 2008)

Currents in flux transfer events ~1 nA m~2 (Dunlop & Eastwood, 2008) up to 10 nA m~2 (Pu et al., 2005)

Current at the cusp boundaries ~20 nA m~? (Dunlop, Balogh, Glassmeier, et al., 2002; Dunlop, Balogh, Cargill

et al., 2002)

Field aligned currents (FAC) ~2 pA m=2 at 500 km altitude and ~20 nA m~2 at 2.5 R, altitude. (Dunlop et al., 2005)

Magnetotail current sheet up to ~30 nA m~2 (Runov et al., 2006)

Plasma sheet boundary layer ~10 nA m~2, (Nakamura et al., 2004)

Ring current 9-27 nA m~? at 4-4.5 R, (Zhang et al., 2011)

Solar wind current sheet ~10 nA m~2 (Eastwood et al., 2002)

Two key regions which lent themselves to the analysis most easily were the current sheets at the magnetotail and
magnetopause (MP), which were targeted in early Cluster operations with the most regular tetrahedral configura-
tions. Despite extensive studies the MP for decades, the four spacecraft Cluster mission made direct measurement
of the vector current density possible for the first time. The magnetopause boundary layer (MPBL), in particular,
was matched well to the spatial scale size in the initial mission phases (100-2,000 km spacecraft separation).
Figure 3 summarizes the results of Dunlop and Balogh (2005) and Haaland, Sonnerup, Dunlop, Georgescu,
et al., (2004). The top left figure shows that the J orientations lie predominantly in the MP plane during repeated
crossings resulting from motion (average speed ~25 km/s; with average thicknesses ~1,200 km) back and forth
arising from solar wind variations, usually in pressure (e.g., Sibeck et al., 1991). Typically, the Earth's magneto-
pause may vary in thickness from 100s of km (a few ion gyro radii) to 1000s of km (Berchem & Russell, 1982;
Paschmann, Halland, et al., 2005; Paschmann, Schwartz, et al., 2005; Panov et al., 2008), while corresponding
current densities vary from 10-100 nA/m? (high-intensity, small-scale sub-layers were not often resolved by
Cluster, as shown in Section 5). The signatures with different orientations outside the main MP crossing period
were identified as magnetosheath FTEs (see Section 4.2), where the current is along the mean reconnected flux
tube direction (also studied by Pu et al., 2005).

The combination of the curlometer and discontinuity analysis to obtain the boundary orientation and motion (see
Dunlop and Woodward, 1998; Dunlop, Balogh, Glassmeier, et al., 2002; Haaland, Sonnerup, Dunlop, Balogh,
et al., 2004) can confirm the MP thickness, relative to the scale of the configuration, and alignment of J in the
local MP plane, even in the presence of ripples on the MP boundary tied to the current density orientation (top
right). Broad scaling of the current density (ranging from 10-50 nAm~2) with MP thickness can be shown to
be crudely consistent with the effective Chapman-Ferraro current (AB/AD)/, as shown in the bottom left of
Figure 3. The cluster result tends to under estimate the current for higher J and thicker boundary layers (compared
to the separation).

The MP was also shown to be as thin as 200 km for some crossings (bottom right), where application of the
MVAIJ method (see also Xiao et al., 2004; who apply the method to FTE orientations) allows the orientation
of the current sheet to be better tied to J (minimum variance of J is used to obtain the orientation of a near 1D
current sheet, since div J = 0, when pJ = curl B). The velocity of the current sheet can also be obtained from the
relations given in Haaland, Sonnerup, Dunlop, Georgescu, et al. (2004) and the different estimates of orientation
all agree to within a few %.

2.3. Adaption to LEO Data: Use of Time Stationarity

Multi-point measurements suitable for the curlometer at low-Earth orbit (LEO) altitudes only became possible
after the launch of the three Swarm spacecraft in 2014. In fact, the curlometer can be generalized (using nearby
positions in time as indicated in Section 2.1) to provide estimates in this region (i.e., even when only 2 or 3
spacecraft are closely separated) under the assumptions that either the dominant currents are field-aligned in the
high ionosphere and thermosphere, or that the characteristic currents do not evolve on suitable, short time-scales
(Dunlop, Yang, Yang, Liihr, et al., 2015; Dunlop, Yang, Yang, Xiong, et al., 2015; Ritter & Liihr, 2006, 2013;
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Figure 3. (top left) Projected current density vectors from the Curlometer for the period of repeated MP traversals on the January 26, 2001, as Cluster moves outbound
through repeated in-out motions of the MP and into the magnetosheath. (top right) The MP current density, showing changes in orientation which follow the MP
orientation during a series of ripples or large scale boundary waves (lower panels are the value of Q and the multi-spacecraft magnetic field magnitude). (bottom left)
Comparison of the magnetopause current density estimated from an equivalent Chapman-Ferraro sheet to the curlometer for a range of crossings (from Dunlop &
Balogh, 2005). (bottom right) Plot of the multi-spacecraft plasma density, magnetic field and current density, with values of Q at the bottom, for a thin magnetopause
(on March 2, 2002), where the spacecraft separation was ~100 km. Estimated current densities reach 160 nAm~2 and calculated from MVAJ as extending over 200 km
(from Haaland, Sonnerup, Dunlop, Georgescu, et al., 2004).

references in Dunlop & Liihr, 2020). The subtraction of the main field components prior to the application of the
method is essential at LEO altitudes (400—600 km) since the Earth's internal field dominates (in the examples be-
low we subtract the Chaos model field (e.g., Olsen et al., 2014) to compute the magnetic residuals). Any time de-
pendence in the current signatures is usually assumed to be at higher frequencies than the typical convection time
of the currents across the spacecraft array. For Swarm configurations, the spacecraft separation is ~100-150 km
at mid to high latitudes, corresponding to a suitable time lag of ~10—1S5s, so that low pass filtering of the currents
is suitable to obtain consistent estimates. If the (field-aligned) current systems are highly time dependent (e.g., in
the case of ULF or Alfvén waves) then this filtered, multi-spacecraft estimate will be less meaningful; but in fact
high time dependence is usually associated with small scale currents, so that the individual spacecraft measured
field will typically be different at each spacecraft in those cases. The extended methodology is therefore useful
to map out the morphology and dynamics of the larger scale current systems, such as the region 1, region 2 and
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NBZ FAC systems (see reviews in Cao et al., 2010; McPherron et al., 1973; Shiokawa et al., 1998), and at least
can indicate the occurrence of smaller scale and time dependent structures.

Figure 2 (lower left) shows the configuration of the Swarm A, B, C spacecraft for an event considered in Dunlop,
Yang, Yang, Xiong et al. (2015), which in fact provided a close conjunction of Cluster and Swarm (as shown
in Figure 4) and produced a series of 2, 3 and 4 spacecraft estimates for the FACs sampled by Swarm. The
4-spacecraft combinations also allow calculation of Q, which has very low values (a few %) during the periods of
significant current density. Changing the choice of spacecraft positions can show how stable the current is, since
the mean times (the effective barycentre) of each set of four positions are all slightly different. We can compare
the field-aligned component obtained from the 4-point calculation to that of the normal component (from the
shifted AC pair), and also to the filtered single spacecraft FAC estimates from dB/dt (see Liihr et al., 2015), in
order to check the field-aligned signatures (as shown on the right of Figure 4). These comparisons show that the
FAC profiles obtained from the 4-point estimates match those from Cluster most closely (with suitable scaling).
The Cluster traces show the progressive approach to the highest MLAT values (dark blue portion of the lower
panels), where the Cluster tracks cross the local time of the Swarm orbit (within minutes of the Swarm pass). The
implication of the results is that structures on scales of 1-200 km (at LEO altitudes) are can be coherently mapped
between Cluster and Swarm altitudes.

An additional effect of applying the 4-point calculation is that any perpendicular components can be found. It
isn't clear whether at Swarm altitudes perpendicular current would be suppressed but estimates for this event
have shown stable signatures characteristic of associated hall signatures for wire model FACs (see, Gjerloev &
Hoffman, 2002; Liang & Liu, 2007; Ritter et al., 2004; Shore et al., 2013; Wang et al., 2006). Various closely
related methods using groupings of the spacecraft at the high latitude regions of LEO have been compared in an
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Figure 4. Conjunction of Cluster and Swarm, taken from (Dunlop, Yang, Yang, Xiong, et al., 2015), showing the orbits projected into Z,X ;,, (left panel). Model
geomagnetic field-lines are shown for guidance, while configurations of the Cluster spacecraft are plotted relative to the orbit track of C1 and are enlarged by a factor
of 3. Cluster moves from the dusk (front) side to high-latitudes (marked FAC) and then across the dawn side through the ring current. The Swarm orbit lies close to
Z,X ;s\ @nd the satellites pass under the Cluster orbit and across the polar cap in the minutes around the high-latitude position of Cluster (the inset shows zoomed
views of the Swarm configurations, enlarged by a factor of 5 relative to the orbit of Swarm A). The magnetic footprints of Cluster cut across those of the Swarm orbit
within minutes of Swarm passing over, where the Cluster track moves from lower latitudes though the expected R2 boundary into the auroral region and back to lower
latitudes. (right) Plot showing the Swarm and Cluster FACs as a function of MLAT. The top two panels show the estimates for the unfiltered and 20s filtered, single
spacecraft FACs (for Swarm A, B, C), while the middle panel shows the different Swarm multi-spacecraft estimates (the 4-point method is in red; the FAC projection
estimated from the ABC planar configuration is in blue, and the smooth black line is the level 2 duel spacecraft estimate). The bottom two panels show Cluster FACs
estimated for only the face perpendicular to the magnetic field, as well as for the full curlometer. The light blue trace corresponds to the times after the conjunction as
Cluster moves back to lower latitudes at different local times.
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assessment of key events by Trenchi et al. (2020). A time shifted configuration, tailored to the low latitude regions
covered by Swarm has also been applied to extract low latitude currents (Fillion et al., 2021).

3. Magnetic Field Gradients and Topology: Extraction of J

The magnetic field measurements on board multiple, formation flying spacecraft more generally allow both the
gradient and curvature terms in the dyadic of the magnetic field, B, to be linearly estimated (Chanteur, 1998;
Harvey, 1998a, 1998b; Shen & Dunlop, 2008; Shen, Rong, Dunlop, Ma, et al., 2012; Shen, Rong & Dunlop,
et al., 2012; Vogt et al., 2008), from which the current density can be extracted; usually employing a formalism
in barycentric coordinates (for J this is identical to the form in Section 2, but the error handling is slightly dif-
ferent). A full set of gradient terms can be obtained with an array of at least four spacecraft. Key formulations
of this methodology are magnetic curvature and rotation analysis (Shen et al., 2007, Shen, Rong, Dunlop, Ma,
et al., 2012; Shen, Rong & Dunlop, et al., 2012) and least squares analysis applied to planar reciprocal vectors
(De Keyser et al., 2007; Hamrin et al., 2008; Vogt et al., 2009, 2013). The performance of these related gradient
methods, in general, depends on the integrity of the spacecraft array and the stationary properties (temporal de-
pendence) of the magnetic structures, although additional constraints for some structures can be added.

3.1. Magnetic Rotation Analysis Applications

The methods of Magnetic Curvature Analysis (MCA) (Shen et al., 2003) and Magnetic Rotation Analysis (MRA)
(Shen et al., 2007) were reviewed in Shen and Dunlop (2008). The 3-D topology of magnetic field (curvature
radius, normal direction and binormal direction of the magnetic field-lines), as well as the direct gradients, can
be deduced, and the method has also been applied to the magnetotail current sheet (Shen, Liu, et al., 2008, Shen,
Rong, et al., 2008; Rong et al., 2011), the Earth's ring current (Shen et al., 2014) flux ropes and plasmoids (Yang
et al., 2014; Zhang et al., 2013), reconnection regions (Lavraud et al., 2016; Zhang et al., 2016) and at the cusp
and magnetopause (Shen et al., 2011; Xiao et al., 2018).

Figure 5 (left) shows estimates of the field-line curvature (from MCA) in the ring current, relative to the implied
curvature from the Earth's dipole field. This can infer the current strength at those locations in a broad sense
and therefore is complimentary to the calculation of J from the magnetic gradients. The growth of the implied
current density (decrease in relative curvature) with geomagnetic activity (SYM-H) and the apparent dawn-dusk
asymmetry, particularly during lower activity levels, can be seen in the plot. Figure 5 (right) shows another appli-
cation indicating that the form of the tail current sheet has three types (the normal, the flattened, and the tilted),
as discussed in detail in Rong et al., (2011). These distinct geometries are implied by the combined MCA/MRA
methodology, through the extraction of the key properties of the curvature radius, normal direction and binormal
direction, and have significance for current sheet dynamics.

3.2. Least-Squares Methods for Multi-Point Gradient Computation

In many situations (for instance, with Cluster) the instruments record multiple data points in the time span needed
for the spacecraft to cover a distance comparable to the typical separation scales. Intuitively, all those meas-
urements carry information that may be relevant for the calculation of the gradient, as was already noted by
Harvey (1998a, 1998b); particularly if a certain degree of invariance of the structures of interest, as a function of
time, can be assumed. This is the idea behind the Gradient Analysis by Least-Squares (GALS) technique (Hamrin
et al., 2008), and a similar method (LSGC), also based on a least squares gradient calculation. The Least-Squares
Gradient Calculation (LSGC) technique (De Keyser et al., 2007; De Keyser, 2008) approximates the quantity to
be measured (scalar or vector) with a Taylor series expansion around the point of reference in space and time
(typically the barycenter of the set of measurement points). The expansion describes the field in terms of the
value at the reference point, its space and time gradients, and higher-order nonlinear terms; it can be assumed that
the homogeneity scales over which the gradient can be considered constant are known, so that higher-order terms
can be estimated (the procedure can be applied iteratively, solving in a weighted least-squares sense). The method
provides error estimates on the results, reflecting both the measurement errors and the errors that stem from the
non-linear behavior of the gradients. In the simplest case, the measurement errors are taken to be uncorrelated.
A further simplification can be made by assuming that the homogeneity parameters are the same for the three
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Figure 5. (left) Field-line curvature relative to that of the model dipole field for a set of ring current crossings sampled by
Cluster (Shen et al., 2014), where dusk and dawn locations have different colors. (right) Cartoon of the types of field topology
(Rong et al., 2011) found in the cross tail current sheet: (a) normal current sheet, (b) flattened current sheet (c) tilted current
sheet.

components. Constraints (e.g., that the gradient along the magnetic field is zero, divB = 0, and that the structures
are static, but not stationary) can be added. The method then provides the magnetic field components and their
space and time derivatives, from which one can compute the curl and the divergence. Since divergence and curl
combine terms of the same order of magnitude, possibly with opposite sign, the relative error on the result can
be large. Note also that such errors typically are anisotropic. If the time variability of the electric field can be
neglected, the current density is readily computed from the curl.

These techniques can in principle be applied to measurements provided by an arbitrary number of spacecraft,
although in practice the quality of the results depends on the measurement errors. When the set of measurement
points is sufficiently rich (multiple spacecraft, well-spaced, sufficient time resolution) LSGC can exploit signif-
icantly more data than the classical curlometer (a special case of LSGC), leading to a more reliable result. An
interesting aspect is that LSGC also provides a total error estimate on the current density that includes the contri-
butions due to measurement error and to the non-linearity of the field variations.

3.3. Irregular Tetrahedron Shape

It is worth noting here that the conventional ways to calculate the gradient involve the calculating of the inverse
of volume tensor (e.g., Chanteur, 1998; Harvey, 1998a, 1998b; Shen et al., 2003, 2007). The volume tensor would
become an ill-matrix, however, when Cluster tetrahedron becomes an irregular shape, for example, plane-like or
line-like, so that the direct calculation of the inverse of volume tensor would yield significant error and gradient
cannot be correctly calculated in this case. To avoid the dilemma, Shen, Rong, Dunlop, Ma, et al. (2012) present-
ed a procedure in order that the gradient can be universally calculated if one transforms the coordinates into the
eigenvector space of volume tensor. Shen, Rong, Dunlop, Ma, et al. (2012) successfully applied their method to
the three-point observation of THEMIS to calculate the current density and the vorticity of plasma flow, and also
to the three-point plasma measurement of Cluster to calculate the vorticity of K-H waves.

4. Application by Regions

Due to its robust and flexible nature, the curlometer calculation is perhaps the most widely used in the magneto-
sphere (notably applied in: the magnetopause boundary layer (e.g., Dunlop, Balogh, Cargill, et al., 2002, 2005;
Haaland, Sonnerup, Dunlop, Georgescu, et al., 2004; Panov et al., 2006, 2008; Shi et al., 2019); the magnetotail
(e.g., Runov et al., 2006; Nakamura et al., 2008; Narita et al., 2013); the ring current (e.g., Shen et al., 2014; Vallat
et al., 2005; Yang et al., 2016; Zhang et al., 2011); field-aligned currents (e.g., Dunlop and Liihr, 2020; Forsyth
et al., 2008; Marchaudon et al., 2009; Shi et al., 2009, 2010, 2011) and other transient signatures and in the solar
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wind (e.g., Eastwood et al., 2002; Roux et al., 2015; Shen, Liu, et al., 2008; Shen, Rong, et al., 2008; Eastwood
et al., 2002; Xiao et al., 2004). Below, many applications and studies using the curlometer are summarize region
by region.

4.1. Magnetopause Current

The Earth's magnetopause (MP) forms a current sheet between the magnetic fields in the magnetosheath and
magnetosphere, and thus is a key region for the mass, momentum and energy to be transferred from the solar
wind into the magnetosphere (see Harland et al., this issue for a review of Cluster results). Based on the applica-
tion of the curlometer method to Cluster observations, macroscale current density features of the magnetopause
have been shown (e.g., Dunlop & Balogh, 2005; Haaland & Gjerloev, 2013; Haaland et al., 2014; Maynard
et al., 2003, 2005, 2012; Panov et al., 2006, 2011; Phan et al., 2004; Pu et al., 2005; Tang et al., 2012), typically
carried out for thicknesses of the MPBL ranging from 1-2 R, down to a few hundred kilometers. It has also been
used in studies of the cusp (Dunlop et al., 2005; Khotyaintsev et al., 2004; and see Pitout and Bogdanova, this
issue), and to determine flux-rope properties at the magnetopause (Xiao et al., 2004; Zuo et al., 2004), and at high
latitudes (Thompson et al., 2004). A summary of these studies is given in Paschman, Schwartz, et al., (2005);
Paschman, Halland, et al., (2005).

Figure 6 (left) shows statistical results of magnetopause current on the low latitude flank (Haaland & Gjerlo-
ev, 2013; Haaland et al., 2014). The results show that the average current densities on the dusk-side (~42 nAm™2)
are higher than dawnside (~35 nAm~2), although the dawn-side values dominate at low current density, and this
dawn-dusk asymmetry cannot be fully explained by solar wind conditions. Haaland et al. (2014) suggested these
results implied both asymmetries in the magnetosheath and the geometry of the bow-shock, and/or ring current
asymmetries for the larger current densities (see right-hand schematics in Figure 6). The curlometer values of J
were ~40% higher than AB/d.

For many crossings, detailed current density forms indicate that two or more adjacent current sheets can exist at
the magnetopause, each current sheet often having different current directions and being several ion gyroradii in
thickness, typically (Haaland, Sonnerup, Dunlop, Georgescu, et al., 2004). A more complex structure at the flank
magnetopause than a thin, one-dimensional current sheet (described by a Chapman-Ferraro layer) is therefore
often present, although such substructure can only be resolved with Cluster for the smallest separations and the
plasma structure is nominally limited to spin (4s) time resolution (see also Section 5). Indeed, the first curlometer
results reported by Dunlop, Balogh, Glassmeier, et al. (2002); Dunlop, Balogh, Cargill et al. (2002), showed that
an event from the cusp region had two distinct peaks in the current density. Such layered current sheets are also
seen in kinetic tangential discontinuity models (e.g., Roth et al., 1996).

4.2. The Earth's Ring Current (Cluster, THEMIS and MMS)

The terrestrial ring current (RC) is a large region where the curlometer has also been applied (Dandouras
et al., 2018; Dunlop et al., 2018), which is variable in strength, extends radially from about 2-7 R;; and often
extends from —30 to 30° in latitude. It has also been used to determine spatial gradients in the plasmasphere
(Darrouzet et al., 2006; De Keyser et al., 2007). Cluster generally crosses the ring current every perigee pass so
extensively sampled the region in local time and latitude, but for a narrow range of radial distance (~4—4.5 Rp):
giving in situ current densities directly. As first reported by Vallat et al. (2005), Cluster in its polar orbit cuts
nominally north to south through the ring plane and allows all local times to be scanned (Zhang et al., 2011),
as shown on the left hand side of Figure 7. The Cluster configuration is oriented in such a way that it typically
allows an accurate estimate of the azimuthal (ring plane) current density component, J o t0 be made. The effect
of non-linear spatial gradients in the Earth's internal field in this region, is reduced by first subtracting the IGRF
from the measured data to form magnetic residuals, to which estimates of the current density are applied (see
Section 2). In general, there is a strengthening of the RC with storm activity together with a dawn/dusk asym-
metry. A possible relation between asymmetries in the RC and those at the MP have been suggested by Haaland
& Gjerloev (2013).

The three magnetospheric THEMIS spacecraft also achieve coverage of a wide range of MLT (Yang et al., 2016),
while in a close configuration (see top right of Figure 2), as shown in the middle of Figure 7. The dawn-side
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Figure 6. (left) Curlometer results showing the magnetopause current distribution. Histogram bins are 5 nA/m? wide. Cumulative values are indicated by the lines
(scale is the right hand vertical axis). Lower current densities occur for dawnside MP crossings for higher current densities (Haaland, Sonnerup, Dunlop, Georgescu,
et al., 2004). (right) schematics of the asymmetric MP current density for either an asymmetric RC or magnetosheath. The total current is constant since the MPBL

thickness larger on the dawn-side.

coverage in MLT is limited so that the trends are not fully resolved. The radial (i.e., L-shell) profile for the re-
covery phase of each storm period can be revealed, however, and the reversal in Westward-Eastward current on
the inner edge of the RC can be identified (at ~L = 5 on average, but is sensitive to storm activity; ranging from
4-5.5 Ry,), as shown on the right panel of Figure 7. The MMS spacecraft also samples the ring current in a near
equatorial orbit (but on the smaller MMS scales), which limits latitude coverage but also covers a wide range of
radial distance. Comparisons may be made with Cluster measurements, so the two missions are complement each
other, both in spatial resolution and emphasis on the region covered. Thus, MMS can better resolve the trends
seen in both the radial and azimuthal morphology, and also can identify small scale intense currents, which are
not resolved by Cluster or THEMIS.

4.3. The Magnetotail Current Sheet and Dipolarization Front

Both current structure and stability of the magnetotail current sheet is perhaps the most investigated in the mag-
netosphere, as it can affect the overall dynamics of the magnetosphere. It is thus also an important region where
the curlometer method is widely used (see Nakamura et al., this issue), covering topics such as its basic struc-
ture, dynamics, and (surface) waves (Runov et al., 2006; Rong et al., 2011; Thompson et al., 2006; Takada
et al., 2006; Volwerk et al., 2003; Zhang et al., 2006), and (sub)structures formed during substorm disruptions
(Henderson, Owen, Alexeev, et al., 2006; Kivelson et al., 2005; Laitinen et al., 2007; Lui et al., 2007; Nakamura
et al., 2006, 2018; Xiao et al., 2006). The application to field-aligned currents in the magnetotail plasma sheet
boundary layer will be introduced in Section 4.5.

Using four-point magnetic field measurements by the Cluster spacecraft, Runov et al. (2005, 2006) statistically
analyzed rapid magnetotail current sheet crossings observed in July—October 2001. They distinguished three
types of current sheet distributions: central (classical Harris type) current sheets (I) with a sharp, symmetric
maximum; bifurcated, quasi-symmetric current sheets (II) with maxima north and south, and non-centred asym-
metric sheets (III) (Figure 8, left panel). In fact, non-Harris-type behavior is typical as confirmed by plasma
distributions, that is, a thicker plasma sheet contains internal current peaks. The type I sheets are typically thinner
(~2,000 km) compared to type II (~4,000 km). The kinetic structure of embedded, thin horizontal currents has
also been investigated (Artemyev et al., 2009). Indeed, Artemyev et al. (2013, 2015) have investigated intense
thin current sheets observed by Cluster in the later (2003) phase and compared the results of the curlometer with
particle currents, to show that electrons often carry almost the entire current and the most current densities are
contributed by electron curvature currents. Furthermore, the most intense currents are observed under disturbed
conditions (i.e., in the vicinity of magnetic reconnection). The orientation and current density of the current sheet
and its relationship with geomagnetic conditions was analyzed statistically from Cluster's 2001-2007 tail seasons
data (Davey et al., 2012). Flapping current sheet motion has also been revealed (e.g., Zhang et al., 2006), thought
to be associated with kink-like surface waves, with wave fronts which are tilted in the Y—Z plane and move out
on either side of the central magnetotail. Complementary analysis has been shown in Section 3.1, where the MRA
analysis confirmed different current sheet geometries associated with various flapping modes (Rong et al., 2011;
Shen et al., 2003).
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Figure 7. (left) Magnetic local time (MLT) scan of Cluster ring current (RC) passes, plotted in solar magnetic (SM) coordinates, and between —30° to 30°

latitude (after Zhang et al., 2011). Averages (10 min) of the current density obtained from the curlometer are shown by the length and direction of each arrow. The
measurements represent non-storm (Dst > —30 nT) values of the RC. There is an overall increase in J, from 03—-12 MLT on the dawn-side while it remains low on
the dusk side. (middle) Current densities projected into the ring plane are shown in a similar way (from THEMIS) for all storm activities during the recovery phase,
showing the wider range of radial coverage achieved (for about 4-12 R;) and an enhanced current near midnight LT for storm events. (right) Radial profile of the
current density from THEMIS measurements.

Transient structures, related to the relaxation of magnetic field lines following sub-storm onset, dipolarization
fronts (DFs), which are transient magnetic boundaries embedded inside the (Earthward) high-speed plasma
flows, have also been studied with the curlometer. These boundaries separate hot tenuous plasmas from the cold
dense plasmas in the magnetotail (Nakamura et al., 2002; Runov et al., 2009). The curlometer analysis indicates
that, at the boundary of the dipolarization front, structures exist on scales below the proton gyro-scale. Also, for
DFs with preceding dips, Yao et al. (2013) showed from Cluster that, dawn-ward currents exist in the dips, but
are dusk-ward within the DFs. In the absence of preceding dips, there are only dusk-ward currents within the DFs.
Furthermore, they also showed that the presence of dawn-ward, and mainly parallel, current in those DF which
were preceded by dips is important for current driven M-I coupling. The field-aligned currents near the DFs seen
by Cluster were also statistically studied by Sun et al. (2013), who found that these FACs have dimensions char-
acteristic of the DFs, with a region-1 current direction within the DF and region-2 direction within the preceding
dips. These Cluster observations indicate that the DFs can carry strong field-aligned currents and can appear as
small “wedgelets” in the magnetotail (by analogy to the SCW, Liu et al., 2013, 2015), thus contributing to the
substorm current system. Recently, using the MMS spacecraft with smaller separation, Liu et al. (2018) found the
existence of an electron-scale current within the DFs (Figure 8, right). Furthermore, parallel currents only exist
on the high-density side of the DFs (Figure 8, right panel “e”), rather than being uniform across the whole DF
layer as suggested by previous studies.

4.4. The Magnetosheath and Solar Wind

In the upstream solar wind, the Curlometer has also been used to determine J in current sheets on a variety of
scales, as well as through the heliospheric current sheet (Dai et al., 2014; Eastwood et al., 2002), and at the
quasi-perpendicular bow shock, the method has also enabled the investigation of the cross shock electric field
(Eastwood et al., 2007), and other large scale structures, as well as for intense current sheets (Artemyev, Pritch-
ett, et al., 2018; Artemyev, Anton, et al., 2018). Thin current sheets have also been seen in the magnetosheath
(Chasapis et al., 2015; Yordanova et al., 2016).

In these turbulence plasma environments, however, a variety of other coherent structures (on smaller scales) have
been successfully detected on basis of the curlometer analysis. For instance, apart from the heliospheric current
sheet and other current layers, magnetic islands, magnetic holes, mirror mode structures, shocks, solitons, are
recognized in the solar wind, magnetosheath, and magnetotail (Huang et al., 2016; Hau et al., 2020; Maynard
et al., 2008; Perrone et al., 2016, 2017; Voros et al., 2017; Wendel & Adrian, 2013). It is important to note
the existence a specific type of structures, namely, the Alfvénic structures, which exhibit correlations between
magnetic field and velocity field fluctuations (Perrone et al., 2016). The application of curlometer on magnetic
field/velocity field have allowed the estimation of current density/vorticity, thus facilitating the identification of
Alfvén vortices and coherent and compressive current layers in above areas (Perrone et al., 2016, 2017; Wang
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of J on electron-scales around a DF in boundary normal coordinates. The top four panels show the 4-spacecraft B, magnetic field components and the current density
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J components. Panel (g) shows the Q parameter. The high-density to low-density boundary across the DF layer is indicated by the black dashed line (adapted from Liu

et al., (2018).

etal., 2019). Flow vortices have also been observed in the Bursty Bulk Flow of the plasma sheet based on analysis
of vorticity and its anisotropy (Zhang et al., 2019, 2020). Kelvin-Helmholtz vortices have been identified in the
dawn flank of the magnetosphere (Settino et al., 2021).

Figure 9 shows an example of Alfvén vortex in the magnetosheath. This nonlinear structure is characterized by
coherent magnetic and velocity fluctuations mainly in the perpendicular plane with respect to the background
magnetic field (Alexandrova et al., 2006; Alexandrova, 2008). As demonstrated in Figures 9a and 9b, the per-
pendicular magnetic field and velocity field fluctuations are well correlated, indicating the Alfvénicity of the
structure. Moreover, the dominant parallel current (red curve in Figure 9c) is also negatively correlated with the
dominant parallel vorticity. The 2D cylinder shape of the Alfvén vortex are illustrated in Figure 6e, emphasizing
the parallel current density layers. The quasi-monopole of model and the relative MMS spacecraft trajectory are
plotted in Figure 9f.

4.5. FAC in the Magnetosphere

The curlometer technique can measure FACs in the magnetosphere, both on Cluster separation scales in regions
up to several R from the Earth and at LEO (i.e., at altitudes from 400 to several hundred km), as sampled by
Swarm (Dunlop, Yang, Yang, Liihr, et al., 2015; Dunlop, Yang, Yang, Xiong, et al., 2015), as summarized in Sec-
tion 2.3. The technique has also been applied to the magnetotail plasma sheet (Artemytev, Pritchett, et al., 2018;
Artemytev, Anton, et al., 2018; Cheng et al., 2016; Chen et al., 2019, 2021; Nakamura et al., 2004, 2018; Shi
et al., 2009, 2010) and to particular events in the plasma sheet boundary layer (Shi et al., 2009, 2010). The latter
study showed that estimates of J from both the curlometer and particle moments agree and that the currents are
carried by electrons (see Figure 10). It has also been shown by Forsyth et al., 2008; that FACs are present in
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Figure 9. Example of an Alfvén vortex discovered by MMS. The magnetic field and velocity field are bandpass filtered at
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with respect to the background magnetic field. The spacecraft is supposed to record major perpendicular magnetic field and
velocity fluctuations when it passes through the cross section of the vortex. Furthermore, it should witness the parallel current
density/vorticity based on multi-spacecraft reconstruction of the current density/vorticity through curlometer method. The
Figure is adopted from Wang et al. (2019).

bursty bulk flows in the magnetotail and FACs have also be shown to operate in connecting the magnetotail to
the ionosphere (Amm et al., 2005; Cheng et al., 2007). Parallel currents (and their particular current carriers) also
can be accessed in the magnetopause boundary layers (see Section 5 for MMS studies) and in FTEs and other
flux tubes (see Section 4.7).

4.6. Energy Conversion, Hall Term and Wave-Particle Interactions

The curlometer has also been applied to examine the / x B term (Hall term) in the generalized Ohm's law (which
corresponds to differential motion between the ions and electrons, and curlometry has shown to be a key tool in
understanding this term and is essential to understand the physical process of sub-ion structure). Curlometry can
therefore progress our understanding of a range of processes in, for example, the normal electric field structure
of collisionless shock (Eastwood et al., 2007); the J x B force associated with bursty bulk flows (Karlsson
et al., 2015); encounters with the ion diffusion region (Tobert et al., 2016), where the ion plasma is not frozen to
the magnetic field, and the dipolarization front created by magnetotail reconnection (e.g., Fu et al., 2012). It has
also been employed in this respect to examine the extent to which magnetotail flux ropes are force-free (Amm
et al., 2006; Henderson, Owen, Lahiff, et al., 2006; Slavin et al., 2003). Although considerable focus has been on
the magnetic reconnection process, this analysis can be applied in other structures, for example to examine the
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Figure 10. FAC densities, calculated by C3 ions and electron data (FAC,,) and the "curlometer" with the magnetic field data
(FACp). Modified from Shi et al. (2010).

properties of plasma turbulence and the role of the various terms in the generalized Ohm's law at different scales
(Stawarz et al., 2021).

Energy conversion between the particles and fields (E is the electric field, S is Poynting flux density and U is the
electromagnetic field energy density) is controlled by the Joule term E - j where

and an equivalent equation can be written for the particle energy density and energy flux (e.g., Goldman
et al., 2016). Energy conversion regions are therefore marked at a basic level by this parameter; if E - j > 0,
then assuming energy fluxes are negligible, the field energy density is decreasing and this is referred to as a
load region (i.e., energy is being passed from the fields to the particles. Conversely, if E - j < O then under
the same assumptions, the field energy density is increasing and energy is being passed from the particles to
the fields in what is termed a generator region. The frame of reference is of particular importance and so a
generalized frame independent measure of work has been suggested based on j - E' where E' = E + u, x B
(Zenitani et al., 2011).

Identification and analysis of energy conversion regions therefore fundamentally depends on the ability to cal-
culate the current density accurately, as well as to assess the electric field. Pioneering work using the four-
point Cluster measurements enabled the identification of so-called concentrated generator regions in the mag-
netotail, correlating with FAST satellite observations of auroral precipitation on connected field lines (Hamrin
etal., 2006, 2009, 2011; Marghitu et al., 2006). In particular, Hamrin et al., 2006; apply the curlometer to identify
generator regions (where E.J < 0) when Cluster was in the magnetotail plasma sheet near apogee on September
19, 2001, while FAST was magnetically conjugate. These regions of negative E - j provided novel insight into
the role of magnetotail processes in creating auroral generator regions.

Subsequent analysis using Cluster found extensive evidence for both load (E - J > 0) and generator regions in
the magnetotail (E - J < 0), with a tendency for more load regions than generator regions to be observed. This
implies that the magnetotail is more generally a region where the plasma is energized at the expense of the fields
(Hamrin et al., 2009; Hamrin et al., 2011). More specifically, Cluster multipoint curlometry revealed the crea-
tion of generator regions in the pile-up region associated with dipolarisation fronts at the leading edge of bursty
bulk flows (Hamrin et al., 2013) and the way in which bursty bulk flows are braked as they propagate Earthward
(Hamrin et al., 2014). More recent work using curlometry to assess the current density, and also using MMS
(where comparison with current density derived from the plasma measurements is also possible), has shown
that the dipolarisation front is indeed an important location for the conversion and dissipation of energy (Zhong
et al., 2019). More generally, j - E has been an important component of multiple studies using MMS to assess
magnetotail reconnection energization (Torbert et al., 2016, 2018).

Energy conversion at the magnetopause has received similar attention, including using Cluster and curlome-
try techniques to calculate the current density (Anekallu et al., 2011). With the launch of MMS, curlometry
to calculate the current density has played an important role in the study of magnetopause reconnection (e.g.,
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Burch, Torbert, et al., 2016) and calculation of energy transport (e.g., Genestreti et al., 2018). Most recently, the
first direct measurement of the dissipation rate spectrum in space plasma turbulence has been proposed by He
et al. (2019). The dissipation rate around ion scales is found to exhibit a positive bulge in an ion cyclotron wave
event, hence demonstrating the localized dissipation process occurring in the turbulent medium. The curlometer
method is also used to estimate the current for computing the energy cascade rate in Andres et al. (2019) and
Bandyopadhyay et al. (2020).

4.7. Magnetic Reconnection and FTE's

Magnetic reconnection is a key plasma process in astrophysical, solar, space, and laboratory plasmas, through
which energy stored in the magnetic field is explosively released and converted (in the reconnection current
sheet) to the charged particles. Current structures in the reconnection region have been revealed by the curlom-
eter, using the in-situ data of Cluster and MMS, which also has identified the Hall current system in the ion
diffusion region directly (e.g., Zhou et al., 2009, 2011; and see also Section 4.6) and indeed important evidence
from MMS identifying the electron diffusion region for a strong thin current sheet and its associated large energy
dissipation rate j - E' has been shown (Zenitani et al., 2011). Many reconnection electron diffusion events have
been reported in different regions of the magnetosphere (e.g., André et al., 2016; Burch, Torbert et al., 2016;
Dong et al., 2020; Ergun et al., 2018; Hwang et al., 2019; Nakamura et al., 2019; @ieroset et al., 2016; Peng
et al., 2017; Voros et al., 2017; Wang et al., 2017; Yordanova et al., 2016; Zhou et al., 2016). Furthermore, the
current surrounding the turbulent magnetic reconnection region can exhibit filamentary structures and the energy
dissipation associated with them has been shown to be important (Fu et al., 2017).

Flux transfer events (FTEs) are transient signatures from the passage of magnetic flux ropes formed by magnetic
reconnection at the MP, which are typically characterized by a bipolar magnetic field signature in the normal
component to the magnetopause (Russell & Elphic, 1979) and contain a mixture of magnetosheath-like and
magnetospheric-like plasmas (Paschmann et al., 1982). The force-free flux rope model is widely used to fit the
observational signatures, in which the magnetic pressure force is balanced by the magnetic curvature force; al-
though an excellent fit to the force-free flux rope model does not necessarily prove the actual existence of such a
flux rope (Hasegawa et al., 2007). Using the curlometer, the force-free feature can be identified unambiguously
by checking the ratio of perpendicular and parallel current. FTEs were found to be either force-free (J x B = 0)
structure or not (Farrugia et al., 2016; Roux et al., 2015; Teh et al., 2017). Using the force analysis by four space-
craft, Zhao et al. (2016) found that the plasma force, and especially the ion pressure force, must be considered
when the FTE is not force-free. The detailed current structure inside FTEs is also a problem which has been
considered. Robert et al., 2002; revealed a double-current structure (and see below, Roux et al., 2015), with the
current antiparallel to the magnetic field in the outer region of the FTE, but parallel around the central region (see
also: Pu et al., 2005, 2007; De Keyser et al., 2005; Xiao et al., 2004; Zuo et al., 2004). In addition to FTEs, the
curlometer is also widely used to analysis other flux ropes and flux rope-like structures (e.g., plasmoid, magnetic
island) in other magnetospheric regions (Henderson, Owen, Alexeev, et al., 2006; Yao et al., 2020).

An FTE observed early in the Cluster mission is shown in Figure 11 (after Roux et al., 2015), showing a slightly
complex bipolar signature, where |Bl increases twofold. The spacecraft encounters the leading region of the FTE
at this peak in IBIl, where the potential (a proxy for the density, panel g) decreases, as determined from EFW
(Gustafsson et al., 1997). In the trailing region (region C) this density (potential), is similar to that in the mag-
netosheath (in regions A and D, before and after the event) and consists of two, brief, large rotations toward the
magnetic field.. A dynamical spectrum of magnetic fluctuations (panel f) is strongly enhanced during the FTE.
The different regions (D1, D2, D3) are marked by yellow vertical regions bracketed by pink lines, where the
magnetic field undergoes sharp discontinuities at D2 and D3, where there are also rapid jumps in B, . The meas-
ured magnetic field compares well to the Tsyganenko field in region C, suggesting first the inward (D2) and later
outward (D3) boundaries are crossed. This is consistent with a density dip (between D2 and D3).

The size of the FTE is of order 1 Ry, larger than the size of the (regular) configuration, so we expect the curlom-
eter to be accurate (Dunlop et al., 1988; Robert et al., 1998). The current density is plotted in panel e (using the
formulism of Chanteur; Harvey, 1998a, 1998b). A relatively large current density exists during region B (J_ _~
25 nA/m?) and lies approximately along the azimuthal direction and nearly antiparallel to B (toward the evening
sector). This suggests that the MFLs are twisted strongly. It is found that the main magnetic field component

in region B is associated with the current where B, is antiparallel to the expected direction. This interpretation
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Figure 11. (left panel) The event of January 26, 2001, showing: full-cadence magnetic field (a—d) in L, M, N coordinates in nT. (¢) J in nA/m?, () the magnetic

power spectral density in (nT)2/Hz, and (g) spacecraft potential in volts. (middle panels) (top) The Cluster orbit in GSE coordinates (magnetic field lines (MFL) are
indicated, deduced from the Tsyganenko 89 model), projected into X, Z. (bottom) Cluster orbit in X, Y showing the location in the afternoon sector; near 11:30 UT.
(right columns) The Cluster tetrahedron, projected into X, Z and X, Y, also in GSE. The spacecraft separation distance is 500-600 km. The Figure is adapted from Roux

et al. (2015).

suggests that B, can be similar to the magnetosheath field and also negative on closed field lines. The core of the
flux rope corresponds to the leading region of the FTE (region B).

5. Recent Applications to MMS Configuration Scales

In principle, plasma currents can of course be obtained from the bulk moments of the measured, full 3D distri-
bution of particle velocity for all ion species and electrons, although previous space missions have been limited
to low cadence (since the distribution is taken over a spacecraft spin) or else the particle measurements are in-
complete (the use of particle moments previously can be found in Henderson et al. (2008); Petrukovich, (2015),
and indeed Yao et al. (2014), who also compared magnetic field derived currents to pressure gradients using
multi-spacecraft techniques). The Magnetospheric Multiscale (MMS) mission, however, benefits from plasma
distributions measured at high-time resolution (covering primarily the outer magnetosphere), in addition to the
multi-point sampling at small (several km) spatial distances. Whereas the Cluster configuration was usually of
the order or greater than the MPBL, particularly for the thin boundary layers, the MMS configuration is generally
much smaller than the prevailing ion structure. In fact, it is generally true that in many regions of the magneto-
sphere there are intense small scale currents which are missed on the separation scales of Cluster (100s km) so
that typically the curlometer tends to underestimate the current density, unless the current layers are much larger
than the separation. Conversely, the current layers will often be much larger than the MMS separation scales so
that ion-scale structures can be resolved (for example, in the magnetopause boundary layer, the tail current sheet,
the ring current, or for field-aligned currents (FACs) and large scale flux tubes).

A number of papers have now studied currents using MMS plasma moments (e.g., Lavraud et al., 2016; Phan
etal., 2016). Using MMS data, details of the sub-structure (Section 5.1) and smaller sub-proton to electron scale cur-
rent layers and their detailed current carriers can be analyzed for the first time (Section 5.2). Conjunctions of Cluster
and MMS provide the opportunity to compare the multiple scales of the magnetopause current system and simulta-
neous crossings at different locations on the MP current layer observed by Cluster can be compared (Section 5.3).

DUNLOP ET AL.

17 of 28



I ¥ell . .
NI Journal of Geophysical Research: Space Physics 10.1029/2021JA029538

ADVANCING EARTH
AND SPACE SCIENCE

5.1. Sub-Structure in the MP and FTEs

The left hand side of Figure 12 shows the curlometer application to MMS data at the magnetopause (after Dun-
lop et al., 2018) in comparison to the current estimated from the plasma moments (J = Y gn V, ~ gn (V, - V)),
which closely follow the curlometer when averaged over the four spacecraft positions (the field perpendicular
(Chapman-Ferraro current) and parallel (field-aligned current) components and the component normal to the
MP, are shown separately). The normal component shows the most significant differences between the plasma
currents and the curlometer. Panel (€) shows that for currents below ~50 nAm~2 both error sources are signifi-
cant. The plasma current estimated at each spacecraft (bottom panel) varies significantly, however, implying that
small scale (filamentary) structure within the magnetopause layer exists and that the dominant current carriers
are measured by the plasma moments. Such small-scale structure is consistent with the intense, narrow bursts of
current in the curlometer profile and appears to be typical of the magnetopause layer (Dong et al., 2018). Such
substructure was not well resolved by Cluster (except for the smallest separation scales): the Cluster array trends
to underestimate the current density and miss the filamentary currents.

Recently, many other researchers have focused on the structure of ion-scale FTEs, due to the improved time reso-
lution of plasma data and small separation between four spacecraft (e.g., Alm et al., 2018; Dong et al., 2017, 2020;
Eastwood et al., 2016; Hwang et al., 2018; Teh et al., 2017; Zhao et al., 2016). The first current structure in ion-
scale FTEs, calculated by consistent results between the curlometer and plasma moments was shown by East-
wood et al. (2016), where electrons were the main current carriers, and filamentary currents were found within
the FTEs. The right-hand side of Figure 12 shows two ion-scale FTEs and their detailed current structures (Dong
et al., 2017). We see the currents are highly inhomogeneous and mainly located in the centre and on the leading
edge of FTE. Furthermore, the current in the centre show bifurcated features. Parallel currents are dominate for
most of time, which means they are force-free structures.
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Figure 12. (left) A typical MP crossing for a thickness of ~350 km seen by MMS, showing: (a) L, M, N coordinates of the magnetic field, (b) to (d) the perpendicular,
parallel and normal components of J from the curlometer estimate and the mean value of the 4-spacecraft ion moments, (e) the quality parameter Q compared to a crude
(upper) estimate of the measurement errors from 8B/AB, (f) the individual I/l from the plasma moments at each spacecraft. (right) Detailed current structures of two
ion-scale FTEs: (a) magnetic field with bipolar signatures in the normal component (B,) during each FTE interval; (b) A consistent current result from the curlometer
and plasma moments, respectively, and (c) Parallel and perpendicular currents (after Dong et al., 2017).
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5.2. Carriers and Sources of Magnetopause Current

Figure 13 shows a thin MP current layer (~100 km) event encountered by MMS, which was studied by Dong
et al. (2018). During this MP current layer, ions and electrons contribute comparable perpendicular current,
while electrons contribute all the parallel current. For the perpendicular currents, the diamagnetic current term

gia = m) and the directly measured J, shows good agreement (red line in Figures 2b and 2c) while the
B2

—p”z_—plB x n can be neglected (green line in Figures 2b and 2c¢). When the diamag-
B°R.

netic current is separated into ion and electron components, the perpendicular current is dominated by the ion

diamagnetic current (J; 4..: 85%, J, 4,: 15%, Figures 2d and 2e). Under the redistribution of the electric field, ions

i,dia* e dia*
and electrons ultimately carry comparable current. The schematic on the bottom of Figure 2 shows all the vectors
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Figure 13. Top: Sources of a thin magnetopause current sheet calculated by MMS data. Bottom part: a schematic illustrator of all the vectors. (left) The vectors of
magnetic field B, electric field E, plasma velocity V, cross-field drift E x B, and gradient of pressure Vp in regions 1 and 2 and (middle and right) current distribution
in region 1 and region 2. Note that region 1 and 2 here refer to the outer and inner magnetopause current sheet region, respectively. The Figure is adopted from Dong

et al. (2018).
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in regions 1 and 2. Furthermore, electron current deviates at a narrow front layer in region 2 which suggests non-
MHD behavior (beyond Chapman-Ferraro).

5.3. Current Observed by Simultaneous MMS and Cluster Magnetopause Crossings

Figure 14 shows an MMS magnetopause current layer crossing compared with an almost simultaneous crossing
at different locations observed by Cluster. The crossing of MMS is located near the subsolar region and Cluster is
located on the high latitude post-noon region (Figure 14n—0). The crossing time of MMS is only ~20 s later than
Cluster. The average separation of four MMS spacecraft is ~8 km which is much smaller than the current layer
thickness ~440 km while the four Cluster spacecraft is ~3,500 km which is large compared to the current layer
thickness of ~1,400 km. Therefore, the detailed structure of small-scale current can be revealed quantitatively by
MMS, while the overall current can be underestimated by Cluster. Indeed, the average current of MMS during
the shaded region (Figure 3e) is about 220 nA/m~2 which is one order larger than Cluster results (Figure 14m).
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Figure 14. Magnetic field and current observed by a simultaneous MMS (left) and Cluster (right) magnetopause crossing. (a—d and i-1)Vector magnetic field in
GSM coordinate. (e and m) Electric current from curlometer method. (f) MMS current in parallel and perpendicular direction, respectively. (g) MMS current in local
boundary normal coordinate. (n—0) Magnetopause crossings locations of MMS [(10.4, 1.0, 1.8) R.] and Cluster [(9.6, 7.6, 5.7) R..] at XZ and YZ plane, respectively.
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Table 2

From the results of MMS, we see the current along the parallel direction

Simultaneous MMS and Cluster MP Crossing Events With Delta Time <30 s (jpm) is dominant during magnetosheath side current sheet and extended to

During 2017-2018

magnetosheath region where magnetic field component B, contra-rotation to

Cluster date Cluster anegative value (Figures 14a and 14f This kind of B, feature is also observed
MMS position and time position by four spacecraft of Cluster (Figure 14i) which indicates a similar current
(GSM, Ry) (UTC) (GSM) structure between MMS and Cluster. The current sheet of MMS shows a

(8.4, -6.5,-2.5) 2017-01-29 (8.1, -1.9,

(10.4, 1.0, 1.8) 2017-01-08  (9.6,7.6, bifurcated structure divided by a small current region which is noted by the

12:46:10 5.7) vertical dashed line on the left side. This small current region corresponding

to a flat structure of B, (Figure 14a). This kind of B, feature is also similar

77 to Cluster 1,2 and 3 which are noted by the vertical dashed line on the right
00:55:05 side (Figure 141). It indicates that the bifurcated current structure also exists

(8.02,-75,-29)  2017-02-07  (94,-32,  during the region of Cluster. However, this feature is not observed by Cluster

6.6)

01:06:40 4 when it crossed ~15 s before which may suggest that this kind of current

(11.2,5.1,4.8) 2018-01-12 (8.6,3.7, sheet is hlghly dynamic on a time scale.

8.7)

05:46:10 We list all the simultaneous MMS and Cluster magnetopause crossing events

with delta time <30 s during years 2017-2018 in Table 2. A similar cur-

rent structure between MMS and Cluster is further confirmed in Event 2 and

Event 4. Above all, the magnetopause boundary layer sampled at two loca-

tions has a similar overall form for the magnetic field suggests that the MP
should have a similar current structure across a wide region during specific IMF conditions. However, in another
simultaneous event (Event 3) which was studied by Escoubet et al. (2020), the magnetopause current structures
encountered by Cluster and MMS are totally different under the effect of the high-speed jet in the magnetosheath.
This suggests that similar current structures across a wide region can only remain during relatively stable solar
wind conditions.

Note that MMS also allows us, for the first time to compute the flow vorticity on basis of the curlometer approx-
imation (Dunlop, Balogh, Glassmeier, et al., 2002; Dunlop, Balogh, Cargill et al., 2002), which also provides a
linear gradient estimation for the velocity field (see Section 4.5). On the one hand, electron vorticities and their
relation with electron currents have been studied in the turbulent magnetosheath (Chasapis et al., 2018; Phan
et al., 2016), while on the other hand, the alignment of parallel ion vorticity and parallel current density are found
to indicate the presence of coherent Alfvén vortex in the same region (Wang et al., 2019).

6. Summary

The multi-spacecraft estimates of current density point by point in time using the curlometer, from Cluster (and
the adaptations to the SWARM and MMS missions later on) have provided a great deal of information about
both large and small magnetospheric current systems and transient structures. The method has been able to
determine 3D currents for a range of parameters in the widely different geospace regions; proving itself to be
a tool which is reliable and robust. We have only been able to cover a limited set of applications and regions
developed over the last two decades of closely spaced multipoint observations. Other applications have been
covered elsewhere in this publication, however. The purpose here has been to show where key applications have
been carried out. The applicability of the method is limited by certain constraints, particularly for structures
that are small compared to the distances between the spacecraft, such as: the form of the spacecraft config-
uration and the presence of magnetic contributions from other (non-current) sources. Comparative estimates
from particle moments, giving direct current density determination, can be used to add constraints in gener-
alized methods computing magnetic gradients beyond linear order (Shen, Zhang, et al., 2021; Shen, Zhou,
et al., 2021).

Data Availability Statement

The Swarm satellite data used in this study are available from ESA at http://swarm-diss.eo.esa.int/. For MMS
data visit https://lasp.colorado.edu/mms/sdc/public/. Cluster data can be found at http://www.cosmos.esa.int/
web/csal.

MMS date
and time
Event (UTC)
1 2017-01-08
12:46:32
2 2017-01-29
00:55:45
3 2017-02-07
01:06:40
4 2018-01-12
05:46:00
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