
Simulations of Secondary Farley-
Buneman Instability

Radar observations of the equatorial E-region ionosphere have produced a variety 
of spectra of meter-scale plasma-density irregularities. Since the 1960s, researchers 
have attributed the observed spectra to two electrostatic instabilities: The Farley-
Buneman instability (FBI) and the gradient drift instability (GDI). Both instabilities can 
occur self-consistently in a collisional plasma comprising magnetized electrons and 
demagnetized ions — the FBI requires that the total electric field exceed a threshold 
value while the GDI requires an ionization gradient parallel to the electric field. 
Echoes from vertically propagating meter-scale irregularities are particularly 
interesting because their occurrence is consistent with the passage of kilometer-
scale structures, allowing them to trace out large-scale dynamics. While such 
irregularities may simply be the end result of a turbulent cascade, kilometer-scale 
structures can also directly drive meter-scale irregularities when their polarization 
electric fields exceed the threshold for FBI. This work presents hybrid numerical 
simulations of secondary FBI driven by a large-scale primary seed wave. Average 
turbulent electric fields are consistent with rocket data and 3-m wave spectra 
reproduce observed asymmetries.

In the wave frame, (magnetized) electrons 
drift ahead of (collisional) ions. That 
creates a polarization electric field in 
phase with the density perturbations.

The simulation has periodic boundary conditions with a 
vertical background electric field and a background 

magnetic field out of the page.
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• These are the first self-consistent kinetic simulations of the 
Farley-Buneman instability (FBI) driven by a large-scale wave 
(e.g., from the gradient drift instability) in the lower equatorial E-
region ionosphere during daytime.

• FBI waves propagate upward and westward in the large-scale 

trough, and downward and westward in the large-scale crest.

• Average zonal electric field develops flattened tops in regions of 

FBI growth, indicating saturation due to nonlinear current. The 
nonlinear current transports plasma across the magnetic field.

• 3-m spectra show features consistent with previously reported 

up-down and east-west asymmetries in radar data.

•Results presented can extend to auroral density structures 

produced by convection, auroral precipitation, and ionospheric 
cavitation.

Conclusions

ParametersIntroduction Initial density and electric field

Density and electric field: 
FBI turbulence creates flat-top fields

From Oppenheim (1997) 

stream waves, the wave-driven current, Jnl, was made
equal to half the ion-Pedersen current.

We began the simulation with a small gradient-drift
wave which grew exponentially until its amplitude
reached the threshold for two-stream waves. After a
number of cycle times the perturbed electric field
appeared similar to the measured fields show in Figs.
4–9 of Plaç et al. (1987a), as shown here in Fig. 5. The
addition of the wave-driven current also had the eçect of
dramatically showing gradient-drift wave growth.

Neither the squaring of the waves nor the slowing of
the growth is surprising, given the simple model we used.
It is almost inevitable that when one adds an eçect
which works to reduce the perturbed electric field at the
crest of a wave, that wave will become somewhat square.
Also, reducing the perturbed electric fields and the
perturbed plasma densities at the extrema should disrupt
the exponential growth. While one might enhance a
similar 1D model by adding diçusion, recombination,
and (or) ion inertia, a more important enhancement is to
add the second dimension perpendicular to B. While
such a 2D simulation exceeds the current computational
capacity of PIC or hybrid codes, a fluid code should be
able to model this system. Such a code could distinguish

between various competing saturation mechanisms for
gradient-drift waves.

7 Discussion and conclusions

We have shown that a large-scale, wave-driven current
results from the nonlinear dynamics of two-stream and
gradient-drift waves. During quiet periods in the E
region, when no waves exist, only Pedersen currents flow
parallel to the electric field. During active periods, when
waves exist, a wave-driven current will increase the total
current parallel to the polarization electric field. If we
make the well-justified assumption that the perturbed
electric field is, on average, the same order of magnitude
as the electrojet’s polarization field, then the resulting
wave-driven current will have approximately the same
size and direction as the ion-Pedersen current. The
increase in current may be modeled as a drop in
electrojet resistance. However, adding an explicit
electron current, as done in our 1D models of the
equatorial electrojet and gradient-drift wave is a more
accurate method.

Wave-driven currents will reduce the equatorial
electrojet current as illustrated by the simple model
described in the present paper. In an electrojet contain-
ing only two-stream waves, where the polarization
electric field only slightly exceeds the threshold neces-
sary to initiate waves, the wave-driven current will hold
the polarization electric field to a value close to the
threshold. If the polarization electric field greatly
exceeds the threshold, then it will be reduced, in some
regions of the electrojet, to a value close to the threshold
and, in other regions, to a value between the threshold
and the field expected if no wave-driven current existed.
Linear theory predicts that when the polarization
electric field is close to its threshold value for initiating
two-stream waves then these waves travel at the
acoustic velocity. This may account for the observation
that two-stream waves travel at speeds close the
acoustic velocity.

In an electrojet containing mostly gradient-drift
waves, we expect wave-driven currents to reduce the
polarization electric field. The rocket observation by
Pfaç et al. (1987a), that equatorial electrojet regions
containing gradient-drift waves do not appear also to
contain horizontally propagating two-stream waves,
may result from wave-driven currents working to reduce
the polarization electric field to a point below the
threshold required to initiate two-stream waves.
Further, since the polarization electric field provides
the energy for the both the gradient-drift and two-
stream instability, we expect wave-driven currents to
play a role in saturating these instabilities.

Wave-driven currents açect the behavior of gradient-
drift waves. Kudeki et al. (1985) used a perturbation
analysis of wave-driven currents to account for the up-
down asymmetry of secondary two-stream waves. They
also suggested that the current modifies the equatorial
electrojet’s vertical polarization electric field and its
eçective conductivity. We have built a simple model of

Fig. 5. The electric field from a 1D simulated gradient-drift wave
system modified by secondary two-stream waves driving a nonlinear
current (top). The measured fields by Pfaç et al. (1987b) (bottom)
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Fig. 9. Another representation of the horizontal electric fields ob- 
served during the upleg traversal of the electrojet. In the lower panel 
the enlarged waveform shows the steepened, "flat-topped" nature of 
the fields in the region where the current was strongest. 

Spectral Analysis of the Gradient Drift Waves 
In the lower portion of the electrojet layer (< 100 km) the 

waves principally represent gradient drift driven irregularities 
with very small phase velocities. The observed irregularities 
displayed an absence of a steady high-frequency component, 
as seen in the sonograms shown earlier in Plate 1 and Figures 
4a and 4b. A detailed examination reveals a "bursty" nature 
for the wave data in the lower region that appeared related to 
the largest excursions in the dc electric field (see the so- 
nograms and power profiles in Figures 4a and 4b). Other ob- 
servations of "burstiness" of low-frequency waves in the elec- 
trojet have been reported previously by Prakash et al. [1972]. 

In order to parameterize the spectral characteristics of the 
long- and medium-wavelength gradient drift waves, we must 
consider relatively long time series, in which a sufficient 
number of the lower-frequency wave periods are present. Be- 
cause of the vertical motion of the rocket, however, several of 
the plasma and wave parameters (e.g., •k, UN, V,, angular 
distribution of k) may have changed considerably in the 
region represented in one power spectrum, essentially viola- 
ting the stationarity requirements necessary to interpret the 
spectral features. We have examined power spectra covering 
several different time scales and present representative spectra 
of approximately 8 s duration which each correspond to an 
altitude interval of roughly 6-7 km (which is effectively some- 
what smaller if the influence of the Hanning window used in 
the analysis is considered). Although much of the microstruc- 
ture of the waves is smeared out, these computations enable 
general conclusions about the nature of the irregularities in 
the lower electrojet to be drawn. 

Spectra of the gradient drift oscillations in the lower elec- 
trojet region for the upleg and downleg are shown in Figure 
10 together with the spin plane electric field time series from 

which these computations were made. Notice the enhance- 
ments at low frequencies, such as those seen at roughly 1 Hz. 
In general, the appearance of a peak in power spectra of elec- 
trostatic spatial waves implies the existence of a wave packet 
propagating primarily in one direction. For horizontally prop- 
agating waves these Doppler-shifted oscillations near 1 Hz 
probably corresponded to wavelengths of about 500 m. Simi- 
lar peaks with estimated scale lengths of several hundred 
meters observed in the equatorial electrojet were reported by 
Pfaff et al. [-1982]. 

The power spectra shown in Figure l0 level off between 
roughly 2 and 20 Hz. For horizontally propagating waves 
with near-zero phase velocities, this frequency band would 
correspond to wavelengths of approximately 30-300 m, in the 
presence of an eastward neutral wind of 80 m/s, and roughly 
25-250 m without the neutral wind component. Notice that 
the spectra display sharp drops in power at higher frequencies. 
To parameterize this, we have modeled the spectral densities 
with power laws. The measured spectral indices in Figure l0 
were approximately --1.2 between 2 and 20 Hz and approxi- 
mately -4.5 between 40 and 80 Hz. (The latter interval 
roughly corresponds to horizontal wavelengths between 5 and 
15 m.) The "break" at around 30 Hz was probably due to 
where the growth rate tapered off for the shorter-scale waves 
(see section 5) but also may have been emphasized by the 
superimposed artificial spectral knee of k -2 in electric field 
data that occurs for scale lengths less than roughly twice the 
double-probe component in the direction of propagation (i.e., 
_• l l m for k el.) This effect is discussed in more detail in 
paper 3. Despite the unknown spatial attenuation factor, the 
important result shown in these spectra and also displayed 
earlier in the sonograms is that the wave power for the shorter 
scales (higher frequencies) appeared severely diminished in the 
lower electrojet on both the upleg and downleg. 

In the above analysis the observed oscillations were inter- 
preted as horizontally propagating waves. Some fraction of 
the waves encountered in this region, however, were undoubt- 
edly propagating in oblique and vertical directions as well. 
Although the electric field detector was most sensitive to hori- 
zontal electric field components, it also detected "off-axis" 
waves with amplitudes decreased essentially by the cosine of 
the angle between the wave vector and the double-probe di- 
rection. Such vertical and oblique waves would undergo differ- 
ent vehicle Doppler shifts than for the horizontal waves, con- 
tributing to the power spectral densities at both high and low 
rocket frame frequencies, as given by (3). Not knowing the 
angular distribution of the irregularities as a function of wave 
number (even in a statistical sense) that were encountered by 
the rocket probes limits our analysis. We feel fairly confident, 
however, of the general results stated above. 

Summary of the Observations 
Below, we summarize the most important results from the 

in situ electrojet observations described above. 
1. The unstable electrojet layer was highly differntiated 

with respect to altitude and was composed of three different 
regions: a two-stream region of high-frequency waves on the 
topside between 103 and 111 km, where the electron curren't 
was considered to be strongest; a gradient drift region be- 
tween 90 and 106.5 km, where the upward directed electron 
density gradient was unstable; and an "interaction" region 
between 103 and 106.5 km, where both the two-stream and 
gradient drift instabilities were linearly unstable. 

After Pfaff et al. (1987a)
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Figure 2a: spectrum of 3-m waves as a function of phase velocity and angle 
from west. Up-going waves (negative Doppler) appear in a westward beam; 
down-going waves (positive Doppler) appear in an eastward beam.


Figure 2b: RMS of spectrum over angle. The asymmetry is consistent with 
previously reported up-down/east-west asymmetries (Patra et al., 2005, 
Choudhary et al., 2006, Hysell et al. 2007).

3-m wave spectra: 
Up-down/east-west asymmetries

nevertheless applied our filtering technique to process the
spectral moments, using the method described in section 2.
[15] As seen in Figures 2 and 3, field-aligned irregular-

ities started to appear around 2127 UT (scan number 6). The
spectra were initially broad compared to their mean Doppler

shift (pure type II signatures). They started to broaden further
with time until around 2212 UT (15th scan), when a distinct
type I signature started to emerge on top of the type II trace.
The same progression was observed through all three beam
positions. The phase velocity of the type I echoes continued

Figure 2. Successive spectra obtained in the west, vertical, and east beams as a function of scan
number, starting at 2101 UT on 4 April 2000 for the first scan. The scans are 5 min apart, which is the
time it took to sample through the three radar positions. The spectra are normalized in such a way that the
integral under the trace is proportional to the total received power.

Figure 3. Same as Figure 2 but for 104.5 instead of 102.5 km altitude.
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The initial total electric field magnitude is 
slightly asymmetric, with a peak in the 

density trough. The direction varies from 
18° above west to 18° above east.
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• Figure 1: Relative perturbed density (zoomed-in) and average zonal electric field after 
approximately 10 collisions, during wave growth, after wave-growth saturation, and at the 
end of the run.


• Meter-scale waves develop first and most strongly, and propagate at approximately ±45° of 
due west — upward in the troughs and downward in the crests.


• The electric field begins roughly sinusoidal, develops flattened tops coincident with FBI 
growth, and becomes distorted by the large-scale wave drift by the end of the run.


• Flat-top fields have appeared 
in rocket data (Pfaff et al., 
1987a,b) and a simplified 
simulation (Oppenheim, 1997). 
They indicate field saturation 
due to a nonlinear, instability-
driven current that transports 
plasma across magnetic field 
lines.
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