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AHHoTanus. B reopusnyeckoil mureparype akTHB-
HO o0cyXJaeTcsi TUIIOTe3a O TOM, YTO IOBEPXHOCTHBIE
BOJIHBI Ha MarHUTOIay3e MOTJIH Obl OBITh MCTOYHHKOM
JTHEBHBIX IIMPOKOMOJIOCHBIX MYJbCallMi JHara3oHa
Pc5-6 (~1-2 mI'11) Ha OKOJIOKACTOBBIX HiMpoTax. OxHa-
KO TNEpBbIC MOMBITKH HAWTH HAa3eMHBIA OTKIMK Ha 3TH
KosieOaHMsl He Aanu OOHAJE)KMBAIOIIMX PE3YJIbTaToB.
Tak, comocTaBjeHHE IHEBHON T'PaHHIBI OTKPHITHIX H
3aMKHYTHIX cwiIoBbix nuHHH (T. H. OCB — Open-
Closed field line Boundary) no manubM pagapa Super-
DARN c mpocTpaHCTBeHHOH CTpyKTypoir PC5—6 myib-
calyii, 3aperuCTPUPOBAHHBIX HAa CETH MAarHUTOMETPOB
Ha OKOJIOKACIIOBBIX INHPOTAX, IOKAa3ajo, YTO CIICK-
TpaJIbHASI MOLITHOCTD TUX MYyJIbCAIIMH NMEET MaKCUMYM
NPEeUMYIIECTBEHHO Ha 2-3° Qoyee BHYTPEHHHUX 000-
noukax mMarHutocgepsl, yeM nonoxenue OCB. Jlomon-
HUTENBHO CBsi3b Mexay OCB u reoMarHUTHBIMU I1yJib-
CalMsMH HCCIIEA0BaHA ITyTEM COIOCTABICHUS MPOQUIIS
MOIIIHOCTH JIHEBHBIX IyJbCAallMd C 3KBATOPUAIBHOMN
rpaHuIell aBpOPajbHOTO OBaja, OMNpeIeNsIeMOil 1o
KPacHOW KUCJIOPOJHOW 3MHUCCUH IO JTaHHBIM CKaHUPY-
fomero Qoromerpa Ha Canbapme. B OombmmHCcTBE
NPOAHANTN3UPOBAHHBIX COOBITHH «3MHULEHTP» MOIIHO-
ctu Pc5-6 mymbcammii okasancs mpumepHO Ha 1-2°
Oornee Hu3koit mpote, yeM OCB, onpeneneHHol o OI1-
THYECKUM JIaHHBIM. TakuM 00pa3oMm, JTHEBHBIE IyJIbCALIMU
Jrana3oHa PC5—6 Hemp3s1 HalpsIMyIO CBSI3BIBATH C TIOBEPX-
HOCTHBIMHM MOJIAMH Ha MarHUTONAay3e WM KOJECOAHUSIMH
MOCIIeHEH 3aMKHYTOM CHoBOM JwHUH. OTCYTCTBHUE
HA3eMHOTO OTKJIMKA Ha 3TH MOJBI B 00JacTH HMOHOCHEp-
Ho# npoekitn OCB kaxercs yauButensHbIM. B KauecTBe
BO3MOKHOT'O OOBSCHEHHUS MBI TPEANIONIOKUIH, YTO CHJIb-
Hasi BapHaOeNIbHOCTh BHEIIHEH MarHurocdepbl BOIM3M
MarHuTOIay3bl MOXET IOJaBJIATh BO30YXKICHUE KOJle-
Oanwmii B 9TOH 001acTH. [{J1s1 KONMYECTBEHHOM NPOBEPKH
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Abstract. Magnetopause surface eigenmodes were
suggested as a potential source of dayside high-latitude
broadband pulsations in the Pc5-6 band (frequency
about 1-2 mHz). However, the search for a ground sig-
nature of these modes has not provided encouraging
results. The comparison of multi-instrument data from
Svalbard with the latitudinal structure of Pc5-6 pulsa-
tions, recorded by magnetometers covering near-cusp
latitudes, has shown that often the latitudinal maximum
of pulsation power occurs about 2-3° deeper in the
magnetosphere than the dayside open-closed field line
boundary (OCB). The OCB proxy was determined from
SuperDARN radar data as the equatorward boundary of
enhanced width of a return radio signal. The OCB-ULF
correspondence is further examined by comparing the
latitudinal profile of the near-noon pulsation power with
the equatorward edge of the auroral red emission from
the meridian scanning photometer. In most analyzed
events, the “epicenter” of Pc5-6 power is at 1-2° lower
latitude than the optical OCB proxy. Therefore, the day-
side Pc5-6 pulsations cannot be associated with the
ground image of the magnetopause surface modes or
with oscillations of the last field line. A lack of ground
response to these modes beneath the ionospheric projec-
tion of OCB seems puzzling. As a possible explanation,
we suggest that a high variability of the outer magneto-
sphere near the magnetopause region may suppress the
excitation efficiency. To quantify this hypothesis, we
consider a driven field line resonator terminated by con-
jugate ionospheres with stochastic fluctuations of its
eigenfrequency. A solution of this problem predicts a
substantial deterioration of resonant properties of MHD
resonator even under a relatively low level of back-
ground fluctuations. This effect may explain why there
is no ground response to magnetopause surface modes
or oscillations of the last field line at the OCB latitude,
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9TOM THIOTE3bl, HAMHM PACCMOTPEHO BO30YXKICHUE
BHEIIHUM ucTouHukoM MI ' JI-pe3oHaropa Mexay conpsi-
KEHHBIMH HOHOC(EpaMH CO CTOXaCTUYECKUMHU (DIYyKTY-
arMsMH COOCTBEHHOM 4acTOTHI. Pemenue sToi 3amauu
JIEHCTBUTENILHO TIOKA3bIBAET CYIECTBEHHOE YXY/IICHUE
pe3oHaHCcHbIX cBoiicTB MI'Jl-pe3oHaTtopa naxe Mpu
CPaBHUTENHFHO HHU3KOM YpoBHE (DOHOBBIX (DIyKTyammuii.
Ortot 3¢dexT B mpuHIUNE MOXKET OOBIACHUTH, TOUEMY
Ha3eMHBI OTKJIMK Ha MarHuToc(epHbe KOIeOaHuUs
otcyrcTByeT B 00actu npoeknuu OCB, Ho Habmomaer-
csi Ha Oosee BHYTPEHHMX MAarHHTHBIX OOOJIOYKax, I7IE
CTPYKTYpa MarHUTHOT'O TIOJIS U IIa3MbI OoJiee cTaOMIbHA.

KiroueBble cjoBa: YHY-BonHBI, Marsuromnaysa,
IpaHHUIa 3aMKHYTBIX U Pa30MKHYTHIX CHJIOBBIX JIMHHH,
nosepxHocTHbIe MI'J[-MO/1bI, a7IbBEHOBCKUI PE30HATOP.
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but it can be seen at somewhat lower latitudes with
more regular and stable magnetic and plasma structure.

Keywords: ULF waves, magnetopause, open-closed
boundary, MHD surface modes, Alfven resonator.

IONOSPHERIC FOOTPRINT
OF THE DAYSIDE OCB FROM
OPTICAL AND HF RADAR
OBSERVATIONS

The open-closed field line boundary (OCB) is the
boundary that separates magnetospheric field lines that
are dragged by the interplanetary magnetic field from
those that are closed within the magnetosphere. The
ability to monitor the OCB location allows us to study
the electrodynamics of magnetosphere—ionosphere cou-
pling, in particular to estimate energy storage and re-
lease in the magnetosphere. There are several methods
for discriminating the ionospheric footprint of the day-
side OCB, but each of them has some merits and draw-
backs.

The open/closed separatrix can be identified using
particle precipitation boundaries observed by low-
altitude spacecraft [Newell, Meng, 1988; Oksavik et al.,
2000]. The poleward edge of high-energy (>10 keV)
electron precipitation (‘‘trapping boundary’’) corre-
sponds to particles trapped on closed field lines. Field
lines poleward of this region must therefore be open.
However, the measurements can be made with cadence
about 90 min and along orbit only.

Precipitating soft electrons produce plasma irregu-
larities, and strong coherent backscatter from these ir-
regularities can be monitored by Super Dual Auroral
Radar Network (SuperDARN) radars. The spectral
width of the Doppler velocity of measured backscat-
tered signal can be interpreted as a manifestation of
plasma turbulence of the scattering region. The transi-
tion from narrow to broad spectral widths has been uti-
lized to investigate the location of ionospheric boundaries
[Baker et al., 1995]. Many studies have revealed that the
high-latitude broad Doppler spectral width can be used as
an indicator for the cusp region [Moen et al., 2001], even
though the interpretation of the broad spectral width is still
elusive. However, ionospheric regions with elevated turbu-
lence level can be associated not only with the cusp proper,
but with the low-latitude boundary layer; hence, this meth-
od may provide ambiguous results.

A demarcation of the cusp soft electron precipitation
can be determined by comparing the equatorward
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boundary of the red (630.0 nm) auroral emission along
the photometer meridian scanning [Lorentzen et al.,
1996]. Precipitation of soft electrons with 0.1-1 keV
energies is a good indicator of open magnetic field lines
and corresponds to the cusp aurora dominated by the red
emission (Rayleigh intensity ratio 630.0/557.7>1) [Lo-
rentzen, Moen, 2000; Johnsen, Lorentzen, 2012]. How-
ever, dayside auroral optical measurements can be made
during winter months only.

The co-location of the equatorward edge of the HF
radar cusp and the cusp auroral emission has been ex-
tensively studied [Yeoman et al., 1997]. Rodger et al.
[1995] showed that the radar cusp signatures were lo-
cated ~0.5° equatorward of the optical cusp, whereas
Milan et al. [1999] found that the equatorward bounda-
ries of the optical cusp were, on average, located at slightly
lower latitudes than the radar cusp. Comparing the spectral
width method to the optical method, the radar OCB proxy
was seen to be on average 0.5-1.6° (56-170 km) poleward
of the optical OCB [Chen et al., 2015].

A new discriminator of OCB was suggested on the
basis of ground magnetometer observations of high-
latitude ultra-low-frequency (ULF) activity. The back-
ground of this tool is described in the following section.

2. HIGH-LATITUDE ULF WAVE
ACTIVITY AS APOSSIBLE

OCB DISCRIMINATOR

Geomagnetic pulsations in the Pc5-6 band (periods
about 3-15 min) have been known to be a persistent
feature of the ULF activity at dayside high latitudes
[Engebretson et al., 1995; Francia et al., 2005]. Morpho-
logically, these high-latitude long-period pulsations
(sometimes called Irregular Pulsations at Cusp Latitudes
[Bolshakova et al., 1988]) differ from well-known qua-
si-monochromatic Pc5 waves observed at auroral lati-
tudes [Kozyreva et al., 2016]. The specific high-latitude
near-noon pulsations could be a signature of the magne-
topause surface eigenmodes [Plaschke et al., 2009a;
Hartinger et al., 2015] or oscillations of the last field
lines [Lanzerotti et al., 1999; Urban et al., 2011]. Away
from the near-noon sector, at dawn and dusk flanks of
the magnetopause, surface modes are strongly coupled
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with the Kelvin-Helmholtz instability of the magne-
tosheath plasma flow around the magnetosphere [Ma-
zur, Chuiko, 2013]. Ultra-low ‘‘magic’’ geomagnetic
pulsation frequencies were reinterpreted in terms of
standing Alfvén surface mode of discrete eigenfrequen-
cies (or Kruskal-Schwarzschild modes) at the magneto-
pause [Plaschke et al., 2009b]. Away from the subsolar
magnetopause, it is unlikely that there are standing sur-
face waves [Plaschke, Glassmeier, 2011]. Observations
of the magnetospheric response to jets in the subsolar
magnetosheath showed that though broadband jets do
not exhibit discrete frequencies, they do drive waves at
the discrete "magic" frequencies [Archer et al., 2013].
Statistical evidence for power enhancements in the day-
time spectra at the frequencies close to expected magic
frequencies was found at a very high latitude station in
Antarctica [Villante et al., 1997], though larger statisti-
cal studies revealed little or no spectral peaks [Plaschke
et al., 2008]. The magnetopause surface mode eigenfre-
quency, about 1 mHz, was estimated by oversimplified
models [Archer, Plaschke, 2015], so it should be treated
with caution.

Narrowband (1-4 mHz) Pc 5 activity, interpreted as
Alfvén oscillations of the outermost closed field lines,
was also suggested to differentiate between open and
closed field line regions near local noon [McHarg et al.,
1995; Lanzerotti et al., 1999]. The feasibility to monitor the
OCB structure through the use of ULF observations at the
Antarctic network of magnetometers was proven by Urban
et al. [2011]. OCB has been identified and mapped by ana-
lyzing Pc5 (~3-9 min) and Pc6 (~10-20 min) oscillations.
The presence/absence of these particular periodicities was
assumed to be an indicator of closed/open field lines, and
thus it allows us to distinguish OCB.

A ground response to the magnetopause surface
modes should be expected beneath the ionospheric pro-
jection of OCB. The association of dayside high-latitude
ULF activity with OCB has been unambiguously re-
solved using the Svalbard observational complex. It
comprises the latitudinal IMAGE magnetometer chain
along geomagnetic longitude A~110° (MLT noon is ~09
UT), SuperDARN radar facility, and meridian scanning
photometer. Svalbard is very well situated for dayside
cusp auroral observations. The Finland SuperDARN
radar overlaps the field of view of the optical instru-
ments. These high-latitude ground-based instruments
offer a unique opportunity to monitor the motion of the
polar cap boundary in near real-time. Here we present
two typical examples of the comparison between the
latitudinal structure of broadband Pc5-6 pulsations, rec-
orded by magnetometers covering near-cusp latitudes,
and the dayside OCB proxy, interpreted either as an
enhanced spectral width of the SuperDARN radar return
signal or as the equatorward boundary of the cusp auro-
ra determined by the scanning photometer. The obtained
result imposes an important limitation on possible
mechanisms of high-latitude ULF variations.

3. DAYSIDE OCB FROM HF RADAR
AND ULF ACTIVITY

The Cooperative UK Twin Located Auroral
Sounding System (CUTLASS) radar, which is one of
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the SuperDARN radars, is located at Hankasalmi, Fin-
land. The 16 phased antenna arrays, operating at fre-
quencies between 8 and 20 MHz, cover 52° in the azi-
muthal direction. We present data from the normal scan
mode employing a dwell time of 7 s at each beam for a
full 2 min scan.

We give a typical example of the observed corre-
spondence between dayside ULF power structure and
OCB proxy, determined from SuperDARN radar data. The
SuperDARN data on the 2002 January 04 event, contain-
ing the ionospheric velocity pattern and the spectral width
of radio signal returns, indicate that the cusp equatorward
boundary from ~07:30 UT to ~11:00 UT was on average
around a geographic latitude of 76° (Figure 1, upper panel).

Along the latitudinal magnetometer array, quasi-
periodic variations with time scales from ~7 min to
~15 min are observed with peak-to-peak amplitudes
of >10 nT (Figure 1, middle panel). These variations
are most evident in the X-component from ~07 UT to
~10 UT at stations Hopen Island (HOP) at the geomagnetic
latitude ©=72.9° and Bear Island (BJN) at ®=71.4°.

Fourier spectra demonstrate a dominance of ~0.6 and
~1.5 mHz frequencies (not shown). The latitudinal distri-
bution of X-component spectral power for the time period
07-10 UT integrated in the 0.4-3.0 mHz band shows a
maximum around 73-74° (Figure 1, bottom panel). Thus,
the ULF maximum is shifted ~2° equatorward from the
cusp boundary (vertical dashed line). Other events and
larger statistics confirming characteristic features presented
in this example are discussed in [Pilipenko et al., 2015].

4, DAYSIDE OPTICAL OCB
AND ULF ACTIVITY

To verify the results obtained with the SuperDARN
radar, we examine a typical event, where the meridian
scanning photometer is used to identify the cusp aurora
equatorward boundary (dayside OCB proxy). This in-
strument, located at Longyearbyen (LYR) at ®~75.3°,
provides optical observations with 16 s temporal and 1°
angular resolution. There are five channels, including
the 630.0 nm red and 557.7 nm green auroral emissions.
The photometer has the highest spatial resolution near
the zenith, where auroral height ambiguities are negligi-
ble. Beam 9 of the Finland SuperDARN radar intersects
with the LYR photometer at the ~1890 km ground
range. However, simultaneous SuperDARN and LYR
photometer observations are very rare [Chen et al., 2015].

We show the correspondence between the optical
proxy of OCB and the latitudinal structure of wave power
in the Pc5-6 band as inferred from magnetometer data.

We examine the 1994 December 30 event when dy-
namic auroral activity was observed over the LYR sta-
tion. We concentrate on the near-noon time interval,
~09-10 UT. During this interval, quasi-periodic irregu-
lar pulsations were recorded along the IMAGE magne-
tometer chain. The spectra of magnetic variations during
this time interval revealed two dominating spectral
peaks: at ~1.4 mHz and ~2.2 mHz in both X and Z
components (not shown).

A magnetic “keogram”, constructed from the X-
component magnetometer data (Figure 2), enables us to
monitor the time evolution of the latitudinal distribution
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Fig. 1. The 2002 January 04 event: spectral width of SuperDARN radio signal returns (upper panel); geomagnetic variations
(X-component) along the IMAGE magnetometer chain (middle panel); the latitudinal distribution of X-component spectral pow-
er for the time period 07:00-10:00 UT integrated in the 0.4-3.0 mHz band (bottom panel). The equatorward cusp boundary is
shown by the vertical dashed line
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of band-integrated spectral power along the geomagnet-
ic meridian. The superposition of the magnetic keogram
of ULF power in the 1.7-2.0 mHz band with the equa-
torward and poleward boundaries of the cusp aurora
(red and blue lines respectively) indicates that the Pc6
pulsation power is located ~1-2° equatorward of the
optical OCB. We have found many other events with a
similar auroral OCB — ULF power. The dedicated sta-
tistical study confirming the above result is under way.

The presented examples illustrate a commonly ob-
served regularity: a ground response to driving of the
outer magnetosphere occurs not beneath the last closed
field line, but somewhat deeper in the magnetosphere.
The latitudinal maximum of the broadband near-noon
Pc6 pulsations takes place very close to OCB, but
somewhat deeper inside the magnetosphere.

To interpret the observed correspondence between
dayside ULF power structure and OCB proxy, deter-
mined either from SuperDARN or auroral optical data,
we use a simplified model of MHD resonator with fluc-
tuating eigenfrequency driven by an external source.

5. THEORETICAL BACKGROUND
OF ALFVEN
AND SURFACE MODES

The basic theoretical notions on MHD oscillations in
the magnetosphere were originally derived from the
simplified "plasma box" model with 1D inhomogeneity.
More complicated geometries considered confirmed the
fundamental results of the “plasma box” model [Nakar-
jakov et al., 2016]. A characteristic frequency Q, of
Alfvén field line oscillations is mainly determined by
the region near the top of a field line with the Alfvén
velocity minimum. In a dipole-like magnetic field, it can
be estimated as [Yumoto et al., 1995]

— VA
AR,
where V, is the Alfvén velocity near the top of a field
line, and LR is the radial distance to the top of a field
line. The Alfvén wave continuum is terminated by the
frequency of the last closed field line.

Properties of MHD surface mode are similar to that
of Alfvén waves: both are non-compressional disturb-
ances and are guided along the background magnetic
field B. Both Alfvén field line oscillations and surface
waves on a steep gradient of plasma parameters are
modes of the field-aligned MHD resonator terminated
by the conjugate ionospheres. The frequency of a sur-
face mode Qg lies between the Alfvén frequencies at

both sides (€2}, Q3 ) of the interface between two me-

dia (e.g., magnetosphere and magnetosheath with mag-
netic field B, , and plasma density p; ,) [Chen, Haseg-

awa, 1974]
2 2
lﬂ QL <Q, <
H(py+p,)

The surface mode amplitude exponentially decays

1
LR,

from the boundary with the scale length o |kH|_1, which
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for the first three harmonics vary from ~8 Rg to ~2.8 Rg
[Archer, Plascke, 2015]. Thus, these harmonics could
potentially be recorded even at the geostationary orbit.
A dominant damping mechanism determines the width
of a ULF resonant peak and the effective Q-factor of the
magnetospheric resonator. Commonly, Joule dissipation
in the ionosphere is considered as a prevailing damping
mechanism at middle and low latitudes [Newton et al.,
1978] determined by the height-integrated Pedersen
conductance. Additional dissipative mechanisms can
operate at auroral latitudes such as field-aligned poten-
tial drop [Fedorov et al., 2001], anomalous plasma re-
sistance [Lysak, Dum, 1983], transformation into small-
scale dispersive modes [Leonovich, Mazur, 1989], and
non-linear saturation [Rankin et al., 1999].

In a realistic inhomogeneous magnetosphere, global
MHD disturbances (e.g., surface modes) are to be inevi-
tably coupled to local standing field line Alfvén oscilla-
tions, most effectively in a resonant region, where the
local Alfvén period matches a periodicity in a surface
mode of the wideband spectrum. According to the MHD
spectral theory, the surface mode does not constitute an
eigenoscillation of any inhomogeneous plasma system.
Even without dissipation in a system, the surface mode
with discrete spectrum irreversibly converts into a con-
tinuum of Alfvén oscillations and can exist for a limited
time, decaying with rate y/o~(ka), where a is the width
of an interface, and k is the transverse wave number
[Chen, Hasegawa, 1974]. Therefore, only short-lived
transient Pc6 oscillations can be associated with possi-
ble magnetopause modes, whereas long-lasting quasi-
periodic oscillations are probably related to the resonant
response of inner magnetospheric shells, at lower lati-
tudes. Moreover, there is another factor, considered
below, which may suppress the surface mode excitation
by an external driver owing to system background fluc-
tuations.

6. DRIVING RESONATOR WITH
STATIONARY BACKGROUND
FLUCTUATIONS

In attempt to comprehend the presented observation-
al results, we take into account that magnetospheric
plasma and background magnetic field experience sub-
stantial stochastic fluctuations, especially in the outer
magnetosphere near the magnetopause. Hence, the ei-
genfrequency Q should also experience stochastic fluc-
tuations. We consider a simple model of homogeneous
MHD resonator terminated by the conjugate ionospheres
with stochastic eigenfrequency fluctuation. This model
enables us to examine possible suppression and deterio-
ration of field line resonant response to an external driving.

We consider a simple model of homogeneous reso-
nator terminated by conjugated ionospheres. Let us sup-
pose that its eigenfrequency Q experiences stationary
stochastic fluctuations as follows

Q(t) = Q°[L+8(1)]
where &(t) is the stationary stochastic function with van-
ishing time-average <¢>=0 and unit dispersion <¢*>=1.
The relevant auto-correlation function K(z) satisfies the
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Fig. 2. The 1994 December 30 event: magnetic keogram constructed from the X-component IMAGE magnetometer data and
superposed onto the equatorward and poleward boundaries of the cusp aurora (red and blue lines respectively)

condition <&?>=K(0)=1. The parameter & characterizes
the amplitude of eigenfrequency fluctuations such that
|AQYIO?|~8.

The equation for field line oscillations driven by
large-scale compressional waves or for surface waves
buffeted by the magnetosheath disturbances is formally
reduced to the equation for a driven harmonic oscillator
with eigenfrequency Q [Hollweg, 1997]. This modeling
equation describes oscillations characterized by a varia-
ble x(t) (magnetic or electric field, plasma velocity or
displacement, etc.) as follows

X, +2y% +Q*[1+3E(1)]x = AQ® cosot (1)

Here A is the driver amplitude, and vy is the damping
factor of the resonator.

In the case of low level background fluctuations
such that 8<<1, the approximate solution of (1) can be
found by the iteration method, developed in the theory
of nonlinear stochastic mechanics [Dimentberg, 1980;
Gardiner, 2004]. Beyond the small-6 approximation,
this equation has been numerically solved in [Coult et
al., 2007]. We seek a solution in the following form:

X(t) = X, (1) + 8%, (1) + 87X, (1) +... )
Substituting (2) into (1) and grouping all the terms

of the same & order provides an infinite system of equa-
tions in respect to x;(t) (see Appendix for details). In the

0-approximation, we can obtain the classical formula for
a driven linear oscillator

X, (t) =D, sin(ot +¢,),
AQZ
B \/(Qz —0?) +4y°0? '

2_

by

®)

2

= arctan
P 2v0
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Features of this solution are the occurrence of a res-
onant peak and a phase reversal near the resonance
o—Q. In the absence of background fluctuations, the
peak amplitude b{™ and the semi-width of the spectral

peak Aw are determined by the damping factor y of the
system, or otherwise by the Q-factor Q=Q/2y, as follows
pme) Ao 1
L -Q = (4)
A Q 2Q
In subsequent approximations (i=1, 2, ...), the fluctu-
ation-induced correction to the solution can be found
from recurrence formula (Al) as shown in the Appen-
dix. Keeping terms up to 8% order, from the relationships
(A2) and (A3) it follows

<X(t)> =Dbsin(ot + ¢, —9,),
b(w)

——~=1-8"x , 5
b, ©)
Q1270 IO =30 [+ Q2 o) 1O -1V

9 {2ra] Jr@-eh[17-1])

20 [(Q° —0®)’ +4y°0%]
where ©’ =Q?-vy>. The additional phase shift

@, =0(3%) in (5) is of no importance to us. The rela-

tionship (5) predicts that the amplitude of the resonant
oscillations should change under the influence of sto-
chastic fluctuations of eigenfrequency. Near the reso-
nance, as ®—<, it follows from (5) that

(6)

As shown in the Appendix, from (6) it follows that
when the spectral density ®(w) of &(t) fluctuations is a
non-growing function, these fluctuations cause a de-
crease in the average amplitude of resonant oscillations.
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The considered deterioration of resonator properties is
not related to the occurrence of anomalous resistivity or
viscosity in a turbulent plasma as in [Hollweg, 1987;
Borovsky et al., 1997]. In fact, a decrease in the reso-
nant response to an external driving is caused by sto-
chastic deviations of eigenfrequency from exact reso-
nance and mismatch between the driver frequency and
resonator eigenfrequency. Thus, this mechanism is a
non-dissipative one, i.e. it does not introduce any addi-
tional energy absorption into a system.

We demonstrate how the system response varies
with the amplitude of fluctuations characterized by &.
Several examples of the influence of the background
fluctuations on the frequency response amplitude are
shown in Figure 3. In this example, we use the fluctua-
tions with power spectrum 1/f. Without fluctuations, the
classic curve shows a sharp resonant peak near Q=w.
The addition of fluctuations reduces the height of the
resonant peak and increases its width, whereas the effect is
more pronounced for a larger 5. The height of the peak is
determined by the effective Q factor of the system.

The suppression of resonant oscillation depends essen-
tially on the spectrum of fluctuations. For a model prob-
lem, we choose noise functions defined by fractional
Gaussian motion with the power spectrum such as
where the spectral index 0<o<1, and consider several
choices of a. In Figure 4, we measure the effective Q
factor for several values of a as a function of 5. Smaller
values of o (which correspond to slower decay of the
spectrum) result in lesser sensitivity of the effective Q
factor to 8. In the white noise spectrum (a=0), the effect
is absent. The effect increases with an increase in the
spectrum index. The deterioration of resonant properties
of the resonator may be quite substantial; for example, the
occurrence of background fluctuations with 8=0.2 and
o=1.0 decreases the effective Q factor more than 3 times,
from ~50 to ~15.

Apart from the decrease in height and increase in width
of the resonant peak, a secondary effect of the background
fluctuations is a shift to lower frequency in the location of
the maximum response. Figure 5 shows an expanded selec-
tion of & values: we can see that the maximum response
shifts to smaller frequencies m<Q as § increases.

7. DISCUSSION

The dayside magnetopause with a step-like
change in magnetic field strength and plasma density may
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Fig. 3. Amplitude of oscillations if A=1, ®=1, y=0.01, and
eigenfrequency fluctuations with power spectrum 1/f. The
height of the peak for each curve is the effective Q-factor
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Fig. 5. The frequency dependence of the maximum height
(Q factor) of the resonant peak for expanded selection of &
values

be imagined as a stressed membrane with reflecting
boundaries in the northern and southern ionosphere,
which can be resonantly excited by magnetosheath tur-
bulence [Nenovski et al., 2007]. The MHD modeling to
study the magnetospheric response to impulsive solar
wind dynamic pressure increases has showed that waves
with the 1.8 mHz frequency are excited whose global
properties cannot be explained by other known ULF
wave modes [Hartinger et al., 2015]. These simulation
results indicate that surface modes can be sustained in
realistic magnetic field geometries with nonzero flow
shear and finite current layer thickness at the magneto-
pause. Thus, magnetopause surface eigenmodes are a
potential source of magnetospheric dayside ULF waves
with frequencies less than 2 mHz. The energy of dis-
crete spectrum mode (such as surface mode) is irrevers-
ibly converted into the energy of Alfvén continuum, so
the surface mode can exist for a limited time. Therefore,
only short-lived transient Pc6 oscillations can be associ-
ated with possible magnetopause modes, whereas long-
lasting quasi-periodic oscillations in the Pc5-6 band are
probably related to the resonant response of magneto-
spheric shells at lower latitudes.

The surface mode on the dawn and dusk flanks of
the magnetopause can be excited by the KH instability
of the magnetosheath plasma flow around the magneto-
sphere. However, this mechanism is hardly operative in
the near-noon sector, where the velocity of the plasma
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flow is low. A driver of magnetopause surface modes
can be quasi-periodic fluctuations of the solar wind dy-
namic pressure, similar to a direct solar wind driving
found for ~1/3 of Pc5 events [Viall et al., 2009]. Another
possible driver can be fluctuations of the field-aligned cur-
rent system at the boundary layer [Menk et al., 1992].

Typically, magnetospheric field line oscillations
have been modeled in plasma with regular parameters.
However, in a realistic plasma medium the eigenfre-
quency of the field line resonator Q should experience
inherited fluctuations because of stochastic variations in
the geomagnetic field magnitude, field line length, and
plasma density. We have considered the effect of the
background homogeneous fluctuations on driven field
line standing oscillations. In general, our estimates indi-
cate the necessity to seriously consider the possible ef-
fective damping of ULF waves due to background mag-
netospheric turbulence. The effect considered here may
help to explain a lack of narrowband ULF waves during
magnetically disturbed periods, when the magnetospher-
ic turbulence level is substantially elevated.

More specifically, this effect may be responsible for
suppression of field line standing oscillations at the
magnetopause. Deeper in the magnetosphere, away
from the magnetopause, the magnetospheric magnetic
field and plasma become more regular and the level of
their fluctuations decreases. As a result, the resonant
response to an external driving becomes evident in
ground magnetometer data. The proposed mechanism
can interpret the puzzling lack of ground response to
surface modes or oscillations of the last field line near
the OCB ionospheric projection; it merits further valida-
tion and verification.

The suppression of resonant field line oscillations
depends not only on the level of fluctuations, but on
their spectral form as well. More definitive conclusions
require more detailed information about power and
spectra of the background magnetospheric turbulence.
The physics of the resonator in a stochastic medium is
much richer than has been considered here. In particu-
lar, an increase in the fluctuation level can result in par-
ametric excitation of the resonator without any external
energy pumping. However, this and many other intri-
guing possibilities are beyond the scope of this paper.

The “plasma box” model considered is evidently
oversimplified. In realistic geometry, field lines from
the dayside near-magnetopause regions are squeezed
into a narrow tube in the cusp region. This steep change
of magnetic field line geometry can result in a partial
reflection of Alfvén waves propagating toward the iono-
sphere along a field line [Pilipenko et al., 2005]. As a
result, the standing mode with a higher frequency may
appear not between conjugate ionospheres, but in a qua-
si-resonator along a field line part between reflection
points. Finite-pressure effects can also impede field-
aligned propagation of Alfvén waves [Mager et al.,
2009]. Hence, a part of the wave energy reaching the
ionosphere would be substantially attenuated.

8. CONCLUSION
The multi-instrument studies of the latitudinal struc-
ture of specific dayside broadband Pc5-6 pulsations
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recorded by magnetometers covering near-cusp latitudes
have shown that the maximum of the pulsation power
occurs 1-2° deeper in the magnetosphere than OCB
determined either from the SuperDARN radar data or
with a scanning photometer. To interpret the puzzling
lack of the ground response to the last field line oscilla-
tions or surface mode at magnetopause, we suggest that
stochastic fluctuations of the magnetospheric plasma
and background magnetic field can suppress the excita-
tion of standing MHD oscillations in a close vicinity of
the magnetopause. To quantify this hypothesis, we have
considered the model of a driven field line resonator
with stochastic eigenfrequency fluctuations. This prob-
lem is studied analytically for a low level of fluctua-
tions. The results of analytical calculations have proved
the deterioration of resonant properties of the resonator
owing to background fluctuations. The suppression of
resonant field line oscillations depends not only on the
level of fluctuations, but on their spectral form as well.
This effect may explain the lack of ground response to
magnetopause surface modes or oscillations of the last
field line in the dayside magnetosphere. On the other hand,
keeping in mind the small latitudinal shift, the location of
the Pc6 latitudinal maximum can be used as a simple
ground indicator, though biased, of the dayside OCB.
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APPENDIX

The results that can be obtained with the successive
approximation method are restricted by the condition of
small 3. In subsequent approximations (i=1, 2, ...), the
fluctuation-induced correction to the solution of (1) is
determined by a recurrence formula, which follows
from the infinite system of equations

2

X; (t) =T
o (A1)

X[ exp[-y(t—t)]sin[w, (t —t)]x_, (t)E(t)dt

The time-averaged behavior of the oscillatory sys-
tem is (x(t)) = x,(t)+8%(x, (1)), as the linear response
to fluctuations vanishes, that is (x,(t)) = 0. Using (A1),
we can obtain the second order correction

X (t) Q4J- —y(t-t) Sin[wl(t_tv)]dtvx

” (A2)
x j K(t'-t")e " sin[o, (t'-t")]sin(wt "+ ¢, )dt"

where K(t) is the auto-correlation function. After inte-
grating and neglecting the terms ~&*, the relationships
(A1) and (A2) can be combined into (5). Here we intro-
duce the functions
J® = j K (1) exp(—yT) cos[(+o, )t]dt
’ (A3)

= T K (1) exp(—yt) sin[(o+w, )t]dt
0
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The relationships (A2, A3) enable us to examine
how the amplitude of the resonant oscillations should
change under the influence of stochastic fluctuations of
eigenfrequency. Formula (5) shows that when the spec-
tral density ®(w) of &(t) fluctuations is a non-growing
function, these fluctuations cause a decrease in the aver-
age amplitude of resonant oscillations. Indeed, using the
Wiener-Khinchin theorem, Dimentberg [1980] proved
strictly that if the spectral density of fluctuations ®(w)
decreases with frequency, i.e. d,®<0 for all ®>0, then
the term in square brackets in (5, 6) is always positive

and b/b{™ <1. Thus, the occurrence of background

turbulence 6+0 causes a decrease and widening of the
resonant amplitude-frequency response of the system.
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