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Horizontd spectra of equatorid bubble-irregularities generated by numericd simulations
are systematically investigated. We found that a bubble with smooth structure grows in the
bottom-side ionosphere due to Gravitaional Rayleigh-Taylor (GRT) instabilities, and breaks
into anirregular structure in the topside ionosphere to form a system of bubble-irregul arities.
A smooth waveform of the density fluctuations will be obtained from ahorizontal cut through
the smoath structure of the bubble, while an irregular waveform will be obtained if a horizontal
cut through the irregular structure of the bubble is made. The power spectra of the smooth
waveform are always steep with spectral index —3 » —6, and the spectra of the irregular
waveform are shdlow with spectral index —1.5 » —2. This characteristic is found to be
universal, regardless of the scale size of the system of bubble-irregularities. Considering the
rel ative detection-probability, we argue that a satellite passing through the topside ionosphere
will most likely encounter irregular waveforms of the primary bubble-irregularities (larger
scale) with shallow spectrum, and smooth waveforms of the secondary bubbles (small scale)
with steeper spectrum. One example of satellite data of IPEI on board ROCSAT-1 is examined
and explained, based on these simulation results.

PACS. 94.20.Ji — F region.
PACS. 94.20.Lk — Topside region.

|. Introduction

Power law spectra are mostly formed a the satureion stage of some nonlinear processes
Kolmogorov [1] pioneered this problem in his neutrd turbulence theory, which states tha, if a
neutral fluid in an isotropic homogeneous medium is girred & some wave number ko, structure
will form and energy will cascade to smaller scae structure creaing a whole spectrum following
aki 52 power law. The cascade will cease a some wave number kpy, due to molecular viscosity
leading to a bresk of the spectrum at k. Scores of power law universa spectra have been reported
in the earth environment since then. A wdl-known example among them is the universal gravity
wave gectrum in the ocean [2-4] and in the lower atmosphere [5-7]. The vertical wave number
sectrum (» ki 3) of gravity waves a sauration in the amosphere is explained by dynamic
ingability and energy cascade in the wind shear [8, 9]. The theory dates that a gravity wave
(GW) propagating upward in the wind fied will be trapped in the region of dynamic instability,
where the horizonta phase velocity matches the wind velocity, and the GW will gain energy from
the background wind through wave-shear interaction. When the wave amplitude grows to a limit,
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it starts to break and cascade energy to smaller scde dructure to form a power lav spectrum,
until some eddy diffusion process becomes effective to break it. From these observations, we
can say that a power law spectrum is bagcdly formed out of the baance between energy input
(instabilities) and energy output (dissipations) and the redistribution of energy through nonlinear
processes. Therefore, precise estimates of the spectrd indices are essentid, since any atempt to
apply any non-linear theory to the observations will depend upon matching the indices to certain
characteristic scaling numbers.

The wave number spectrum of equatorial spread F extends from globd scdes down to
short wavelengths as small as 10 cm, covering 7 orders of magnitude. Consequently, the study
of soread F irregularities has been divided into various waveength sub-ranges plangtary (>
1000 km), medium (10-1000 km), intermediate (0.1-10 km), transitional (10-100 m), and short
wavdength (< 10 m) [10]. Observaions of the spectrum of spread F irregularities in the sub-
ranges of intermediate scale and trangitiond scale basicd ly fall into two categories: measurements
on board satellites [11-15] and measurements on board rockets[ 10, 16-21]. Satellite-borne probes
alow messurement of the horizontal-, and the rocket-borne instrumentation observes the verticd-
wave number spectrum. Very often, the spectrum of the observed density fluctuation takes the
form of a power law, i.e., Ix / k°. The spectra index ° typicaly lies between j L5and j 25 in
the intermediate scd e [10-13, 15, 17, 19, 21], and between j 4 and j 5 in the transitiond scde
[10, 15, 20, 21]. It is suggested that ether low-frequency dectrostetic drift waves & high dtitude
(> 280 km) [10, 20], or a one-dimensional nonlinear convective seepening asociaed with the
collisional interchange instability [22], may cause the bresk in the slope of the power spectrum.

Numericd simulation [23, 24] has also been goplied to investigate the wave number spec-
trum of equatorid spread F for the intermediate scale. The one dimensiond wave number spec-
trum, deduced from the smulations in the developed nonlinear state, invariably takes the power
lav form with spectrd index j 25 - ° - j 21 It is important to note that no (2-D) simu-
lation has ever identified the mechanism of the break in the slope of power spectrum from the
intermediae to trandtiond scde. In this paper, we will present a study of the wave number
pectrum of the system of bubble-irregularities in the sub-ranges of intermediate and transtiond
scde by simulations. It covers about 4 orders of magnitude in wave length from 2.5 m to 25
km. We understand that it is unredistic to try a single two-dimensond smulétion to cover the
whole range of the spectrum from the intermediate to the transitional scale because it would need
hundreds of millions of grid points. So, we decided to simulate the bubble-irregularities of large
and smdl scdes independently. The main object of this study is to identify the origin of the
break in the slope of the ESF wave number spectrum. Then an example of | PEIl data obtained by
the instruments on board Tawan satellite ROCSAT-1 will be examined and compared with the
smulaions.

[1. Numerical model
The model used in this study is the same as that of previous sudies of irregul arities in the

equatorial F region ionogphere [25-27]. The set of equations that are solved is a subset of the full
governing equations. They consist of the continuity equation of the plasma,

@n  _ — 0
gt v =0 @
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the steedy state dectron and ion velocity eguations,
Ve = E£ B=B? 2

K A
Vi= gFI+ O Eg+ T g+ 0, ely B (9
1 1 1 1 1 1

and the egquation for the quasi-neutrdity condition,
re¢y=o0; 4

where J = ne(V; j Ve) is the current density; n is the number density of the plasma B is the
amplitude of the magnetic field B; ©in, -i, E, 8§, On, Vi, and Ve ae the ion-neutrd callision
frequency, ion gyro-frequency, eectric fidd, gravitationd accderation, neutral wind veocity, ion
and dectron veocities, respectively. The background conditions of all the simulations in this
paper are generally the same as that of our previous studies [ 27, 28] unless specified. A congant
magnetic fidd Bg of 0.25 G is pointed northward, the gravitational force is pointed downward
(negetive z direction), and the neutrd wind is U, = 0. The ion neutral collision frequency ©in is
assumed to decrease with height from 2.0 t00.01 si ! in the height range between 250 and 530 km,
as shown in right hand pand of Fig. 1. The background dectron density is assumed to increase
exponentially with height in the range between bottom-height z, and the peak-dendty-height zp,
and decrease with height in the range between z, and the top-height z¢. The three heights z,, zp,
and z; are the parameters to be assgned in each simulaion, case by case. One example with z,
=250 km, z, = 430 km, and z = 534 km is shown in the |eft hand pand of Fig. 1, in which
the largest vertical gradient of the dendty profile gppears at 390 km dtitude with a 10 km scale
length. Correspondingly, the horizontal range of smulation Ly, the grid sizes ¢ x, ¢ z and the
time step 9ze ¢ t are dso specified case by case. The numericd scheme of computation in this
dudy is also the same as in our previous studies. The flux-corrected trangport (FCT) algorithm
[29, 30] has been gpplied to carry out the time integration of the continuity equation (1); and the
uccessive-over-reaxation (SOR) technique is goplied to solve the quasi-neutrality equetion (4).
At the beginning of each simulation, a 5% density perturbation is superposed on the background
profile

I1l. Results

Four cases of simulations will be presented: three of them (Cases LI, L2, L3) deal with a
larger scde primary sysgem of bubble-irregularities and one (Case S1) deals with a smdler scale
secondary system of bubble-irregularities For the convenience of discussion, we call the bubble
growing from the bottom-sde ionosphere due to a GRT ingability as the primary bubble, and
the bubble growing from the interior of the primary bubble is cadled the secondary bubble of the
first-generaion. The primary bubble will bresk into an irregular structure when it penetrates into
the topside ionosphere, and the secondary bubble will bregk into an irregular dructure at the wall
of the primary bubble. Similarly, the bubble growing from the interior of a secondary bubble of
the fird generaion is caled the secondary bubble of the second generation, and 0 forth. The
geometric parameters of the basdine simulations are liged in Table 1. One can see that the
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FIG. 1. (Left panel): Background electron density profile with the lower boundary at z, = 250 km, the
upper boundary at z¢ = 534 km, and the density pesk & the altitude of z, = 430 km. (Right
panel): lon neutral collision frequency profile for all the simulations.

TABLE |. Geometrical parameters of the baseline simulations

Cese L1 Case L2 Case L3 Case S1
Horizontal simul &ion range 25 km 125 km 6.25 km 125 m
Vertical amulaion range 284 km 284 km 284 km 2.84 km
Bottom dtitude z;, 250 km 250 km 250 km 450 km
Top dtitude z¢ 534 km 534 km 534 km 452.84 km
Dendty pesk altitude z, 430 km 430 km 430 km 451.27 km
Horizontal grid size ¢ x 250 m 125m 62.5m 125m
Vertical grid 9ze ¢ z 1 km 0.5 km 0.25 km 5m
Grid resolution Ny £ N, 100£ 283 100£ 565 100£ 1129 100 £ 565
Time dep 5ze ¢ t 005s 0.025s 0.0125 s 0.125 ms

largest horizontd scale-length (4 Lx = 25 km of Case L1) and the smdlest horizontal scde-length
(% 2¢ x = 2.5 m of Case Sl) of the bubble-irregularities are separated by 4 orders of magnitude
in wave number.

[11-1. Spectral analyds of a primary system of bubble-irregularities

Fig. 2 shows from left to right, the snapshots of the density contours of Cases L1 » L3
a sauration stage. We say that a simulation is a the saturaion gage if the horizontd spreading
of the irregularities has gsretched to the limit of the horizontal 9 mulation range. The three cases
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show a common feature, as described in [27] in detal: The bubble garts to grow smoothly from
the bottom-dde ionogphere due to the GRT indability, and will break into an irregular sructure in
the topside ionosphere due to the combining force of upward pushing from beow and downward
pressng from above the bubble. The upwdling bubble in the bottom-sde ionosphere has a
gmooth structure, because there is no regoring force to counter the E £ B upwdling force. For
the convenience of discusson again, we define three dearly identifiabl e regionsin each case The
region below the lowes rightward-arrow is identified as the firg smooth bubble region (SB1 or
growing bubble) and the region between the lower two rightward-arrowsis identified as the second
gmooth bubble region (SB2 or stegpening bubble); the region between the upper two rightward-
arows in each pand of Fig. 2 is identified as the irregular bubble region (IB). The exact ranges
of these regions are listed in Table 1. Examples of the density variation of the one-dimensiond
horizontd cuts through certain heights of the bubble of Case L2 are demonstrated in Fig. 3.
Diagrams (8@ and (b) are sampled cuts from the region of SB1; Diagrams (c) and (d) are sampled
from the region of SB2, and Diagrams (€) » (i) are from the region of IB. The dtitude (in km)
of the horizontal cut is denoted in each diagram. Clearly, the horizontd dendty variation has a
gmooth waveform in the region SB1, and the smooth waveform is stegpened in the region of SB2.
In the region 1B, the waveform of the horizontd dendty variation is totally irregular.

We have Fourier-andyzed the normdized dendty fluctuation +n=hni of each height a
saturation to obtain the power dendties I, of each Fourier mode

Y% 1 9%
n(x;z) _ X H 2ikx . H 2hkx "
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FIG. 2. Snapshots of the density contours of CaseL 1 at 1000 sec (left panel), Case L2 at 825 sec (middle
panel), and Case L3 at 600 sec (right pand). The rightward-arrows indicate the boundaries of
the irregular structures and the smooth structures of the bubble-irregularities.
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FIG. 3. Examples of the density variation of the one-dimensional horizontal cuts through certain heights
of the bubble of CaseL2. Diagrams (a) and (b) are sampled cuts from the SB1 region; Diagrams
(c) end (d) are sampled from the SB2 region, and Diagrams (e) » (i) are from the IB region. The
number denoted in the left-lower corner of each diagram is the altitude in terms of kilometers.

TABLE |l. Parameters of the irregular bubble region and smooth bubble regions

Case Ll Case L2 Case L3

Height range of SB1 (km) 250 » 381 250 » 386 250 » 393
Heiht range of SB2 (km) 381 » 428 386 » 416 393 » 411
Height range of 1B (km) 428 » 469 416 » 440 411 » 422
Thickness of SB1: ¢ Zsg1 (km) 131 136 143
Thickness of SB2: ¢ Zsg2 (km) 47 30 18
Thickness of I1B: ¢ Z;g (km) 41 24 11
Ratio ¢ Z|B=(¢ Zsg1t+ ¢ ZSBZ) 0.23 0.145 0.068
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FIG. 4. Spectral power index © (left panels) and themean spectrd power density (right pands) as functions
of height. (Top pands): Case L1 at 1000 sec; (Middle panels): Case L2 at 825 sec; and (Bottom
panels): Case L3 at 600 sec. The up arrows shown in each panel indicate the boundaries of the
irregular structure and smocth structure of the primary bubble-irregul arities system.

2% ’

where Ly = ¢ XE£ Ny isthe horizontal scde length of the Smulation under andysis hni represents
the average dendty and +n = nj hni isthe density fluctuation of the corresponding height. Since
there is 100 grid points in each height, we have 50 Fourier modes. We take the power densities
Ik of thefirst 24 modes(k = 1 » 24) for spectrd analyss by least square-fitting them to a power
law:

(60)

k=0£f k: (78)
The mean spectrd power density is defined as:
1

Mi=— I (7h)
24 _,
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The results of the spectral andysis for cases L1, L2, and L3 are summarized from top to
bottom, respectively, in Fig. 4, where the three left-hand pands display the height dependence of
ectral power index °, and the three right-hand pands display the mean spectral power dengty
as functions of height. The upward-arrows shown in each pand are the counterparts of the
corresponding rightward arrows in Fig. 2 indicaing the boundaries of irregular bubble region and
smooth bubble regions. One can see that the spectral index © of each height is between j 1 and
i 2 in the irregular bubble region (IB), and between j 3 and j 4 in the second smooth bubble
region (SB2). The mean sectral energy dendties of each height in the IB and SB2 regions are
goproximately equa. In the height rangeof SB1, themean spectrd energy density slowly decreases
with disance away from SB2, and the spectrum is seeper with spectrd index © between j 4 and
i 6. In the height range aove IB, the mean spectrd energy dendty sharply drops to such a low
level tha its power spectra look like noise with smdl spectrd index.

The transitions from SB1 to SB2 and from SB2 to IB, as shown in Fig. 4, are the conse-
guences of the process of the upweling of the plasma bubble The bubble starts a some dtitude
in the bottom-side ionosphere and grows up due to the GRT instability, more and more plasma
will join the bubble as it wdls-up toward topsde ionogphere. So, in this region (SB1), the totd
fluctuation energy grows with height, because the bubble congsts of more plasma at higher dti-
tudes, and the spectrd index doesn’'t change because the bubbl€ s shape doesn’'t change. In the
region SB2, the bubble keeps welling up and geepening, with very little new plasmajoining. The
geepening of the bubble will make fluctuation energy flow from large scaes to amall scales, 0
the averaged spectral energy dendty of the first 24 Fourier modes dowly decreases with height,
and the spectrd index ° jumps from j 4 » j 6 intheregion of SB1toj 3» j4 in theregion
of SB2. When the bubble penetrate into the topd de ionogphere, as explaned in [27], it starts to
break into an irregular structure, accderating the energy flow from large scdes to small scdes So
in the region of 1B, the averaged spectral energy density of the first 24 Fourier modes decreases
further, and the spectrd index © also jumps from j 3» j 4inthe SB2regionto j1» j 2.

[11-2. Simulation and analysis of a secondary system of bubble-irregularities

When the primary bubble wdls upward from the bottom-side into the topside ionosphere,
the dendty gradient of the leading edge on the top of the bubble will increase sharply, because of
the squeezing by the upward E £ B pushing from below and the downward restoring force pressing
from above [27]. Thelocd theory of the GRT ingability [28] suggests that smdl perturbations
can grow much fager than the primary bubble, due to the much sharper density gradient on the
leading edge of the primary bubble. We will present one example of smulation (Case Sl) of
a secondary bubble usng the imagined dendty profile shown in Fig. 5, where the normdized
background dendty profile for the cases L1» L3 is dso displayed for comparison. Note that the
grid-resolutions of Case L2 and Case S1 are the same, with 100 £ 565, while the verticd grid
gzes of Case L2 and S1 are 500 m and 5 m, respectively (see Table Il). Therefore, it can be
seen from Fig. 5 that the amplitude of the density gradient below the density peak in the case
S1is 100 times larger, and the amplitude of the density gradient above the density pegk is about
30 times larger, than the corresponding part in the casesL1 » L3. The smulaion has reached
saturation at simulaion time t = 8s, its density contour (not shown) is amilar to that of Fig. 2,
and the behavior of the corresponding power spectra (not shown) is also similar to that of Fig. 4,
as expected. The similarity between the secondary bubble-irregularities and the primary bubble-
irregularities is demonstrated in Fig. 6, which shows the density power spectra averaged over
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FIG. 5. Background dectron density profile for the simulation of Case S1. The corresponding density
profile for CasesL1 » L3 (Fig. 1) is mapped proportionally to this figure for comparison. Note
that the grid-resolutions of Case L 2 and Case S1 are the same, with 100 £ 565, while the vertical
grid sizes of Case L1 and S1 are 125 m and 1.25 m respectively. Therefore, the amplitude of
density gradient below the density peak in the case Sl is 100 times larger, and the amplitude of
density gradient above the density peak is about 30 times larger than the corresponding part in
thecases L1 » L3.
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FIG. 6. Averaged density power spectra in the IB, SBI and SB2 regions for the cases L1 and S1. The
spectra of the two systems are clearly similar.

many heights in the IB, SB1 and SB2 regions for the cases L1 and S1. Such self-similar scale
invariance, that is, the small-scae structuring is reminiscent in form of the large-scae structuring
and of the qructuring at all scaes in between, had been reported experimentally [16, 31]. The
sdf-similar scale invariance is important in underganding the transitiona spectra of the ESF and
will be discussed. It is important to mention here that, in all the smulaions, we have totdly
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ignored the finite ion Larmor radius effects (FLR effects), which may affect the Rayleigh-Taylor
instability at amdl scales We shall come back to discuss this point later.

[11-3. Implication of simulation results on the wave number spectra of ESF

With these reaults of the simulations, we are ready to construct a picture of the horizonta
wave number spectra of the ESF obtained by sadlite in-situ measurement, such as the IPEI on
board satdlite ROCSAT-1 [15]. Our simulations reved a universal behavior of the system of
bubble-irregularities in the F-region ionosphere: 1. The gectral index ° isj 1» j2inthelB
region, j 3» j4intheSB2region, and j 4» j 6inthe SB1 region regardless of the scde size of
the sysgem, and the average spectra energy density is proportiond to the horizontal scdesize. The
penetration depth into the topside ionosphere increases with increasng horizontd scae size of the
bubble-irregularities (see Fig. 2 and Table Il). 2. The interior of the primary bubble-irregularities
is a GRT ingahility region for secondary bubbles to grow. And the secondary bubble will break
into an irregular gructure when it penerates through the top wals of the primary bubble, where
the density gradient is the highest and turns from upward into downward in avery sndl heght
range. These results imply that the relaive probability of seeing a amall scale irregular sructure
is andler than that of seeing the large scde irregular structure by satdlite, because of the scde
Sze dependence of the penetration depth; also, the probability of seeing smooth structure rather
than seeing irregular Sructure increases with decreasing scale size. So we expect the saellite to
see a spectrum with oectral index © being j 1» j2atlagescde and j 3» j 6 at andler scde
when it passes through an ESF region.

IV. Interpretation of in-situ measur ements of the energy spectra of the ESF

Su et al. (1999) [15] had reported a power spectrum indde a bubble observed by I1PEI.
The lonospheric Plasma and Electrodynamic Instrument (IPEl) on board ROCSAT-1 is desgned
to measure the ion compostion, density, temperature and drift velocity a the 600 km dtitude
adong the ROCSAT-1 orhit within the latitude band of § 35* [32]. The spectrum they reported is
obtained from the data of 0325 » 0327 UT on March 28, 1999 (which will be referred as data
st SU heredfter), when the IPEI operated a Fag Mode to sample data at 1024 Hz during the
passage of bubble events The reported power pectral density of the dectron density fluctuation
had been broken into three sections according to the definition given in [10]- medium scale (10 »
1000 km), intermediate scale (0.1 » 10 km), and trandtiona scale (10 » 100 m), to fit I, Z k°
separatey to obtain the spectrd indexes, °1 = j 1.3, %2 =j 21 and°3 = j 4.4.

IV-1. Electron dendty fluctuation

Daa st SU includes two sparate bubble events the first event is dearly stronger than the
second event. In order to compare with our results of simulations, we decided to re-examine the
pectrum of the firg bubble event (data between 3:25:17 and 3:25:50 within data set SU). Samples
of the éectron density as a function of flight time observed by sadlite are demonstrated in Fig. 7.
The time resolution of this data set is 1s/1024 (fast mode), corresponding to a horizontal range
resolution of 7 meters goproximately. It can be seen that many smooth waveforms with scae
length less than 100 meters are dearly identifigble as indicaed by the arrows. These smooth
waveforms are very smilar to thewaveforms in the SB1 and SB2 regions obtained by smulaions
(see Fig. 3a-d). One can dso see tha the waveforms at large scaes are very irregular. We found
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FIG. 7. Samples of electron density as afunction of flight time t observed by satellite. The time resolution
of this data set is dt = 1s=1024 (fast mode), corresponding to a horizontal range resolution of 7
meters approximately. The referenced parameters to and dt for the horizontal axes are given on
the top of this figure. Arrows indicate the smooth waveforms of small scales.

that, after examining many bubble events, the smooth waveforms a small scade and irregular
waveforms at large scale, as shown in Fig. 7, are a common feature observed by the ROCSAT-1
satellite. To analyze the characterigics of the power spectrum, we take the first 8001 data points
of the dectron density starting from the firsd data point, then trandorm each density n; into the
density fluctuation tnj=A = (n; i A)=A, where A is the average of these 8001 dengties After
ubtracting the linear trend of the series f+n;=Ag, we make a Fourier trandorm of the data series
to obtain a power spectrum. Then we shift the data series rightward by 400 points, i.e, take the
next 8001 points starting from the 4015t point, and make the spectra and ysis to obtain the second
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gpectrum. We repeat the procedures of shifting and analyss until the end of the bubble event,
a total number of 67 spectra are obtained and ther average is shown in Fig. 8. This averaged
gectrum extends from the left end a the waveength of around 50 km to the right end a around
30 m, conta ning the three scaling sections defined in [ 10]. We goply the same criterion to analyze
the behavior of the spectrd index of Fig. 8: Take 400 consecutive Fourier modes to fit the power
lav 1 Z k', and shift 40 modes rightward to calcul ae the spectra index °© of another section
until the end of the spectrum. The dependence of the spectrd index ° on the wave-number k
is shown in Fig. 9, where the °© vadue of each section is asigned to its first Fourier mode. For
example, the spectrd index © of the section between k = 0.0186 (, x % 338 m, indicated by
the upward-arrow) and k = 0.069 (, x % 91 m, indicated by the downward-arrow) is as3gned to
k = 0.0186. Fig. 9 clearly reveds tha the spectra indexes of the corresponding wave numbers
k - 0.0186 are uniformly distributed around j 5/3, and the © vaues for k > 0.069 continuoudy
decresse with increasing k from © % j27to° % 4.2 This behavior of spectrd index can
be explained based on the results of our simulations. Although the highest dtitude penetrated by
the bubble of our smulaion presented in this study is only 475 km (see left pand of Fig. 2),
far below the altitude 600 km of the ROCSAT-1's orbhit, it is reasonable to apply the result of
our simulation to explain the IPEIl data because of following reasons. Fig. 2 dearly indicaes
that the penetration depth increases with incressing scale size of the bubble, and in our previous
dudy [27], a bubble with a scde length of 100 km had reached the upper boundary (530 km)
of the simulaion box, and it would surely have penedraed further if the upper boundary of the
amulation box were higher. Therefore, abubble of scale 9ze severd hundred kil ometers should be
able to penetrate through the dtitude of 600 km. When the satdlite passes through the IB region
of primary bubble-irregularities, it sees the irregular waveforms with the spectrd index around
i 2 down to the scde as smdl as 90 m. The secondary bubbles (secondary bubbles of n + 1-th
generation) with scale amdler than 90 m (gpproxi mately) grown from the interior of the primary
bubble (secondary bubble of n-th generation) will bregk into irregular sructures at the top walls
of the primary bubble (secondary bubble of n-th generation). Since the wal occupies a much
andler areathan the interior of the bubble, the satdlitewill have much higher probability of seeing
the smooth waveform than seeing the irregular waveforms of the secondary bubble-irregularities.
Therefore, the spectral index sharply decreases from j 2.7 to j 4.2 » the former mug result from
seeing the anooth waveforms and i rregular waveforms of the secondary bubbles dternatively, and
the later results from seaing the smooth waveforms of the secondary bubble-irregularities.

IV-2. Vertical veocity fluctuation

Applying the same procedure of spectral andysis on the time series of verticd velocity
©, (note: not ©,=2,) of the same bubble event, we obtain Fig. 10. The l&ft panel (counterpart
of Fig. 8) shows the averaged spectra power and the right pand (counterpart of Fig. 9) shows
the spectra index as a function of the horizonta wave number. It can be seen that, a long
wavdengths (, > 300 m), the spectrum is shallow, with spectral index between j 1 and j 2; &
short wavdengths (, < 90 m), the spectrum becomes very steep, with spectrd index gpproaching
i 4. The spectrum characteridics in these two ranges appear somewhat similar to tha of the
dengty fluctuation spectrum (comparing with Fig. 8). However, in the wavdengths between 300
m and 90 m, the spectrum is flat with index approaching 0. This characteridic repestedly appears
in ROCSAT-1 data
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FIG. 8. Averaged power density spectrum of
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FIG. 9. Spectral index ° calaulated from Fig. 8
asafunction of the wave-number k. The
° value of each section is assigned to
its first Fourier mode. For example, the
spectral index © of the section between k
=0.0186 (, x % 338 m, indicated by the
up-arrow) and k = 0.069 (,x % 91 m,
indicated by the down-arrow) in Fig. 8
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FIG. 10. Corresponding averaged power density spectrum of the vertical drift vdocity ©, of the same
bubble event of Fig. 8. The left pand (counterpart of Fig. 8) shows the averaged spectral power
and theright panel (counterpart of Fig. 9) shows the spectral index as afunction of the horizontal

wave number.
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FIG. 11. Wave number dependence of °(V,) i °(N.), the difference between the spectral indexes of the
vertical drift velocity and density fluctuation, obtained from Fig. 9 and Fig. 10.

To compare the power spectrum of the vertical velocity (» Ex) with the spectrum of the
dengty fluctuation, the difference between their spectral indexes, °(Vz) i °(Ne), is displayed
as afunction of horizontd wave number in Fig. 11. At large wave lengths (, > 300 m), the
difference °(Vz) i °(Ne) gradually incresses from O to 1 with increasng wave number; & a
sgnificant portion of the short wave lengths (, < 90 m), the difference ® (V;) i °(Ne) fluctuates
between 1 and 2. Since the Boltzmann rdaionship (with j£V,j2 » k2jtn=nj2) requires that
°(Vz) i °(Ng) = 2, it seems tha the Boltzmann rdationship is not likdy to be everything &
gndler scales. If anything, the Boltzmann reldionship seems to play a more important role at
waved engths smaller than 90 m than & wavelengths longer than 300 m.

V. Summary and discusson

The spectra of equatorid soread F contain much information concerning the physics of
nonlinear processes. Rocket and satdlite in-situ measurements reved a common feaure tha the
gectrum has smdl er negative index (near © = j 2) on ascde larger than 100 m, and breaks to a
vay steep slope (° - j 4) & smdler scdes. This feature had not been reproduced previously in
any 2-D simulaion. Since the ESF wave number spectrum extends at |east 6 orders of magnitudes,
it isimprectical to try to generate the whole spectrum by a single Smulation. So we try to study
the nonlinear phenomena by combining many simulations at different scales. We have obtained
an universal characterigics for the bubble-irregularities regardless of the scale In the region of
dengty gradient upward (GRT instability region), any perturbation will grow into a bubble welling
upward smoothly, when the bubble penetrates into the region of density gradient downward where
it is gravitationally stable, the bubble will break into an irregular structure. We may regard the
gmooth structure and the irregular structures as two phases of a bubble-irregularities sysem: the
smooth structure is in the order-phase and the irregular gructure is in the disorder-phase. The
breaking of the smooth structure into an irregular sructure may be considered as an order-disorder
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transition. The horizontal wave number spectra in the region of irregular structures are shalow
with spectral index % j 2, while that in the smooth bubble region are always very steep with
gpectral index between j 3 and j 6, regardless of ther scdes. In addition, the smooth bubble
region (order phase) may be further divided into a growing phase (SB1) and seepening phase
(SB2) with spectrd indexesinthe ranges j 4» j6 and j 3 » j 4, regectivdy. We believe that
thisisthe origin of the breaking spectrum observed by saellites. Whenthe satellite cuts throughthe
irregular structure of a bubble, it detects a shdlow spectrum with spectrd index % j 2; and it will
detect a geep spectrum with spectrd index between j 3 and j 6 when it cuts through the smooth
dructure of a bubble; when it sees both smooth structure and irregular structures, it will encounter
a goectrum with spectral index being somewhere between these two extremes. Another important
factor for the exisence of the breaking spectrum reveded by our Smulationsis that the ratio of the
height ranges of irregular-gructures over smooth-structure decreases with decreasing scde. When
the satellite passes through the tops de ionosphere, where no smooth gructure of primary bubble
exists and only irregular structures are available to be detected, we expect shdlow spectrum with
oectral index % j 2 a larger scdes. Since the thickness of irregular structure decreases with
decreasing scale, the irregular structure of small-scae primary bubble-irregul arities system will
have smdl probability of beng detected. That explains why the shallow spectrum will break
a some scale length (probably around 100 m). Also, the density gradient upward region of the
interior of the primary bubble-irregularities provides a good environment for a secondary bubble
to grow smoothly, and the secondary bubble will most probably break into irregular sructures
a the verticd wall where the density gradient changes from upward to downward. Since the
bubble' s wal occupies only a samall fraction of the bubble-irregularities sysem, the probability
of seeing the smooth gsructure is much greater than that of seeing the irregular structure of the
secondary bubble-irregularities system. Tha explains why the spectrum breaks to a very steep
dope with index near j 5 a smdler scdes. We have dso taken a different scheme from the
conventional approach in ectral andysis of satelite or rocket data. Fird, we limit the data
=t for the spectrd power density cadculdion strictly to one complete bubble-irregulaiities event;
second, we minimize each section to just 400 modes for the spectra index calculation, to see the
dependence of the spectrd index on the scade length. Only in this way, we are ableto condruct a
picture for the bubble-irregularities system observed by satdlite: When the satdllite passes through
abubble-irregularities event in the topside ionosphere, it encounters most likey the disorder-phase
of the primary bubble-irregularities and the order-phase of the secondary bubble-irregularities

The universal characterigics of the horizontd spectra of the d ectron density fluctuation is
obtained by simulations under the condition that the finite ion Larmor radius (FLR) effect is not
important. Since the ion Larmor radius is 3 m in the ionosphere, FLR effects on the Rayleigh-
Taylor ingability will become more and more significant as the scd e size of the bubble gets
gmaller and smaller gpproaching 3 m. Our numericd mode does not indude the FLR effect,
therefore we do not know how the FLR will afect the GRT instability at different scdes We
can only assure that the universal characterigics apply to dl the scale szes of bubbles as long
as the FLR effect is negligible. We are not surprised that our numerical mode does not result in
the Boltzmann relationship since the FLR effect is totally neglected. Two fundamentd problems
remans to be solved: 1. At what scae length does the FLR gart to affect the Rayleigh-Taylor
ingability? 2. How does the FLR effects affect the Rayleigh-Taylor instability?

The data from the ROCSAT-1 satdlite does not present a clear Boltzmann rdaionship
between the horizontd wave-number spectra of tn=hni and tE,, it does not completdy rule out
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a possble existence of the Boltzmann rdationship in the transitional scae ether. Note that the
smdlest wavdength in the horizontal wave number pectraof the ROCSAT-1 data and yzed in this
paper is 30 m, which is 10 times larger than the ion Larmor radius The vertical wave-number
ectra observed by the rocket experiment of 1990 CRRES/EQUIS campaign [21], reved that
both vector components of the perpendicular electric fied (perpendicular to the-magnetic fidd)
are proportiond to tn=n a waveengths |onger than 300 m but assume a Boltzmann rdationship
(with j2Ej2 » k2jzn=nj?) a smdler scaes. In other words, the rocket experiment made by Hysdll
et al. has observed the Boltzmann rdati onship, but the satellite experiment of ROCSAT-1 nether
confirms nor disapprovesit. Theorigin of the break in the slope of the oread F spectrum remains
open for further study, both experimentaly and numerically.
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