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Excitation of low-frequency fluctuations at the magnetopause 
by intermittent broadband magnetosheath waves 

J. De Keyser and V. Qade• 
Belgian Institute for Space Aeronomy, Brussels, Belgium 

Abstract. We study the excitation of magnetic field fluctuations at the magnetopause by 
incident low-frequency waves (frequencies below the ion gyrofrequency) that are highly 
intermittent and that have a broad frequency spectrum, like those observed in the magne- 
tosheath. We present simulations of the transient response of the subsolar magnetopause 
to such magnetosheath waves in the context of linear resistive magnetohydrodynamics 
(MHD) in low-beta plasmas. The incident waves excite local Alfv6n waves in resonant 
sheets within the magnetopause transition region wherever the condition for resonant MHD 
wave mode conversion is satisfied. Resonant sheet locations depend on the dominant 
frequencies in the incident wave spectrum. Because of the intermittency of the incident 
waves, the resonant sheets are rarely driven to saturation. The number of resonances, their 
position, their thickness, and the resonant wave amplitude all vary with time in response to 
the temporal changes in the incident wave spectra. The net result is that the low-frequency 
fluctuation level at the magnetopause is enhanced throughout the transition region rather 
than in a single or in a few resonant sheets, while the resonant amplitudes never reach 
excessively high values. This also implies that a fraction of the incident wave energy is 
resonantly absorbed throughout the magnetopause layer, instead of the very local absorp- 
tion associated with an incident monochromatic wave. Resonances never develop into very 
narrow length scale structures, so that the MHD approach remains justified. 

1. Introduction 

Low-frequency plasma waves are present in many dif- 
ferent space environments. In the present paper, we focus 
on waves with frequencies in the 0.01-1 Hz range (below 
the ion gyrofrequency) in the subsolar magnetosheath and 
magnetopause. Already in the early days of satellite ex- 
ploration the Earth's magnetosheath was found to be filled 
with such low-frequency waves, while the magnetosphere 
is largely free of them [Cahill and Amazeen, 1963; Ness 
et al., 1964; Holzer et al., 1966; Ness et al., 1966]. Later 
measurements confirmed this picture [Engebretson et al., 
1991] and demonstrated that the fluctuation level actually 
peaks in the magnetopause layer itself [Perraut et al., 1979; 
Rezeau et al., 1989; Song et al., 1993]. Magnetosheath 
waves have a broad frequency content and they are very in- 
termittent [Anderson et al., 1982]. Magnetosheath wave 
observations have mostly been interpreted in the context of 
magnetohydrodynamics (MHD) [Song et al., 1994]. Mag- 
netosheath fluctuations have been reported to be often com- 
pressional, while fluctuations at the magnetopause appear 
to be Alfv6nic [Rezeau et al., 1989, 1993]. A review of 
low-frequency magnetosheath waves below, at, and slightly 
above the ion gyrofrequency is given by Schwarz et al. 

Copyright 2001 by the American Geophysical Union. 

Paper number 2001 JA900078. 
0148-0227/01/2001 JA900078509.00 

[ 1996]. Waves with frequencies above the ion gyrofrequency 
can only be understood by taking kinetic effects into ac- 
count. Observations show that such non-MHD waves are 

often present [Lacombe et al., 1995; Anderson and Fuse- 
lier, 1993]. 

Early studies of transmission and reflection of MHD 
waves at the magnetopause have shown that a large fraction 
of the incident waves is reflected, thus explaining the low 
fluctuation level in the magnetosphere [McKenzie, 1970; 
Verzariu, 1973]. Much work has focused on ultralow-fre- 
quency waves that might be responsible for magnetic pul- 
sations [Southwood, 1974; Engebretson et al., 1991]. Re- 
cently, attempts were made to explain the fluctuation level 
enhancement at the magnetopause. Belmont et al. [1995] 
proposed the following scenario: Waves present in the so- 
lar wind and amplified at the bow shock, or waves generated 
in the foreshock, can propagate downstream and reach the 
magnetopause, where they can be resonantly amplified be- 
cause of wave mode conversion. Belmont et al. illustrated 

this scenario by discussing the propagation of a monochro- 
matic incident wave in a low-beta plasma in the linear MHD 
approximation and found that depending on the incidence 
angle, the magnetosheath wave may either be partially trans- 
mitted and reflected, or partially absorbed and reflected. Ab- 
sorption takes place in a narrow sheet where the incident 
wave resonantly excites an Alfv6n wave; the magnetic field 
fluctuation amplitude in this sheet diverges for vanishing 
magnetic diffusion. De Keyser et al. [1999] demonstrated 
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how both Alfv6n and slow waves can be resonantly excited 
when thermal pressure is not negligible, and how transmis- 
sion and absorption can occur simultaneously. 

There are basically two ways to tackle the wave propaga- 
tion problem for general time-dependent incident waves in 
resistive MHD. A first technique relies on the Fourier trans- 
form to solve the problem in the frequency domain. Super- 
position of monochromatic wave results for a discrete num- 
ber of frequencies that sample the spectrum of the driver then 
gives the desired result. The number of frequencies that has 
to be considered turns out to depend on the plasma resis- 
tivity, or, equivalently, the magnetic diffusion. If the mag- 
netic diffusion coefficient is small, the required number of 
frequencies is prohibitively large; use of a smaller number 
of discrete frequencies leads to solutions with a series of 
narrow high-amplitude peaks inside the magnetopause [De 
Keyset, 2000]. An alternative approach consists of solving 
the wave propagation equations as a time-dependent initial 
value/boundary value problem. In an earlier paper we have 
reported on such a simulation code [De Keyset and •ade•, 
2001]. That paper focused on the development of a sin- 
gle resonant sheet in an unperturbed low-beta plasma upon 
incidence of a monochromatic wave. It demonstrated that 

the resonant amplitude initially grows exponentially, while 
it saturates later on because of diffusive effects. The present 
paper uses the same code to compute the response of the 
magnetopause to intermittent and broadband waves. In do- 
ing so, we overcome the limitations of the Fourier mode de- 
composition approach: We find enhanced fluctuation levels 
throughout the magnetopause transition, while the fluctua- 
tion amplitude never becomes excessively high. The simu- 
lations presented here are quite realistic in spite of a number 
of model limitations. The simulation techniques allow for a 
quantitative estimate of the wave energy transmitted into the 
magnetosphere and of the energy that is resonantly absorbed 
at the magnetopause. 

There is some literature on broadband driving of MHD 
systems that are characterized by discrete eigenmodes [e.g., 
Poedts and Kerner, 1992; Wright and Rickard, 1995]. These 
studies show how a broadband driver may excite such dis- 
crete eigenmodes. What we present here is different: We 
study how a continuous subspectrum of the system under 
study is excited by broadband waves. Moreover, we also 
consider intermittency of the driver. 

2. Magnetohydrodynamic Description 

A dissipationless plasma configuration in which a mag- 
netic field aligned slab-like nonuniformity separates two re- 
gions with distinct plasma properties, can support MHD 
waves that propagate across the slab as well as Alfv6n and 
slow waves that propagate parallel to the slab. Such modes 
propagate in individual magnetic plane surfaces parallel to 
the slab and are therefore called "local modes". Resonant 

MHD mode conversion occurs when an incident magneto- 
acoustic MHD wave that propagates toward and into the slab 
nonuniformity arrives at a location where its phase matches 
that of local MHD modes. Consequently, the local mode 

starts resonating with the incoming wave and the wave am- 
plitude grows there, forming a resonant sheet. The resonant 
amplitude remains bounded by dissipation and by nonlinear 
effects. Dissipation causes the local mode to transfer its en- 
ergy to the plasma by heating it in the resonant layer. The 
net effect is that a fraction of the incident wave energy is 
resonantly absorbed. 

We consider the mechanism of resonant absorption of lin- 
ear MHD waves in a weakly dissipative hydrogen plasma in 
the low-beta approximation. We adopt the same typical sub- 
solar magnetopause configuration as in our earlier paper [De 
Keyset and •ade•, 2001 ]. The direction of nonuniformity is 
along x; the plasma slab is parallel to the yz plane. Let p 
denote the mass density, v the bulk velocity, j the current 
density, and B and E the magnetic and electric fields. The 
unperturbed state is a static equilibrium (v (ø) - 0) in which 
the magnetic field B (ø) - 50 nT is constant because of pres- 
sure balance, unidirectional along z, and therefore parallel 
to the slab. Gravitational effects are not taken into account. 

The density (Figure la) varies across the slab as 

p(O)(x) -- Pmsph•(X/D) q- Pmsh•(--x/D)• 

I erfc (x/D) ( erfc is the complemen- where •(x/D) - • 
tary error function), modeling a magnetopause with half 
width D - 300 km [Berchem and Russell, 1982], and 
where Pmsph/rrt -- 1 cm-a and Prnsh/rrt -- 20 cm-3 
(m is the proton plus electron mass). The Alfv6n speed 
VA -- B(ø)/(l•oP(ø)) •/2 changes from 244 to 1091 km s -• 
from magnetosheath to magnetosphere (Figure lb). 

The continuity and low-beta momentum equations are 

Op 
0-7 + V.(pv) - 0, 

Opv B 2 1 
0-¾- + V.[pvv + •lzo I- --- B B] - O. (2) 

where I is the unit tensor. The generalized Ohm's law is 

E + v x B - r//•0j, (3) 

with/•0r/the electric resistivity; r/is the magnetic diffusivity. 
Max well's equations become 

OB 

Ot 

X7xB - /•0j, (4) 

--+VxE - 0, (5) 

V.B - 0. (6) 

The solution is assumed to consist of a one-dimensional 

equilibrium q(ø)(x) upon which small-amplitude waves 
q(•) (x, y, z, t) are superimposed. We limit ourselves to har- 
monic variations in the y and z directions (parallel to the 
slab): q(•)(x,y,z,t) - •(x,t)expi(kuy + kzZ), where k u 
and kz are given tangential wave numbers. The linearized 
equations form a homogeneous system of partial differential 
equations in x and t: 

1 0 O•(•)_ (r/CV2 - iky.Av_ ikzjtz)q(,•) (7) 
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Figure 1. In a low-beta plasma with a constant and uni- 
directional magnetic field, the subsolar magnetopause equi- 
librium is fully determined by (a) the density profile, with 
a characteristic half width of 300 km, that is responsible for 
(b) the Alfv6n speed variation across the layer. The magne- 
tosphere in this and subsequent plots is always to the left, 
the magnetosheath to the right. 

with q(•) [v(x •) (•)B(x •) B? ) B•)], and where -- • Vy • • • 

b 2 .... b 2 . 

ß Az- -b2. b21 ß ß , C- . . 1 
ß . o 

and b 2 - B (ø)/vA. Neither the electric nor the magnetic 
force has a field-aligned component; as thermal forces are 
ignored in the low-beta case, it is found that v• (x) - 0. 

Let angle brackets denote averaging over the y and z di- 
mensions. We define an energy density 

œ -- p(O)(v(1)2)/2 + (B(1)2)/2•0 

and a corresponding energy flux 

½z --(B(ø)//-z0)(v(zl)Bz(1)) 

that satisfy a conservation law 

ot + - ø' 
Equations (7) contain the aforementioned local modes that 

do not propagate along the x direction but remain bounded 
to yz planes. No convective x flux is associated with them: 
,/GOq(1)/Ox -- O. The dispersion relation of such local 
modes with frequency co in a dissipationless medium then 
follows from (7) 

(x) - (x) - o, 

representing a continuous spectrum of local Alfv6n waves. 
Phase matching between an incoming wave with frequency 
co and this continuum occurs at planes x - z* where the 
Alfv6n resonance condition is satisfied, 

VA(X*) - (8) 

When thermal pressure is not negligible, resonances with 
slow waves can also occur [Goossens and Ruderman, 1995; 
•ade• et al., 1997; De Keyset et al., 1999]. 

Equations (7) form a linear hyperbolic problem. For a 
detailed account of the numerical solver we refer the inter- 

ested reader to our previous paper [De Keyser and •ade•, 
2001 ]. We use a finite volume mesh, a numerical flux with 
second-order reconstruction and with a minmod flux limiter, 
and Heun's method as time integrator. The simulations are 
second-order accurate in space and time. The mesh must be 
sufficiently fine so as to resolve the wavelengths involved; 
the integration time step is then automatically chosen to re- 
solve the corresponding wave periods. We numerically in- 
tegrate the wave propagation equations across the resonant 
layer rather than using the classical connection formulae 
across resonances [Sakurai et al., 1991; Goossens et al., 
1995; Goossens and Ruderman, 1995]. We make sure that 
the spatial and temporal accuracy are high enough so as to 
obtain mesh-independent results. 

3. Initial and Boundary Conditions 

We solve equations (7) as an initial value/boundary value 
problem. The system is initially unperturbed. The bound- 
ary conditions are specified by time series that describe the 
incoming waves at the magnetospheric and magnetosheath 
edges of the domain. In what follows, no waves enter 
the simulation domain from the magnetospheric side; only 
waves incident from the magnetosheath are present. While 
any arbitrary perturbation can be specified as magnetosheath 
boundary condition, only those perturbation components for 
which the magnetosheath dispersion relation yields a real kz 
can propagate into the domain; the other components are 
evanescent. 

In a low-beta plasma the incident waves can be Alfv6n or 
fast waves. However, the condition for mode resonance in 

the inhomogeneity can only be satisfied for an incident fast 
wave. We consider three types of incident waves: (1) First 
we look at a superposition of two monochromatic fast waves 
that enter the solution domain at time to - 0; this is a proto- 
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type of broadband waves. (2) We then consider a monochro- 
matic fast wave pulse as an example of intermittency. (3) 
We finally use intermittent broadband magnetosheath waves 
observed by satellites in situ. 

Incident waves with circular frequency 0./ = 2•rf and 
wave vector k - [kx, k•, kz] satisfy the magnetosheath dis- 
persion relation 

(o:• • 2 _/0v • -- kzVA,msh)( co2 A,msh) -- 0, 
which can readily be derived from equation (7). The first 
and the second factor correspond to the Alfv•n and the fast 
magnetoacoustic mode, respectively. For given 0./, ky, and 

2 2 2 2 

kz, a fast wave propagates if k• - 0./ /VA,ms h -- ky - k z > O. 
A monochromatic fast wave (used in the construction of the 
dual-frequency and wave pulse boundary conditions) has the 
form 

^ kkx,y Bref sin(cot) Vx,y(Xmsh, t) ---- -- k2 _ kz 2 B(O) VA,msh , 
k• ykz 

J•x'Y(lZmsh' •) ---- -- •'• 5 •z2 Bref sin(cot), 
Jt)z(Xmsh,t) = -BreœSin(cot), 

where Bref is a scaling constant. 

-1ooo 
-500 

Figure 3. Magnetic field perturbation B (1) (x, 0, 0, t)/Bref 
for the incident wave of Figure 2. The 0.5 Hz component is 
partially reflected and partially resonantly absorbed, while 
the 2 Hz component is partially reflected and partially trans- 
mitted. The transmission is evident as the nonzero mag- 
nitude in the magnetospheric half of the domain (x < 0). 
There is a single resonant peak in the magnetopause (near 
x = 0). The growth and the saturation of the magnetic field 
perturbation amplitude in the resonant sheet are clearly vis- 
ible. 

4. Dual-Frequency Waves 

In order to examine the role of the broad frequency spec- 
trum of the incident perturbations, we consider a driver that 
consists of two propagating fast wave components at differ- 
ent frequencies. In that case 

k•2,msh 2 2 2 2 -- 0./ /VA,ms h -- ky -- k z > 0 
for each frequency component, where ky and kz are the same 
for both components. This implies different kx and hence 
different incidence angles. The higher the frequency, the 
closer the component will be to normal incidence. A ve- 
locity dispersion therefore occurs in the x direction (faster 
propagation along x when ct smaller). A component propa- 
gates through the magnetosphere if 

kx2 _ 0./2 2 2 2 ,msph -- /VA,msph -- ky - k z > O. 

Partial transmission across the magnetopause can occur if 

, , , 

0 10 20 30 40 50 60 
t(s) 

Figure 2. The waveform of B• (1)/Bref for a dual-frequency 
incident wave with a component at frequency fl = 0.5 Hz, 
incidence angles ½ = 135 ø and 0 = 45 ø, and a component 
at f2 = 2 Hz. 

v 2 
A,msh /9msph 
2 = > 1-cos 2•cos 20-sin 2 

V A,msph /9msh 

where • is the azimuth of the wave vector (angle between 
[k•, ky, 0] and the magnetopause normal) and 0 its elevation 
(angle between k and the xy plane), and where ct is the angle 
between k and the slab normal. This condition depends on 
the incidence angles alone. For the equilibrium considered 
here, transmission occurs when ct < 13 ø. 

As an example, we choose the first component to have 
frequency f• = 0.5 Hz and incidence angles • - 135 ø 
and 0 = 45 ø (ct = 60ø), which fixes the values of ky and 
kz. The second component has a relatively high frequency 
f2- 2 Hz, implying nearly normal incidence. Both compo- 
nents are taken to have equal amplitude. The waveform of 
the incident waves is given in Figure 2. Figure 3 shows the 
magnetic field perturbation magnitude B(1)(x,y = O,z = 
O, t)/Bref as a function of distance x from the center of the 
magnetopause and time t. Because of the linearity of the 
problem, this is the superposition of the perturbations ob- 
tained for each of the wave components individually. While 
the fl component is partially reflected and absorbed at the 
resonance (since ct - 60ø), the f2 component is partially 
reflected and transmitted (ct • 0ø). The initial exponential 
growth and the saturation of the resonant layer due to dif- 
fusive effects are clearly visible. The amplitude modulation 
of the incident perturbation in the magnetosheath (x > 0) 
is due to the superposition of the two incident and the two 
reflected components. The nonzero amplitude in the mag- 
netosphere (x < 0) corresponds to the transmitted compo- 
nent. The resonant amplitude peak is found inside the mag- 
netopause. The saturation amplitude and the saturation time 
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Figure 4. Same problem as in Figure 3' (a) Time-integrated 
energy flux •x at various positions x*, normalized to the av- 
erage incident energy flux •bx,in½. The dot-dashed line repre- 
sents the time-integrated incident flux. (b) Spatial profile of 
the normalized time-averaged energy flux •b•/•:r,inc during 
saturation, showing transmission (nonzero flux in the mag- 
netosphere), absorption (sharp flux change at the resonance), 
and partial transmission (0 < •b•/•b•,inc < 1 in the magne- 
tosheath). 
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Figure 5. The waveform of B(• 1)/Brer for a dual-frequency 
incident wave with a component at frequency fi --- 0.5 Hz, 
incidence angles •b = 135 ø and 0 = 45 ø, and a component at 
f2 -- 0.6 Hz; the waveform features an amplitude modula- 
tion at the wave-beating frequency A f ---_ f2 - fl = 0.1 Hz. 

magnetic surface at x* since the beginning of the simula- 
tion (negative sign indicates transport from magnetosheath 
to magnetosphere). The dot-dashed line with slope -1 cor- 
responds to the energy fed to the system by the incident 
wave. The solid line (x* : 600 km) remains zero until 
t = 3 s, at which time the incident wave front reaches this 

position. Until t = 18s the slope remains approximately 
-1 as only incident waves are present here. In the mean- 
time, the leading wave front propagates further to the mag- 
netopause and is partially reflected there. At t - 18 s the re- 
flected wave front arrives back at x*; since it carries energy 
in the opposite direction, the slope is reduced. At about the 
same time the resonance reaches saturation. The dashed line 

(x* = -600 km) shows the constant transmitted flux. The 
final state of the system is depicted in Figure 4b. The nor- 
mal energy flux •bx in the saturated regime, time-averaged 
over a common multiple of both wave periods and normal- 
ized to the incident flux, is earthward (negative) everywhere. 
About 35% of the incident flux is transmitted, 40% is re- 
flected, while 25% is resonantly absorbed (the jump at the 

both scale with r/-1/3, while the resonant sheet has a satura- 
tion thickness that scales with r/1/3 [Kappraffand Tataronis, 
1977; Poedts et al., 1990; De Keyser and (•ade•, 2001 ]. The 
behavior of the system can easily be understood in terms of 
the energy transport. Initially, the incident wave transports 
energy toward the magnetopause. A fraction of it is transmit- 
ted across the layer, another fraction is reflected, while the 
remainder is resonantly absorbed. At first, the resonantly ab- 
sorbed energy is mainly stored in the local waves, and their 
amplitude grows. As the amplitude variations in the nar- 
row layer become more important with time; however, dissi- 
pative effects progressively become more pronounced, until 
the resonantly absorbed energy is completely balanced by 
the Ohmic dissipation. Figure 4a plots the time-integrated 
incident flux 

(I) :r (X*, t) -- (]):r (X*, T) / (]):r,incdT 
=0 

at x* = -600 and 600 km, normalized to the incident flux 

qbx,i.c. (bx(x*, t) represents the energy that has crossed the 

/' i ' // .: ß '"'-'"""-'"., '. -.-- ,,,•,; :.)::. // • '" "-•'•',i•'" ','" / 
/ .,•.•,,. ,.., ,..,-•...., ,..•,..,•,. ...,. 

0J /" 40 
"' .,.:.. ..•./ 

,. 

'• ' /:'20 
500 

1000 0 t (s) 
x (km) 

Figure 6. Magnetic field perturbation B (z) (g, 0, 0, t)/Brer 
generated by the incident wave of Figure 5. Each of the two 
components gives rise to a resonant sheet. The magnetic 
field perturbation amplitude in the resonant sheets is modu- 
lated because of wave beating. 
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Figure 7. Same problem as in Figure 6: (a) Time-integrated 
energy flux •x at x* = 600 km, normalized to the average 
incident energy flux (Pa•,inc. The dot-dashed line represents 
the time-integrated incident flux. (b) Spatial profile of the 
normalized time-averaged energy flux (;b•/(Pa:,inc during sat- 
uration, showing the absence of transmission (zero flux in 
the magnetosphere) and two sites of absorption (sharp flux 
change at each resonance). 
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Figure 8. Characteristics of an incident monochromatic 
wave pulse with frequency f = 1 Hz and incidence angles 
(;b = 135 ø and 0 - 45 ø that lasts 40s. (a) The waveform 
of the z component of the magnetic perturbation and (b) its 
power spectral density, showing a main peak at frequency f. 

cident perturbations with a broad frequency spectrum im- 
ply that resonant fluctuations are excited at different places 
throughout the magnetopause, depending on the frequencies 
present in the incident wave spectrum. 

5. Monochromatic Wave Pulse 

As a prototype of intermittency, we consider a mono- 
chromatic wave pulse of limited duration. The abrupt begin- 
ning and end of the pulse add a broad high-frequency spec- 
trum to the single frequency of the wave inside the pulse. 
The longer the pulse duration, the more pronounced the 
spectral peak at this frequency will be. 

resonant layer). Note that there is some dissipative damping 
of the incident wave as it traverses the magnetosheath (which 
depends on the diffusion constant used in the simulation). 

In another example we keep the first component the same 
(fl - 0.5 Hz) but we choose a nearby frequency for the sec- 
ond component (f2 - 0.6 Hz). The incident wave features 
an amplitude modulation at the beating frequency Af -- 
f2 - fl = 0.1 Hz (Figure 5). Figure 6 shows the time evo- 
lution of the system. There is no transmission. Two res- 
onant peaks are formed inside the magnetopause, one for 
each frequency component. The perturbation magnitudes at 
both resonances are modulated at the beating frequency. The 
time-integrated flux (Figure 7a) shows how a quasi-steady 
situation arises after saturation is reached. At times the net 

magnetosheath energy flux is sunward (positive) rather than 
earthward (negative), an effect due to wave beating. The en- 
ergy flux profile has two steep steps, corresponding to the 
absorbed wave power at each resonance (Figure 7b); more 
than 30% of the incident flux is absorbed. 

Dual-frequency waves are the first step toward broadband 
waves. The results obtained in this section suggest that in- 

/ ........... ß ..... 

• 2- ."'"" •'•"•"" :'•'• ....:. 

. 

-1• ":' "':' 
.9:" / 

0 , ,..,,, ....... ?•./' 20 
t(s) too0 '0 

x (kin) 

Figure 9. Magnetic field perturbation 
•cncratcd by the incident wave of Figure 8. The pulse 
lasts 1on• enough to drive the resonance into the saturation 
regime. Once the pulse stops, the perturbation amplitude 
starts to decay with time. 
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Figure 8a shows a monochromatic wave pulse (f = 1 Hz, 
½ = 13155 ø and 0 = 415 ø, c• = {30 ø) lasting 40 wave peri- 
ods. The incident wave has a peak power spectral density 
at frequency f (Figure 8b). The magnetic field perturbation 
is shown in Figure 9. Upon arrival of the pulse at the tran- 
sition, the resonant mode is excited. The pulse lasts long 
enough for the resonance to reach saturation. Once the inci- 
dent pulse stops, the amplitude of the resonant mode starts to 
decay exponentially. Because the peak in the incident spec- 
trum is so sharp, only a single resonant peak is formed. Sat- 
uration occurs after about t = 30 s, while the exponential 
decay begins at t = 415s. This decay is due to diffusive 
damping of the excited local modes. The evolution of the 
system can again be understood in terms of energy transport. 
The dot-dashed line in Figure 10a represents the energy in- 
put into the system by the driver, which stops at t = 40 s. 
The solid line Co* = 600 km) shows the initial propagation 
delay. It reaches a slope of -1 while only the incident wave 
is present. From t = 18 s on, the reflected wave carries en- 
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Figure 10. Same problem as in Figure 9: (a) Time- 
integrated energy flux •: at :•* = 600 km, normalized to the 
average incident energy flux ½x,inc in the monochromatic 
pulse. The dot-dashed line represents the time-integrated 
incident flux; no more energy is added to the system after 
the incident pulse stops. (b) Spatial profile of the normal- 
ized energy flux ½x/½•,in½ averaged over the whole simu- 
lation, showing that transmission is essentially absent (zero 
flux in the magnetosphere), while some absorption has oc- 
cu•ed at the resonance. The remainder oF the incident flux 
is reflected. 

ergy back to the magnetosheath. The slope is still negative as 
the incident flux remains larger than the reflected flux' There 
is no transmission, but energy is stored in the local mode at 
the resonance. Near t - 30 s the resonance is almost satu- 

rated as the resonantly absorbed energy matches the dissipa- 
tive loss in the layer. At t - 415 s the driver stops' The slope 
of the •x(:c*, t) profile becomes positive as only reflected 
waves are present. After t - 1515 s, there is no more wave 
activity at :c* - 600 km and the system returns to its orig- 
inal unperturbed state. However, the •x(:c*, t) curve does 
not return to the zero level: In the course of time, the system 
has irreversibly converted incident wave energy into Ohmic 
heat. Figure 10b shows the net energy flux averaged over 
the whole duration of the simulation. There is a relatively 
minor amount of resonantly absorbed energy (10%)' The 
resonance was barely driven to saturation, while dissipation 
is strongest at saturation. 

In summary, intermittency of magnetosheath waves leads 
to the turning on and off of mode conversion. Space plasmas 
are characterized by small r/, so that the saturation timescale 
is rather long as it scales with r/-•/3. The incident wave 
component at one particular frequency should therefore last 
rather long for the resonant mode to reach saturation. When 
the driver starts, there is a growth period; when it stops, the 
wave amplitude decays. Therefore the local modes present 
in the magnetopause at any given moment reflect the recent 
history of the incident waves. 

6. Observed Magnetosheath Waves 

We now consider wave observations in the subsolar mag- 
netosheath by the Active Magnetospheric Particle Tracer Ex- 
plorers (AMPTE) Ion Release Module (IRM) on September 
16, 1984, from 0205 to 0220 UT, shortly after the satel- 
lite left the magnetosphere through a rather low magnetic 
shear magnetopause (less than 90 ø magnetic field rotation). 
The wave activity during this selected time interval is typi- 
cal. The magnetic field and plasma variations were not too 
large, so that a linear approximation is not unreasonable. We 
specified the observed GSE B•:, B u, Bz, v•, and v u varia- 
tions (at a 0.2 Hz sampling rate) around their mean value as 
the perturbations in the boundary conditions. Although the 
magnetic field was not unidirectional along z, we did not re- 
align the z axis with the actual magnetic field direction. The 
low-beta approximation is also not completely justified. The 
satellite observations do not give much information on the 
propagation directions of the waves. What is measured is 
the sum of incident and reflected waves, rather than the in- 

cident waves alone. We therefore can not fully reconstruct 
the wave environment at the magnetopause. Nevertheless, 
the data do give a realistic impression of the intermittency of 
magnetosheath waves. 

As already discussed, the simulation requires given fixed. 
values for k u and kz, thus imposing a systematic variation 
of the incidence angles with frequency. We have chosen 
k u = kz = 15 x 10 -7 m -•, which allows propagation for fre- 
quencies • 0.028 Hz (about the sampling frequency) in the 
magnetosheath, and • 0.12 Hz in the magnetosphere. Waves 
with this k u and kz and with frequencies below 0.028Hz 
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Figure 11. Characteristics of incident waves observed 
by the Active Magnetospheric Particle Tracer Explorers 
(AMPTE) Ion Release Module (IRM) in the magnetosheath 
on September 16, 1984, from 0205 to 0220 UT. The sam- 
pling frequency was 0.2 Hz. (a) The waveform of the z com- 
ponent of the magnetic field perturbation, and (b) its power 
spectral density, illustrating the broad frequency content of 
the signal. The power spectral density drops quickly beyond 
the sampling frequency; the higher frequencies arise as a 
consequence of interpolating the signal. 

are evanescent in the magnetosheath, those with frequen- 
cies in the 0.028-0.12 Hz range experience partial reflection 
and resonant amplification, and those above 0.12 Hz are par- 
tially transmitted and reflected (a •-, 0) but cannot be res- 
onantly amplified. Figure 11 plots the observed Bz wave- 
form and its power spectral density. The incident waves dis- 
play a few strong sudden changes, as well as longer lasting 
low-amplitude fluctuations. Much of the spectral power is 
present in the 0.01-0.1 Hz range. The frequency spectrum 
rapidly drops off beyond the 0.2 Hz sampling frequency; the 
higher-frequency part of the spectrum is introduced by inter- 
polation as the time integrator typically samples the bound- 
ary condition at a frequency above I kHz. Figure 12 shows 
the magnetic field perturbation magnitude as a function of 
space and time. As the relevant frequencies are an order of 
magnitude smaller than in the previous examples, the simu- 
lation domain has been extended to the region from -12,500 
to 12,500km. Computational complexity forced us to work 
with a relatively large diffusion r/ -- 108 m2/s. The inci- 
dent waves with frequencies below 0.028 Hz are evanescent, 
while those with frequencies above fhigh -- V•/T] • 500 Hz 
are damped because of diffusion. As waves with frequen- 
cies above the sampling frequency 0.2 Hz are largely ab- 

•_••sent in the input signal, and as the choice of the tangen- 
tial wave vector permits propagation in the magnetosphere 
only above 0.12 Hz, there is almost no transmission. Fig- 
ure 13 zooms in on the perturbations near the magnetopause 
between x =-1250 and 1250 km. Number and location of 

the resonant peaks continuously vary with time. Resonances 

-0.5 

.•:..•,,.•,•,•, :• .... ';' "•"!]•'.•;,'.t;',':• 

,. ..... ,•.;,:•,... ..,.. 
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Magnetic perturbation B (•) (z, 0, 0, t)/Bref 
generated by the incident wave of Figure 11. The tangen- 
tial wave vector components were chosen as ky - kz : 
15 x 10 -7 m -1. The time axis covers a period of 900 s. 
The spatial domain extends about 2/•E on either side of the 
magnetopause. The fluctuation level in the magnetopause 
changes with time and loosely follows the wave activity in 
the magnetosheath. 

rarely reach the constant-amplitude saturated regime. Fig- 
ure 14a shows the maximum magnetic field magnitude as 
a function of distance of the magnetopause. The exponen- 
tially reduced amplitude at the magnetosheath edge is due to 
the wave components in the observational data that do not 
correspond to propagating magnetosheath waves in the sim- 
ulation. This may seem strange, because these waves must 
necessarily be propagating in the magnosheath if they are 
observed there. However, their actual propagation direction 
is unknown and probably does not match our choice of ky 
and kz. A clear feature is the enhanced fluctuation level at 
the magnetopause. Figure 14b plots the time-averaged en- 

x (km) 

• .... ,-/'•400 
........ 200 

t(s) o 

Figure 13. The same as Figure 12, but with z ranging from 
-1250 to 1250 km. Resonant modes are excited to a differ- 

ent degree and at different locations in the magnetopause 
throughout the simulation, but they never are driven long 
enough so as to allow them to reach the saturation regime. 
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ergy flux, that is, the time-integrated energy flux over the 
whole simulation relative to the time-integrated flux input 
by the incident waves. We obtain some dissipative damping 
of waves in the magnetosheath. Resonant absorption occurs 
at the magnetopause, while there is also a small amount of 
transmission. In order to obtain a better view of what hap- 
pens at the magnetopause, Figure 14c shows the maximum 
perturbation amplitude (over the 900 s simulation) in the re- 
gion -1250 to 1250 km. Instead of sharp individual peaks, 
there is a broad amplitude enhancement that coincides with 
the region of Alfv6n speed variation (see Figure 1 b). This re- 
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gion is slightly shifted earthward with respect to the region 
of the strongest density gradient because of the nonlinear re- 
lation between VA and p. The broad enhancement is the net 
result of the time-changing instantaneous resonant patterns 
visible in Figure 13. This time dependency is illustrated by 
the variations of the maximum magnetic field perturbation 
magnitude in the magnetopause layer in Figure 14d. After 
an initial short propagation delay, resonances grow and de- 
cay continuously. Figure 14e shows that the time-averaged 
resonantly absorbed flux is delivered not just to a number 
of resonant layers, but to all of the plasma inside the mag- 
netopause: The flux profile shows a broad, smooth transi- 
tion. This result should be contrasted to the staircase profile 
obtained by De Keyser [2000, Figure 1 la] for the case of 
magnetosheath waves with a discrete frequency spectrum. 

In conclusion, the fluctuation magnitudes are enhanced 
to a variable degree throughout the magnetopause, but they 
never exceed the incident fluctuation level by more than an 
order of magnitude. At the same time, enhanced perturba- 
tion magnitudes are found everywhere in the magnetopause 
layer. These findings precisely correspond to the observa- 
tions [Ness et al., 1966; Perraut et al., 1979; Rezeau et al., 
1986]. 

7. Conclusions 

We have presented simulations of the transient response 
of the magnetopause to intermittent broadband waves. First, 
we have analyzed the response for prototype incident waves: 
dual-frequency waves and monochromatic wave pulses. We 
then have used actual observations to mimic the intermit- 

tency and broadband nature of magnetosheath waves [An- 
derson et al., 1982], in order to obtain a realistic and quali- 
tative impression of the development of low-frequency fluc- 
tuations at the magnetopause. The results agree very well 
with observations of the fluctuation amplitude in the magne- 
tosheath, the magnetopause, and the magnetosphere [Ness et 

Figure 14. Same problem as in Figure 12: (a) Max- 
imum magnitude of the magnetic perturbation during the 
whole simulation as a function of distance from the transi- 

tion, maxt B(1)(at, 0, 0)/Bref, showing enhanced magnetic 
field fluctuations in the magnetopause. The decay in pertur- 
bation amplitude near the magnetosheath edge of the sim- 
ulation domain is due to the presence of nonpropagating 
components in the incident waves, as well as due to diffu- 
sive damping of high-frequency components. (b) The over- 
all normalized energy flux profile ½x/•ba:,inc averaged over 
the whole simulation, showing partial transmission, partial 
resonant absorption, and partial reflection. (c) Magnetic 
perturbation amplitude, but now between a: = -1250 and 
1250km. Enhanced amplitudes are found throughout the 
magnetopause. (d) Maximum magnitude of the magnetic 
field perturbation in the magnetopause as a function of time, 
max•,y,z B(l)(t)/Bref. (e) The overall normalized energy 
flux profile ½•/½•,inc averaged over the whole simulation 
between a: = -1250 and 1250km, showing resonant ab- 
sorption throughout the magnetopause. 
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al., 1966, Figures 2 and 3; Perraut et al., 1979, Figures 2, 3, 
and 7; Rezeau et al., 1986, Figure 1; Song et al., 1993, Fig- 
ures 3, 5, 8, and 11 ]. The contribution of this paper lies in its 
focus on resonant mode conversion as the underlying mech- 
anism that is responsible for the enhancement of the field 
fluctuations at the magnetopause. The simulations illustrate 
that the broadband nature and the intermittency of the in- 
cident waves are essential for understanding why no sharp 
individual resonant sheets with extremely high perturbation 
amplitude are formed inside the magnetopause. 

The approach in this paper is one-dimensional. We model 
wave propagation along a•, the direction of the plasma inho- 
mogeneity gradients, while we assume harmonic perturba- 
tions in the y and z directions with fixed k v and kz. The 
ensuing frequency dependence of the incidence angles is ar- 
tificial. While it is highly probable that waves in the mag- 
netosheath are propagating in various directions, it is not 
necessarily so that the higher frequencies are systematically 
closer to normal incidence. The limitation of constant kv 
and kz could be overcome by spatial Fourier decomposition 
of the incident waves in the tangential directions; repeating 
our simulations for different values of co, k•, and kz and su- 
perposing the results will give the desired answer, but this 
approach is difficult for continuous frequency and/or wave 
number spectra. The only alternative is to perform three- 
dimensional simulations, which are very compute-intensive. 

The broadband intermittent linear MHD solution that we 

found here can readily be interpreted as a physically rele- 
vant wave propagation pattern. This stands in contrast to the 
very thin and very high amplitude resonant layers that are 
obtained for small r/for monochromatic drivers. While these 
individual resonant layers are properly defined solutions of 
the MHD equations, their physical relevance is not obvious 
a priori since their narrow width might be inferior to kinetic 
length scales (the ion gyroradius in particular), thus violat- 
ing the basic MHD premises, and their amplitude might in- 
validate the small-amplitude assumption at the basis of the 
linearization approach. 

The linear low-beta MHD analysis only considers fre- 
quencies well below the proton gyrofrequency. An exten- 
sion of the present work to the case where thermal pressure 
cannot be ignored is straightforward. The inclusion of ki- 
netic effects becomes inevitable above the proton gyrofre- 
quency [Lacombe et al., 1995; Johnson and Cheng, 1997]. 
In general, one should also resort to a nonlinear description 
of resonant absorption [Ruderman et al., 1997]. The present 
model does not include any ionospheric coupling. The one- 
dimensional approximation becomes invalid for distances 
larger than a few Earth radii, when the magnetosheath flow 
away from the subsolar point and the curvature of the mag- 
netopause cannot be ignored. 

The enhanced fluctuation level as computed here is impor- 
tant for mass and energy transport across the magnetopause. 
Only a minor fraction of the incident wave energy is trans- 
mitted across the magnetopause. Some energy is resonantly 
absorbed and distributed throughout the magnetopause layer, 
while some is reflected. In MHD there can be no mass trans- 

port across the tangential discontinuity magnetopause, but 

kinetic effects such as wave-particle interactions are strongly 
enhanced for higher fluctuation levels, thus promoting diffu- 
sive mass transport across the magnetopause [LaBelle and 
Treumann, 1988; Treumann et al., 1995]. Also, this diffu- 
sion might be what is required to initiate transient magnetic 
reconnection [e.g., Ku and Sibeck, 2000]). 

While the present paper is focused on the magnetopause, 
the results are relevant for other fields of plasma physics as 
well. For instance, broadband incident waves in the solar 

corona could explain volume heating in coronal flux tubes as 
the resonant energy would be deposited throughout coronal 
inhomogeneities [Poedts et al., 1989]. 
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