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ABSTRACT 

Considerable attention has recently been focused on the interaction between downgoing hydromagnetic 
waves, manifested as ULF pulsations on ground magnetometer records, and the ionospheric plasma. 
Models of the interaction involve parameters which require experimental evaluation. We consider two 
aspects. First, new measurements of standing oscillations of low latitude geomagnetic field lines permit 
the calculation of the ionospheric scale size of the pulsation signal and the damping factor. The role and 
diurnal variation of ionospheric O+ may also be monitored. Second, we discuss observations of correlated 
ULF oscillations measured in the F region using HF Doppler sounders, and on the ground with 
magnetometers, during a six month campaign. Statistical data and case studies illustrate that a simple 
phase relationship exists between certain classes of magnetic and ionospheric oscillations. These results 
raise new questions on the modelling of hydromagnetic waves in the ionosphere. 

INTRODUCTION 

The ionosphere forms the Earthward boundary of the magnetospheric cavity, and is the medium through 
which ULF (- 1 mHz-1 Hz) plasma waves propagate before being recorded on the ground as geomagnetic 
pulsations. Since most of the Earths surface lies at low geomagnetic latitudes, the corresponding 
geomagnetic field lines map into a relatively small volume of the magnetosphere. These low altitude 
regions (-300-6000 km) are difficult to access by spacecraft and ground-based techniques, and it is 
therefore important to establish whether low latitude observations of geomagnetic pulsations can be used 
to evaluate and monitor parameters of the inner magnetosphere and ionosphere. 

In situ observations of magnetospheric ULF plasma waves, at radial distances of 2-10 R, or more, 
generally relate to standing transverse oscillations of geomagnetic field lines whose feet are anchored in 
the conjugate ionospheres /l-4/. Each field line can oscillate at or near its eigenfrequency when driven 
by suitable incoming fast mode waves. The amplitude of the resultant transverse Alfvtn mode waves is 
determined by the wave coupling constant /5/ and boundary conditions in the conjugate ionospheres. 
These include dissipative effects /6,7/ and the AlfvCn wave reflection coefficient which in turn depends 
on the height-integrated Pedersen conductivity /8-l l/. 

The field line eigenfrequencies are determined by the field line length, ie. latitude, the field magnitude, 
and the plasma density distribution integrated along the field line. At low latitudes it is necessary to 
include heavy ion effects due to ionospheric 0’ in calculations of field line resonance frequencies /12-141. 
It is now possible to use low latitude ground measurements of field line eigenfrequencies to compare 
ionospheric plasma density models /lS/. 

The transmission of transverse ULF hydromagnetic waves through the ionosphere to the ground was 
discussed in detail by Hughes /S/ and Hughes and Southwood /9/. The horizontal magnetic signal 
observed on the ground is due to Hall currents in the E layer driven by the wave electric field, and its 
polarization will be rotated with respect to the signal in the magnetosphere to an extent that depends on 
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the detailed horizontal ionospheric conductivity variations /16, 17/. The amplitude of the ground 
magnetic signal is frequency dependent and proportional to the ratio of the height-integrated Hall and 
Pedemen conductivities and their spatial distribution. Using an incoherent scatter radar and ground 
magnetometer, Lathuillere et al. /18/ compared the horizontal ionospheric electric field and ground 
magnetic amplitude to calculate the transfer impedance of the ionosphere plus ground. This relates to 
the horizontal scale size of the pulsations in the ionosphere. 

Geomagnetic pulsation effects have been widely observed in aurora1 radar signals /19-21/, in TEC data 
/22/, and in the Doppler shift of CW and phase ionosonde signals 123, 24/. Theoretical models 
prescribing the amplitude and phase of ionospheric Doppler oscillations due to downgoing transverse 
AlfvCn mode waves were described by Poole et al. /25/ and Sutcliffe and Poole /26, 27/. These models 
are sensitive to a number of parameters, including pulsation frequency and scale size, altitude, local time 
and season. 

Inspection of low latitude ground magnetometer spectra shows that significant power occurs at frequencies 
which are not related to field line resonances, so that in general important contributions will be provided 
by downgoing compressional waves, and forced field line oscillations. Compressional isotropic fast mode 
waves are important in the magnetosphere because they may excite resonances of the magnetospheric and 
plasmaspheric cavities, thus selecting frequencies in the incoming wave spectrum /28-30/. There is 
accumulating observational evidence of cavity modes /3 I/, particularly in the plasmasphere /32, 33/ and 
in the observations by HF radars of very stable field line resonance frequencies driven by these global 
modes /34/. Downgoing compressional waves have not yet been observed in the ionosphere. 

This paper will outline some recent developments in the measurement of ULF wave effects associated 
with the ionosphere. Two aspects will be considered: the effect of the ionospheric boundary on ULF 
wave properties, and how these properties may be used to evaluate ionospheric parameters; and the 
ionospheric response to downward propagating hydromagnetic waves. It will be shown that we are now 
approaching the stage where ground observations of geomagnetic pulsations can provide a diagnostic 
monitor of some ionospheric processes which are otherwise particularly difficult to measure. 

THE IONOSPHERE AS A LOW ALTITUDE BOUNDARY 

The propagation of Alfven mode waves along magnetic field lines is analogous to wave propagation on 
a stretched string, with wave reflection occurring at the fixed endpoints. The field-aligned current carried 
into and out of the ionospheric E region by the AlfvCn wave drives a horizontal Pedersen current. 
However, the finite Pedetsen conductivity results in ionospheric Joule dissipation and the Alfven wave 
reflection coefficient is thus ~1. The Alfvtn wave boundary condition can be written /35/ 

b, = -IL x, E, (1) 

in the southern hemisphere, where b, represents the downgoing AlfvCn wave field, and E, the 
ionospheric electric field associated with the Pedersen current. The Pedemen conductivity is in the 
range 0.03-20 S /lo/, and is typically of order 2-4 S /16/. 

If the Alfven wave is a standing field line oscillation, it must be damped. The damping coefficient is 

/I 11, 

y = 2 In (IRIm’) 

where R is the Alfven wave reflection coefficient 

R = Xp - ZZw sin1 

C, + Ey, sin1 
(3) 

V, is the Alfven velocity, 4 is the field line length, Zp and C, represent the Pedersen and 
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magnetospheric wave conductivities, and I is the angle of incidence. Here XW = (p,,V,)-’ and R is 
typically about 0.9. However, the Hall currents induced by the wave electric field excite a fast 
magnetosonic wave which carries the signal to the ground. Al’perovich et al. /36/ described the 
coefficient of transformation from the incoming Alfvkn wave into the magnetosonic mode. Glassmeier 
et al. /37/ determined an estimate for the variation of damping rate with latitude (L value): 

y = (10 EP L)-1. 

Pulsation damping rates have been measured at aurora1 and middle latitudes at millihertz frequencies by 
a number of workers /37-39/, and are typically in the range y/w, = 0.05 - 0.3. The damping due solely 
to Joule dissipation is of order 0.01 /6/ and underestimates the observed damping in pulsation signals, 
suggesting other mechanisms are present /7/. 

Consider transverse AlfvPn waves b+ established on a geomagnetic field line whe feet are anchored 
in the conjugate ionospheres, driven by an incoming compressional mode wave of amplitude b, and 
frequency wD. The equation for forced, damped simple harmonic oscillations gives /40, 41/: 

&+ + 2yl& + wi b+ = wi b, c sin(o,t) (4) 

where wR is the field line eigenfrequency and c the coupling constant. The damping term y relates to 
the Q of the oscillation via Q = w,/2y. This will also correspond to the -3dB width of the 

resonance peak in the power spectrum, Q = o,/Aw . 

Field line resonance behaviour has been identified in ground magnetometer records by using a number 
of properties /41/, including the variations in frequency, power at a given frequency, and polarization, 
with L value /42/. Evaluation of these parameters has required extensive ground magnetometer arrays. 
The experimental measurement of field line resonance frequencies can now be achieved on a routine basis 
by evaluating the crossphase between closely spaced ground magnetometer pairs /43/. Menk et al. /41/ 
reviewed and compared results obtained with these different methods. 

We illustrate the detection of field line resonances 
and evaluation of associated parameters with a 
representative example. Ground magnetometer 
data were recorded using the low latitude array 
shown in Fig. 1 and described in Menk et al. /41/. 
Fig. 2 shows amplitude-time records and power 

spectra of the polarized signals for a selected 
interval. Signals were dominant in the magnetic 
north-south (X) component, with common power 
across the array in the 20-30 mHz range, and a 
localised peak at 38 mHz at NEW (L = 1.8). 
Considering the signal at 27.5 f 2.5 mHz, 
Ziesolleck et al. /42/ showed that power peaked 
over a narrow range of latitudes near CAN, with 
the -3dB points indicating a longitudinal extent of 
AL = 0.15 (250 km in the ionosphere). The 
effective resonance width E may also be calculated 
from the turning points either side of the resonant 
frequency in the power division spectrum using 
data from a closely spaced magnetometer pair /15, 
41/. For this interval we obtain E = 175 f 10 km 
(AL = 0.1) when using stations centred on L =1.8. 

It is also possible to estimate the ionospheric 
damping factor, y in equation (4), by two 
independent methods. First, the observed 
latitudinal variation in resonant frequency in this 

Fig. 1. Meridional low latitude magnetometer 
array (circles) and HF Doppler sounder network 
(underlined) operated by the University of 
Newcastle. 
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Fig. 2. Meridional amplitude-time records and spectra of the polarized power (solid lines) of a typical 

~~3-4 event, 1202 - 1222 LT, 9 September 1989. 

example is 5 mHz per 100 km. For the 28 mHz resonance observed near CAN (L = 2.0) we then obtain 

Q= w, /A o = 2.2, ie. y/o, = 0.2, for this event. Second, we note that the phase expressed by the 
steady state solution to equation (4) depends on the damping factor /15/: 

C#I (0) = tan“ (5) 

where subscripts R and D denote the resonance and incoming fast mode driving wave. This can be 
rewritten in terms of the crossphase between closely spaced station pairs to obtain a quadratic 
expression in y as a function of ou /15/. In this example the maximum positive value for the 
damping coefftcient is y/o, = 0.3, ie. Q = 1.7, for the stations centred on L = 1.8. There is good 
agreement between the two independent values, although these are somewhat higher than may be 
expected for purely Joule dissipation in the ionosphere. Other mechanisms that may contribute 
include collisionless damping due to coupling between adjacent flux tubes, and mode coupling via the 
ionospheric Hall conductance /7, 10, 4 l/. 

It is possible to use experimental values for the field line resonance frequency to evaluate ionospheric 
plasma density models. The observed resonance frequency depends on the field line length and 
plasma density integrated along the field line. At low and middle latitudes a dipole field model is 
often satisfactory, and plasma density is taken to follow a power law of the form rem, where m is a 
positive integer. In the outer magnetosphere m = 4 is usually used /44/. In the plasmasphere where 
diffusive equilibrium is established, a less steep profile is appropriate. For low latitude field lines it is 
also necessary to include heavy ion mass loading due to ionospheric 0’. This has a significant effect 
on the expected field line resonance frequencies. At low latitudes the field line resonance frequency 
is usually observed to decrease by about 20% around dawn, and this is attributed to diurnal variations 
associated with the filling of plasmaspheric flux tubes /15, 43, 451. Excellent agreement has been 
found between the observed signal frequencies and the field line eigenfrequency at L = 2.8 and L = 
1.8 /43/ modelled after Poulter et al. /12, 18/. The next step is to use such results in plasma density 
models to provide a diagnostic estimate of plasma parameters. 
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Recently the performance of two different ionospheric models, IRI-90/DE (diffusive equilibrium) and the 
model of Bailey /46/, in predicting observed pulsation resonance frequencies has been evaluated /lS/. 
Fig. 3 shows the respective plasma profiles. On two typical days the IRI/DE model overestimated mass 
density by about 6 at L = 2.8 and about 3 at L = 1.8, although diumal trends were correctly predicted. 
The Bailey model, however, correctly estimated field line eigenfrequencies. Varying the He’ 
concentration had no significant effect. The Bailey model also predicts higher harmonics of the field line 
resonance at low latitudes, but these have not yet been observed /lS/. 

IONOSPHERIC RESPONSE TO PROPAGATING HM WAVES 

It is well known that fast mode hm waves in the Pcl (0.2 - 5 Hz) range can propagate large horizontal 
distances in a waveguide centred on the M region and bounded by the Alfven velocity maximum in the 
exosphere and the E region /47/. Ionospheric signatures of such signals have recently been reported /48/. 
Ionospheric signatures of pulsations (ISPs), principally oscillatory Doppler shifts of HF CW radio signals, 
have been identified with Pc3-4 and Pi2 (1 - 10 mHz) hm waves in the ionosphere for over 3 decades; 
see reviews in Menk 1241 and Sutcliffe 1491. 

Models of the interaction processes leading to ISPs assume transverse waves associated with field line 
resonances incident upon the ionosphere 125 - 27/. Three mechanisms have been invoked: changes in 
refractive index due to its dependence on the magnetic field intensity; changes in refractive index due to 
the vertical bulk motion of electrons; and changes in refractive index due to the divergence of electron 
velocity along the ray path. These models are very sensitive to ionospheric and wave-related parameters 
(eg. season, altitude, local time, pulsation azimuthal and meridional wavenumber, pulsation frequency). 
The phase between the ISPs and the ground magnetometer pulsations is the most variable parameter and 
no previous studies have established a clear relationship. 
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Fig. 3. Ionospheric plasma density profiles used 
to compare modelled and observed field line 
eigenfrequencies on 23 October, 1990 at L = 1.7. 
Solid and dashed lines denote the IRIfDE and 
Bailey /46/ models respectively. 

SEPTEMBER 14, 1991 
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Fig. 4. Typical unfiltered daytime record 
showing simultaneous magnetic and ionospheric 
oscillations at L = 1.8, 0603-0637 LT, 14 
September, 199 1. 
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In order to experimentally evaluate these ISP models, the University of Newcastle group has conducted 
recording campaigns using HF Doppler sounders with induction magnetometers beneath the ionospheric 
reflection points. The systems exhibit identical frequency and phase response over the ULF range. Data 
were sampled with a timing accuracy of 20 ms and a Doppler sensitivity of order 0.005 Hz. Several 
campaigns involving vertical incidence (at L = 1.8) and multistation (spanning L = 2.6 to L = 1.6) 
measurements have been conducted. Data analysis involved inspection of joint time series, spectral and 
phase properties, including evaluation of crosspower, coherency and crossphase. We present typical 
results, with data sorted into 512 point (17m 4s) intervals. 

During June-December 199 1,28 1 intervals with Doppler/magnetometer correlation coefficients) 0.5 were 
examined. Daytime events generally comprised sustained regular oscillations in bands around 5-30 and 
40-60 mHz. Fig. 4 shows a typical unfiltered record. The 4 MHz ISPs were recorded throughout this 
interval but were only present on the 8 MHz record after 0620 LT, when f (8 MHz) 5 f, F2. A genera1 
result in all the data is that correlation coefficients are highest (up to 0.9) at sounding frequencies just 
below the F peak. Fig. 4 also shows that Af (8 MHz)/Af (4 MHz)-2. This is also a general feature 
in the daytime data, implying the ISPs are largely due to vertical motions of the reflection points. 

The HF Doppler and magnetometer phase properties are particularly significant. Fig. 5 compares the 
phase difference between daytime Pc3-4 ISPs recorded at 4 and 8 MHz for representative intervals during 
the 6 month campaign. The ionospheric oscillations are clearly in phase at different F region altitudes. 
Similarly, the N-S and E-W magnetometer signals were in phase for these ISP events. Finally, Fig. 6 
shows the phase difference between the HF Doppler and ground magnetometer oscillations. The 
observed linear phase relationship is a consistent trend in most of the data recorded, with the ground 
signal lagging by about 30”. Similar results are found for the night ISP events. Observations from the 
multistation array demonstrate that this phase relationship extends over latitudinal distances of at least 500 
km at low latitudes. 

These studies suggest there is a simple and robust relationship between ground magnetic pulsations and 
correlated features in the F region, seen under widely varying magnetic and ionospheric conditions over 
several months spanning 4 years. This does not agree with the model predictions /‘27/, and it is possible 
initial assumptions are being violated. This may arise if a significant contribution to the ground pulsation 
spectrum is due to fast mode propagating waves, cavity mode resonances, or coupled wave modes, instead 
of transverse Alfven waves /24/. However, in cases where magnetometer crossphase measurements make 
it clear field line resonances are being observed /43/, the model predictions appear to be generally valid. 
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Fig. 5. Phase difference between daytime ISPs Fig. 6. Phase difference between daytime F 
recorded at 4 and 8 MHz at L = 1.8 during June- region ISPs and ground magnetic pulsations, at L 
December, 199 1. = I.8 during June-December, 1991. 



SUMMARY 

The ionosphere has a profound effect on the generation and propagation of geomagnetic pulsations. 
Features which relate directly to ionospheric properties include the damping coefficient and Q, and hence 
scale size, of transverse field line eigenoscillations. In turn, the observed field line resonance frequency 
and its diurnal variation depends upon integrated flux tube plasma density, which at low latitudes includes 
significant contributions from ionospheric 0’. Ground magnetometer observations may therefore be used 
to evaluate ionospheric plasma models and as a diagnostic monitor of these processes. 

Geomagnetic pulsations have also been found to affect the ionospheric plasma, monitored using HF radars 
and Doppler sounders. Models of the interaction process invoke variations in the ionospheric refractive 
index and vertical motion of the reflection point driven by the electric and magnetic field of the 
downgoing hm wave. Instrumentation has now reached the stage where correlated ionospheric Doppler 
oscillations and ground magnetic pulsations are routinely observed. There appears to be a simple and 
direct relationship between the two phenomena which leads to the possibility of using ground 
magnetometer observations to predict associated contributions to the ionospheric irregularity spectrum. 

ACKNOWLEDGEMENTS 

This work was supported by the Australian Research Council and the University of Newcastle. C.L. W. 
received an Australian Postgraduate Research Award, and R.A.M. and I.S.D. University of Newcastle 
Postgraduate Awards, during the course of this work. 

REFERENCES 

1. K. Takahashi and R.L. McPherron, J. Geoyhys. Res., 82, 1504 (1982) 

2. M.J. Engebretson, L.J. Zanetti, T.A. Potemra and M.H. Acuna, Geuyhys. Res. Len., I_& 905 (1986) 

3. B.J. Fraser, R.L. McPherron and C.T. Russell, Adv. Spuce Res., S, 49 (1988) 

4. K. Takahashi, B.J. Anderson and R.J. Strangeway, J. Geoyhys. Rex, 95, 17 179 (1990) 

5. L. Chen and S.W.H. Cowley, Geophys. Res. Lett., l6, 895 (1989) 

6. R.S. Newton, D.J. Southwood and W.J. Hughes, Planet. Spuce Sci., 26, 201 (1978) 

7. H. Gough and D. Orr, Planet. S,x.zce Sci., 32, 619 (1984) 

8. W.J. Hughes, Planer. @ace Sci., 22, 1157 (1974) 

9. W.J. Hughes and D.J. Southwood, J. Geoyltys. Res., S_l, 324 1 (1976) 

10. W. Allan and F.B. Knox, Planer. Space Sci., 27, 79 (1979) 

11. P. Ellis and D.J. Southwood, Planet. Space Sci., 3, 107 (1983) 

12. E.M. Poulter, W. Allen, G.J. Bailey and R.J. Moffett, Phrzet. Space Sci., 32, 727 (1984) 

13. E.M. Poulter, W. Allan and G.J. Bailey, Planet. Spzce Sci., J6, 185 (1988) 

14. S.K.F. Hattingh and P.R. Sutcliffe, J. Geoylrys. Res., 92, 12433 (1987) 

15. C.L. Waters, F.W. Menk and B.J. Fraser, J, Geophys. Res., 99, in press, (1994) 



(5)128 F. W. Meok cf al. 

16. K.-H. Glassmeier, J. Geophys. Res., 54, 125 (1984) 

17. K.-H. Glassmeier and H. Junginger, J. Geoyhys. Res., 92, 12213 (1984) 

18. C. Lathuillere, F. Glangeaud, J.L. Lacoume and G. Lejeune, J. Geoyhys. Res., 86, 7669 (1981) 

19. L. Harang, Terr. Magn. Atmos. Elect., 44, 17 (1939) 

20. A.D.M. Walker, R.A. Greenwald, W.F. Stuart and C.A. Green, J. Geophys. Res., 84, 3373 (1979) 

21. F. Glangeaud, C. Lathuillere, M. Lambert and Z.Y. Zhao, J. Geophys. Res., 90, 8319 (1985) 

22. T. Okuzawa and K. Davies, J. Geophys. Res., 86, 1355 (198 1) 

23. K.L. Chan, D.P. Kanellakos and O.G. Villard, J. Geophys. Res., 67, 2066 (1962) 

24. F.W. Menk, Planet. Space Sci., 40, 495 (1992) 

25. A.W.V. Poole, P.R. Sutcliffe and A.D.M. Walker, J. Geophys. Res., 93, 14656 (1988) 

26. P.R. Sutcliffe and A.W.V. Poole, J. Geophys. Res., 94_ 13505 (1989) 

27. P.R. Sutcliffe and A.W.V. Poole, Planet. Space Sci., 38, 1581 (1990) 

28. M.G. Kivelson and D.J. Southwood, Ge&ys. Res. Left., 12, 49 (1985) 

29. W. Allan, S.P. White and E.M. Poulter, Geo,&ys. Res. Lett., 12, 287 (1985) 

30. W. Allan and D.R. McDiarmid, Ann. Geophys., u, 916 (1993) 

31. G. Crowley, W.J. Hughes and T.B. Jones, J. Geophys. Res., 92, 12233 (1987) 

32. P.R. Sutcliffe and K. Yumoto, J. Geophys. Res., 96, 1543 (1991) 

33. N. Lin, M.J. Engebretson, R.L. McPherron, M.G. Kivelson, W. Baumjohann, H. L&r, T.A. Potemra, 
B.J. Anderson and L.J. Zanetti, J. Geophys. Res., 96, 3455 (1991) 

34. B.G. Harrold and J.C. Samson, Geophys. Res. Lett., 19, 18 11 (1992) 

35. W. Allan and E.M. Poulter, Rep. Prog. Phys., s, 533 (1992) 

36. L.S. AI’perovich, E.N. Fedorov, A.V. Volgin, V.A. Pipipenko and S.N. Pokhil’ko, .T. Atmos. Terr. 
Phys., 3, 581 (1991) 

37. K.-H. Glassmeier, H. Volpers and W. Baumjohann, Planet. Space Sci., 2, 1463 (1984) 

38. A.D.M. Walker, Planet. Space Sci., 28, 213 (1980) 

39. E.M. Pouher and E. Neilsen, J. Geophys. Res., a, 10432 (1982) 

40. D. Orr and H.W. Hanson, J. Atmos. Terr. Phys., 43, 899 (198 1) 

41. F.W. Menk, B.J. Fraser, CL. Waters, C.W.S. Ziesolleck, Q. Feng, S.H. Lee and P.W. McNabb, in: 
Solar Wind Sources of Magnetospheric ULF Waves, ed. M.J. Engebretson, K. Takahashi and M. SchoIer, 
Geophys. Mono. a, Am. Geophys. Union, Washington 1994, p. 299. 



Geomagnetic Pulsations in the Ionosphere (3129 

42. C.W.S. Ziesolleck, B.J. Fraser, F.W. Menk and P.W. McNabb, J. Geophys. Res., 98, 197 (1993) 

43. C.L. Waters, F.W. Menk and B.J. Fraser, Geophys. Res. L&t., l8, 2293 (1991) 

44. D.L. Carpenter and C.G. Park, Rev. Geophys. Space Phys., II, 133 (1973) 

45. E.M. Poulter, J.K. Hargreaves, G.J . Bailey and R.J. Moffett, Planet. Space Sci., 29, 1273 (1981) 

46. G.J. Bailey, Planet. Space Sci., 3_l, 389 (1983) 

47. R.N. Manchester, J. Geophys. Res., 73, 3549 (1968) 

48. P.M. Aslin, M.J. Jarvis and K. Morrison, J. Amos. Terr. Phys., 53, 343 (1991) 

49. P.R. Sutcliffe, J. Geontug. Geoelectr., in press (1994) 


