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Abstract. We provide an event study of THEMIS obser- tant roles, for example, in the control of the structure of the
vations of the low-latitude boundary layer in the dayside low-latitude boundary layer (LLBL) (Antonova, 2005), in the
magnetosphere. Simultaneous multipoint observations obtransfer of magnetosheath plasma into the midnight neutral
tained on 5 December 2008 show that the magnetosheattsheet from the plasma sheet boundary layer (Borovsky et al.,
like plasma in the low-latitude boundary layer is transferred 1998) or from the magnetospheric flanks (Wang et al., 2010),
earthward from the magnetopause. This earthward transpodr in making the plasma sheet in the magnetostatic equilib-
is accompanied by decrease in the density and fluctuatingium whose collapse may be related to the substorm onset
bulk flow. We calculate the eddy diffusion coefficients, which (Antonova and Ovchinnikov, 1999).

can be estimated from the observed velocity data, and found To date, there has not been an in-depth study to prove that
that the numbers are in good quantitative agreement with theddy diffusion does indeed operate in space plasmas. In pre-
spatial and time scales of the observed earthward transpoxtious studies, discussions on eddy diffusion in the magneto-
signatures. It is shown that other possible plasma transporgphere have been based on coarse-grained datasets that have
processes such as convection or diffusion induced by plasma time scale of hours and a spatial scale larger theg. The

wave turbulence are inconsistent with the observations. Oudatasets of these characteristics have been subjected to sta-
study strongly suggests that the observed transport is due tiistical studies (Borovsky et al., 1998; Wang et al., 2010) or
diffusive transport via turbulent eddy motions as is the caseto single-spacecraft studies (Borovsky et al., 1998; Wing et
of an ordinary (Navier—Stokes) fluid. al., 2006). In contrast, in this paper, we will try to put for-
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and boundary layers) — Space plasma physics (Transport rtﬁ- . . .
cesses: Turb)lljlezce)) P P Py ( portp as a time scale of ten minutes and a spatial scale less than

1 Rg, from which we can make a more solid test regarding
whether the observed signatures match the expectation from
eddy diffusion framework.

1 Introduction

Understanding the transport mechanism of material particle® Event overview
(e.g., constituent molecule or pollutant) in various fluid me-
dia (e.g., atmosphere or ocean) is important in many indusWe searched for simultaneous multipoint observations of
trial and geophysical problems. It is well known that turbu- magnetosheath-like plasma existing in the dayside magne-.
lence can transfer those particles more efficiently than molectosphere. Such cold-dense plasma would be a marker of a c
ular diffusion. This mode of transport is called eddy diffusion plasma transport process earthward from the dayside mag- c
or turbulent diffusion (e.g., Hinze, 1975). netopause. THEMIS (Angelopoulos, 2008) data obtained in

For collisionless space plasmas, the concept of eddy diffu2007 and 2008 have been inspected. We found one event ©
sion involves multi-scale physics (e.g., Borovsky and Gary,in which cold-dense plasma was observed at more than two O
2009) and is not necessarily a straightforward one. Neverspacecraft and the density profiles at first sight are suggestive ©
theless, eddy diffusion has been considered to play imporef diffusive transport.
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(@) directional field-aligned fluxes of~100eV electrons (not
shown).

Figure 1c shows the data obtained by THE dur-
ing the entire 8h interval. The position of THE was
Xesm=0.17~ 4.3RE, Yesm= —11~ —8.0RE, and
LA L Zgsm=0.74~—0.41Re. The LLBL was encountered
. V1 e s e T s de 20 UM s intermittently in 14:30-17:30UT when the IMF was di-
ax100 rected southward (Fig. 1a). The LLBL feature was gradually
g enhanced from 18:15 UT, 20 min after the northward turning

% %
dliaos

Hmsg of the IMF. Thickening of LLBL under northward IMF has

ACE
|B| Bz [nT]
El

®) ace

(©)

(d) 10|
THEMIS-E 4
ion flux ¢4

[keV]
) THEMIS £ "

eVici

electron 4 | : \ been noted by various studies (e.g., Mitchell et al., 1987;
X eeV] - 10 @ieroset et al., 2008) and this particular event seems to
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T — : 1 : Here we focus on the latter LLBL observations (Fig. 1d—

100
© o waloty © 0). The inner edge of the LLBL plasma was observed se-
[kms] -100 quentially by THE at 18:15UT, by THA at 18:35UT and by
®) : K THD at 18:45 UT. The positions of each spacecraft upon re-
o ﬂux[ke"v'} gl o0 i o g spective encounter with the LLBL inner-edge are shown by
HEMIS- I cross marks in Fig. 2. The sequence of the LLBL detections
flux [ke"v-i et by THE, THA, and THD indicates that the LLBL plasma is
0 rHEms. ‘ o ‘ transferred earthward.
lon dorsity * ; The observed transport would not be due to convective
flow. Constant solar wind dynamic pressure (Fig. 1b) indi-
cates that compression of the magnetosphere would not have
occurred, and ion bulk flow detected by each THEMIS space-
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ion flux .qf craft is not streaming in a specific direction but is highly
(m)THEMlS[kDeV] = fluctuating (Fig. 1g, k and o). Decrease in the peak density
ele;lcut;onkol _of ions_ with approachi_ng to the Earth (Fig. 1_f, j and n) is
") THEMlS[;Vl |nconS|s_tent with What is expected for conv_ectlon or magne-
ion E/jcecn]sity i tospheric compression. Instead the fluctuating nature and the

density decrease imply operation of diffusive transport via
; . turbulence. Below, we investigate the data obtained by the
1800 0 1500 1930 [UT] three spacecraft from the viewpoint of eddy diffusion.
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Fig. 1. Time series plots of measurements by ACE (shifted by
55 min) and THEMIS on 5 December 20q8) ACE IMF, (b) ACE 3 Analysis and results
solar wind dynamic pressure, anld) THEMIS-E ion energy
spectrogram during 13:00-21:00 U{d) ion energy spectrogram,

(e) electron energy spectrograrf) ion density, andg) ion ve- . / .
locity measured by THEMIS-E during 17:50-19:30 UT; the same two independent ways and compare them with each other:

measurements as id)~(g) but from THA and THD are plotted °N€ is to obtain the diffusion coefficient from the timing of
in (h)~(k) and(l)—(0), respectively. Vertical dashed-lines()—<0) WO Point observations of the LLBL plasma and the other

indicate the detection of the inner edge of the LLBL by each space!S t0 estimate the eddy diffusion coefficient from observed
craft. velocity data.

For the current purpose, the normal angle of the LLBL
plasma front is needed. It would be reasonable to consider
that the LLBL plasma is broadened in the direction along

Figure 1 shows an overview of the event. Data fromthe LLBL normal. The angle to define the normal, which is
the ion and electron plasma instruments (McFadden et al.depicted a® in Fig. 2, can be estimated by so-called tim-
2008) onboard THEMIS-E (THE), THEMIS-A (THA), and ing analysis (Schwartz, 1998). Since the normal vector of the
THEMIS-D (THD) are used in this study. The three space-LLBL would lie in X-Y GSM plane, data from three points
craft were in the dawn-morning sector of the magnetospherean determin®. Because the timing analysis cannot be ap-
and were close to the magnetopause. All three spacecraft dglied to a diffusive transport event in which the constant ve-
tected plasma in the LLBL which is characterized by the locity assumption is not valid, we apply the method to the in-
coexistence of cold magnetosheath-like and hot magnetotermittent LLBL encounters at 16:30 UT when the inner edge
spheric plasmas (Fig. 1c, d, e, h, i, | and m) and by bi-of the LLBL is clearly detectable by all the three spacecraft.

Here, we calculate diffusion coefficients= d (x2)/(2dt) in
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Fig. 2. Depicted by circles are the positions of the inner edge
of the LLBL detected by THA at 16:30:32UT (green), THD at
16:30:38 UT (blue), and THE at 16:31:20 UT (red) that are used to

determined the LLBL front normal direction. Crosses show the PO-THA at 18:35UT. in which Axsc(E-A) = 3000 km, and

sitions of the inner edge of the LLBL detected by THE at 18:15UT Dsc(A-D) from those by THA at 18:35 UT and by THD at

(red), THA at 18:35UT (green), and THD at 18:45UT (blue) that "> . . -
are used to determine the characteristics of eddy diffusion transport].'g'45 UT, in whichAxsc(A-D) = 870km. Shown in Fig. 3

_ 21
Possible magnetopause position is shown by dashed-line as a refei'€ the calculated valueBsc (E-A) = 3.8 x 1(_)9 m"s™"and
ence. Dsc(A-D) = 6.4x 108 m?2s~1. The decrease iPsc with de-

creasing distance to the Earth implies that the diffusion pro-
cess that broadens the LLBL becomes weaker as its inner-
edge propagates earthward.

\TN: Aob;tallgggg.;;&rz _b4 5.T2Hfl£0nt1 ;2§3I6II_3I?:3LUdTetec(tj|o€s_ll_3z £ Next we evaluate the eddy diffusion coefficient. Previous
ar ~o-3u. » DY at -5 » and by studies on eddy diffusion in the magnetosphere (Borovsky et

at 16:31:20-16:31:26 UT, respectively. The positions of eachal 1997, 1998; Wang et al., 2010; Stepanova et al., 2011)
spacecraft at these times are shown by circles in Fig. 2. While_ ' ' y L i - 2
the results shown in the following sections are fioe 42°, “have adopted the following formuldleqay = (1/2) timstac,

. . e whereuymsis a root-mean-square of the velocity angdis an
\;vso(\)/t;talned the same conclusion for the range iatlicated auto-correlation time. The auto-correlation time was deter-

e - mined as the best fit to the natural logarithm of an autocor-
Now we evaluate the diffusion coefficient from the spa-

. . X " relation functionR (t) = exp(— ; R(t) is calculated
tial and time scales of the LLBL observations at two-point. f (©) p( T/rac) (7)

We suppose that the relative distance (transferred distance%;va glve'n time mter\{al includingy data2p0|nts byR () -
between the first detection location of the LLBL inner edge <=0 (1 (i) = uave) (u (i +7) = b{ave)/(NMrms) where u is

) . observed velocity in the direction of the LLBL nor-
by one spacecraft and the subsequent detection location b|¥1al (specified by6), uave= ZN u(i)/N and oo —
the other spacecraft is determined by the root-mean-square » faveT i=0 ms
displacement of particles subject to diffusion. If the dif- /3 /o (u (i) — uave?/N. We should point out that these
fusion coefficient is constant in time, the transferred dis-are based on the knowledge of an ordinary (Navier—Stokes)
tance can be written aax =+/2DA¢, where Az is the  fluid (Borovsky et al., 1998) and that the accurate formula
elapsed time. Using the time and position of the first LLBL of Deqqy for magnetized, collisionless space plasmas is yet
detection by spacecraft 1 (SC1) and those of the subsednknown and should be studied in the future.
quent detection by SC2, the diffusion coefficient can be Three Dedays are estimatedDeqay( E) from the velocity
estimated byDsc(SC1-SC2= Axsc(SCl-SCZZ/(ZAt), data of THE during 18:15-18:30 UTDeday(A) from data
whereAxsc(SC1-SC2 = xsco— xsci along the normal di-  of THA during 18:35-18:50 UT, anegay(D) from data
rection andAt = tsc2— tsc1. Note that we implicitly as-  of THD during 18:45-19:00 UT. For each interval, we cal-
sumed that the distancéx and the duratiom: is much  culate eight values oDegqy by setting eight 8-min subin-
larger than the spatial and time scales of elementary protervals with the start time shifted by 1 min, and select the
cesses that build-up the diffusive transport. We calculate twaminimum, median, and maximum values among them. The
Dsc's from two pairs of two-point observation®sc(E-A) calculated values are shown in Fig. 3: the median values are
from the LLBL detections by THE at 18:15UT and by Degdy(E) = 7.1x 10°m?s71, Degay(A) = 1.9x 10° m?s71,
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and Deqqdy(D) = 8.0 x 108 m?s~1 which are, respectively, by the multi-point observations. We conclude that the most
composed of ifyms, Tao) =(24kmst, 24s), (11kms?t, likely plasma transport process for our event is eddy diffu-
33s), and (8 kmst, 25s). Note that the characteristic spatial sion. This result validates the arguments in the previous stud-
scales of eddieSeddy~ urmstac (Borovsky et al., 1997), are ies (e.g., Borovsky et al., 1998; Antonova and Ovchinnikov,
estimated to be 590 km at THE, 360 km at THA, and 200 km1999; Antonova, 2005; Wang et al., 2010) which have a priori
at THD, respectively, which are sufficiently larger than gy- assumed the presence of plasma eddy diffusion. Especially
roradii of the transferred particles (e.g., a proton with energythe broadening of the LLBL due to eddy diffusion strongly
of 0.1-1 keV has gyroradius of 30—80 km in our event). Thesupports the hypothesis by Antonova (2005) that the struc-
values ofryc is much smaller that, namely, an eddy life-  ture of the LLBL is a consequence of the balance between
time is much shorter than the time lags between consecutiveddy diffusion and regular convective flow, which may result
LLBL encounters, which is consistent with what is assumedin the dependence of the LLBL thickness on the value and
in obtainingDsc. the direction of the IMF and on the dawn-dusk location.

In Fig. 3, we found thatDeqgy becomes smaller for a It should be noted that the theory of eddy diffusion in
spacecraft nearer to the Earth, as is the cas®#y It is not collisionless space plasmas still has missing elements: the
only this qualitative consistency, but Fig. 3 also indicates theaccurate expression fdeqay is not known and the micro-
guantitative agreement betweBgc and Deqqy, if one notes  physics of the transport process by which transported parti-
that Dsc was derived under the assumption of the constantcles transfer from one eddy to another, in other words, how
diffusion coefficient between each pair of spacecraft. the frozen-in condition is violated upon the transfer from one

As another way of quantitative comparison, we calculatevortex to another, remains open. Especially the latter makes
the transferred distance from the valuesifyqy by taking us refrain from arguing that eddy diffusion would similarly
into account the time dependence of the diffusion coefficient.cause transfer of magnetosheath plasma into the magneto-
Assuming thatDeqqy (SC1) decays tdeqddy (SC2) accord-  sphere across the boundary of the magnetosphere: Sharp den-
ing to an exponential temporal profile, the transferred dis-sity contrast and current sheet set-up at the interface would
tance of the LLBL inner edge fromyc1to tscocan be evalu-  make this issue even more complicated than the situation de-

1/2 i i fecing.
ated fromA xeqqy(SC1-SC3 = (fttSSCCIZZDeddy(T)dt> The scribed here (transport within the magnetosphere). Dissipa:

i tion of turbulent energy due to Landau damping or Bohm
transferred distances are calculated to A€eqad EA) = iffusion (Borovsky and Gary, 2009) may be related to the
3100 km andAxeday(A-D) = 1200 km using the median val-

/ ol ___breakdown of the frozen-in condition and subsequent trans-
ues of Deqqy. These are in good quantitative agreement with

: port, which is beyond the scope of this paper. It would be
the observed transferred distancassc(E-A) =3000km o4 noting for future works that the transferred distance
andAxsc(A-D) =870 km with the errors between them be-

. . . in our event is at least five (ten) times the characteristic spa-
ing at most of the order of the typical size of an eddy. We 5| geale of eddies observed at THE (THA), indicating that

also confirmgd that thg valu_es @feddy stay consistent with vortex transfer is necessary to enable the degree of LLBL
the observations whehis varied in the range of 39.2-45.2 broadening as observed

The fact that the plasma can be transferred via eddy dif-

fusion at least within the magnetosphere lets us re-consider
4 Discussion diffusive plasma entry across the magnetopause. In order to

form the LLBL of observed thickness via cross-field diffu-
Being different from an ordinary fluid, plasma transport can sion, the diffusion coefficient is required to exceed a certain
be obtained not only by fluid-like eddy turbulence but also value (Sonnerup, 1980). For example, the required diffusion
by plasma wave turbulence. Wave-induced diffusion occurscoefficient D = (Appcs+ ALLBL)Z/(ZT), where Aypcs,
via wave-particle interactions through Landau or cyclotron A gL, and T are the thickness of the magnetopause cur-
resonance (Treumann et al., 1995). A plausible candidateent sheet (MPCS), that of the LLBL, and the transport time
wave mode which can transfer a substantial amount of parti{the traveling time of the magnetosheath flow), respectively,
cles of lower energies is kinetic Alén wave (Hasegawa and is ~ 5x 10° m? s~ with typical values ofAppcs~ 500 km,
Mima, 1978; Treumann et al., 1995). The lowest resonanceA gL ~ 2000 km, andl" = 10 min (Phan and Paschmann,
energy, however, is 2.6 keV (6.7 keV) at the inner edge of thel996; Bauer et al., 2001). Because eddy diffusion can well
LLBL observed by THE (THA). It shows that kinetic Alen  support the thickening of LLBL as observed, the diffu-
wave turbulence can hardly explain the transport of the coldsive process at the magnetopause, which is unknown at
magnetosheath-like ions-(l keV) detected in the LLBL. present, would only have to be in charge of transferring

As mentioned above, we found that convection, magneplasma across the magnetopause current sheet: hence, the

tospheric compression, and wave-induced diffusion are intequired diffusion coefficient becomé&s= AﬁAPCS/(ZT) ~
consistent with the observed signatures. Meanwhile the eddyp x 108 m?s~1, which is an order of magnitude smaller than
diffusion coefficient obtained from the flow velocity data is the typical one. This rethinking may revive some of the
consistent with the spatial and time scale characteristics seen
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