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Abstract. We present the results of a coordinated study ofKeywords. Magnetospheric physics (Current systems; En-
the moderate magnetic storm on 22 July 2009. The THEMISergetic particles, precipitating; Storms and substorms)
and GOES observations of magnetic field in the inner mag-
netosphere were complemented by energetic particle obser-
vations at low altitude by the six NOAA POES satellites. Ob-
servations in the vicinity of geosynchronous orbit revealed al  Introduction
relatively thin (half-thickness of less thankg) and intense
current sheet in the dusk MLT sector during the main phaselhe dusk—dawn asymmetry of the magnetic field in the in-
of the storm. The total westward current (integrated along thener magnetosphere during storm times has been known for
z-direction) on the duskside at- 6.6 Rg was comparable to  decadesahill Jr, 1966. Usually, it is attributed to devel-
that in the midnight sector. Such a configuration cannot beopment of a partial ring current (PRC) in the dusk—midnight
adequately described by existing magnetic field models withsector Cummings 1966 Siscoe and Crookgt 974 Crooker
predefined current systems (erroin> 60 nT). At the same and Siscogl981, lijima et al, 1990 Nakabe et a).1997,
time, low-altitude isotropic boundaries (IB) 5f80keV pro-  Liemohn et al.20013. Knowledge of the magnetic configu-
tons in the dusk sector were shifted4® equatorward rela-  ration on the eveningside is very important for space weather
tive to the IBs in the midnight sector. Both the equatorward applications. lons, which are the main mass and energy car-
IB shift and the current strength on the duskside correlatgiers in the magnetosphere, drift westward after an injec-
with the Sym-H index. These findings imply a close relation tion populating the ring current region and eventually influ-
between the current intensification and equatorward 1B shiftence the outer radiation belts. There is also evidence that the
in the dusk sector. The analysis of IB dispersion revealed thaPRC can be the main contributor to ground magnetic field
high-energy IBs £ > 100 keV) always exhibit normal dis- disturbances at low latitudes during the storm main phase
persion (i.e., that for pitch angle scattering on curved field(Liemohn et al. 20010. Recent advances in the empirical
lines). Anomalous dispersion is sometimes observed in thenodeling of the storm time magnetic configuratidrsyga-
low-energy channels 30—100 keV). The maximum occur- nenko and Sitnov2007) as well as in the methods of statis-
rence rate of anomalous dispersion was observed during thiécal analysis [(e et al, 2004 have shown that the duskside
main phase of the storm in the dusk sector. current may exhibit significant deviations from the conven-

tional shape.

Low-altitude particle observations can be a powerful tool
for remote sensing of the equatorial magnetic field (e.g.,
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Sergeev et al.1993. These data have already been used
for studying the storm time processes. For examidkige
and Sgraa$1979 noticed that the equatorial boundary of
the proton precipitation is well related to the Dst index. In
other studiesRgraas et 312002 Asikainen et al.2010, the
low-altitude particle observations were used to predict the
Dst index. However, there are many factors which make the
interpretation of these observations questionable, especially
during storm time in the dusk sector. Among them are an
uncertainty of the mapping between the equatorial magne-
tosphere and low altitudes, and an unknown mechanism of
the equatorial isotropic boundary formation. Although there
is strong evidence that scattering on curved field lines is the
main mechanism of loss cone filling for protons on the night- <DE
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side (see€Sergeev et al.1993 and references therein), it is
not necessarily true during geomagentic storms. It is known <
that pitch angle scattering by electromagnetic ion cyclotron
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(EMIC) waves may produce isotropic or almost isotropic 1000 ]
proton fluxes at low latitudeSgraas et 311980 Gvozde- T ]
vsky et al, 1997, Yahnin and Yahning2007, and references e 07
therein). Direct spacecraft measurements have shown thaty ]
EMIC waves are abundant in the inner magnetosphere at, ~ -50 —
dusk during storms (e.gBraysy et al, 1998 Halford et al, T ]
201Q and references therein). € 100
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Given the disparity of conclusions about the location and —_—
intensity of current systems in _near-Earth_space, in this pa- 22:00 0:00 2:00 4:00 600 8:00 10:00 12:00 14:00
per we investigate this issue with a coordinated data model July 22 2009, UT
analysis study. We analyze a moderate storm on 22 July 2009
to determine the geometry of the current system in the duslkig. 1. Solar wind parameters and geomagnetic activity indices:
sector. The descriptions of the storm and spacecraft orbit con(®) solar wind dynamic pressure in nRa) IMF B; (red) andBy
figuration are given in Sec®. In Sect.3, using THEMIS (green) in nT,(c) Ap and AL indices (blue and red curves respec-
(Sibeck and Angelopoulp2008 and GOES spacecraft ob- tively). (d) Sym-H index (magenta) and Sym:Hblack). The ver-
servations in the inner magnetosphere, we show that thEcal dashed lines mgrk the beginning of rapid AL intensifications
. . . . . red) and Sym-H minima (black).

duskside magnetic configuration in the inner magnetospher
is highly stretched during the storm main phase. In Séct.
we use theTsyganenko and Sitnof2005 model (hereafter
TS05) to figure out whether the standard current systems careference therein). Figueshows solar wind parameters and
reproduce the observed magnetic field. The data of six lowthe geomagnetic activity indices AU, AL, Sym-H and Sym-
altitude NOAA POES satellites were also available during H*. Sym-H* is the Sym-H index with the Chapman—Ferraro
this storm, providing good MLT and temporal coverage onand ground-induced currents contribution subtracted, Sym-
the storm time-scale. The in situ observations in the equaH* = 0.8 Sym-H— 13,/ Pyyn (€.9., Tsyganenkp1996. For
torial plane together with TSO5 were used to estimate posthis storm, Sym-H has two minima{£111 nT and-96 nT)
sible mapping inaccuracies. We also attempt to distinguishat 05:15 and 09:05 UT of 22 July associated with two peri-
between the two loss cone filling mechanisms. For that pur-ods of strong negative IMIB,. The AL index also has two
pose, we analyze the dispersion of isotropic boundaries fodistinct intensifications attaining —900 and—600nT at
particles of different energies. These results are presented ir04:00 and~09:00 UT. The beginnings of the AL intensifi-
Sect.5. In Sect.6 we discuss our results in light of previous cations are marked by red dashed lines and the SymiH-
statistical studies. ima are marked by black dashed lines. Figemeand b show

orbit segments during the two periods of Syri-tHp. Only

the XY-projection is shown since all spacecratft are close to
2 Event description the equatorial plane witdgsm between—1.5 and+2.5 Rg.

The labels at the symbols show UT hours. Similar space-
The magnetic storm on 22—23 July 2009 was caused by &raft configurations occurred during both Syri-tfecreases
high-speed stream and has been analyzed in a number @fith at least one spacecraft in the dusk sector and another at
studies (se&anushkina et gl2012 Perez et a).2012 and local midnight. During the first decrease (02:00-05:00 UT,
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sheet undergoes fewer flapping oscillations and the model es-
¥ GOES-11 timation of this parameter is expected to be realistic.

© GOES-12 During the first Sym-H dip at 02:00-05:15 UT, the mag-
netic field at geosynchronous orbit exhibits signatures of an
equatorial current enhancement: strengtheningBpf and
decrease oB;. In the premidnight sector, this enhancement
is briefly interrupted by a dipolarization observed by GOES-
12 (Fig. 3b) at the beginning of the first AL intensification
(marked by a red dashed vertical line). At approximately
the same time, the radial component of the external field at

|
-8 LA L N L ) I B B i LA L R B ) I B B GOES-11 (FlgSa) in the 18:00-20:00 MLT sector starts to
10 8 6 4 2 0 -2 -4 -6 -8 -10 decrease and attains a value-f20 nT. The full field com-
Y GSM ponents (dipole field not subtracted — not shown) observed by
4 GOES-11 at 05:30UT (the moment of minimuBp) were
1 (b) ; gggggj ! Bl = —153 and B/ = 17 nT, indicating that the dusk-
2 — } & THEMIS-D(P3) side magnetic field had an extremely stretched configuration
1 | O THEMIS-E(P4) at the geosynchronous location. Using Maxwell's equation,
s %7 8 \ 0 poj = V x B, and assuming thatB,/ar << dB;/dz, which
8 2 - ‘3\3\%\ 1 is valid for stretched configurations, we can roughly esti-
< 10 } / mate the total azimuthal current integrated betweeéfic
-4 — | 8 and—Zsc; I =| [ jydz| ~ 2|Bi(Zsc)|/mo. HereZsc is the
7 8 10 coordinate of the spacecraft position. The black curves in the
6 *—or2 top panels of Fig3 show! = 2| B;|/uo, Which is the estimate
8 e 1| e of total equatorial current perRg of radial distance. During

the first Sym-H dip, GOES-11 and -12 were 0.8 Rg and
2 0 -2 -4 6 -8 -10 : :
Y GSM ~ 1.4 Rg above the model NS, respectively. As it can be seen
in Fig. 3a and b, maximal | values at 20:00 MLT (GOES-11)
Fig. 2. Projection of spacecraft orbits on the XY GSM plane. are higher than at midnight (GOES-12), although GOES-11
(a) The first Sym-H dip period (02:00-06:00 UT}b) second Sym- s |ocated closer to NS than GOES-12. Since the current sheet
H* dip period (08:00-10:00 UT). The colors correspond to different j, the midnight sector is expected to be thin during the main
spacecraft. phase (the TS05 model gives a half-thicknes$ Rg) and
both the duskside and midnight | values arel M A/Rg,
we conclude that all current on the duskside flows between
Fig. 2a) GOES-11 entered the nightside from the dusk sector_z.. and +Zsc, implying a current sheet half-thickness
and GOES-12 moved frony 21:00 MLT to midnight. Dur- - 1 g,
ing the second decrease (08:00-09:00 UT, Big. THEMIS Similar signatures are seen during the second Syrdipi

probes D(P3) and E(P4) successively passed inside geosyfrhe THEMIS probes (Figc, d) were at~ 19:00 MLT and
chronous orbit in the dusk secter19:00 MLT when GOES- |77, < 0.8Rg, closer to the NS than the GOES space-

11 and -12 were at 23:00 anc~ 03:00 MLT, respectively.  craft were during the first Sym-Hdip. Again the observa-

tions show strengthening dB;| and decrease oB;. The

full magnetic field components wed'! = 126 nT, B\l =
3 Magnetospheric observations 65nT (THEMIS D(P3) atr = 5.2Rg) and B! =122nT,

B = 14nT (THEMIS E(P4) at- = 6.6 Rg) at that time.
Figure 3 shows observations from four spacecraft in the The leading probe, P3, observes strongéi“ than the P4
vicinity of geosynchronous orbit. To represent the magneticprobe; however, magnetic inclination is stil 30°, indicat-
field measurements, we use cylindrical GSM coordinatesng that P3 is in the transition region between the tail-like
(z, r, @) with the z-axis coinciding withy GSM and ther and dipole-like configuration. Around that time GOES-11
unit vector is outward from the z-axis apds eastward. The (Fig. 3a) was at local midnight- 0.9 Rg above the NS and
three bottom panels in Fi@.show thez, ¢, r components of  observed signatures of dipolarizations. Comparing the maxi-
the external magnetic field (IGRF field has been subtracted)mum total current values at the duskside (FHd.top panel)
The black curve corresponds to the satellite observations andnd values at local midnight preceding the dipolarization dur-
the red curves correspond to the models that will be discussethg 08:00-09:00 UT (Fig3a top panel), we again find com-
later. The blue curves in the top panels show the distance tparable values of ~0.8M A/Rg. Note that the azimuthal
the neutral sheet (NS) estimated from ffgyganenko and component of the magnetic field is rather small, indicating
Fairfield (2004 model. In the near-Earth region, the current that the current flows in the azimuthal direction so that the
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(a) GOES-11 (b) GOES-12
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Fig. 3. (a){(d) Observations of four spacecraft. Top panel: the estimate of the total clirreBBy /11 in units of M A/ Rg (black curve) and

distance to the model neutral sheet (blue curve). The next three panels shByy Big and By components (dipole field subtracted) in nT:

black — spacecraft observations; red solid curve — TS05 model field; red dashed curve — TSO5MOD field. Red and black vertical lines mark
beginnings of rapid AL intensifications and Syni-khinima, respectively.

total current values estimated at the same radial distance cageviations of the TS05 field from observations (as large as
be compared. ~ 50-60nT) are seen iB; on the duskside during both Sym-
H* minima periods (Fig3a, c). The difference iB, and B,
is also significant although less than 30 nT. To check whether
4 Modeling results it is possible to describe the observed signatures using the

. _ ... TS05 PRC module, we modified the model by introducing
It is important to check whether the observed magnetic fieldy, oo variable parameters: a multiplier to the PRC module

signature can be described in terms of classical storm timg;g g strength, an angle of the PRC rotation in the equato-
current systems (PRC, tail current, etc) or if it is a manifesta- plane, and a multiplier to the tail mode 2 module field
tion of some unknown current. We compare the °bservationsseeTsyganenko and Sitno2005 for TS05 module descrip-
with TSO5, a model that comprises all current systems angjgns) The first two parameters are used to improve the repre-

has been shown to be a good choice for modeling this pargenation of the field in the duskside sector, and the last one
ticular storm Ganushkina et §12012. The red solid curves i introduced to improves, at local midnight (tail mode 2
in Fig. 3 represent the model field components. The largest
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current basically flows outside= 6.6 Rg and contributes  Table 1. Estimated low-energy thresholds for protoh detectors
mostly to B; at geosynchronous distanggdnushkina et gl.  (according toAsikainen et al.2012).
2012). We varied these parameters to minimize the error be-

tween the model and spacecraft observations in a manner de- Sat. name P1 P2 P3

scribed inGanushkina et a[2012. The resulting field com- NOAA-15 64keV 187keV 415keV
ponents of this modified TS05 model (hereafter TSO5SMOD) NOAA-16 45keV 140keV 434 keV
are shown in Fig3 by the red dashed lines. From visual in- NOAA-17 45keV 121keV 374keV
spection it is clear that this only provides a minor improve- NOAA-18 30keV 93keV 266keV
ment of the magnetic field on the duskside in comparison METOP 36kev  92keV  271keV

with the TS05 values. TSO5MOD can describe the variation
in B, but fails to describe the strong on the duskside. An

inverse problem for a model having three free parameters angstion is controlled byRc/p parameter, the IBs of particles
matching two/three point vector measurements concentratef;ja\,ing different energy must exhibit dispersion because gy-
atgs'imilar radial distange is likely iII—ppsed (under-defined). yoradius depends on particle energy. The higher the energy,
This is why we do not give the resulting parameter values,ie |ower the latitude of the boundary. The opposite order of
but rat_her_concentrate on_tr_\e_resultm_g field. The goal of thisgs is usually interpreted as indication that IBs are formed
modeling is to show that it is impossible to describe the &X-py wave—particle interactions (e.Gergeev et 312010. In
is_ting.configuration with the TSO05 current systems without Sect.5.3 we analyze the proton energy dispersions to con-
significant changes of their geometry. clude when and where the usageRyd/p = 8 criterion for

IB can be justified and we present the comparison of the ob-

served and model IBs in Se&.4.
5 Lowe-altitude observations

5.2 NOAA/POES particle data
5.1 Isotropic boundaries

The data of Medium Energy Proton and Electron Detector
An additional information about the magnetic configura- (MEPED, Evans and Greer, 2000) on board the National
tion and the processes in the equatorial plane can be ob@ceanic and Atmospheric Administration Polar Orbiting En-
tained from low-altitude observations of the isotropic bound- vironment Satellites (NOAA/POES) were used to determine
ary (IB). This boundary separates regions of adiabatic andB locations. NOAA/POES satellites (hereafter NOAA) have
chaotic regimes of particle motions in the equatorial cur-nearly-circular orbits with altitude- 850 km and orbital pe-
rent sheet. It also separates regions of particle distributiorriod ~ 100 min crossing the auroral oval four times per orbit.
having empty and filled loss cones and can be determine®ix satellites — METOP, NOAA-15, 16, 17, 18 and 19 — cov-
from low-altitude particle observations. Numerical simula- ered most of the nightside MLT sector of the auroral oval dur-
tions have shown that pitch angle scattering fills the loss conéng the period 00:00-12:00 UT of 22 July 2009. The MEPED
atR¢/p < 8 (e.g.,Sergeev and Tsyganenki®82. Here R detector has two telescopes measuring fluxes of trapped par-
is the minimum field line curvature radius apdis maxi- ticles and those precipitating into the loss cone allowing 1B
mum particle gyroradius (se®ergeev et al(1993 and ref-  determination. A telescope measuring fluxes of precipitating
erences therein for more details about IBs). Using this cri-particles is referred to as “Odetector”, whereas one mea-
terion, the position of the IB can be determined from mag-suring trapped flux is referred as “9detector”. The nota-
netic field models, assuming that there is no other scattertions F and F°° are used to denote the corresponding flux
ing mechanism acting in this region. This ratio can be ex-values. The fluxes are measured in a few energy bands for
panded as¢/p ~ BZZ/(aBr/az) ~ BZZ/(uoj). It shows that ions, which are assumed to be protons, and for electrons. We
the latitude of the IB is highly sensitive to the magnitude of use data from the first three proton energy bands, referred
the normal component in the current sheet. The strength ofo as P1 (30-80keV), P2 (80-240 keV), P3 (240-800 keV).
the B, depression is a rough measure of how much west-Unfortunately, the MEPED detectors are subjected to radi-
ward current flows outside of the observation point. During ation damage. The impact of this damage increases the en-
an equatorial current intensification, a region of strong scat-ergy threshold from their nominal level (e.d\sikainen et
tering extends toward Earth and IB moves equatorward. Foal.,, 2012. The 90 detector degrades faster thahd®tector
that reason the IB latitude can be used as an indicator of toand it is impossible to determine IB location from the raw
tal current strength if there is no other scattering mechanisndata without additional calibration after a few years of satel-
acting. lite operation. We have elaborated the calibration procedure

Although unambiguous determination of the type of the for the measured 90flux which normalizes its value to the

isotropization mechanism from low-altitude observations is0°-detector energy range. This procedure is described in Ap-
barely possible, valuable information can be obtained frompendixA. Although after such correction IB can be reliably
analysis of IBs for particles of different energy. If the IB lo- determined (within a certain accuracy which is discussed
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later), this IB cannot be referred to the nominal energy be-5.3 IB energy dispersion analysis
cause of the shift of the°@detector low-energy limit. These
low-energy limits estimated according #sikainen et al.  Infurther analysis we distinguished three IB dispersion types
(2012 for the year 2009 are given in Taklelt can be seen that are illustrated in Figd. This schematic figure shows lat-
that the P1, P2, P3 energy bands always keep their order (Pilude profiles of particle fluxes for’Q(black curve) and 90
— lowest energy; P3 — highest), however, it should be kept(red curve) detectors for P1 and P2 bands. The IB confidence
in mind that their real energies can be significantly differentintervals are marked by vertical lines. Figuta illustrates
from the nominal ones, especially for NOAA-15. the energy dispersion expected for scattering on curved field
An analysis of IB energy dispersion requires a high ac-lines (the P2 IB confidence interval is situated equatorward
curacy of determination of IB location because latitudes ofof that for P1, Pheq > P2A ). This type is referred to as
IBs of two adjacent energy bands may differ less thdi.0 “ND” (normal dispersion). Figuretb illustrates the oppo-
However, uncertainty in calibration factors and other rea-site situation (P2¢q> P1Apo). We cannot relate this type
sons (finite temporal resolution, temporal evolution during of dispersion with any certain isotropisation mechanism and
auroral oval crossings, etc.) only allow the determination ofwe will refer to this type as “AD” (anomalous dispersion).
the IB location inside some “confidence interval’. We de- Figure4c and d illustrate the situation when IB confidence
fine the boundaries of this interval as follows (an exampleintervals of two energy bands overlap and we can not relate
is given assuming that the satellite moves from the equatothis event with any of the aforementioned types. This dis-
to the pole): the equatorial boundary is the polewardmostpersion type is referred to as “UD” (unidentified dispersion).
point whereF®/F% < 0.5 andF%/F% < 0.5 for the 4 pre-  These definitions also can be generalized to the usage of three
ceding points (8-s interval); the polar boundary is the firstenergy bands P1, P2, P3: If every pair of bands has ND dis-
point after the equatorial boundary wher®/F% > 0.75 persion type, we define this event as ND type. If at least one
and FO/F°0 > 0.75 for 4 subsequent points. Further in the of the pairs is of AD dispersion type, this event is referred to
text, the equatorial and polar latitudes of the IB confidenceas AD type. All remaining events are classified as UD type.
interval will be referred to as.eqandApol, respectively. The Figureba, b, c show locations of observed P2 IB as the cor-
criterion for Aeq Was chosen so that it ignores brief periods rected geomagnetic latitude (CGMLat) vs. MLT for 00:00—
of isotropic or nearly isotropic fluxes at the equatorial part of 12:00 UT interval. Red, black and blue symbols correspond
auroral oval which probably are caused by a wave—particleo ND, AD and UD dispersion types respectively. The differ-
interaction scattering mechanisi@\ozdevsky et a].1997%, ences of the three figures are due to the different combina-
Yahnin and Yahning2007). These criteria were used for de- tion of energy bands used for classification of the IB disper-
termination of the confidence interval for P1 and P2 IBs. Thesion types. All three energy bands were used for dispersion
P3 IB was determined using similar criteria with the weaker classification presented in Fi§a, whereas Fighb and c are
condition on the number of points precedingg and follow- obtained using P1, P2 and P2, P3 pairs, respectively. There
ing Apol (2 instead of 4). The absolute values of latitudes areare fewer points in Figoa and ¢ in comparison with Figb
used for observations in the Southern Hemisphere in order tbhecause P3°0flux often does not rise above the 10-count
combine the observations from both hemispheres. limit and P3 IB cannot be reliably determined. It is obvious
We applied this algorithm to the auroral oval crossings inthat that P3, P2 pair generally exhibits ND dispersion type
both hemispheres in 17:00-24:00, 00:00-07:00 MLT sector(no AD type points in Fig5c). This important finding may
in 00:00-12:00 UT interval. After that, we visually inspected mean that the physical mechanism leading to anomalous dis-
all IBs and excluded an insignificant number of incorrect persion only affect the particles in the lowest energy range
ones. The events with large uncertainty usually correspond~ 30-80 keV); however, other explanations are also possi-
to a situation when the regions of isotropic and strongly ble. Keeping this fact in mind, we will focus on the anal-
anisotropic fluxes were separated by a region of transienysis of dispersions of the P1 and P2 IBs. Figbeeand b
and weak deviations from isotropy so that the fluxes can-ook similar except for a larger number of points in the latter.
not be considered as purely isotropic or strongly anisotropicBoth figures show that AD dispersion types tend to be ob-
Finally, we have a database of250 proton IB positions served in the dusk—midnight MLT sector with only one point
for P1, P2, P3 energy bands with information about theirin the morning sector. However, one should keep in mind the
uncertainty. On average, the measured counts are one olarge number of UD type points in the morning sector. Since
der of magnitude lower for each following energy band. most of AD type points in Figha are also present in Fifb,
For that reason count statistics for P3 band is poorest, witHor the sake of better statistics we further will determine the
MEPED P3 0 counts being less than 10 for some of orbits dispersion type using only the P1, P2 IB pair.
(basically during the prestorm interval). We discarded the IB  To study the occurrence rate of the different types of the
if the O° flux counts were less than 10. It led to a significantly IB energy dispersion during a particular storm phase, we se-
smaller number of P3 IBs detected in comparison with Pllected a few specific periods presented in Tabld@he first
and P2 IBs. period is a “prestorm” period, when Symiks more or less
stable (does not show a steep decrease). The names “mainl”
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b)
T
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Fig. 4. Sketches illustrating criteria for definition of three IB energy dispersion types. P1 and P2 panels correspond to lower and higher
energy bands. Vertical lines mark confidence intervals of IB determinatfoan@ 90 fluxes are not shown inside these intervals).

Table 2. Statistics of observation of different types of IB energy dispersion during specific phases of the storm. The phases are defined
according to Sym-H. IB dispersion type was determined for P1, P2 energy bands.

Phase Interval UT N ND AD UD ND/N AD/N UD/N

1 6 46 % 8% 46 %
3 16 5% 15% 80 %
2 15 26 % 9% 65 %
0
0

prestorm 00:00-02:00 13 6
mainl 02:00-05:20 20 1
recovl 05:20-08:30 23 6
0 5 0% 0% 100%
9 4 69 % 0% 31%

main2 08:30-09:10 5
recov2 09:10-12:.00 13

and “main2” denote the periods of sharp Sym-dtecrease. did not cease immediately after the Synfi-minimum. Al-
“Recovl” is the period of temporary Sym*Hecovery be- though the AL index recovers gradually (see Hig), this re-
tween the two dips and “recov2” is the first part of the main covery is interrupted by brief intensifications until 07:10 UT.
storm recovery period. Columns 4-6 of Tallsummarize  For that reason we tried another classification of activity pe-
the number of points of the specific dispersion type duringriods based on the level of AL index disturbance/variability.
the given period and the third column is the total number of The periods are specified in Tal8eThe names “distl” and
points. Columns 7-9 show the percentage of the points ofdist2” represent the periods of disturbed AL index, whereas
that specific type. Figuréa graphically presents the data of the “quiet” periods correspond to the quiet AL. The occur-
columns 7-9 of Tabl@. It can be seen that the occurrences rence rates of different dispersion types are shown in Table
of ND and UD dispersion types (red and blue bars) behaveand in Fig.6b in the same format as in Tabkand Fig.6a.

in the opposite way. The ND occurrence rate is higher duringThe AL-based classification seems to give a more consis-
quiet intervals (prestorm and recovery periods) whereas théent picture. The occurrences of ND and UD dispersions be-
UD occurrence is higher during both Sym-ieriods. This  have in the same way as in Figa. The ND occurrence rate
behavior can be interpreted as a manifestation of the strengttis ~ 50 % during the prestorm and quiet periods and it is
ening of the radial gradient of the magnetic field in the innerless than 20 % during disturbed periods. Almost all anoma-
magnetosphere during the main phase so that the P1 and RP@us dispersions were observed during the first disturbed pe-
IBs become closer and our algorithm often can not resolveiod (“distl”). The only exception was observed during the
them (the number of UD dispersions increases). The occurprestorm interval (see Tab8). If the AD dispersion type is
rence of AD type peaks during the first Synt-Hip and itis ~ somehow related to substorm injections, one would expect
also observed during the prestorm and first Syfirétovery  AD dispersion observed during the second AL intensifica-
periods. It should be noted that activity in the auroral regiontion too. However, this second intensification period was too
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(b) phases defined according to the AL index.
Fig. 5. CGMLat vs. MLT plot of P2 IB positions. Red triangles cor-

respond to ND type, black asterisks to AD type and blue squares
to UD type. Panels correspond to different dispersion type classifi-
cation methods(a) involving P1, P2, P3 channelfy) P1 and P2  sion type is mostly observed in the dusk and premidnight
channels(c) P1 and P3 channels, see explanation in the text. MLT sectors. However, it was also shown that P2 and P3
IBs never exhibit anomalous dispersion (Fig). Although
it does not necessarily mean that P2 and P3 isotropic bound-
short and only seven IBs were observed during this periodaries are formed by scattering on curved field lines in the
Taking into account that AD occurrence rate never exceededurrent sheet region, we compare the observed P2 IBs to the
14-15 %, this type of dispersion could be easily missed by anodel ones.
satellite during the “dist2” interval. The occurrence rates in  Locations of P2 IBs in the Northern Hemisphere for dif-
Tables2 and3 were computed relative to the number of all ferent MLT were computed using the criteri®a/p = 8 (see
events when P1 P2 IBs were determined including UD typeSect.5.1) for the TS05 magnetic configuration and for a par-
events. If we compute the AD occurrence rate relative to theticle energy of 80 keV. The computations were performed for
number of events when AD or ND dispersion type was iden-the period of 00:00-12:00 UT with 1-h resolution for cor-
tified, 75% and 56 % rates will be found for “main1” and responding input parameters. Figufteshows the corrected
“dist1l” periods, respectively. However, taking into account geomagnetic latitude and MLT of the observed (symbols)
the limited number of events for analysis and large numberand model (curves) IBs. Colors represent the corresponding
of UD type points, these occurrence rates should not be use8ym-H* index value. An absolute value of latitude is plot-

for comparison with other studies. ted for observations in the Southern Hemisphere. Figare
b, ¢, shows IB positions during the prestorm interval, dis-
5.4 Comparison with the model IBs turbed period, and the recovery period, respectively. The ex-

act time intervals are specified in the figure. The high oc-
The analysis of the measurements in the vicinity of geosta-currence of ND dispersion type during the prestorm and re-
tionary orbit (Sect3) has shown that a relatively thin and covery periods (see Tabl&and 3) allows us to interpret
intense current sheet exists in the dusk sector and the TSOhe IB position in Fig.7a, ¢ in terms of nightside cross-tail
model underestimates magnetic field line stretching in thiscurrent strength as it was discussed in SBcL Figure 7a
region. On the other hand, the analysis of the IB energy disdemonstrates that TSO5 can overestimate cross-tail current
persion (Sect5.3) has shown that the anomalous IB disper- strength during the prestorm period, especially in the dusk
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Table 3. The same as TabRbut storm phases are defined according to the AL index.

Phase IntervalUT N ND AD UD ND/N AD/N UD/N

prestorm 00:00-02:10 13 6 1 6 46 % 8% 46%
distl 02:10-07:10 35 4 5 26 11% 14% 74%
quietl 07:10-08:10 7 3 0 4 43% 0% 57%
dist2 08:10-09:30 7 1 0 6 14% 0% 86%
quiet2 09:30-12:00 12 8 0 4 67 % 0% 33%

and premidnight sector. It is also the case for the dawnside 75

during the recovery period (Figc). Note, however, thatthe ¢ 0000-0210UT (@)
points in the dusk sector are in good agreement with TS05 © 70{ o B
during the recovery phase. § r LN x x % ]

The storm has two intensifications separated by the period= 65¢ \—/"/ ]
of temporary Sym-H recovery (Fig.1). For simplicity, we 8 60; ]
do not separate these periods combining all the data during 12
the 02:10-09:30 interval in Figb. However, the comparison 55i L ] 20

of observed P2 IBs to the model ones in Fig. should be

made with precautions. The P2, P3 pair of IBs never shows 55— 2292 02 0% 09

anomalous dispersion, while the P1, P2 pair sometimes does.; [ 0210-0930 UT (b)] 40
At least two hypotheses can be considered: (1) The anoma-3 70p 1850
lous scattering mechanism only affects the P1 energy rangez 5 ] £
particles, whereas criteriaRc/p = 8 can be used forP2and = 65{ % ¢ 1 160 &
P3 IBs. (2) The anomalous scattering mechanism affects the8 [ \// . &
particles in all energy ranges, but the normal dispersion of = 60 1F-70
P2 and P3 IBs is caused by some other reason. Of course, e x ]

the interpretation of the results presented in Figlepends L
on the choice of hypothesis. In general, Fith demon- 8 20 22 00 02 04 06

strates that the TS05 model underestimates the dusk-dawns "°[ gg30.1200 UT (©] |0
asymmetry of the equatorial current during the active phase™ ;oL ]

of the storm because. According to Figp, there are two & | 1100

GMLat

ND type points below 58CGMLat in the dusk sector and 65F ] I_110
there are no AD type points in the midnight-dawn sectorat & ¢ 1

all. The observed IBs in the duskside sector are on average 60F 1
shifted ~ 3-5 equatorward relative to IBs in the midnight ; ]
sector. There is a group of IBs in the 17:00-20:00 MLT sec- 550 . . T
tor which are 3-4 equatorward of the model IB. The two 18 20 22 00 02 04 06
most equatorial IBs (lat~ 55-56.5) were observed during MLT

the main Sym-H minimum (red color) and were of AD and . ) )
UD types (see Fig5). Three of the most polar IBs around Fig. 7. Observed (symbols) and model (curves) isotropic bound-

g . aries duringa) prestorm interval(b) active phase of the storm and
19:00MLT were observed during the temporary reCOVery(c) recovery phase, shown as CGMLat vs. MLT. Color shows cor-

(06:45-08:30 UT). . o . responding Sym-Kindex values.
To check how the PRC intensity influences the IB location,

we computed IB positions using TS05 with an increased PRC
intensity by a factox 2, x5 andx 10. We found that only the
factor x5 can produce an IB at 57° magnetic latitude on
the duskside for this event and a factot0 produces an 1B

of 0° and 90 P2 flux. All profiles correspond to observa-
tions in the 17—20.5 MLT sector and plotted chronologically
at~ 55 (the lowest latitude of observed IB). from the top to the bottom. The Universal Time is shqwn on
It should be noted that times of strongéton the dusk-  the left, and the values of Sym*Hare shown on the right.
side (Fig.3a, c, d) coincide (within 15 min) with times of the The honzorﬁal axis represents an absolute value of correc;ted
two Sym-H minima. To look at this tendency from a dif- 9eomagnetic latitude. Spacecraft IDs are shown as vertical

ferent angle, we analyze isotropic boundary evolution in the@Xis titles. NOAA-15 and -16 passed the given MLT sector
dusk sector. Figur8 shows the stacked latitudinal profiles N the Southern Hemisphere, whereas METOP and NOAA-

17 (marked by red color) did in the Northern Hemisphere.
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and in the 21:00-03:00 MLT sect().

A general tendency is that IBs move to the equator when
Sym-H* decreases, and retreat back to the pole when it re-
covers. It is true for all energy bands because the Sym-H
dependent variation of IB positions is much stronger than
IBs energy dispersion. It was shown in Segt3 and it is
also seen from Fig8 that P3 and P2 IBs (blue and red verti-
cal lines) mostly exhibit ND dispersion type. Figl@shows
P2 1B CGMLat vs. Sym-H. Figure9a corresponds to the IBs
=ty - in the dusk sector 17:00-20:00 MLT, whereas Big shows
MLT:18.1 o those determined in the 21:00-03:00 MLT sector. The linear

METOP, NIOAA—15,1|6,17 I\I/IEPED P2 70
] (@)
0 |UT:0159 . -
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UT:1154 i SymH'= —65 correlation coefficient between the IB latitude and Sy-H
%TAM o Ao 4 were computed. We found a strong correlation in the dusk

50 55 60 65 70
ICGMLatl, deg

sector withr = 0.82 (N = 20) and somewhat weaker corre-

lation in the midnight sector-(= 0.76, N = 34). The corre-

lation coefficient between the IB latitude and the AL index

Fig. 8. Latitudinal profiles of proton number flux (MEPED P2, were much weaker at 0.56 and 0.13, respectively.

in log scale) in 17:00-20:00 MLT sector. The panels are plotted

chronologically. The MLT and UT on right and Symttén the left

correspond to the time the satellite crossed ¢f 6GMLat. Satel- 6  Discussion

lite name is shown at the vertical axis and the red (black) colors

correspond to the auroral oval crossings in the Northern (Southernflthough we cannot determine which isotropization mecha-

Hemispheres. Vertical lines mark IB positions (P1 black; P2 red andnism operated in our case, the spatial and temporal relation

P3 blue). between current sheet thinning and the equatorward IB shift
is evidence in favor of scattering on curved field lines. The
TSO05 model underestimates tBeon the duskside severely,
hence the real IBs should lie equatorward of the model curves

The vertical black, red, and blue lines mark the IB confidencein Fig. 7. Tsyganenko and Sitnof2005 found that a thin

intervals for P1, P2, P3 energy bands, respectively. current sheet can approach very near to Earth on the nightside
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as close as the geocentric distanc8—4 R during the peak  metry increases with a Sym-H decrease in agreement with
of the superstorm. So why can it not approach the same diseur results. The asymmetry is also seen in the depression of
tance on the duskside? B; (their Fig. 4a, b).

However, caution should be used when applyiago = 8 Statistical comparisons of observBg, By, B, GSM com-
criterion for interpretation of 1B observations during dis- ponents at geosynchronous orbit during storm times and their
turbed periodsSgraas et ali2002 interpreted the equato- values predicted by the TS05 model revealed the worst cor-
rial part of the energetic proton precipitation in the eveningrelation for By (Tsyganenko and Sitnp2009. Their scatter
sector as a freshly injected isotropic plasma. There are manplots show that theBy difference can be- 100 nT (Tsyga-
observations supporting a wave-scattering scenario. Mostlynenko et al.2003. However, the y-axis is close to the radial
these are magnetospheric and low-altitude observations ddirection if the spacecraft is on the dusk or dawn flanks and
the EMIC wave activity in the inner magnetosphere regionstrengthening of the duskside current sheet might be respon-
(Braysy et al. 1998 Erlandson and Ukhorskjy2001; Hal- sible for this discrepancy.
ford et al, 2010. Gvozdevsky et al(1997 investigated the Our findings are in agreement with results of a storm em-
intense proton precipitation equatorward of the IB which pirical model byTsyganenko and Sitndi2007) (by now, the
were called LLPP (low-latitude proton precipitation). The model is available for the list of processed storms, which
examples of such precipitation can be seen in Biglast  does not include our studied event). This model does not
six profiles). The authors found that LLPP particle flux sig- include predefined current systems, but rather expands the
nificantly increases during intense substorms, but also menmagnetic field into a sum of specific basis functions with co-
tioned that sometimes they could not recognize LLPP duringefficients which are found by fitting to the data. Even though
a substorm maximum epoch. They discussed two possibl¢he function defining the current sheet thickness variation
reasons: first, the equatorward motion of IB during disturbedover the equatorial plane is defined a priori and is an even
time (the isotopic zone can completely overlap the LLPP re-function of Y, the model shows that there is a strong current
gion). Second, the increase of the pitch angle diffusion rateon the duskside during the main phase. Unlike the conven-
so that the fluxes become fully isotropic and the LLPP regiontional partial ring current, the model current sheet extends
cannot be distinguished from isotropic precipitation causedfrom 5 to > 10Rg in radial distance and closes basically on
by scattering on the curved field lines. In the latter case, thehe magnetopause.
isotropic boundary is formed by a wave-scattering mecha- The determined latitudes of IBs in the dusk sector during
nism and the criterio®./p = 8 cannot be used. the Sym-H minimum period are in agreement with the sta-

The MLT distribution of anomalous IB dispersion tistical study of the proton isotropy boundary byova et al.

(Fig. 5b) resembles the distribution of EMIC waves observed (2005. The authors studied the latitude MLT shape of the
by Erlandson and Ukhorskig2001). However, the authors IB as a function of solar wind parameters and geomagnetic
found higher occurrence during the recovery phase than durindices. It was found that the IB can reastb4-5% during

ing the main phasealford et al.(2010 indeed found that disturbed times (Dst —100 nT) in the premidnight sector.

the majority of EMIC waves occur during the main phase Keepingin mind that the latitude of the IB is a good indica-
but most of the events were observed in the dusk—noorior of the equatorial current strength, our results on the MLT
sector and relatively few were observed for MtTL8 h, dependence of the IB latitude are in agreement with the study
whereas there were no anomalous IB dispersions observedf Le et al.(2004, who determined the 3-dimensional cur-
for MLT <19h. It is also unclear why higher energy IBs rent density by taking the curl of the statistically determined
never exhibit anomalous dispersion (Fg). The decrease of magnetic field. The authors found that the total current (inte-
equatorial magnetic field in the inner magnetosphere due tgrated from 4 to &g in r and—2 to 2Rg in Z) has a max-

the duskside current strengthening can create favorable corimum in the 19:00-21:00 MLT sector for Sym-+—60nT.
ditions for EMIC waves generation and ion pitch angle dif- However, thel_e et al.(2004 dataset includes both the main
fusion Kennel and Petschek966. In this case, again, the and recovery phases, hence the main phase asymmetry can
IB latitude can be considered as an indicator of equatoriabe even stronger.

current strength. While none of these previous studies explicitly proves the

However, we have presented an analysis of one event anexistence of the thin and strong duskside current sheet, as a
the question arises as to how typical the event might begroup they lend credibility to the concept that such a current
Inspection of previous statistical results show that all thesecould exist, at least temporarily, during the main phase of the
findings are inherent features of a magnetic storm. storm.

A manifestation of a strong current on the duskside can be The IBs in the dusk sector were on average shifte8-
seen in the GOES statistical observations during the mairb°® equatorward relative to IBs in the midnight sector. This
and recovery phase®ftani et al. 2007). Comparison of allows us to suggest that the duskside current can be even
their Fig. 2b and f, showing the disturbance of the radial stronger and flows closer to Earth than the tail current in the
component of the magnetic field at 03:00-06:00 and 18:00-midnight sector. The correlation of the IB latitude with Sym-
21:00 MLT sectors, demonstrates that the dawn—dusk asymH* in the dusk sector was also somewhat better than that in
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the midnight sector (Fi®). It might also mean that the dusk- 8. The difference of 4 between the observed IBs and the
side current contributes more to Sym-H than the tail current TS05 model IBs in the dusk sector can be achieved
in the midnight sector; however, this suggestion requires a by introducing an unrealistix 10 factor to the model
guantitative evaluation. PRC intensity.

All of the above findings support a hypothesis that a rela-
7 Conclusions tively thin (half-thickness< 1 Rg) sheet of current flowing
in the azimuthal direction developed on the duskside during
Our analysis of a moderate storm on 22 July 2009 revealedhe storm main phase. Its sheet-like shape distinguishes this
the following: current from the conventional PRC, which has a bean-shaped
cross section. We cannot determine how this current closes
1. A very strong radial component of the magnetic field and whether it is linked to energetic particle injections; how-
was observed in the 18:00-20:00 MLT sector in the ever, results of thé’syganenko and S|tnq\2007) mode"ng
vicinity of geosynchronous orbit indicating the develop- support the hypothesis that its topology is closer to the tail

ment of a highly stretched configuration with;| >>  current flowing out through the magnetopause.
| Bz| during the main phase.

2. A rough estimation of the current sheet half-thickness Appendix A
in the dusk sector gives the valgel Rg.

) Calibration of MEPED 90°-flux data
3. Our tests show that TSO05 fails to reproduce the dusk-

side magnetic field during this particular storm. More- According toAsikainen et al(2012 the impact of radiation
over, neither a change of azimuthal angle of the PRCdamage on the MEPED detectors leads to a shift of the en-
maximum nor a variation of its intensity can describe ergy thresholds to higher values. Unfortunately, the @€-
the observed larg8; in the dusk sector. tector degrades faster thah @etector and reliable 1B iden-
] ) . . ) _ tification becomes impossible after 1-2 yr of satellite opera-
4. Analyzing the dispersion of proton isotropic boundaries (io The accuracy of IB determination depends only on rel-
(IBs) we found that IBs of the high-energy pair of chan- 4iive calibration of © and 90 detectors. On the other hand,
nels 2 100keV) always exhibit normal dispersion i has peen known since the first low-altitude particle obser-
(dispersion type expected for pitch angle scattering onations Sgraas et 11977 that there is a region of fully
curved field lines; IB of the high-energy particles is ob- jsatropic flux at high latitudes. A calibration of 9@letectors
served at lower latitude than IB of the lower energy vt respect to © detectors can be done using the measure-
particles). However, we found six anomalous IB dis- mens in this isotropy region. We used the following criteria
persion events (of 28 when dispersion type identifica-q gelect the isotropy region during every auroral oval cross-
tion could be done) for the two low-energy channels j,q quring 22 July 2009: (1) Only measurements poleward
(E < 100keV). of 0°-flux maximum were used; (2) the measuredflix

5. All anomalous dispersion events were observed in the’® higher than the 90flux; (3) MLT > 17h or MLT < 7h;

dusk—midnight MLT sector and five of them were ob- (4) we use a 10-count lower limit for the P1 and P2 bands
served during the first AL index intensification. The and a 5-count lower limit for the P3 band. The median of

occurrence of anomalous dispersion is not directly re-oi é 2?;33;; ﬁgggﬁ?ﬁ_ﬁgg&?gﬁ%’?ggg 'S éh:sggo_%re—
lated to storm phase. One event was observed duriné’17 18 satellites (the NOAA-19 had b ’nr nil I, n,h q
the prestorm interval and two other events were ob-_ d"-t dsi ed.gs(t N d k lib at' eeThece 3{ aunc eb
served during first Sym-Hrecovery period of 06:30— 2"n¢ 'S data did not need a catbra lon). These ratios can be
) used as correction factors for 98ux measurements, how-
06:50 UT. L .
ever, standard deviations are rather large. If the difference of

6. Analyzing the~ 80keV proton IB location during the the measured®Cand 90 fluxes in the isotropy region is a re-
storm peak period we found that the observed IBs in thesult of the different low-energy thresholds, this ratio depends
17:00-20:00 MLT sector reached55° magnetic lati- 0N the slope of the particle energy spectrum. The spectrum
tude. This is~ 4° equatorward of the model IB. The Slope is roughly proportional to the ratio of counts in two ad-
duskside IBs were on average shifte3-5 equator- jacent energy bands. Our idea was to find the empirical de-

ward relative to IBs in the midnight sector. pendence between the calibrating factdy/@r-flux ratio in
the isotropy region) and the ratio of the fluxes in two adjacent

7. The latitude of IBs in the 17:00-20:00 MLT sector cor- energy bands and to use this dependence to find a calibrating
relates with the Sym-Hindex with » =0.82 and the factor for every measurement. We use the P2/PHR&X ra-
correlation is somewhat better than in the midnight sec-tio as a measure of the spectrum slope for calibration of P1
tor where it might be influenced by substorms. and P2 fluxes and P3/P2 90ux ratio as a measure of the
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Table Al.(0°/90°-flux ratio)/(standard deviation) for P1,P2,P3 pro- NASA and NSF grants.
ton energy bands. Topical Editor I. A. Daglis thanks N. A. Tsyganenko and one
anonymous referee for their help in evaluating this paper.

Sat. name P1 P2 P3

METOP  1.17/020 1.35/0.46 1.38/0.39 References

NOAA-15 1.88/0.40 2.13/0.51 1.95/0.75

NOAA-16  1.68/0.71 2.33/1.27 1.54/0.46 Asikainen, T., Maliniemi, V., and Mursula, K.: Modeling the
NOAA-17 1.51/0.30 1.86/0.56 1.89/0.48 contributions of ring, tail, and magnetopause currents to
NOAA-18 1.14/0.15 1.24/0.28 1.20/0.33 the corrected Dst index, J. Geophys. Res., 115, A12203,

doi:10.1029/2010JA015772010.

Table A2 Lj lat Hicient/ ber of dat ints. Th Asikainen, T., Mursula, K., and Maliniemi, V.: Correction
able As. Linear correration coeticientinumber of data poin's. The — o¢ getector noise and recalibration of NOAA/MEPED en-

cgrrelat:jo?hcoeﬁ|C|enttbetweer?@(f-ﬂutﬁratlo|nthe|sottrop|cr|e- f ergetic proton fluxes, J. Geophys. Res. 117, A09204,
gion and the parameter representing the energy spectrum slope for  i.1 5 1029/2012JA017592012.

corresponding energy band (see explanation in the text). Braysy, T., Mursula, K., and Marklund, G.: lon cyclotron waves

during a great magnetic storm observed by Freja double-probe

Sat. name Pl P2 P3 electric field instrument, J. Geophys. Res., 103, 4145-4155,
METOP  —0.31/2097 —0.53/2175 —0.41/921 doi:10.1029/97JA02820998.

NOAA-15 —0.69/1147 —0.06/951 —0.58/149 Cahill Jr., L. J.: Inflation of the Inner Magnetosphere dur-

NOAA-16 —057/1359 —0.63/1435 —0.32/175 ing a Magnetic Storm, J. Geophys. Res., 71, 4505-4519,
NOAA-17 —0.53/1883 —0.46/1776 —0.36/472 doi:10.1029/JZ071i019p04505966.

NOAA-18 —0.25/1723 —051/1465 —0.30/353 Crooker, N. U. and Siscoe, G. L.: Birkeland Currents as the Cause

of the Low-Latitude Asymmetric Disturbance Field, J. Geophys.
Res., 86, 11201-112160i:10.1029/JA086iA13p11201981.
. . . . Cummings, W. D.: Asymmetric Ring Currents and the Low-
slope for calibration of P3 flux. The correlation coefficients | ziitude Disturbance Daily Variation, J. Geophys. Res., 71,
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