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Abstract. Energetic radiation belt electron fluxes can un- 1 Introduction

dergo sudden dropouts in response to different solar wind

drivers. Many physical processes contribute to the electron

flux dropout, but their respective roles in the net electron deReductions of energetic electron flux in the outer radiation
pletion remain a fundamental puzzle. Some previous studPelt can generally be attributed to (a) adiabatic motion (i.e.,
ies have qualitatively examined the importance of magne-Pst effect) Kim and Chan1997) that radially transports par-
topause shadowing in the sudden dropouts either from obseficles adiabatically following a configuration change in the
vations or from simulations. While it is difficult to directly Magnetosphere to conserve the three adiabatic invariants (
measure the electron flux loss into the solar wind, radial dif- X, ¢) and (b) nonadiabatic processes, such as the loss caused
fusion codes with a fixed boundary location (commonly uti- Y Pitch-angle scattering via various cyclotron wave—particle
lized in the literature) are not able to explicitly account for interaction, which leads to electron precipitation to the low-
magnetopause shadowing. The exact percentage of its cofititude atmosphere (e.d-yons et al, 1972 Thorne et al.
tribution has therefore not yet been resolved. To overcomeZ005 Summers et al2007ab; Millan et al, 2007 as well as
these limitations and to determine the exact contribution inthe l0ss across the magnetopause (i.e., magnetopause shad-
percentage, we carry out radial diffusion simulations with ©Wing) into the interplanetary space (e.Dgsorgher et al.

the magnetopause shadowing effect explicitly accounted fo200Q Ohtani et al. 2009 Ukhorskiy et al, 2006 2011).
during a superposed solar wind stream interface passage, ahd@gnetopause shadowing is often caused by either an in-
quantify the relative contribution of the magnetopause shadgWard motion of the magnetopause that opens up the previ-
owing coupled with outward radial diffusion by comparing ously closed particle drift shells and depletes the particles
with GPS-observed total flux dropout. Results indicate thator by outward motion of the particles that subsequently en-
during high-speed solar wind stream events, which are typcounter the magnetopause boundary. Magnetopause shadow-
ically preceded by enhanced dynamic pressure and hencel8d is usually coupled with outward radial diffusioS¢hulz
compressed magnetosphere, magnetopause shadowing céind Lanzerottil974) as the sudden loss to the magnetopause
pled with the outward radial diffusion can explain about 60— 9€nerates a sharp gradient that further drives particles out-
99 % of the main-phase radiation belt electron depletion neatvards and then through the magnetopause onto open drift
the geosynchronous orbit. While the outer regidri ¢ 5) shells. While adiabatic processes allow electron flux in the
can nearly be explained by the above coupled mechanisnStorm recovery phase, depleted in the main phase, to return
additional loss mechanisms are needed to fully explain thd© its pre-storm level, many events associated with storm
energetic electron loss for the inner regidrf < 5). While ~ Main-phase dropouts do not recovetegves et al.2003.

this conclusion confirms earlier studies, our quantification/ statistical study by.i et al. (2009 found that the develop-

study demonstrates its relative importance with respect tgnent of a storm leads to a net decrease of relativistic elec-
other mechanisms at different locations. trons in the outer radiation belt. The flux dropout in such a

case can only be a result of nonadiabatic processes that per-
manently remove the energetic electrons from the system.
Several different mechanisms fall into this “nonadiabatic”

Keywords. Magnetospheric  physics  (Solar  wind-
magnetosphere interactions)

Published by Copernicus Publications on behalf of the European Geosciences Union.



1930 Y. Yu et al.: Quantifying the effect of magnetopause shadowing

category; however, they are likely to act together and the relboundary flux variations down té* =4 and that the pos-
ative role of each mechanism remains an open question (sesble magnetopause loss in the variable boundary conditions
Turner et al. 2013 for a review). together with the radial transport can account for the main-
Observational analysis, aided by a variety of spacecrafphase flux dropoutSu et al.(2011h investigated the rela-
measurements, provides a useful means of investigating théve contribution of different loss mechanisms by comparing
mechanism(s) possibly responsible for the rapid dropout ina CRRES-observed dropout with 3-D electron radiation belt
the outer radiation belt. For example, analysis of a numbemodeling by gradually including more processes in the code.
of satellite measurements (e.gortnik et al, 2006 Millan They found that the magnetopause shadowing together with
et al, 201Q Turner et al. 2012 has suggested that loss to adiabatic transport overestimate the electron flux outside
the magnetopause plays a major role in depleting the enef 5 but underestimate that insideof 5 and that a further
ergetic electrons near and outside the geosynchronous omtroduction of the plume wave—particle interaction remark-
bit during storm main phases, while atmosphere precipita-ably captures the 1 MeV electron flux profile.
tion has a much less significant contributidviorley et al. These modeling studies shed some light on the relative im-
(20108 studied a rapid loss of energetic electrons observedortance of magnetopause shadowing in depleting the elec-
by the GPS constellation and found that the loss at and betron radiation belt, but again, none of these simulations quan-
yond geosynchronous orbit is highly correlated with the mo-titatively reported the contribution of magnetopause shadow-
tion of the magnetopausklatsumura et ak2011) presented ing. Exactly how much of the loss is caused by this mecha-
the correlation between the outer radiation belt boundary lonism? What is the relative percentage of its contribution in
cation and the magnetopause location, suggesting that thihe total dropout? This study will tackle this issue by us-
magnetopause shadowing plays a major role in the variatioing GPS observations combined with radial diffusion sim-
of the outer radiation belt. Besides the above case studiesjlations to quantify its contribution in HSS ensemble events.
Meredith et al(2011) conducted a superposed epoch analy- Inradiation belt modeling, the outer boundary, with appro-
sis of energetic electron dropouts during 42 high-speed solarpriate boundary conditions, can highly control the dynamic
wind-stream- (HSS) driven storms and found no evidenceevolution of the radiation belt. The outer boundary condition
for enhanced precipitation of MeV electron during the main- can propagate any loss or acceleration information inward,
phase dropout and suggested that the decrease in the Mexfluencing the dynamics in the radiation belt including an
electron flux is not caused by the precipitation to the atmo-ultimate depletion of the electron population away from the
sphere. This result was confirmed using a different set of HSSadiation belt (e.g.Shprits et al.2006. The outer boundary
drivers byHendry et al(2012. of the radiation belt is commonly placed at a fixed drift shell
Some of the above studies qualitatively compared the preto model the trapped radiation belt electron population, with
cipitation signature and the dropout in the electron radia-a boundary condition derived from measurements such as
tion belt, and since no significant precipitation was observedgeosynchronous observations or CRESS and POLAR mea-
in the highL shell, the authors concluded that the magne-surements (e.gBrautigam and Albert200Q Shprits et al.
topause shadowing contributes most of the electron dropou2006 or based on a kappa-type distribution function as used
Some of the studies correlated the radiation belt variabilityin Su et al.(20113.
with the magnetopause location and suggested the similar Such a fixed drift shell is incapable of representing the
conclusion based on a high-correlation relationship. None otime-varying magnetopause boundary, and the data-inferred
these studies, however, directly examined the loss to the sdsoundary condition carries the net outcome of competing
lar wind since the loss out of the magnetopause boundary isnechanisms. Therefore the real loss into the solar wind can-
difficult to measure. not be truly identified. To study the effect of magnetopause
On the other hand, radiation belt numerical modeling (e.g.,shadowing on the depletion of energetic electrons, the bound-
Desorgher et al.200Q Brautigam and Albert200Q Kim ary of the radiation belt modeling is required to be explicitly
et al, 2008 201Q 2012 Su et al, 2011h Subbotin et al.  set at the last closed drift shell across which the ultimate
2017 has the advantage for researchers that by manipulatelectron loss occurs. This last closed drift shell, however,
ing the code and switching on/off the mechanisms of inter-is not only time varying but als& (bounce-motion-related
est, their relative importance in the flux dropout can be re-adiabatic invariant) dependent, which is associated with the
vealed. For exampl&im et al. (2009 numerically studied  drift shell splitting in a nondipolar magnetic fiel®¢ederer
the extent of the drift loss/magnetopause shadowing undet970. In this study, & -dependent boundary is implemented
different solar wind pressure or IMBz conditions through in the radial diffusion model to be consistent with the simu-
drift path tracing, using the guiding-center method, and esdation of the trapped electrons under a particutacoordi-
timated the relative decrease of the MeV electron flux whennate. This boundary also varies with time according to the
pressure or IMFBz is enhanced. Using a variable bound- upstream solar wind conditions. Such a boundary can ac-
ary condition from the satellite CRREShprits et al(2006 count for the magnetopause shadowing as well as the drift
simulated the main-phase depletion and concluded that theplitting, and the amount of electron loss into the solar wind
radial diffusion can effectively propagate the nonadiabaticcan be explicitly quantified.
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This paper primarily focuses on quantifying the relative
contribution of magnetopause shadowing in the electron flux 2
dropouts during 67 HSS events (fravorley et al, 20103 ol
by simulating the magnetopause shadowing effect in the 1- =
D radial diffusion model. Section 2 describes the GPS data
that will be used to obtain the total electron loss during HSS _
dropout events. Section 3 presents the methodology for car- 2
rying out radial diffusion simulations using a time-varying, =
K-dependent last closed drift shell boundary to explicitly
capture the magnetopause shadowing. The quantitative com
parison with GPS observations of the relative flux decrease~"
during the superposed HSS event is shown in Sect. 4. £

ted
>

X
=

2 Data

In this study, we use the superposed epoch results of inter-Z
planetary and geomagnetic parameters from 67 HSS eventsZ
spanning from year 2005 to 2008 studied Myrley et al. >
(20103 (Fig. 1). The zero epoch time is taken at the time
when the east-west solar wind flow,( deflection reverses.
The median Dst index minimizes aroure?2 nT, and the
median Kp approaches 4 at maximum. Although over 75% = 1
of these events have a minimum Dst abov85nT, and S - 1 o T > 3
would therefore typically not be identified as storrheg¢we Time since epoch [days]

and Prolss1997), they display a consistent response that is _ ) N
qualitatively storm-like. In the following, we will refer to the g;g.h_l.hSuperzoseld So!a:j Wl”d an((szg?netosfhtehni Cond't'ogsd"f
superposed median parameters of these events as a “typi+ "'9"-Speed solar-wind stream events that occurred dur-
cal HSS event”. The rapid increase in the solar wind speedng the period 2005-2008, frofiforley et al.(20103. The zero

epoch time is taken at the time when the east—west solar wind flow

and solar wind number density in these events leads to en('Vy) deflection reverses. The median Dst index minimized around

hancement of the solar wind dynamic pressure. This @nSUres 55 11 and the Kp approaches 4 at maximum. The increased solar

an inward motion of the magnetopause and thereby a comying velocity and density during the HSS events result in a com-
pressed magnetosphere during the HSS event, providing gressed magnetosphere and thus a good example of studying the
good example of examining the real electron loss due to magmagnetopause shadowing.

netopause shadowing. Note that the solar wind at epoch of 0

is already in the transition to a high dynamic pressure, so the

last closed drift shell (shown later) starts to move inward be-flux at energyE, andb is a vector of expected background

[em 7]

fore zero epoch. counts. The instrument response functions have been derived
The GPS data used here are obtained from the CXD (comthrough extensive Monte Carlo modeling of the instrument
bined X-ray dosimeter) instrument packadeistel et al, package.

1999. Energetic electrons are measured by two subsystems: Following previous work, and consistent with observation
the low-energy particle (LEP) subsystem resolves 0.14 tdCayton et al. 1989 Varotsou et al.2008 Denton et al.

> 1.25MeV electrons into five energy channels; the high-2010, a relativistic Maxwellian energy spectrum is assumed
energy X-ray and particle (HXP) subsystem resolves 1.3 tgh the inversion procedure:

> 5.8 MeV electrons into six energy channels (see Blso- . _ (G1+q2E)

ton and Cayton2011). The CXD electron count rates are J(E) = EQL+ E/Eo/2) e ’ 2)
inverted to obtain the omni-directional differential number \yhere the constankg is the rest energy of the particle

flux, j, by solving the spectral inversion functioGifet species (511 keV for electrons). The inversion of EX).i§

etal, 2013 carried out using InvLib, a C inversion library developed by
Paul O'Brien at Aerospace Corporation and used in the data
y =6t / G(E)j(E)dE + b, (1) preparation for the AE9/AP9/SPM radiation belt climatol-

ogy model (sedsinet et al, 2013 and references therein).
Wherey is a vector of observed county, is the integration For each time we assess the goodness of fit of the relativistic
time, G is a vector of energy-geometric factors (responseMaxwellian and discard those data that cannot adequately be
functions), j (E) is the omni-directional differential particle described by the chosen energy spectrum.

www.ann-geophys.net/31/1929/2013/ Ann. Geophys., 31, 192939 2013
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f — ;=167.0, K=0.005
#=167.0, K=0.01

1=167.0, K=0.03

In order to compare with the following simulation re- 107
sults, the GPS omni-directional differential flux is sorted in
the drift shell L* coordinate, averaging over magnetic lo- 107}
cal time. The determination of the drift shdll* generally
requires a global magnetospheric configuration as the com-  10+}
putation involves numerical tracing of global magnetic field
lines (Roedererl970. Instead, in this study, the recently de- 10° |
velopedL* neural network Koller et al, 2009 Koller and 3
Zaharig 2011, Yu et al, 2012 is employed to compute the = 4|
drift shells where the GPS instruments were located dur- =
ing all of the 67 HSS events. The* neural network has £ ol
been proven to be efficient while preserving high accuracy
with a prediction efficiency of 99.7 %¥( et al, 2012 when 0ol B
comparing to the traditional time-consuming numerical field-
line tracing method. Thé&.* neural network employed here
was trained from the T89 empirical magnetic field model
(Tsyganenkp1989 and was run through the SpacePy soft-
ware packageMorley et al, 20109.

1010

Fig. 2. The initial condition used in the radial diffusion simulations
3 Methodology for different x and K combinations. The initial conditions are ob-

tained from averaging over quiet-time radiation belt data assimila-
The one-dimensional radial diffusion model simplified from tion results in 2002 after running DREAM (the Dynamic Radiation
the Fokker—Plank equation with a loss term is used to Simu_Environment Assimilation ModelReeves et al.2012 using data
late the evolution of phase space density (PSD) distributiod ™ thré€ LANL-GEO, one GPS, and the POLAR spacecraft.
f(L*, t) of the trapped radiation belt energetic electron dur-

ing the above superposed HSS event: follows the algorithms described @hen et al(2005. The
af (L*, 1) o 8 (DL df (L*. 1) (L%, 1) PSD is assimilated at differept and K coordinates, i.e
ek = L7 o (L*z 3L ) - - (3 at167.0,462.0, 1051.0, or 2083.0MeVEandK at 0.005,
0.01, 0.03, or 0.1 82 R;. The quiet-time- (Dst —20nT)
where D is the radial diffusion coefficient adapted from assimilated PSDy(, K, L*) during this half-year period is
the empirical result ilBrautigam and Alber¢2000: then averaged over time, which is subsequently applied as
B the initial condition in this study as displayed in F&).
Dio (va L*) = 1000500KP=9329 1+10 Kp € [1,6],  (4) The outer boundary is a crucial element in the radiation
1belt modeling owing to its high-impact modulation on the
systematic variation. In this study, the outer boundary in the
Jadial diffusion model represents the last closed drift shell,
which is the magnetopause boundary. We will conduct a
group of radial diffusion simulations with differerk val-
ues, so the outer boundary (i.e., the last closed drift shell)
must bek consistent, i.e., the last closed drift shell is a func-
jon of K value. Because of the drift shell splittingg¢ederer
970 and ever-changing magnetospheric configurations, the
K parameter cannot be simply related to one pitch angle on
3.1 Initial condition and outer boundary the last closed drift shell. Therefore the following steps are
carried out to obtain the outer boundary at a cerigipa-
The initial condition is determined from DREAM (the Dy- rameter Ko): (1) a bisection iterative method is applied in
namic Radiation Environment Assimilation ModeRdeves  tracing each drift shells from the midnight meridian until the
et al, 2012 for different (u, K) combinations. DREAM last closed drift shelL},,,(«) is determined for a set of equa-
performs data assimilation using an ensemble Kalman filtetorial pitch anglex ranging from 20 to 99 (2) the above
technique Koller et al, 2007 by combining PSD data with procedure also provides the correspondiigparameter at
a 1-D radial diffusion model. The input PSD data are con-the last closed drift shell for a specific equatorial pitch angle,
verted from flux observations from three LANL-GEO satel- i.e., K («); (3) theseLy, (K («)) are then interpolated into
lites, one GPS satellite (ns41), and the POLAR spacecraft il jyax(Ko)-
the second half of 2002. The conversion from flux to PSD

T

where the Kp index follows the superposed median value o
the above 67 HSS events. The electron lifetimes set to
be one minute once it migrates across the magnetopause, i
plying a prompt loss of radiation belt electrons into the solar
wind. Different timescales were tested, including 0.1, 5, and
10 min, and no significant difference is found in the PSD at
L* <7.0, indicating that the selected lifetime would not con-
siderably influence the results near geosynchronous orbit a;
long as itis in timescales of drift periods.

Ann. Geophys., 31, 19291939 2013 www.ann-geophys.net/31/1929/2013/
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Fig. 3. (a) The color contour of the last closed drift shell{,,) as a function oK parametery axis). TheL;, 5 is obtained by numerically

tracing magnetic field lines with the bisection technique on the midnight equator with a particular pitch angle using the T89 magnetic field
model. Different pitch angles spanning from 20 (top trace) t @®ttom trace) are used to calculate the last closed drift ghigll and
corresponding parameter. The traces represent the result of different pitch afig)&he interpolated last closed drift shell for speciic

values. This represents the magnetopause location in the radiation belt radial diffusion model.

Figure 3a shows the last closed drift shell obtained from loss to the corresponding boundary. The phase space den-
different pitch angles (shown by traces along the time, withsity is significantly reduced near the epoch time when the
the top ones computed with smaller pitch angles). The lasenhanced solar wind dynamic pressure compresses the mag-
closed drift shell appears to be more outward (darker rednetosphere, resulting in permanent electron loss to the solar
when the pitch angle is intermediate (around)3®an that  wind. The goal of this work is to quantify the effect of mag-
with smaller pitch angle or larger pitch angle. The possi- netopause shadowing on the flux dropout of trapped radiation
ble reason is that the particle with intermediate pitch anglesbelt electrons via quantitative comparisons between simula-
undergoes a Shabansky ortfihabansky1971 Oztiirk and  tion results and GPS observation. While GPS measures count
Wolf, 2007, Ukhorskiy et al,2011) in which it does notcome rates, these are inverted to omni-directional differential flux
across the equator but bounces within one hemisphere, allonas a function of energy (in Sect. 2); in order to allow for
ing a larger drift shell until it encounters the magnetopausedirect comparison with the GPS flux observation, the sim-
boundary (se&kim et al, 2008 for an illustration). The ulated PSDf(u, K, *) results are also converted to omni-
quasi-periodic daily evolution of the last drift shell is caused directional differential fluxj (E). The conversion procedure
by the warping of the tail current sheet across the magnetiés hereby summarized as follows:
equator in the T89 magnetic field mod&kfyganenkp1989 o ] ) ) o
that is used to account for the geodipole tilt angle. During 1+ “Fly” 24 stationary virtual satellites on the midnight
the storm main-phase of the superposed HSS event, the last ~ €guator from 4.0 to 10.85 with 0.25R separation

closed drift shell clearly moves inwards (blue coloring) and and calculaté () at these positions with 18 different
the K parameter increases because of the stretching in the  Pitch angles (from 5 to 99 using the T89L" neural
magnetotail. Figuresb shows the interpolated last closed network techniqueu et al, 2012 (K parameter is a
drift shell at particulark values for the desired simulations. by-product along this step).

For smaller values (around 0.005 and 0.0¥8Rp), the 2. Interpolate L*(a(Kg)) into the drift shell with the
last closed drift shell shows a small discrepancy; however, it K value in the simulations (i.eL*(K)), and extract

can significantly differ (up to 0.5) wheki becomes larger. from the simulated PSD¥ (i, K, L*) for all virtual

satellites, which together should reproduce the original

3.2 From simulated PSD to flux simulated radiation belt PSD environment (F4g).

Exhibited in Fig.4a is the phase space density simulation re-
sult for (u, K) of (462.0MeV G 1, 0.03 G/2 R) with drift

www.ann-geophys.net/31/1929/2013/ Ann. Geophys., 31, 192939 2013
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Fig. 4. (a) One example of the simulated phase space density @ft 462.0MeV G 1 and K of 0.03GY2 R in the superposed HSS
event with the magnetopause shadowing explicitly accountedfpihe reconstructed PSD from 24 stationary “satellites” at the midnight
equatorial plane(c) The converted flux in.* space at energy level of 0.649 MeV following the procedure described in SecfdBThe

superposed GPS flux observations from 67 HSS events at the ene

3. The extracted PSDI(u, K, L*) at each virtual satellite
is subsequently converted to flyXa, E, r) using the
following equation:

jle E.r) = f(u K. L¥) - (E2 n 2E0E)/
>3

where the differential flux j is in units of
cm?slsrlkev—! and PSD f is in units of
c3(MeV cm)® (Chen et al. 2009. The differential

flux is consequently integrated over the solid angle to
obtain the omni-directional flux(E; r).

c

33107 (o

(%)

. Sort the flux output from all virtual satellites b§*
(taking the average at thie* grid if overlap occurs for
multiple satellite results), which is shown in Fidc.
The relative change in the omni-directional flux from

rgy level of 0.649 MeV.

energy range associated with the prescrihedK) combi-
nations and no extrapolation is done in this study for the pur-
pose of preserving the overall accuracy. Figddedisplays

the GPS-observed omni-directional flux superposed from
67 HSS events. Both the simulated and observed flux show a
rapid decrease across a willérange within a few hours im-
mediately after the magnetopause boundary moves inward.
Although the magnitude of the simulated flux is higher than
the observation withirL* of 4.5-6.0, the simulation nearly
captures the rapid flux decrease with the same timescale in
the dropout time. Note that no source mechanism is intro-
duced in the entire simulation, which may be sufficiently
valid during the HSS dropout time period because gener-
ally no large competing acceleration (source) process takes
place during the dropout time period (a similar assumption
was made byKim et al. (2010). Such an exclusion of the
source term in the model also explains why the observed flux
returns to a higher level in the recovery phase than the sim-

pre-dropout to the minimum dropout time will be ulated flux. Since the simulation reproduces the rapid flux
compared with the observed flux change as describedropout to a large degree despite the different magnitude in

below.

4 Quantitative results

Figure 4c shows the simulated omni-directional flux (con-

the flux than the observation, only the relative change in the
dropout time (from the pre-dropout to the minimum dropout
time) is examined in this study to investigate how much of
the total radiation belt electron loss (as observed by the GPS)
can be explained by drift loss to the magnetopause bound-
ary coupled with outward radial diffusion (as implemented

verted from simulated phase space density) at 0.65 MeV aftefy the simulation). Figurés shows the flux at different *
carrying out the above procedures. The reason that it lackfycations from the simulation and GPS observations. We use
data in larger drift shells is because the conversion fromihe shaded regions spanning over the time axis to obtain the

PSD to the flux invokes interpolation over a particular en-
ergy grid (here is 0.65 MeV) that falls outside the available

Ann. Geophys., 31, 19291939 2013
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minimum dropout time). The relative flux change is parame-  1¢7

terized by (@)

Simulation

, _ 10° et~ ~—1
|Jmin - Jpre’ W
3 L* = 5. .\

(6)

6

1

=

jpre 0
— =525
where “min” stands for the time of minimum flux dropout 100 — Lss
(i.e., 5 h after the epoch zero time, wittb h spanning to av-
erage for better statistics), and “pre” means the pre-dropout2
time (12 h before the epoch, with3 h spanning). By taking

the ratio between the relative flux change in the simulation 10’ )
0

X [em 2 s sr™t MeV ']

L*=5.75

3 L
10 = L*=6.0

resulting from the magnetopause shadowing coupled Withi ol
the outward radial diffusion, and the relative flux change in = 10

the observation resulting from all loss mechanisms, we can’; ;s Wg

quantify the percentage contribution of the magnetopause™,

™~

GPS observation]

shadowing plus the radial diffusion in depleting the electron
flux during the dropout period.

Figure6a shows the simulated radial profile of the flux at 10° ¢
the pre-dropout and minimum dropout times. After the sud- 5 - =) ; 5
den dropout, the flux peak (&t* ~5) shifts inward, diffus- Time since Epoch [Day]
ing in both directions. The inner region flux is enhanced with
the inward diffused flux, while the outer region flux is signifi- Fig. 5. The flux at differentZ* locations from(a) simulation and
cantly decreased. This decrease is a result of, as implementdf) GPS observations. The two shaded regions represent two “in-
in the radiation belt modeling, the drift loss to the open drift Stances” in an average sense: pre-dropout time (12h before the
shell outside the magnetopause caused by the inward moticfPOCh zero time, with3 h spanning), and minimum dropout time
of the magnetopause and the outward radial diffusion that i 5h after the epoch zero time wits5 h spanning), respectively.

further enhanced due to a sharp gradient at the magnetopause

boundary. Nevertheless, the phase space density in the adiabatic coor-

theSI'S) Ct:I troig?gl t?]];trr]: disattl:gr}: Eetl? (glzzg?rgfr)]/shizwc;nuusﬂj O; dinate system in Figla clearly demonstrates the decrease of
: : SRR Yelectron content in the outer radiation belt, indicating that the
the drift loss coupled with the outward radial diffusion, the

relative reduction in the flux from pre-dropout to the mini- electrons are truly lost due to the drift loss and outward radial

o . : diffusion. In actual fact, the adiabatic effect contributing to
mum dropout time is calculated using E€) énd depicted - . . . .
- . . . the flux variation during the dropout event is potentially min-
in Fig. 6b. Shown for comparison is the observed relative .

flux change during the same time period (dot line). The total'mlzed by studying the flux in the drift shell” coordinate.

Furthermore, even if any adiabatic effect remains because of
electron flux observed by the GPS decreases by about 67 t%e changing magnetosypheric configuration, it makes, how-
95% for L* of 5.0 to 6.0 during the dropout time, with a ' '

. . . : ever, the same contribution in both the observation and simu-
larger drop in the outer region. The simulation demonstrate§

104 L

3

Flux [em

w

that the flux decreases by about 40 to 90 % in the same dri ation since the same magnetospheric _magnetlc f|e_ld mode|
shell region, roughly following the same decreasing tendenc T89) is employed. Therefore comparing the relative flux
gion, rougnly 9 9 change will rule out the same adiabatic effect in both the sim-

while moving outward. This suggests that the loss mecha- lati d ob .
nisms specified in the simulation, i.e., magnetopause shad’ atloq anc o servguon. . .
T Earlier observational worksBprtnik et al, 2006 Millan

owing plus outward radial diffusion, can approximately ex- . i
plain 60 to 99 % of the sudden electron loss during the su-et al, 2010 Loto'aniu et al, 2014 Turner et al, 2013 con

A, ducted case studies of radiation belt dropouts during storm
perposed HSS event near the geosynchronous orbitgejg. L
: N : . _events and suggested that the combination of magnetopause
Outside L* of 5.0, the above loss mechanism can explain

more than 93 % of the total dropout, but its contribution to shadowing and outward rad|alltraniport can exhplam the Ob.'
the inner region* < 5) is much less (60 %), served_dropout_ near _and outs_lde t e geosynchronous orbit.
Numerical studies using a radial diffusion model with fixed
boundary locations and time-dependent boundary conditions
5 Discussion inferred from satellite measurements (eBrautigam and
Albert, 200Q Miyoshi et al, 2003 Shprits et al.2006 were
Note that by comparing the flux quantity in a certain energyable to reproduce main-phase dropouts in the outer radi-
level, the adiabatic effect cannot be completely neglectedation belt energetic electron content. The study presented
It can lead to a change in electron population observed ahere, unlike the above case studies and simulations with fixed
a particular spatial position when the magnetosphere variedoundary locations, simulated an ensemble of HSS events
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Fig. 6. (a) The radial profile of the 0.649 MeV simulated flux at two “instances”: pre-dropout and minimum dropoutltiniéne relative

flux change in the simulation and in the GPS observation during the storm main phase (i.e., the flux change from the pre-dropout time to the
minimum dropout time)(c) The percentage contributed by the magnetopause shadowing (MS) plus the radial diffusion (RD) in the relative
flux change.

(67 superposed HSS events from 2005 to 2008) with ar6 Conclusions

explicit time-dependentl -specific magnetopause boundary

(i.e., last closed drift shell) in the radial diffusion model to Since the fundamental question regarding the primary mech-
capture the real loss out of the boundary. This study hagnism responsible for the energetic electron flux depletion in
made another significant further step in quantifying the rel-the outer radiation belt remains controversial, this study has
ative contribution of the effect of magnetopause shadowingmade significant steps toward quantifying, rather than qual-
coupled with outward radial transport by comparing simu- itatively determining, the effect of magnetopause shadow-
lation results with the relative flux change observed by theing on the energetic electron dropouts during 67 HSS events
GPS spacecraft. While previous studies only qualitativelyPy comparing with GPS dropout observations. Unlike previ-
suggested that the above combined effect could mainly exous radial diffusion simulations with a fixed boundary loca-
plain the electron radiation belt dropouts without showing tion, this study utilized a time-varying -dependent bound-
any percentage contribution to the observed dropout, thi@ry to represent the magnetopause boundary, i.e., the last
work is able to determine the percentage of its contribu-closed drift shell. Such a boundary setting allows for the ex-
tion. A contribution of 93-99 % is found, suggesting that the plicit identification of flux loss due to magnetopause shadow-
above coupled loss mechanism can be primarily responsiblég. Results indicate that during the small but representative
for the total electron loss near the geosynchronous positiotorm events, the drift loss to the magnetopause (i.e, magne-
(L* > 5). Nevertheless, some additional loss mechanisms artopause shadowing) together with outward radial diffusion is
still needed to fully explain the electron loss in the inner re- mainly responsible for the electron loss, contributing approx-
gion (L* <5). This finding based on the numeric percent- imately 93-99 % of the total loss near the geosynchronous
age is consistent with the qualitative conclusion from pre-0rbit (L* > 5.0), but with the inner region/( < 5.0) requir-
vious studies. Note that the diffusion coefficiebt, used ing some additional loss mechanisms (only 60 % can be ex-
in the 1-D radial diffusion model aft@rautigam and Albert ~ plained by the above coupled mechanism).

(2000 merely represents the diffusion contributed from mag- Future studies will be directed to quantify relative contri-
netic field perturbations; however, studies have shown thaputions of other individual or mixed loss mechanisms, such
the contribution from electric field perturbations can be sig-as pitch angle and energy diffusions, which can be included
nificant (e.g.Ozeke et a].2012 Tu et al, 2012. Butthe rel- ~ Within multidimensional models to represent wave—particle
ative importance between the two is still under study. There-nteractions (e.g.Beutier and Boschetl 995 Albert et al,

fore, we carried out sensitivity tests by decreasing/increasing?009 Su et al, 201Q Subbotin et al.201Q Tu et al, 2013.

the diffusion coefficientD | by a factor of 2, 5 and 10 and

found that a larger diffusion coefficient results in slightly
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