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J. Lichtenberger et al.: First results from the PLASMON

The results of the first 18 months of the PLASMON project aespnted. We have extended our
three, existing ground based measuring networks, AWDANE&F(whistlers), EMMASANSA
(ULF/FLRs) and AARDDVARK (VLFperturbations on transmitters’ signal) by three, eight and
four new stations, respectively. The extended networksalltw us to achieve the four major
scientific goals, the automatic retrieval of equatoriat®ten densities and density profiles of the
plasmasphere by whistler inversion, the retrieval of egpedt plasma mass densities by EMMA
and SANSA from FLRs, developing a new, data assimilative ehodl plasmasphere and vali-
dating the model predictions through comparison of mod&®E® losses with measured data by
AARDDVARK network. The first results on each of the four olijees is presented through a case
study on a space weather event, a dual storm sudden commemic€sC) which occurred on 3
and 4 August 2010.

Key words. plasmasphere — whistler — FLR — data assimilation — refdtovelectron precipitation

1. Introduction

The PLASMON FP7-Space project (A new, ground based daieéatsve model of the Earth’s
Plasmasphere — a critical contribution to Radiation Beldelimg for Space Weather purposes,
httpy//plasmon.elte.hu) addresses space weather models to iengpexification and prediction ca-
pabilities, with emphasis on the linkage of thétfelient physical processes that occur simultane-
ously or sequentially in many domains such as the ionospptasmasphere and radiation belts.
The project started on 1 February 2011 and is expected torbpleted on 31 July 2014. In this pa-
per we describe the PLASMON project, and report on progrei first two years of the project.
We also present an example of how the scientific work-packégk together to produce greater
understanding of plasmaspheric dynamics and the influehttésoupon the radiation belts. The
project consists of four major objectives, described below

1. Automatic retrieval of equatorial electron densities] atensity profiles by the Automatic
Whistler Detector and Analyzer Network (AWDANet). ReceniEotvos University has de-
veloped a new, experimental Automatic Whistler Detectod @malyzer (AWDA) system
(Lichtenberger et a).20089 that is capable of detecting whistlers; we use this systeprdcess
lightning generated whistlers with no human interactioA/[PANet is evolving and now covers
low, mid and high magnetic latitudes with wide longitudicalverage. Recent developments in
whistler inversion methods for multiple-path whistler gps propagating at mid and high latitude
(Lichtenbergey2009 will allow us to retrieve electron density profiles autoroally for a wide
range of L-values. In the project, the AWDANet has been edeerio have better spatial and tem-
poral coverage and thus is able to provide density profilediféerent MLTs which can be used
as a data source for space weather models. The implementdttbe new automatic whistler
analyzer (AWA) methodLl(ichtenberger et a).2010 has been installed in AWDANet nodes. The
transformation of AWDANet to work in quasi-real-time modeoperation is in progress.

2. Retrieval of equatorial plasma mass densities by the geurguasi-Meridional Magnetometer
Array (EMMA) and cross-calibration of whistler and Fieldne Resonance (FLR) methods
for determining electron and mass density respectivelg gdal of the EMMA, which is cre-
ated from SEGMA (South European GeoMagnetic Arrdyilante et al.(2004), and MM100
(Magnetic Meridian 100) arraysigilig et al, 2010 in the project is to monitor the equatorial
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plasma mass density based on the detection of geomagn&&: None of the earlier monitoring
systems, however, were “space weather” operational inghsesthat they never produced quasi
real time products. The latitude coverage was also nidicgant to monitor the whole plasmas-
phere. In contrast to the whistler method the FLR method eanded to infer the plasma mass
density even in the plasmatrough and to also identify thatlon of the plasmapause. We have
unified the isolated Europealfferts to call into being a joint European network, EMMA, with
stations ranging from lItaly to the northern Finland (L-$b€dl.6 - 6.7). We use and upgraded
existing magnetometer networks (IMAGE), which were oradiy established for other purposes
and other requirements (resolution, sampling rate, tijimgt the data of which are exploited for
plasmasphere observations as well. In accordance witk tiwss we will:

(a) unify and extend the SEGMA, MM100 and IMAGE networks i&elMA,

(b) develop an approach to allow automatic FLR identificadiod FLR inversion to estimate mass
densities;

(c) develop all EMMA stations to work in quasi-real-time nescf operation and evaluate relative
abundances of heavy ions in the plasma composition froml&meous determinations of
mass density (FLR method) and electron density (whistléhow.

3. Data assimilative modeling of the Earths plasmaspheren Bense measurements only sample
the plasmasphere at limited resolution in both space arel et determining thefBect of wave-
particle interactions on the radiation belts requires ainaous map of the plasma density in
both time and space. In order to provide such a complete nigz@mes necessary to interpolate
between measurements, again in both time and space, watlagisimilation schemes to combine
plasmaspheric measurements with a numerical physicsipdaemasphere model. The two data
assimilation schemes which we are pursuing are Ensembieafefiltering Evensen2003 and
particle filtering (Nakano et al.2009.

4. Modeling Relativistic Electron Precipitation (REP) $es from the radiation belts using the
Antarctic-Arctic Radiation-belt (Dynamic) Depositiont¥ Atmospheric Research Konsortium
(AARDDVARK) network. During a geomagnetic storm the lengthtime during which space
assets are in danger is determined by tfieiency of the radiation belt loss mechanisms, par-
ticularly through relativistic electron precipitationtinthe atmosphere. We use the assimilative
model of the plasmasphere to identify regions where plagheasc structures such as the regions
occurring on, inside, and outside of the plasmaspausmandmposition changes are likely to
result in enhanced electron losses. We will monitor the oecwwe and properties of REP using
the ground based AARDDVARK network(ilverd et al, 2009, which will be extended during
the project to have better spatial and temporal coverage.

At the end of the project we will provide real time data of phespheric densities, a data-
assimilative model of the plasmasphere and a model of RE§e$0ll these data, models and
information will significantly contribute to European cajig to estimate and prevent damage of
space assets from space weather events as well as to imgpfovatasting and prediction of dis-
ruptive space weather events.

One network (AWDANet) measures Very Low Frequency (VLF) esto capture and analyze
whistlers, another network (EMMA) measures Ultra Low Freaey (ULF) signals to capture and
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analyze FLR. Methods based on the two phenomena are cagaitevming plasmaspheric densi-
ties. The two methods are complementary to each other dhe &phtial and temporal occurrences
of whistlers and FLRs. Overlapping events (which mostlyteg Afternoon and early morning times)
from the two techniques are used for cross-calibration@ftlethods. New opportunities are avail-
able with the launch of Van Allen Probes NASA mission (hftpww.nasa.gofvanallenprobe},
we plan to use in-situ density and wave measurements toratdithe two ground based meth-
ods independently, overcoming the lack of common eventpate and time. Monitoring of the
plasmasphere by whistlers and FLRs is the basic objectiiei®proposal, while the third (data-
assimilative modeling of the Earths plasmasphere) useg tif&a to provide a high-fidelity model.
The fourth objective (identifying electron loss to the aspbere from the dierent regions of the
plasmasphere) demonstrates one application of the newnatgdhere model in providing value
added information on the loss processes for use in radiagtis models making use of measure-
ments by a third ground based network (AARDDVARK).

In the following, we discuss the technigues in more detadspnting for illustration results on a
space weather event, a dual storm sudden commencement{&®G)occurred on 3 and 4 August
2010, revealing how the four major objectives of PLASMON trinute to the analysis of an event.

2. Automatic retrieval of equatorial electron densities aml density profiles by
Automatic Whistler detector and Analyzer Network (AWDANet)

The cold electron density distribution of the plasmasplareot be easily measured routinely, but
is a key parameter for modeling of the plasmasphere andti@aliaelts. Whistlers have been re-
garded as cheap anffective tools for plasmasphere diagnostics since the eadysyof whistler re-
search (e.gSazhin et al(1992), but did not become a real operational tool since reduainigtier
data to equatorial densities was very labour intensiveeRicthe Space Research Group of Eotvos
University has developed a new, experimental Automaticafiéni Detector and Analyzer (AWDA)
system that is capable of detecting whistlers and we useysiem to process lightning-generated
whistlers with no human interaction. The AWDA system cotssif two major blocks: the au-
tomatic whistler detector (AWD) and automatic whistler lgmar (AWA). The former works in
real-time and is able to detect whistlers in the raw VLF d&t@esn, saving into disk files only those
sections of the input stream that contains whistlers. Ttierlalock takes the saved files and infers
equatorial electron densities and propagation paths. Bagloetwork formed by AWDA systems
(AWDANEt) is evolving and now covers low, mid and high magaéititudes Lichtenberger et a).
2008. In PLASMON, AWDANEet has been extended with three newsatatto have latitudinal and
longitudinal coverage that are close to optimal. The thee stations are: Eskdalemuir (Scotland),
Forks (Seattle, USA) and Karymshina (Kamchatka, Russia){}

A recent development in whistler inversion methods for mpidtpath whistler groups propagat-
ing on mid and high latitudel{chtenbergey 2009 allows us to retrieve electron density profiles
automatically for a wide range of L-values. The inversiortimés used for whistlers on mid and
high latitude paths are now being used for low latitude wéistas well. In PLASMON, we have
developed the implementation of the AWA methadc(tenberger et a).2010 on normal CPU
computers, while the implementation on Graphical Proogssinit (GPU)-based parallel process-
ing units is going on. The final goal is to achieve a quasi tiea¢& mode of operation. With this
mode of operation, a node on the AWDANet system will be ablgrtwide 10-15 equatorial elec-
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tron densities or density profiles per hour by processingipietpath whistler groups, which is
enough to monitor the changes in the plasmasphere caubedl®tMLT changes or the dynamics
of the magnetosphere itself (el@arrouzet et al(2009). However, it has to be noted, that the num-
ber andor quality of detected whistlers may not allow the inversadril0-15 whistler events per
hour. In this case, a plasmasphere model can be used to fdbie complemented with electron
densities obtained from another AWDANet statiorfiiglient magnetic latitude and longitude).

The enhanced global coverage of AWDANet allows us to recdrigthers in wide L-range, from
~ 1.2 (at Indian stations) to5 (at Arctic and Antarctic stations). The inversion algaomit, how-
ever, can be applied for whistlers propagatelon 1.4, due to the validity of the field-aligned
density model. The upper limit varies with the position o fhlasmapause. We plan to use data
from all (i.e. global) stations. The typical errors of equral electron densities obtained from the
automated whistler analysis can be between 1-50%, depgnodithe quality of traces in whistler
events (sharpness, frequency coverage, signal to noisg rat

To test the implemented AWA method, we chose 83 whistler &sveavering the period 1-7
August 2010, that is the period prior and after the dual-SH@ AWDA sytem recorded almost
2600 events in this period at Dunedin (New-Zealand). Theistribution of these events is not
even, because the occurrence of the events is far too varipdbtluce an even distribution, as
is commonly the case at this locationidlier et al,, 2010. Our 83 whistler events include single
whistlers and whistler groups as well. All these events veoeessed by the AWA algorithm and
the analysis of 41 were completed withistiently high quality thresholds (seéechtenberger et al.
(2010). These 41 detected whistler events contain 224 whisthees. The result of an inversion
of a whistler event is the A and B parameters and the L-val@ifseadentified traces in the event,
producing an automatic "scaling” of the whistler traces. @ are parameters to describe the
L-dependence of the equatorial electron densityi{tenbergey2009:

l0g10Neq = A+ BL, 1l4<L<8 (1)

Neq IS then calculated for each L.

The goal of this case study was to test and tune the AWA alguarifigure 2 shows a contour
map created from the alL(ney) pairs using Delaunay triangulation to fill the gaps betwten
scattered datapoints. It has to be noted, that this intetipol introduced artifacts due to the highly
uneven distribution of data points. Though the gaps betweerime of events prevents us from
fully following the equatorial electron density variat®during the study period, a slight (factor of
2) decrease can be seen after the first SSC and a more adttditrease (factor of 3) after the
second one around43.5. The data point in the green circle is a knee whistlelpagating at the
plasmapause &t = 3.51 where the equatorial electron densitpdg= 152/cn.

Though the data points are highly uneven both in space argl tia found six whistler traces
propagating approximately along the same field line aboRtdiys apart. Thus the events occur
on the same L-shell and MLT and we can calculate the coupling$§, i.e. electron refilling rates
in five cases. The events are shown in TaldleThe first three events were recorded before the
SSCs, while the last three ones after the SSCs. Each evendsraeorded at late afternoon in
local time. The coupling fluxd is calculated asNr> — Nr1)/(t> — t;), wheret; andt, are the
time of the two consecutive eventlsy; and Ny, are the tube electron contents (see @ark
(1972) calculated at the same time. The tube electron contematighractically change between
1-2 August, indicating a condition of saturated flux tube e-$imall negative flux is probably due
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to the diference in the two L-shells (2.96 vs. 2.83) used for the catmn. The flux is relatively
high between 2 and 3 August (88x 10’el/cn?/s) showing refilling of the flux tubes and negative
between 3 and 5 August10.26 x 10’el/cn?/s), this intevall spans over two days and includes the
SSCs when the plasmasphere was eroded. However, both th&daoupling fluxes are negative,
—-4.13x 10’el/cn?/s between 5 and 6 August ard.7.3 x 10°el/cn?/s between 6 and 7 August
suggesting prolonged erosion of the plasmasphere aftatdhms in the dusk sector bt=~ 2.9.

3. Retrieval of equatorial plasma mass densities by EMMA ancSANSA
magnetometer arrays

Thanks to recent developments in magnetometry (e.g. neduof noise), data acquisition (im-
proved resolution and timing) and the theory (wave propagatvent detection, models, inversion)
of magnetohydrodynamic (MHD) waves, the routine monitghthe cold plasma mass density of
the plasmasphere has become possible. EMMA (Europen texsiional Magnetometer Array)
was established in 2012 within the frame of PLASMON with thaimgoal to monitor the plas-
maspheric mass density based on the detection of FLRs. EMM# vorn through the unifica-
tion and extension of previously existing European magnatiays: SEGMA (South European
GeoMagnetic Array)\(ellante et al, 2004 and MM100 (Hellig et al, 2010 including the Finnish
stations of IMAGE. At the end of 2012 EMMA consists of 25 stas (top panel, Figurd) from
north Finland to Italy (L-shells 1.6 — 6.7) as a joirfifcet of FMI (Finland), IGFPAS (Poland), SAS
(Slovakia), MFGI (Hungary) and University of L'Aquila (Itg). PLASMON also has a smaller mag-
netometer network maintained by SANSA at South-Africanjegate area (bottom panel, Figure
3).The SANSA observations (SUT-HER) will allow examinatioinpossible &ects of north-south
ionospheric asymmetries and will give independent esgmat the plasma mass density atll.8,
therefore providing a check on the accuracy of the methocdttition, measurements from the
new pair TSU-WBP will allow extension of the monitoring to@mMer L-shell ¢ 1.4). The instru-
mentation is similar at all sites. Low noise (mostly fluxgateagnetometers are sampled with high
resolution, samples are synchronized to GPS PPS signdbsabmatransferred to the project servers
for processing through the internet every 15 minutes.

The first step of the EMMA data processing is the detectionLd®$: This is done by applying
the phase gradient techniquédters et al.1991) on magnetic data recorded at two closely spaced
(100-300 km) stations which are located along nearly theesawagnetic meridian. In the dynamic
cross phase spectra the FLR frequency shows up as the maxafitbenphase dierence between
the two signals. Another characteristic feature of FLR$h&s variation of the amplitude ratio of
the two signals across the resonant frequerigysf. The ratio is around 1 affr| r and has a local
minimumymaximum belowabove this frequencyfr r is determined by the maximum in phase
difference and the proximity of the amplitude ratio to one. Aromaéted algorithm, FLRID (Field
Line Resonance Identification) is being developed in PLASM®Odo this job. FLRID also checks
other parameters, such as the location of the inflectiontpoeithe amplitude ratio spectrum, the
amplitude ratio at the inflection point, the magnitude of piese dierence, etc. that all help to
identify the FLR frequency. These parameters also allovstionate the uncertainty in the detected
FLR frequency Berube et al.2003 and the resonance widtls(een et al, 1993. Figure4 shows
three examples from fierent latitudes for the cross phase spectra that FLRID isdas, for 1
August 2010 (prior to the ssc). FLR frequencies are identifig the reddish horizontal stripes
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standing out from the greenish background frerd4 UT to~ 16 UT at~ 10 mHz (MEK-NUR, L
=3.7),~ 15 mHz (NUR-TAR, L= 3.2) and~ 25 mHz (SUW-BEL, L= 2.4), respectively.

The inversion of the FLRs is possible if the magnetic field #madensity distribution along the
field line are known. Our inversion code, FLRINV, solves thelDlwave equation of the resonance
(Singer et al. 1987) in an arbitrary magnetic field topology to infer the plasmass density at
the magnetic equatorial point of the field line. At the cutretage of the development the TO1
model (Tsyganenkd002gb) is used to describe the magnetic field topology, while tHd &égned
density distribution applied is a simple power-law disitibn. However, at low latitudes more
realistic distributions should be used because of the poesef heavy ions.

The typical uncertainties in the inferred equatorial plasmass densities, which derive from the
uncertainty in determining the FLR frequency, are of theeof 15-20%. Additional uncertainties,
which might be of the same order, can derive from the adopéddt&iligned mass density distribu-
tion at low (< 2) L-shells {/ellante and Forstgr2006, and from the magnetic field model used at
high L-shells Berube et al.2006.

Figure5 shows the plasma mass densities inferred from the availldftemeasurements for the
period 1-8, Aug, 2010. The results indicate at the outermestell a significant depletion (a factor
3) after the first SSC and a further decrease (a factor 10 wgjerct to the pre-storm conditions)
after the second SSC. The strong depletion observed at-#tigllis in agreement with the expected
position of the plasmapause (discussed later on in Figusdich indicates that the flux tube att
3.7 was outside the plasmasphere during the whole DoY 21Augnust 8 (DoY 219) the density
has completely recovered (i.e., 5 days after the first SSC).

The refilling between DoY 216 and DoY 219 (considering thesitgrvalues at noon) took place
at a rate of 83 20atomicmassunfamu)/cm?/daywhich is equivalent to a net upward ion flux of
(7.3 + 1.7) x 10’amy/cn?/s across the 1000 km level. This value is in line with previosisneates
obtained from day-to-day variations of flux tube contentimiyithe recovery phase of magnetic
storms. IndeedChi et al. (2000) obtained® = 6 x 10’amycnt/s at L = 2 andPark (1970 ob-
tained® = 6 x 10’electrongcn?/sat L = 4. Note that the value is quiteftiérent than that obtained
from our whistler measurements« 17 x 10’electrongcn?/s) at L= 2.9 between DoY 217 and
DoY 218 (Tablel). It must be considered however, that the two values ohtdnwen whistler and
FLR observations are not directly comparable because #feyto regions with very large longitu-
dinal separation: 140Also, as pointed out bipent et al.(2006), the value of the refilling can be
significantly dependent on the local time when it is cal@dain particular, whistler measurements
refer to late afternoon hours when plasma drainage from ldsmasphere to the ionosphere may
occur.

We also evaluated for fierent L-shells the daytime refilling rate from the ionosghduring
each of the three days preceeding the storm and each of thedgs of recovery (Table2). The
evaluation was made in the 0400-1400 UT intervald6-16 LT). The values of Tabl@ indicate a
clear increase ob with increasing L, and also a decreaseboiin the recovery phase which might
be attributed to a reduced plasma supply from the ionosphieose ion content is usually reduced
during the early phase of the magnetic storms recovery. &hees are in line with the estimates of
10— 50x 10°’amuy/cn?/s obtained byObana et al(2010 at L = 2.3-3.8, 57 10’amycn?/s(L =
2, Chi et al.(2000), and 30x 10’electrongcn?/s (L ~ 3.7, Park (1970).

The results of Figur® also show an anomalous sharp increase of the resonant pedoof the
inferred plasma mass density in the late evening of some(@ayson DoY 212, 214, 218, 219). An
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anomalously high resonant period could arise from the ftionaf a quarter-wave mode standing
wave when one end of the field line is sunlit and the other emtddgrkness@bana et al, 2009,

or from a low ionospheric conductivity in both hemispher@sd¢ke and Man2009. In either case
the equatorial plasma mass density should be inferred ysoer boundary conditionsftierent
from the standard assumption of perfect wave reflection #it hemispheres. For this reason we
excluded these late evening values from the analysis ofafgnde plasma refilling rates.

4. Data assimilative modeling of Earth’s plasmasphere

The use of data assimilation in space physics is still innfancy. Data assimilation methods are
used in ionospheric modelin@(st et al, 2004 Bust and Crowley2007) and are beginning to be
used in radiation belt modeling as welldeves et gl2012 Koller et al, 2007 Kondrashov et a).
2007 Fuller-Rowell et al, 2006, and one example exists of using it to constrain a ring cuirre
model using global ENA imagesl@kano et al.2009. The relatively slow adoption of data assim-
ilation for magnetospheric physics may be connected todlaive sparsity of observations.

A variety of plasmasphere models are used as drivers tarexishg current and radiation belt
models to compute the loss processes (eg.et al.(1991, 2001); Friedel et al.(2002). Even the
radiation belt models and ring current models that have beemninder a data assimilation scheme
do not include data assimilation on the plasmasphere bugdample simply use an electric field
parametrized by geomagnetic activity index such as Kp.

Under the PLASMON project we have developed a data assionlabodel of the plasmas-
phere based on the Dynamic Global Core Plasma Model (DGCRMe(and Horwitz 1997),
and an Ensemble Kalman Filter (EnKF), for use with grounseiaplasma density observations.
The data assimilation model from PLASMON has not yet beenlighued, but another paper
(Jorgensen et a1.2011) details some early work toward the data assimilation. la gnoject we
expand this capability in several ways, including addiregahility to use more data sources, adding
composition information and the relevant refilling and lces, adding information about the field-
aligned distribution of plasma, and improving the paramation of the electric fields.

Figure6 shows a assimilation result for August 3, 2010 storm. Théoboipanel shows thKp
index which shows the storm main phase on August 3 and 4. Th8 pmanels show magnetome-
ter FLR observations and assimilation results, and the dth5éh panel show VLF whistler data
and assimilation results. In the top 3 panels the blue cunereference model run without data
assimilation, based solely on tig index. It shows that around=3.7 the plasmasphere depleted
at approximately 0 UT on August 4. At43.3 the depletion happened one day later and was not
as large. The red points are observations. In the top thneelpave see good coverage of data on
the dayside although NURAR did not observe FLRs after the onst. In the 4th and 5th Ipiuee
observations appear more scattered. This is because Viidnstdo not measure density at a fixed
L-shell but rather at a range of L-shells, with the randg&dent for each whistler group. In this plot
we elected to plot the density at the inner and outer L-shatl, thus the time series will generally
not represent a single L-shell. Dunedin is a3.5, and the range of observations is from3.to
L=4, approximately.

In all panels the black trace represents the assimilatiopub@t the observations location, and
the green traces represent the uncertainty. In the caseedfltR observations we could obtain
model output even between observations because the FLiBnstatap to a fixed location. In the
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case of the VLF observations each data points is associatedwnique L-shell and thus it does
not make sense to sample the assimilation model during tivhes no observations are available.

In general the agreement is good between the assimilatidthenobservations. A notable ex-
ception is August 1, which we will return to in a moment. We disdservation uncertainties of
20-30% in the assimilation. One expected feature of datendason is that during time-intervals
when there are no observations the uncertainty increabéscan be seen throughout the plot, but
is perhaps most evident on August 5. Following one group stolations at approximately 4 UT
at Dunedin and MEKNUR there are no observations for 12 hours. During that timeemhodel is
running open loop and the uncertainty increases. As obisengsbecome available the uncertainty
drops, and the model steps in the direction of the obsemnatio the case of August 5 that step is
rather large.

On August 1 the agreement between observations and modebis This is almost certainly
because of the initial conditions of the model used. We udedlyasaturated plasmasphere as the
initial condition at 0 UT on August 1. In order to agree witletbbservations the plasmasphere
needed to be severely eroded and that takes at least 12-2¢l tocaccomplish. During that time
the assimilation model simply does not have the degreegeflrm to obtain good agreement with
observations.

5. Modeling REP losses from the radiation belts using the AARDVARK
network

During a geomagnetic storm the length of time during whichcgpassets are in danger is de-
termined by the #iciency of the loss mechanisms, particularly through reltic electron pre-
cipitation into the atmosphere. The primary mechanismHta precipitation is the interaction of
several wave modes with resonant electrons, which leadsatitesing into the atmospheric loss
cone. The nature of the wave activity and the interactiobséen the waves and radiation belt par-
ticles are strongly governed by the properties of the plagin@re. We use the assimilative model
of the plasmasphere to identify regions where plasmaspbkegtictures such as the regions occur-
ring on, inside, and outside of the plasmaspausgoarmdmposition changes are likely to result in
enhanced electron losses. We monitor the occurrence apédnpies of REP using the ground based
Antarctic-Arctic Radiation-belt (Dynamic) Depositiont¥# Atmospheric Research Konsortium
(AARDDVARK) network (Clilverd et al, 2009. The Northern Hemisphere AARDDVARK map
(Figure7) shows all of the stations including those completed as qgaitte PLASMON project:
Forks (Seattle, USA), Ottawa, and St John’s (Canada) anddskuir (Scotland). With the com-
pletion of the AARDDVARK network in the Northern Hemisphexe are now in a strong position
to monitor the electron precipitation coming from withim,@nd outside of, the plasmapause. The
dashed circle on the plot shows the L-shell contour-ad4 5, which represents the average quiet-
time location of the plasmapause.

Figure 8 shows electron flux measurements for the August 201Gtesm interval from the
MEPED instrument which is part of the Space Environment Mo (SEM-2) experiment car-
ried on-board the POES spacecraft. These measurementbdmveonally averaged after correc-
tion for low-energy proton contamination (followirigam et al.(2010) and include observations
made by all 6 spacecraft which carried the SEM-2 and werelit atthat time (NOAA-15 through
to -19 and MetOp-02). The electron fluxes shown in Figgieee> 100 keV quasi-trapped elec-
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tron fluxes during the period 29 July through to 10 Augusthvtite studied period (1-6 August
2010) marked with white dashed lines. The plot shows the $lirxa logarithmic colour scale from
10? — 1CPel.cnt?ssrt. The fluxes are being measured close to the drift-loss cohes These
fluxes, while trapped, are only slightly above the loss congitch angle space. It is these electron
fluxes which are most likely to be scattered into the bounss-mne during any geomagnetic ac-
tivity which enhances wave-particle interactions, andgttihese fluxes represent the electrons avail-
able to be lost into the atmosphere. The fluxes show an irefeas background levels of about
3x10%l.cnm?stsr ! to 1x10°el.cnT?s tsr~! during the first SSC on 3rd August, with high flux lev-
els observed at much lower L-shells than before the stormoghefhe calculated position of the
plasmapause from the empirical plasmapause modébaiwin et al.(2002 which uses a 12-hour
Kp maximum value, is shown as a white line. The highe&00 keV flux levels occur outside of the
Moldwin et al.(2002 plasmapause. Initially the plasmapause is located attdbeti5, but during
the storm it moves into aboutd3 for about one day. During this period high fluxes occur at low
L-shells as a result of the inward movement of the plasmagaursl then remain elevated at those
L-shells for several days after the plasmapause has reambbeaick to =4.5. Similar links between
plasmaspheric dynamics and the apparent motion of thetiadliaelt location have been reported
previously Baker et al, 2004 Rodger et al. 2007). After 4 August high fluxes of quasi-trapped
electrons will be subject to wave-patrticle interactionswdng inside, on, and outside the plasma-
pause. PLASMON aims to refine this picture, by accuratelgtiog the plasmapause, identifying
the density levels and composition (which influence wawiga interactions), and measuring the
electron precipitation that actually occurs.

Figure9 shows an example of how the AARDDVARK VLF data responds tqateeipitation oc-
curring in this time period. We have analysed the obsermatiade by the AARDDVARK receiver
at Churchill (Canada) of the transmissions originatingrfrihe US Navy communications station
in North Dakota (call sign NDK). Initially, we analysed theceived amplitude on days which were
geomagnetically quiet and noffacted by significant electron precipitation. This providestatis-
tically generated quiet day curve (QDC) for the normal dalilsmplitude variation, including also
a standard deviation to represent the experimental uncgesin the QDC generation. Even in
guiet times the received VLF amplitudes are most variablinduhe sunrise and sunset periods,
and throughout the night, such that the uncertainty is hifgrethese time periods (marked Zones
Il through to IV in the Figure). The top panel of Figu®eshows the change in the received NDK
amplitude (i.e., change relative to the QDC) on a relativgliet day (23 July 2010). As expected,
there is little evidence of significant ionospheric disambes on this day, as the mean and median
amplitude diferences are close to zero, particularly during the middaipgé€Zone VI) where the
Sun dominates the D-region ionosphere and hence is the @etior influencing quiet time VLF
propagation.

The lower panel of Figur® shows the change in the received NDK amplitude on a disturbed
day during our study period (4 August 2010). This clearlyibith large amplitude perturbations
relative to the QDC. There is evidence of precipitation asrthe entire day, with a near constant
offset of~ 2dB in the Sun-lit periods and much larger amplitude changeswthe D-region is
dominated by nighttime conditions (Zones Il and llll, i.e8B8T). However, while the amplitude
changes are larger during the day than during the night, \fbpggation tends to be more sensitive
to precipitation during the night due to the more tenuoug@en (i.e.,Rodger et al(201Qq 2012.
The next step is for us to model the VLF propagation condgj@amd then estimate the precipitating
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flux levels for diterent times of day in order to reproduce the amplitude peatisns using the
approaches outlined iRodger et al(2012). This is a necessary part of our plan to achieve one of
the goals of PLASMON, modeling observed REP losses fromatmation belts and relating those
to plasmaspheric structures.

Figure 9 clearly shows that the AARDDVARK data are responding to ttditonal electron
precipitation occurring into the lower ionosphere on théy.dBy comparison with Figur& we
can also see that the VLF propagation path observationemexs in Figured (where the path
ranges from 3< L < 7) are only influenced by precipitation from outside of thagphasphere
on 4 August. This is consistent with loss mechanisms sucthasis waves, which are known
to occur outside of the plasmaspause, and to be enhancetyderiods of high geomagnetic
disturbancel{leredith et al, 2012. Using the AARDDVARK data to model theffect of electron
precipitation fluxes on the North Dakota to Churchill pathidg this intense storm period will
allow us to quantify the chorus-induced loss mechanism. iajagy, we will also be able to use
AARDDVARK data during the later stages of the geomagnetast from VLF propagation paths
that range from 3< L < 4.5. This will allow us to compare and quantify electron préeifion
fluxes resulting from processes from inside the plasmapaush as plasmaspheric hiss-induced
loss mechanismsxodger et al.2007).

6. Conclusions and future work

During the first 24 months of the PLASMON project, we have egtdl our ground based VLF
and ULF networks, installing three new stations in AWDAN®etjr new stations in AARDDVARK
and eight new stations in our ULF network (six in the Europ&hMEA and two in the Southern
African SANSA network). The extended networks are used toese the objective of the project.
We have developed an algorithm that allows us to retrievetrele density profiles automatically
and we have implemented the algorithm on GPU-based procgessits and we are working on to
reach a quasi real-time mode of operation of AWDANet.

An automated algorithm for identification of field line resmeces, FLRID has been developed in
PLASMON, which provides the input for the automatic inversprocedure (FLRINV).

The assimilative model of the plasmasphere is the central abthe project. It is based on the
Dynamic Global Core Plasma Model, and a Ensemble KalmaarFil¥e have started to test the
assimilation using density data from our two ground basédors (AWDANet and EMMA).

The third ground based network (AARDDVARK) is used to costréne plasmasphere model
through comparison of REP losses. In this paper we havergiiesl the combined use of these
resources with preliminary investigation of a storm ingmwver 1-6 August 2010. Results include
estimation of electron and ion mass densities and coupéitesrbefore and during the storm, and
changes in quasi-trapped electron fluxes near their scajteoint into the loss cone, forming REP
detected over VLF paths on the ground.

AcknowledgementsThe research leading to these results has received funding the European Union
Seventh Framework Programme [F2007-2013] under grant agreement No 263218
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Table 1. The calculated L-value, equatorial electron density, telleetron content and estimated
coupling flux (electron refilling rate) for six whistler tras. The tube contents and coupling fluxes
are referenced to 1000 km. See details in the text.

Time L-value Negq Nt D
[enm3] | 10%%el cnT? —tube | 10%el cnr?s7t
2010-08-01UT05:44:37.687 2.96:0.01 | 1538:16 4.37+0.07 -
2010-08-02UT05:54:13.9752.83+-0.05 | 1734110 4.00£0.37 -4.32+4.38
2010-08-03UT04:55:10.149 2.98+0.02 | 185929 5.40+0.16 16.93:4.92
2010-08-05UT04:54:45.6782.93-0.00 | 131744 3.63:0.02 -10.26:0.94
2010-08-06UT04:23:04.6122.93-0.00 | 1177%A5 3.28+0.02 -4.13+0.35
2010-08-07UT04:37:21.844 2.98+-0.01 534+2 1.76+0.02 -17.3:0.39

Table 2. Daytime upward plasma flux across the 1000-km level feiedent flux tubes.

Day of 2010 ® [10"amycn?/g

(0400 — 1400 UT)

L=2.4| L=3.2| L=3.7
1 August (DoY 212)| 15+6 | 47+8 | 80+ 6
2 August (DoY 213)| 23+7 | 49+8 | 42+ 7
3 August (DoY 214)| 7+5 | 21+8 | 57«7

5 August (DoY 216)| - - 13+ 9
6 August (DoY 217)| 8+8 - 41+ 3
7 August (DoY 218)| 16+ 4 - 24+ 4
8 August (DoY 219)| 9+4 - 43+7
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Fig. 4. Cross phase spectra for 3 station pairs, from top to bottoriKMEJR (L=3.7), NUR-TAR (L=3.2),
SUW-BEL (L=2.4), respectively. 1 Aug 2010
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Fig. 5.FLR periods (upper panel) detected by FLRID and inferrecheayial plasma mass densities obtained
by FLRINV (lower panel) at 5 station pairs (MEK-NURA3.7; NUR-TAR, L=3.2; SUW-BEL, L=2.4; CST-
RNC, L=1.7; RNC-AQU, L=1.6) over 1-8, Aug, 2010. SSCs are marked by dashed veiities. |
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Fig. 6. Data assimilation result for the storm on August 3, 2010. Bbom panel shows thi€p index for

the event, showing high activity level beginning near thd eh August 3 and continuing into August 5.
The top three panels show results for the three FLR statios, @JWBEL (L=2.4) in panel 1, NURTAR
(L=3.3) in panel 2, and MERWNUR (L=3.7) in panel 3. In those panels the blue trace represenfddbma
density obtained from a reference model using a electrid defived from theKp index. Panels 4 and 5 are
results for the Dunedin VLF station. Panel 4 is the densithatnnermost L-shell of a VLF whistler group,
and panel 5 is at the outermost L-shell. All densities arenin®. The red points are the observations. In the
case of Dunedin each point represents féedent L-shell range, nominally in the=3 to L=4 range. The
black traces represent the average assimilation outputhengreen traces the uncertainty around it. For the
FLR stations, which map to a fixed location, assimilatiorpotican be obtained even when no observations
are available. For the VLF observations it is not useful ttawbassimilation output without observations
because each observations is atféedent L-shell. 21
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Fig. 7. The Northern Hemisphere AARDDVARK network. The green @schre the VLF transmitters, the

red diamonds are the AARDDVARK receivers. The green linesashthe great circle paths between the
transmitters and the receivers. The dashed black oval sti@vmagnetic latitude of the footprint of the

expected quiet-time average plasmapause position in teftie Mcllwain L-shell parameter (in this case

L=4.5). The four new stations installed in PLASMON are Forksatie, USA), Ottawa and St. John’s (both
in Canada) and Eskdalemuir (Scotland).
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POES >100keV 90-deg Telescope [el. cm? s™' sr]
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Fig. 8. POES (NOAA-17 to 19 and MetOp02) Space Environment Moni®ENI-2) > 10keV quasi-
trapped electron fluxes over 29 Jul - 10 Aug 2001. Verticalteviiotted lines denote the study interval
of interest. The white line shows the calculated positiorplasmapause based on 12 hour maximum Kp
index value (Moldwin et al., 2002).
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Fig. 9. Top panel: The change in amplitude of the North Dakota US Néwly transmitter signal received
at Churchill (Canada) on a relatively undisturbed day (28 2010) after the removal of a "quiet day curve”
from the signal. Bottom panel: The change in amplitude ofNbeth Dakota US Navy VLF transmitter signal
received at Churchill (Canada) on 4 August 2010, after thexkal of a quiet day curve from the signal. The
red dots with error bars represent the mean and standaratidevof the amplitude perturbations for each of
the UT time zones identified by the shading, including thas®ods which involve sunrise and sunset pf the

propagation path.
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