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Abstract. The ionospheric plasma is continually perturbed portant natural source of energy that perturbs the ionospheric
by ultra-low frequency (ULF; 1-100 mHz) plasma waves plasma is ultra-low frequency (ULF; 1-100 mHz) plasma
that are incident from the magnetosphere. In this paper wevaves, incident from the near-Earth space environment. In
present a combined experimental and modeling study of thehis paper, we present two examples of HF signals that prop-
variation in radio frequency of signals propagating in the agate in the ionosphere and change frequency in sympathy
ionosphere due to the interaction of ULF wave energy withwith incident ULF wave perturbations. The interaction be-
the ionospheric plasma. Modeling the interaction shows thatween ULF wave activity and frequency changes in the HF
the magnitude of the ULF wave electric fiekl, and the ge-  signal are modeled using parameters tailored to the particular
omagnetic field Bo, giving anex By drift, is the dominant  events. The detailed modeling shows the critical dependence
mechanism for changing the radio frequency. We also showof the interaction on the ULF wave spatial structure, which
how data from high frequency (HF) Doppler sounders can bdn turn is best determined using HF techniques.

combined with HF radar data to provide details of the spa- The energy source for ULF waves in near-Earth space can
tial structure of ULF wave energy in the ionosphere. Due tope traced to solar activity. The magnetosphere, bow shock
spatial averaging effects, the spatial structure of ULF wavesand magnetopause are ULF wave generation regions and
measured in the ionosphere may be quite different to that obthese waves reach the mid and low latitude ionosphere af-
tained using ground based magnetometer arrays. The ULker traversing the magnetosphere (Yumoto et al., 1985). ULF
wave spatial structure is shown to be a critical parameter thafvaves that can propagate through the cold plasma of the
determines how ULF wave effects alter the frequency of HFmagnetosphere exist as two modes known as the fast and
signals propagating through the ionosphere. shear Alf\en, magnetohydrodynamic (MHD) wave modes

Keywords. lonosphere (lonosphere-magnetosphere interac(€-9- Stix, 1962). The presently accepted scenario is that fast

tions; Plasma waves and instabilities) — Magnetospheri¢hde waves that can propagate across the geomagnetic field,
physics (MHD waves and instabilities) mode convert and excite the shear Afvmode (Dungey,

1954; Chen and Hasegawa, 1974; Southwood, 1974). An
important property of the shear AEn mode is that the wave
energy is guided along the geomagnetic field even if the prop-
agation vectorka, is oblique to the geomagnetic field direc-

. . ) . tion. For typical daytime ionosphere conditions, the shear
The propagation of high frequency (HF; 3-30 MHz) signals , ¢ ‘=11 \vave has a near unity reflection coefficient at con-

via the |on_osphere h_as been studied since th_e advent of rljilgate ionospheres and forms field line resonances (FLRS)
dio. The ionospheric plasma causes refraction of the H

. o . o . where the ULF amplitude is enhanced and the resonant fre-
signal that facilitates long distance communication. While P

. . . n nds on lati Dun 1954; Samson and Ros-
the telecommunications industry is relying more on h|gherque cy depends on latitude (Dungey, 1954, Samson and Ros

fr oy (GH2) satellite transmissions. there remain Ii_toker, 1972; Takahashi, 1991; Waters, 2000). The ionosphere
eque cy ( ) sate € trahsmissions, there remain app represents the inner boundary for near Earth space processes
cations for HF propagation, such as over-the-horizon radar

" . : “a3nd in particular, ULF waves which are always present in the
(OTHR), that are sensitive to ionosphere dynamics. An M- th's magnetosphere.

Correspondence tcC. L. Waters The propagation patls, of HF signals in the ionosphere
(colin.waters@newcastle.edu.au) depends on the radio frequendy, and the real part of the
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refractive index,u as given by the Appleton-Hartree equa- This describes the vertical bulk motion of electrons driven by

tion (e.g. Budden, 1985). Temporal variations in the refrac-the electric field of the ULF wave and is essentially the same
tive index produce a frequency shifsf, in the HF signal.  as the first mechanism described by Rishbeth and Garriott
For ¢, the angle between the direction of HF energy trans-(1964). The compression mechanism is

port and the wave normal, the frequency shift is given by

z
application of Fermat’s principle as (e.g. Bennett, 1967) V3= _/ ! [B_MN(V . v)} dz (6)
o LoN
au
Af = —% / e cos¢ ds (1) which changes the refractive index by altering the electron

density due to the compression/rarefraction of the plasma by

wherec is the speed of light in vacuum. A mathematical de- the ULF wave fields.
scription for the frequency shift in HF signals due to ULF  Comparisons between ULF wave activity recorded by
energy in the ionosphere was formulated by Rishbeth anground based magnetometers and associated variations in
Garriott (1964) who proposed two mechanisms. The firstin-the frequency of HF waves reflected from the ionosphere
volved a polarization electric field, generated in the E regionhave been reported by a number of researchers (Watermann,
and influencing the F region as axBp drift. The second  1987; Menk, 1992; Wright et al., 1999). Most studies em-
mechanism described bulk motion of the F region plasma dugloy a “Doppler sounder” configuration consisting of a con-
to the ULF wave. Jacobs and Watanabe (1966) improved th@énuous wave (CW) transmitter/receiver system that monitors
model by including changes in the refractive index due toan ultra-stable frequency in the HF band. Phase-locked loop
variations in the ionospheric electron distribution. circuits in the receiver detect changes in frequency as a func-

A more complete theory was developed in a series of pation of time while a nearby vector magnetometer monitors
pers by Poole and Sutcliffe (1987), Poole et al. (1988) andULF wave activity.
Sutcliffe and Poole (1989, 1990) which we will denote as ULF wave signatures have also been detected in the iono-
the SP model. The variation in frequency was described agphere using coherent-scatter radars. The ULF activity usu-
an effective Doppler “velocity”V*, which is related to the ally appears as FLRs, detected in the E-region (e.g. Walker

frequency shift by (Poole et al., 1988), et al., 1979; Yeoman et al., 1990) and F-region (e.g. Ruo-
* honiemi et al., 1991; Fenrich et al., 1995) of the ionosphere.
Af =2fr - (2) However, some non-resonant ULF wave signatures have also

been reported (e.g. Allan et al., 1983). An important ULF
Assuming no overall gain or loss in the electron population,wave parameter is the azimuthal wave numbenvhich has
the SP model identified three mechanisms that might altebeen used to estimate the longitudinal spatial variation from
the ionosphere refractive index, thereby changing the HF freground based magnetometer array data for many years (e.g.
quency. For vertical incidenc8g has parallel or longitudi-  Herron, 1966; Olson and Rostoker, 1978). For two magne-
nal, (B.) and transverse () components to the radio wave tometers located at the same latitudeseparated by a dis-
normal direction. FowV, the electron concentration and, tance in longitude of km, them number was given by Olson
the HF reflection height, the Doppler velocity is given by and Rostoker (1978) as
(Poole et al., 1988) 27 RAG

. Zr[ Ou 0By  Ou 0By  Ou ON ~ 3608
V= —~ |4z () _ _ . .
o LOBL 9t  dBr 9t  ON 0t where R is the Earth radius (km) amxip is the estimated
For a coordinate system wheXeis positive northwardy is phase difference in degrees. This is an important parame-

positive eastward and completes the right handed system, t€r in ULF wave research as ULF wave generation mecha-
the Doppler velocity from the magnetic mechanism in the SPNSMS based on the Kelvin-Helmholtz instability (e.g. South-

COSA (7)

model is wood, 1968) predict a specific range of valuesfor-urther-
5 more, the amplitude of ULF waves detected at the ground is
vy — —ia)/ K [ dpu 9B ou 3BT} (4)  reduced for large azimuthal wave numbers (Nishida, 1964;
o LdBr dt ~ dBr ot Hughes and Southwood, 1976a) effectively shielding high-

A ULF wave activity from the ground. ULF wave spatial
where the background magnetic fieRh=B_+Bt, the vec- ™ .
d d fb=B. +Br structures estimated from HF radar data have been compared

tor sum of longitudinal and transverse components respec=", . .
tively and the magnetic field varies @=Bg-+bge . with m numbers obtained using ground based magnetometer

Equation (4) describes the changauiniue to magnetic field array data. These comparisons have shown up to 5 times dif-

variations from the ULF wave. The advection mechanismference in values foer (g.g.Z|esolleck. et f”ll" 1998). I?ono-
involves the electron density, and is given by marenko et al. (2001) interpreted this discrepancy in terms

of the spatial scale size of the ULF energy in the ionosphere
ZR[ o and how a ground magnetometer integrates the contribution
— / W(U . VN) dz
0

V2= (5) from the associated ionospheric currents. This has important
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implications for the SP models when comparing theory andas a boundary value problem. However, the Zhang and Cole

experimental HF and ULF wave data in the ionosphere andormulation was developed for verticBb.

on the ground. A boundary value formulation that allows for obliqig
Experimental studies comparing coherent scatter rada@nd both MHD wave modes was developed by (Sciffer et al.,

Doppler sounder and ground magnetometer data have ind2005). ULF wave energy, incident from the magnetosphere

cated that vertical bulk electron plasma motion driven by theis described as an electromagnetic disturbance. The relevant

electric field of the ULF wave is responsible for changes Maxwell equations are

in the radio frequency (Wright et al., 1997; Yeoman et al., 9B

2000). Parallel to these observations, the SP model has de¥ x E = T (8)
veloped as the favoured theoretical description of these ef- 3D

fects. However, model and experimental comparisons have/ x H =J + — 9)

only been reported in a general sense where the model com- ot ) , ) )
parisons are made using published figures and tables. Fufor the current density] and magnetic flux densit given
thermore, the ULF wave electric field has previously beenPY

obtained from the model discussed by Hughes (1974) andy _ 5 (10)
Hughes and Southwood (1976b). Recent developments hav§ — uH (11)
improved this description, allowing for a mixture of incident

fast and shear Alfén modes and the inductive response of theThe Cartesian coordinate system of Sciffer and Waters
ionosphere (Sciffer and Waters, 2002; Sciffer et al., 2004).(2002) is used wher# is northward,Y is westward andZ

In this paper, we take the coherent scatter radar, Doppleis radially outward from the surface of the Earth. The geo-
sounder and ground magnetometer data and run the SP amdagnetic fieldBy, lies in theX Z plane at an angld, to the
improved ULF wave models specifically for the observed ex-horizontal. For no background electric fiel@y=0),

perimental parameters. In order to do this, models for both .

ULF and HF wave propagation through the ionosphere ard® = Bo+ Db = (Bocos().0.Bosin(h) + (bx. by. bz)  (12)
required. The SP model was coded directly from Sutcliffe E = Eo + €= (&, &y, &) (13)

and Poole (1989) using the electron collision frequencies an%ssuming the ionosphere medium varies only in the vertical

TOb"t'.t'eS tfoUelegmate the_?hlstohterm. Thﬁ mo.del . the “?' ddirection and the horizontal spatial and time dependence is
eraction o waves with the ionosphere is more involved ¢ w0 ¢ ok y—en the governing equations in com-

and is described in the next section. ponent form are

0= ez, (i + ikxel?’) b,
€33 9z €33

2 ULF waves and the ionosphere

k2
S e (611— 631613) .
Ground based magnetometer arrays provide the main data | @ c? €33
source for studying ULF wave properties. Since the ULF [keky @ €32€13) ]
€12 — ey (14)

wave energy must pass through the ionosphere to reach i (
propagation of ULF waves from the magnetosphere througlp = (i + lky623) by + ikxengy

. . w
ground based sensors, a number of studies have examined the

the ionosphere to the ground (Hughes, 1974; Ellis and South- 9z €33 €33

wood., 1983; Waters et al., 2001; Ponomarenko etal., 2001; . [ &Ky L 3 631623)' .

Sciffer et al., 2005). Analytic models treat the ionosphere as | o c? €33 /| *

a thin current sheet whose properties can be characterised by (k2 cane

height integrated Pedersen and Hall conductivities (Hughes, —i | -2 — — (ezz _ 23>:| ey (15)
1974; Sciffer and Waters, 2002). However, determining fre- w ¢ €33 )

quency shifts in HF signals due to ULF wave energy in the ( c2k§> <ic2kxky> ikyeas
ionosphere requires a knowledge of the ULF wave fields ad = | io — — | b by + X

a function of altitude. One way of obtaining the altitude @ess @ess €33

variation of ULF wave electric and magnetic fields is to use _ (i n iky632> . (16)
the procedure in Hughes (1974) and Hughes and Southwood 0z €33 Y

(1976a). Their model was formulated as an initial value ik k 2,2

problem, which is susceptible to numerical swamping (Pit-0 = “h+ (zw - = ) by

teway, 1965), and limited in application to incident shear wess3 wes3

Alfven mode waves. A more flexible formulation was given 0 ikye3l ikyezn 17
by Zhang and Cole (1994, 1995) who recast the equations <8_z + €33 >€ + < €33 )gy (17)
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The ¢;; are elements of the dielectric tensat, which is and ULF data since mid-1995. The DOPE system is located
related to the conductivity tensas, by (Zhang and Cole, near Tromsg, Norway (geographic: 69.6 N, 19.2 E) and con-

1994) sists of frequency stable transmitter/receivers (Yeoman et al.,
B ; 2000). The system incorporates two altitude separated paths
e=1- 60—605 (18)  at 4.16 and 5.25 MHz (Ramfjordmoen-Seljelvnes) that are

o ) ) used to check phase consistency to eliminate possible infra-
The form of the conductivity tensor for obliqis was given  sonjic modes, and two paths that are azimuthally separated
by Sciffer and Waters (2002). For the present work, the el-from these at 5.73 and 5.26 MHz (Ramfjordmoen-Skibotn
ements of the conductivity tensor are functions of altitude. zng Ramfijordmoen-Kilpigirvi, respectively). In this pa-
Equations (14) to (17) represent a system of four, first orderper, we present data from the 4.16 MHz path and azimuthal
differential equations involving spatial derivatives in height, \wave numbers from DOPE are calculated from the 5.25 and
z. To complete the set, the andb, ULF wave components 5 73 MHz path. Further details of the configuration are de-

are scribed in Yeoman et al. (2000). The transmitter radiates a
—kyc2 kyc? €31 €32 fixed frequency, continuous wave (CW) signal which is re-

€= wess by weggby - 6_33“ - 6_336.V 19 ceived~50km away. Data at the receiver are sampled at
ky k, 40 Hz and processed through a Fast Fourier Transform (FFT)

b, = Zex - Zey (20) algorithm (512 points per FFT) to provide a Doppler trace

) » that has a time resolution of 12.8s. The ULF variations in
and we require four boundary conditions to solve the systemy, e magnetic field were detected by the IMAGE vector mag-
Two of the boundary conditions are specified at the hotometer array (Luhr, 1994). The magnetometer data were

ground. We assume the Earth is a uniform, homogenous consympjed at 10 s intervals and are presented in geographic co-
ductor of finite conductivity. Due to the small frequency, the , jinates.

ULF waves decay in amplitude in this medium and are de-

scribed by 3.1 Event1: 25 March 2002

dey

P v (0g. kx, ky, @) ex =0 1) Time series data, recorded 16:00-18:00 UT on 25 March
dey 2002 by DOPE, the Super Dual Auroral Radar Network (Su-
5 7 (0g: ks ky, w) ey, =0 (22)  perDARN) located near Hankasalmi (Finland) and the mag-

h ifios th diob i di ith netometer located near Tromsg are shown in Fig. 1. The Su-
wherey specifies the ground to be a uniform medium wit perDARN data, including received power and spectral width

g —_10-2
co_r:_ﬂuctlvnyg;g_ao Mho/m. 1000k h ._.._information (not shown) indicate that Doppler velocity vari-

e top boun ary was set at m where Tesistive,inns seen over 16:40-17:20 UT by the Hankasalmi radar
MHD plasma conditions were assumed. The model was de

loped llow for th . f both the sh Alfy are from single hop, ground scatter. The DOPE data are de-
vegpf)e to a:jow or the exst;}ance Ob Otdt € SDea'TI fth rived from the FFT of the HF receiver data and the scatter
and a§t mode waves up to the top boun ary. etalls 0 t &f points (in Hz) for each time slice indicates the spectral
derivation for this type of boundary condition are given in width. The DOPE time series shows a low frequency oscilla-

ScIiEffer efc al. (2224' 202‘;’)' ved usi d tion over 16:40-17:20 UT followed by a change to a higher
qugtlorjs ( ).to (17) were solve using a secon Or'frequenc:y oscillation that does not appear in the magnetome-
der finite differencing scheme and the Numerical Algorithms

G NAG K FOAADE. Th L £ th ter time series. For the oscillation after 17:20 UT, measure-
roup ( ) package - The composition of the 1 oniq from the multiple propagation paths from DOPE give
atmosphere was calculated from the thermosphere mod

based " d d-based i n estimate of the longitudinal spatial structurenas150.
ased on satellite mass spectrometer and ground-based Iix-¢a ot mode with this spatial scale would be highly evanes-

coherent scatter data (MSISE90), (Hedin, 1991). The iono'cent. Therefore, this higher frequency, high-m oscillation is

sphere composition was obtained using the International Refhot a conventional fast mode driven FLR event. Since spa-

ferenCﬁ Icl)nosphgre (|IF§2001) mo'dellQ ade was IgbfgmlzdRF tial integration effects prohibit this signal being detected by
rom the Internationa eomggnetlc. elerence Fie ( “the ground magnetometer, we focus on the lower frequency,
2000). Data for the respective collision frequencies belowlow-m event before 17:20 UT

80 km altitude were extrapolated to the ground using the ex-

pressions given in Zhang and Cole (1994). Coincident, ULF oscillations are seen in the radar, DOPE

and magnetometer data over 16:40-17:20 UT. The Doppler
shift is 0.4 Hz in “amplitude” around 17:00 UT. The magne-
3 DOPE and ground magnetometer data tometer data is 6 nT amplitude for the X (north-south) sensor
with the Y (east-west) data smaller at 4 nT. The power spec-
The Doppler Pulsation Experiment (DOPE) is operated bytrum of the magnetometer time series recorded at Tromsg
the Radio and Space Plasma Physics Group at the Univef-TRO) and the DOPE data are shown in Fig. 2. A promi-
sity of Leicester, UK and has been recording coincident HFnent peak in power at 2.8 mHz is evident. The spectrum

Ann. Geophys., 25, 1113-1124, 2007 www.ann-geophys.net/25/1113/2007/
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Doppler Pulsation Experiment (DOPE)
Hankasalmi, SI-Rf , 4.16 MHz, TRO
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Fig. 1. Top to bottom: SuperDARN Doppler velocity as a function
of range and time (Hankasalmi, beam 5); Doppler shift at 4.16 MHz

versus time, measured by DOPE; X and Y components of the mag-
netic field perturbations measured at Tromsg for 16:00-18:00 UT,

25 March 2002.

for the DOPE data includes the latter, higher frequency,

high-m event at 7 mHz. Using the Y component data from

the IMAGE magnetometers, the azimuthal wave number at

2.8 mHz, from Eq. (7) was found to be~2. Them num-

ber was also estimated using the multiple beam data from the
Hankasalmi radar (m~2) and the different propagation paths

of DOPE wheren~4 was obtained. However, the small spa-

tial separation of the beams from DOPE (0.44 deg) make

low-m measurements difficult (Yeoman et al., 2000).
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The ULF and HF variations shown in Figs. 1 and 2 needFig. 2. Power spectrum of the magnetometer and DOPE data shown

to be put into context. Th&, index is a general indicator
of global magnetic variation activity. For 25 March 2002,
the K, activity index was around® except for the 06:00—
12:00 UT interval wherk ,~0. ULF wave energy at high

latitudes with frequencies less than 10 mHz are often iden-

tified as signatures of FLRs. The cross phase spectrum

the data from two latitudinally spaced magnetometers can b%
used to identify the FLR frequency at the location between
the magnetometer sites (e.g. Waters et al., 1991, 1996). A

analysis of the Soroya (SOR) and Kilgisyi (KIL) magne-
tometer data is ideal for estimating any resonant frequenc
detected by the Tromsg magnetometer. Taking various ma

in the Tromsg magnetometer data is consistent with the FL
continuum for this interval. Therefore, the signal should ex-
hibit features of a shear Alfven wave incident from the mag-
netosphere onto the ionosphere.

www.ann-geophys.net/25/1113/2007/

S

in Fig. 1.

3.2 Event 2: 24 March 2001

his second interval has a more localised spatial structure.
he DOPE and Tromsg magnetometer data recorded 04:30—
5:30 UT, on 24 March 2001 are shown in Fig. 4. The power
r§pectra of the magnetometer and DOPE time series data are
shown in Fig. 5 which identifies a 5 mHz oscillation. At

5mHz, the magnetometer data show equal amplitude for the

)S( and Y components at3 nT. The Doppler shift amplitude

netometer pairs from the IMAGE magnetometer network theg1s ~0.5Hz, increasing to-1Hz over 04:55-05:05 UT, then

FLR frequencies versus latitude were obtained from the cros

phase data and are shown in Fig. 3. The 2.8 mHz signal Segﬂwe spatial variation of the phase from the radar data gives an

decreasing again. The Hankasalmi SuperDARN data contain
a similar oscillation (not shown). A multi-beam analysis of

azimuthal wave number @f~10. This was close to the es-
timate obtained using the ground magnetometer data (m~9).
An analysis of the phase difference with longitude using the
DOPE beams also gave~9. The magnetic activity for this
day was moderate to low witki,~3. The FLRs as a function

of latitude obtained from the IMAGE magnetometer data are
shown in Fig. 6 indicating that the 5 mHz signal is part of the

Ann. Geophys., 25, 1113-1124, 2007
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FLRs for 16:30 UT Doppler Pulsation Experiment (DOPE)
5 ‘ T ‘ T T T ‘ T
. Seljelvnes - Ramfjordmoen, 4.16 MHz, TRO
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Fig. 3. Latitude variation of the FLR frequencies obtained from or

IMAGE magnetometer data for 16:00-18:00 UT, 25 March 2002 St

(see text for details). The latitude of the DOPE instrumentation is ~ -10

marked. 04:30 04:40 04:50 05:00 05:10 05:20 05:30
uT

resonance continuum. The higher FLR frequency comparedrig. 4. DOPE and Tromsg magnetometer time series for 04:30—
with the first event is most likely due to a decrease in the05:30 UT, 24 March 2001.
equatorial plasma mass density near geosynchronous orbit.
These two cases represent low and medminmumber
ULF wave events. For both of these, the Tromsg dynasondgmate for the north-south wave numbky, SinceV xb=0in
data were obtained. Modeling the interaction of the ULF the atmosphere, Hughes (1974) pointed out that~k, by
with the HF signals requires knowledge of various parame-This allows an estimate of the relationship between the wave
ters of the ionosphere as a function of height. The EISCATnumbers and the wave magnetic field amplitudes. Given that
dynasonde data were used to calculate the electron conceife ground magnetometer data for the 25 March 2002 show
tration with height and these values agreed with those oba ratio ofb,/by=1.5, we sek,=1.6x10"°m1.
tained from the IRI2001 model runs. The dynasonde data Using the solution for the ULF wave fields, the SP model
do not directly provide information on the ion composition was used to compute the components of the Doppler veloc-
with height. However, since the electron concentration val-ity, V*, as defined in Eqs.4(6). The results are shown
ues were in good agreement, we have assumed that the ionirn Fig. 7 where we have added a 10% fast mode mix at
sphere was reasonably approximated by the IRI2001 model1000 km (discussed later). The top panel shows the ULF
wave magnetic field magnitudes with=6nT andb,=4 nT
at the ground. The centre panel shows that the magnitude
4 Modeling the ULF and HF interaction of the X and Y components of the electric field of the ULF
wave is~1 mV/m throughout the ionosphere, decreasing be-
The relationship between the ULF and HF signals in thelow 80 km altitude. The shear Alén wave reflection coef-
ionosphere was investigated using the SP model. The ULFicient, measured at 1000 km, i50.98 (Sciffer and Waters,
electric and magnetic wave fields were computed as a func2002) and the fast mode that is generated by mode conversion
tion of altitude as described in Sect. 2. The ULF model mostly in the E-region of the ionosphere, is evanescent, con-
requires details of the incident ULF wave modes, hori- tributing very little as shown by the small values #dr. The
zontal wave numbers and ULF frequency. Using the bottom panel shows the magnitude of the frequency shift in
number determined from the IMAGE magnetometer dataHz as a function of the HF signal reflection height. The cal-
recorded on 25 March 2002, the east-west wave numbeculation simulates a vertical incidence ionosonde, increment-
is ky=1.1x10‘6 m~L. Assuming an incident shear Akn ing the radio frequency (HF) and finding the reflection height
mode wave at a frequency of 2.8 mHz we now require an esfor each frequency. The missing data between 105-140 km

Ann. Geophys., 25, 1113-1124, 2007 www.ann-geophys.net/25/1113/2007/
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Doppler Pulsation Experiment (DOPE) S . ‘FL‘Rs‘fo‘r 05 %JT‘

Seljelvnes - Ramfjordmoen, 4.16 MHz, TRO L |
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Spectral Power
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2 L L L | L L L | L L L | I I I | I I
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F TROY ’ ’ ’ ’ 7 Fig. 6. Latitude variation of the FLR frequencies obtained from
I 1 IMAGE magnetometer data for 04:30-05:30 UT, 24 March 2001.

% 0.8 The latitude of the DOPE instrumentation is marked.
5t
506
"5 L
(‘%0.4 ULF and Doppler variations are shown in Fig. 8. An in-
i cident shear Alfén wave mode was used. For this case,
02 when some fast mode was mixed at the top boundary of
0.0 I the model (1000 km), the Doppler shift increased. The top
0 2 4 6 8 10 panel shows the well known 9@otation of the wave fields as

Frequency (mHz) they pass from the ionosphere whérfe b0 into the neu-
tral atmosphere wher& xb=0 (Hughes, 1983). The ULF
Fig. 5. Power spectrum of the magnetometer and DOPE data showRvave horizontal electric fields are essentially constant with
in Fig. 4. height at~2 mV/m. For the DOPE operating frequency at
4.16 MHz, the reflection altitude was 226 km. At this alti-
tude the Doppler shifts from the model we¥g=0.002 Hz
indicates the valley in the electron density between the E ando.07 m/s), v»,=0.65 Hz (23 m/s),V3=0.09 Hz (3.3 m/s) and
F regions. The DOPE frequency of 4.16 MHz correspondsy *=0.62 Hz (22 m/s). Therefore, the major contributor is
with an altitude of 200km. Here the Doppler shifts from once again the advection mechanism with the Doppler shift
the model aré/1=0.002 Hz (0.06 m/s)y>=0.34 Hz (12m/s),  driven by the vertical bulk electron motion.
V3=0.01Hz (0.5 m/s) an&*=0.34 Hz (12 m/s). Therefore,
the major contributor to the Doppler shift is the advection
mechanism,V,=0.34 Hz, driven by the vertical bulk elec-
tron motion as & x By drift process. Experimenting withthe 5 Discussion
input fast mode mix at 1000 km we found that increasing the
fast mode component decreased the resulting Doppler shiftsthe time variation of Doppler shifts obtained from DOPE
This is due to the horizontal ULF wave electric field vector compared with the magnetometer data and associated mod-
swinging around into the X direction (aligning with the trans- eling for both events show very good agreement. The ex-
verse component @) as more fast mode energy is added, perimental data constrains the model parameters to a certain
reducing the magnitude @fx By. extent. These are the Doppler shifts measured by the HF in-
The ULF and SP models were also used to compare thestrumentation, the magnitudes of the horizontal components
ground magnetometer and DOPE data recorded on 24 Marchf the ULF magnetic perturbations from ground magnetome-
2001. Since the X and Y component magnetometer datders and the ULF and HF frequencies. The less certain pa-
have equal amplitude, and given an azimuthal wavenumbemameters in the modeling process are the horizontal spatial
m~9, thenkx:ky:4.6><10‘6. The results of modeling the structure of the ULF energy and the ULF wave mode mix.
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Fig. 7. Model results of the ULF electric and magnetic fields and Fig. 8. Model results of the ULF electric and magnetic fields and
the associated Doppler shift with altitude. The parameters associthe associated Doppler shift with altitude. The parameters associ-
ated with 16:00-18:00 UT, 25 March 2002 were uségd) ULF ated with 04:30-05:30 UT, 24 March 2001 were uséd) ULF
wave magnetic field magnitudes wherg (solid), by, (dotted),b; wave magnetic field magnitudes where (solid), b, (dotted),b,

(dashed)(b) ULF wave electric field magnitudes wherg (solid), (dashed)(b) ULF wave electric field magnitudes whetg (solid),
ey (dotted),e; (dashed).(c) Doppler shifts wheré/y (X), V2 (+), ey (dotted),e; (dashed).(c) Doppler shifts where/; (X), Vo (+),
V3 (squares) and* (*). V3 (squares) and* (*).
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The 1-D modeling used for the ULF wave infor-
mation assumes horizontal spatial structure according to
el kxxthyy=ol) “The parametek,, or m number is routinely |
used in ULF wave research. Given that the longitudinal spac-
ing for the propagation paths used by DOPE-13.4 degree,
only the high-mevents yield low uncertainty estimates for
k. Estimatingm numbers from ground magnetometer data |._
can give inaccurate values due to spatial integration effects|- -
(Ponomarenko et al., 2001). Ideally, the SuperDARN instru-
mentation, using ionosphere scatter signals from the crossec
beam pattern from at least two radars would provide un-
precedented spatial structure information of the ULF pertur-
bations. However, despite a search for such cases, no crosse
beam, ionospheric scatter ULF wave events have been iden
tified.

For both events presented here, the ULF perturbations
were found in the Hankasalmi radar data. The associ- |, .
ated radar forming crossed beams is located in Iceland and -
showed no returns. This turned out to be irrelevant as the
ULF perturbations seen in the Hankasalmi radar data were
from ground scatter and thus correspond to half the range
normally shown on SuperDARN data plots. Fortunately, this
placed the Hankasalmi radar beam ionosphere ‘reflection’
scatter very close to the Tromsg magnetometer. The spatial
structure of the Doppler velocity amplitude and phase for the
2.8 mHz ULF wave recorded on 25 March 2002 are shown
in Fig. 9. The variation of the phase with longitude provides
the estimate fok, while the Doppler velocity magnitudes
agree with those from DOPE. The finding that thevalue
estimates obtained from the magnetometer, DOPE and the
SuperDARN data are consistent indicates that we have real-
istic estimates fok,.

An estimate fork, is not so straightforward. An estimate =
from Fig. 9 may appear possible, provided scatter from suffi- ~-__ :
cient ranges are obtained. A complication involves the latitu- ., /
dinal spatial structure associated with an FLR. The quality of '
the resonance alters the amplitude and phasing with latitude 7
that defies a simplé, description. For modeling in 1-D, we '
have used the relationship derived frafixb=0 to obtaink,
from k,, by, andb,. This approach appears to be adequate
for modeling the correct ratio of the ground magnetic field
perturbations and the Doppler shifts.

In order to determine how the Doppler shift is related to the
choice ofk, we have run the modeling for two cases where
k. was varied. The parameters for 24 March 2001 were used ) ) ) _
where the ULF wave contained a 10% fast mode mix at theWith magnetic perturbation amplitude. The bottom panel in
top boundary (1000km), at a frequency of 5mHz, and theFi_g- 10 shovv_s the dependence of the Doppler shift (in Hz)
ionosphere and atmosphere models were set for the Tromsith £, keepingk,=1.5x10"°m~*, anm number of 3.3.
location and 05:00 UT. The first case assumes that the ground The major contribution to the Doppler shift comes from
magnetometers record equal amplitude forthandb, per-  the advection mechanisrexBg x. Therefore, the Doppler
turbations. Therefore, we varigd keepingk.=k,. The  shift values in Fig. 10 reflect the orientation and magnitude
amplitude of the Doppler shift (Vin Hz) as a function of  of the horizontal ULF electric field. The variation of the ULF
altitude andk, is shown in the top panel of Fig. 10. The am- electric field depends on the details of the interaction of ULF
plitude of the magnetic perturbations at the ground have beeenergy with the ionosphere including complex reflection and
kept at 5nT for all runs. The Doppler shift scales linearly ULF wave mode conversion coefficients (Sciffer and Waters,

Fig. 9. Hankasalmi SuperDARN radar data for 16:30-17:30 UT,
25 March 2002. Spatial variation of the amplitude and phase of the
Doppler velocity variations at 2.8 mHz.
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300 ™5.83 For the bottom panel in Fig. 18, andb, at the ground are
\ .79 kept constant whilé, varies. Ask, increases, the orienta-
280 2;2 tion and magnitude of the horizontal component of the ULF
260 5 36 wave electric field changes. In particular, whilestays rel-
5.09 atively constante, begins smaller thaa,, becomes equal
T 240 4.76 for k,=1.5x10"°m~1 and ends up larger thany. There-
= I 4.38 fore, the largere, determines the Doppler shift giving the
£ 220 ?2; = quite constant values up untij~1x10-m~1. Above that,
2 500 317 the evanescent fields increase by scaling to Keept the
’ 2.95 ground at 5nT.
180 2.82 The exploration of associated Doppler shifts for more real-
160 e !st|c_ spana! stru_ctures associated with FLRs can be achieved
554 in higher dimesional ULF wave models. Extending the ULF
140 i ST 12.45 wave modeling into at least a 2-D magnetosphere that in-
10-8 10-° cludes a realistic ionosphere description is work in progress.
This will also allow for non-uniformity of the ionosphere and
more complex ULF wave spatial structure in the horizontal
300 plane.
280 Estimating the MHD wave mode mixture is difficult and
. most ULF wave models for the ionosphere have only consid-
2600.30 ered incident shear Alen mode energy. In general, a ULF
I disturbance in the magnetosphere may contain sheaé@lfv
E 240 i mode from the FLR continuum and fast mode energy arising
~ ook from mode conversion by the anisotropic ionosphere and the
& input ULF energy source. An indication of whether there is
T 200F some shear Alfén mode can be obtained by the proximity of
I the observed ULF frequency to the FLR frequency. This is
1801 the purpose of Figs. 3 and 6 which indicate that both events
e are likely to have a significant shear A#fa component. Fur-
, thermore k, andk, along with the local Alfén speed de-
Mwoo R - termine whether the fast mode will propagate in the vertical

direction or is evanescent. The extension of the ULF model-
ing in higher dimensions will allow a more complete under-
standing of the appropriate ULF wave mode mix.

Fig. 10. The Doppler shift (V* in Hz) for a 5mHz ULF wave with

10% fast mode mix (at 1000 km altitude) as a function of altitude.
The right hand side axis shows the HF “reflection” frequencies for
the ionosphere above Tromsg for 05:00 UT, 24 March 2001. Top: :
Variation forky=ky and Bottom: forky=1.5x10"%m~1, 6 Conclusion

We have described the first comparisons of observed changes
) in radio frequency with the predictions of the SP model
2002),the distance for evanescant components to decrease at use parameters relevant for particular ULF wave events.
amplitude and how these mix with the incident ULF energy The experimental constraints are the radio frequency, the ob-
(Sciffer et al., 2005). served Doppler shifts and the ULF magnetic perturbations at
For Fig. 10 wherek,=k,, ex=e, and the orientation of the ground. Using models for the atmosphere and ionosphere
the electric field is 45 from the north-south direction. For composition, we have shown that the SP model predicts the
ky>1x10"8m~1, the fast mode is evanescant and the ampli-correct magnitudes for the Doppler shifts and identifies the
tude decreases with altitude. The smaller wave field resultingadvection mechanism as the dominant process that changes
from the decreasing fast mode is boosted in the scaling prothe HF frequency, caused by the presence of ULF waves in-
cess to keep,=5nT at the ground, giving the larger Doppler teracting with the ionosphere. At present the SP model is
shifts. Fork,<3x10" ' m~1 the fast mode has only reh). applicable for vertical incidence of the HF signal. Future im-
The increased Doppler shifts for these smaller valuegfor provements will allow for obliqgue HF propagation and higher
arise from the increased electric field magnitudes resultingdimensional ULF wave modeling that more completely de-
from the complex addition of the incident and reflected fastscribes the transfer of ULF wave energy between the magne-
and shear Alfen modes. tosphere and ionosphere.
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