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Abstract. The planar Langmuir probe (PLP) onboard different ionospheric parameters with high resolution. The
the Communication/Navigation Outage Forecasting Systenist of C/NOFS science objectives has been organized into
(C/NOFS) satellite has been monitoring ionospheric plasmahree categories to (1) understand physical processes active
densities and their irregularities with high resolution almostin the background ionosphere and thermosphere in which
seamlessly since May 2008. Considering the recent changgdasma instabilities grow, (2) identify mechanisms that trig-
in status of the C/NOFS mission, it may be interesting toger or quench the plasma irregularities, and (3) determine
summarize some statistical results from these measurementsow the plasma irregularities affect the propagation of elec-
PLP data from 2 different years (1 October 2008—-30 Septemiromagnetic waves (de La Beaujardiére et al., 2004).

ber 2009 and 1 January 2012—-31 December 2012) were se- Interesting new observations which may be associated
lected for analysis. The first data set corresponds to solawith the solar-minimum conditions that existed during the
minimum conditions and the second one is as close to solafirst months of operation were reported very soon after the
maximum conditions of solar cycle 24 as possible at the timelaunch of the C/NOFS satellite. The detailed Introduction by
of the analysis. The results from the analysis show how theNishioka et al. (2011) summarized these findings, with di-
values of the standard deviation of the ion density which arerect links to the original references. Next, they discussed ap-
greater than specified thresholds are statistically distributegharently contradictory observations of plasma density irreg-
as functions of several combinations of the following geo- ularities and VHF scintillation activity at Ancon, Peru, with
physical parameters: (i) solar activity, (ii) altitude range, (iii) the additional support of simultaneous data from a ground-
longitude sector, (iv) local time interval, (v) geomagnetic lat- based GPS network, a digisonde, and the Jicamarca incoher-
itude interval, and (vi) season. ent scatter radar. In continuation of the initial studies related
to deep solar-minimum conditions, Huang et al. (2011) inves-
tigated the generation and evolution of plasma bubbles and
broad plasma depletions based on three different evenings
of C/NOFS observations. They proposed a hew mechanism
through which a series of plasma bubbles are created in the
evening sector by the Rayleigh—Taylor instability. The longi-

tudinal widths of the plasma bubbles continuously grow, in

The Communica_ltion/Navigation Outage Fo_recastipg SySten},uch a way that multiple bubbles with regular sizes can merge
(C/NOFS) satellite was launched on 16 April 2008 into a low to form wider bubbles or a broad depletion. The plasma bub-

?nclination (13), elliptical orbit (perigee and apogee approx- paq are guenched through their fillings with newly produced
|matgly equal to 400 and 850 km, respectn{ely). Data from arl)articles generated by photoionization processes near dawn.
a suite of sensors on board the satellite drive an equatori

. . X . Additionally, results from electric field measurements by
ionospheric model to forecast the onset of plasma |nstab|l-t

. I . lution i | bubbles (R he C/NOFS vector electric field instrument (VEFI) were ap-
ity, as well as its evolution into plasma bubbles ( etterer,p"ed to the assimilative physics-based ionospheric model

2010). Due to its orbital period, these sensors are able to re(PBMOD) (Su et al., 2009, 2011) to reproduce postmidnight
visit neighbor regions in space at 90 min intervals, measuring ’ ’
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and dawn observations of large-scale density depletions imf structures withoky >1 % andoky >5 % as functions of
the Northern Hemisphere summer during solar-minimumlocal time (30 min bins); (ii) occurrence probability of irregu-
conditions. larities withoky >1 % and average intensity of irregularities
The above paragraphs illustrate the important role of oneas functions of season (3-month bins), longitude sectdr (30
particular C/NOFS instrument, its onboard planar Lang-bins), and local time interval (2 h bins); (iii) occurrence prob-
muir probe (PLP), which has been monitoring ionosphericability of structures withoxy >1% as functions of season
plasma densities and their irregularities with high resolution(3-month bins) and magnetic latitude (3ins); and (iv) oc-
(at 512 Hz during satellite eclipses) almost seamlessly sinceurrence probability of irregularities with > 1 % as func-
May 2008. Considering the recent changes in status of théions of season (three-month bins) and longitude sectdr (30
C/NOFS mission, it may be interesting to summarize somebins). All these distributions resulted from data recorded in
statistical results from the PLP measurements. This is the obthe altitude interval from 350 to 450 km.
jective of the present contribution. Therefore, it complements Huang et al. (2002) and Burke et al. (2004a) examined
previous work by Roddy et al. (2010) and Dao et al. (2011),more than 75000 latitudinal ion density profiles measured
which also analyzed data corresponding to low solar activityfrom 19:30 to 21:30LT by instruments onboard Defense
conditions. The first authors processed;/N; records, cal-  Meteorological Satellite Program (DMSP) satellites between
culated from the standard deviatianV; of ion density fluc- 1989 and 2001. The extremes of this interval approximately
tuations around its 1 s averagg, to provide statistics of the coincide with the maxima of the intense solar cycles 22 and
ability of the C/NOFS PLP to detect scintillation observed by 23, when their early-averaged absolute 10.7 cm solar flux
the Scintillation Network Decision Aid (SCINDA) network density reached the values 190 and 165 sfu, respectively. All
(Groves et al., 1997) at Christmas Islan8 k8 157 W). The DMSP satellites follow Sun-synchronous circular orbits. The
second authors defined the ambient density as an envelogwmmon inclination, altitude, and period of the orbits are
Ni eny cOnnecting the local maxima of ion density measure-equal to 98.7, 840 km, and 102 min, respectively. The corre-
ments evaluated every 60 s (corresponding to approximatelgponding satellite velocity is close to 7.5 kmtsEach satel-
450 km in space) with the help of spline interpolation. Next, lite completes 14 orbits per day, with a precession rate df 25
they subtracted the measurements from the envelope to olper orbit. The sections of the above profiles recorded within
tain the deviationsN; from the ambient density and com- +30° from the magnetic equator were searched for equato-
puted the normalized density depleti®Ni/Nj eny. Finally, rial plasma bubbles (EPBs), characterized by decreases and
they analyzed the averag®/i/ N eny in 1 h local time (LT)  recoveries of the ion density by factors of two or greater in
bins. relation to the corresponding ambient values. No distinction
The C/NOFS program was not the first to provide data forwas made between one or several of such plasma density
similar studies. Some of the previous programs will be briefly depletions per orbit. Thus, this study was concentrated on
reviewed in the following and the results of particular interestintermediate- to large-scale (tens to hundreds of kilometers)
to the present contribution will be listed. irregularities. Slightly over 8300 EPBs were identified. The
Kil and Heelis (1998) used data obtained from the re-occurrence rates of EPBs were determined from the set of ra-
tarding potential analyzer (RPA) onboard the Atmospheretios between the number of orbits with EPBs and total num-
Explorer-E (AE-E) satellite, kept with an inclination approx- ber of orbits in each bin. Huang et al. (2002) classified the re-
imately equal to 19 They analyzed data taken during es- sults into 24x 4 (longitude sector, season) bins to determine
sentially circular orbits in the period from 1977 to 1981, di- seasonal and solar-cycle variability of the EPB occurrence
vided into two altitude regions: (i) below 300km in 1977; rates. They also processed the ion densities measured along
or (i) from 350 to 450 km in the other years of the period. 200 orbits with no EPB activity in the evening sector during
At these altitudes, the satellite velocity was approximately1991 and 1996. They found that the plasma density decreased
equal to 8 kms!. The yearly-averaged absolute 10.7 cm so-from (3.6+2.2) x 10° cm 3 to (1.08+0.41) x 10% cm~3 be-
lar flux density values were 78, 129, 173, 179, and 182 sfuween solar maximum and minimum. Burke et al. (2004a)
(solar flux unit) in these five years, respectively. Note thatassumed 24 12 (longitude sector, 1-month) bins, each con-
1 sfu corresponds to 182Wm~2Hz 1. The RPA onboard taining approximately 250 samples, to investigate the effects
AE-E operated over repetitive 8s cycles. During each cy-from the strength of the equatorial magnetic field and its an-
cle, approximately 3s were used to measure a signal thagle with the dusk terminator line on the same rate. Burke
was proportional to the total ion concentration. The signalet al. (2004b) updated their analysis to include similar data
was sampled at 112 Hz, providing a resolution of station-recorded during solar maximum 2002.
ary structures with scale sizes between approximately 75m The ion trap sensor onboard the scientific satellite of the
and 25 km. The intensity of the structure over this period (3 sRepublic of China (ROCSAT-1) observed irregularities in the
or, equivalently, 25 km) was measured as the percentual rmspside ionospheric ion density along*3aclination, 600 km
(root mean square) deviatieRy of the signal from a straight  circular orbits. At this altitude, the satellite velocity was ap-
line. The following distributions were presented and dis- proximately equal to 7.6knts. Su et al. (2006) used the
cussed by Kil and Heelis (1998): (i) occurrence probability 1 s averaged values of these measurements from March 1999
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to June 2004 in their studies. The yearly-averaged absolut2 Data description and processing
10.7 cm solar flux density values were 138, 162, 165, 162,
117, and 96 sfu in these 6 years, respectively. Initially, tenPLP data are immediately available in individual daily files
consecutive average valueg1 < i < 10) were linearly de-  with 1 Hz resolution, but high-resolution data (512 Hz) are
trended and the fitted values, at the corresponding data also available on request. Each 1s record, corresponding to
points were obtained. The intensity of the irregularities in theapproximately 7.5 km, associates the Universal Time (UT, s)
10 s data segment was characterized by the satidetween  to the corresponding average ion densitfcm~3), standard
the square root of the average valuglof(ni/noi)]2 and the  deviation of the ion densitha N; (cm™3), ratio AN;/Nj, as
average value of l0@,). This intensity measure is affected well as satellite latitude (degrees), longitude (degrees), and
by irregularities with scale sizes between 7.5 and 75.0 kmaltitude (km). These records are obtained from the corre-
The ratio between the time duration wheg,>0.3% and  sponding high-resolution data. Figure 1 displays an example
the satellite transit time determined the occurrence probabilof PLP data acquired during a single orbit (between consec-
ity in each P x 1° square grid in longitude and latitude. The utive crossings of the geographic equator) centered on local
auxiliary parameters local time, season, Kp index, and dailysolar midnight. Its top panel shows the measured 1s (green)
solar flux intensity were also recorded for studies of densityand 1 min (black) average ion densities against the left verti-
irregularity occurrence conditions. Su et al. (2006) presentecdal axis. This panel also shows the altitude of the satellite
and discussed the following distributions of the occurrenceagainst the right axis (blue, with eclipse indicated by the
probability of structures witlrsy > 0.3 % as functions of (i)  heavily dotted line). The central panel shows spectrograms
longitude and latitude €1x 1° square bins), for each season; of the full 512 Hz data converted into units of distance with
(i) season (3-month bins) and longitude sector°(bins); spectral power given in arbitrary units. The bottom panel rep-
(i) season (3-month bins) and dip latitude @E@ns); and (iv) ~ resents the ground track of the satellite (red, heavily dot-
season (3-month bins) and local time (1 h bins), for Kp < 3.ted during the eclipse) together with the magnetic equator
They claim that, had a linear scale been used to estiseae  (green).
the adopted threshold would be roughly equivalent to the one The 1stime series of the average ion denaitallows dif-
used by Kil and Heelis (1998). The set of distributions de- ferent studies of irregularity structures with relatively large
scribed in (i) were compared with corresponding ones ob-scale sizes. Indeed, considering the average C/NOFS satel-
tained by McClure et al. (1998) using AE-E data. These au-lite velocity and the well-known sampling theorem (Haykin,
thors characterized the intensity of irregularities by examin-1983), only structures with scale sizes greater than or equal
ing the first 3 s of RPA data of eight consecutive 8 s cycles. Ato approximately 15 km are well characterized in the time se-
64 s irregularity patch (equivalent to 500 km) was only con- ries. On the other hand, each value of the standard deviation
sidered in the analysis when at least three (out of eight) valof the ion densityA N; indicates the strength of the small-
ues ofoky and the average ion density exceeded 0.5 % andscale scintillation-causing irregularities in the corresponding
5 x 10° cm™3, respectively. 1sinterval, associated with the integrated power in the spec-
The success of the C/NOFS program is partially measuredrograms of Fig. 1. According to Yeh and Liu (1982), under
by the already vast but still increasing related literature. Athe conditions leading to a parabolic approximation to the
more thorough review of the literature will be sacrificed in scalar wave equation, one has
favor of the adequate presentation of the results from the

present work. _ : _ o VZu=—k*Se)u=4mre(SN)u
In Sect. 2, the PLP data and its processing which led to 0z
several detrended (unbiased) probability distributions of 1s =47re AN; (8n) u. Q)

standard deviation of the measured irregularities in the ion
densityA N; will be described. Note that the parameter inves-In Eq. (1), # is the complex amplitude of the transiono-
tigated by the present statistical studies is different from thespheric signalk is the free-space wavenumbers aligned
ones analyzed by the references in the previous paragraphwith the propagation directiorWi is the transverse compo-
The reason for the present selection will also be provided innent of the Laplacian operatdg andsN are the zero-mean
the next section. These probability distributions will be pre- random permittivity and electron density fluctuations of the
sented and described in Sect. 3 for several combinations amedium, and = 2.818x 10~ 1°m is the classical electron
geophysical parameters (solar activity, altitude range, longi+adius. Note thab N has been recast in the formnN;(8n),
tude sector, local time interval, season, and geomagnetic latwheresn is the normalized (zero-mean and unit-standard de-
itude interval). The same results will be discussed in Sect. 4yiation) electron density fluctuations of the medium, to high-
which will indicate that performing the statistical analysis light the fundamental role of the absolute value of the stan-
with basis onA N; is relevant to scintillation-oriented work. dard deviation of the ion densitk ; in the development of
Conclusions from the analysis will be listed in Sect. 5. scintillation of transionospheric signals. Indeed, as stressed
by Yeh and Liu (1982), the above is the basic equation upon
which ionospheric scintillation theories are developed.
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Figure 1. Orbit 19734, 4 December 2011. (top) One-minute average ionospheric density (black line); 1s average density (green line); and
satellite altitude (blue line). (middle) FFT from the 512 Hz PLP data. (bottom) Map with satellite trajectory (red) and magnetic equator
(green). Thick dotted lines indicate when the C/NOFS satellite is in darkness.

The weak-scattering theory (Rufenach, 1975; Basu et al.references in Sect. 1 are based on a different parameter (the

1976; Costa and Kelley, 1977; Rino, 1979) estimates theratio AN;/Ni).

scintillation indexSy of the signal received on the ground af- PLP data from 2 different years (1 October 2008-

ter propagating through an irregularity layer by the equation30 September 2009 and 1 January 2012—31 December 2012)
were selected for analysis. The first data set corresponds to
solar minimum conditions and the second one is as close to

Sa=C (re)n/ LLO) AN; (v/mz/Lo). (2) solar maximum conditions of solar cycle 24 as possible at the
time of the analysis.

In the above equatiors4 is the standard deviation of nor- The results from the ana|ySiS show how the values of the

malized received intensity/ < >, wherel = [u|2 and<  Standard deviation of the ion densityN; (cm™3) that ex-

I > is the average value df, z; = (2.2)Y/2 is the Fresnel- ~ ceed specified thresholds (to be defined in the next section)

scale size) is the wavelengthZ and z are the irregular- ~ are statistically distributed, as functions of several combina-

ity layer thickness and bottom height, respectively, agd ~ tions of the following parameters: (i) solar activity, (ii) al-

is the outer-scale size of their power spectral density. Equalitude range, (iii) longitude sector, (iv) local time interval,

tion (2) assumes vertical propagation through the equatoriafV) geomagnetic latitude interval, and (vi) season. The ef-

ionosphere and, due to slightly different power density specfects from the solar activity are represented by the differences

tral models assumed by the referenced authors, the constaRetween the results from the 2 selected years. Four local-

C varies from 0.6 to 2.0. It should be stressed that the abovdéime intervals ([18:00-21:00LT), [21:00-24:00LT), [00:00—

result is only valid in the limits of the weak-scattering theory. 03:00LT), [03:00-06:00 LT)) and four seasons (days 34-125

The scintillation indexs; asymptotically approaches unity in for the March equinox, 126-216 for the June solstice, 217-

the strong-scattering regime (Yeh and Liu, 1982). 307 for the September equinox and 308—33 for the December

The right-hand sides of Egs. (1) and (2) directly dependsolstice) are considered.
on ANj, which explains the selection of this parameter for ~ To study the altitude distribution of the values/®N; that
the present study. Note that most of the results from theexceed the specified thresholds, four equal-size ranges are

Ann. Geophys., 32, 773791, 2014 www.ann-geophys.net/32/773/2014/
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assumed: [400-500 km), [500—600 km), [600-700 km), and
[700-800 km). Samples oA N; corresponding to satellite
positions outside these intervals are discarded. This selec-
tion of altitude intervals, in addition to keeping uniformity,
also takes into account the fact that, with age, the C/NOFSE 3% &
satellite no longer reaches the initial apogee (850 km), as ob- g 2500 \
served in F|g 1. @ 21000, -aso 60 90 120 150. 180 210 240 270 300 330 360

Nine uneven longitude sectors are selected: South Ameri- Longitude (deg)
can West [270-300), South American East [300-325At- Figure 2. (top) Latitude of magnetic equator (yellow, left vertical
lantic [325-3438), African West [343-039), African East  axis) and corresponding declination (red, right vertical axis) for
[030-060), Indian [060-090), Asian [090-130), Pacific  each longitude. (bottom) strength of the magnetic field (yellow, left
West [130-170), and Pacific East [L70—270 As indicated  vertical axis) and 2 days of the year for approximate alignment be-
in the top panel of Fig. 2, the magnetic declination (red line tween the magnetic field and the terminator line at the magnetic
and right vertical axis) remains relatively constant or dis- €quator for each longitude (red, right axis). The vertical red lines
plays a relatively constant longitudinal gradient in each of Separate the adopted longitude sectors.
these sectors. Note that, with few exceptions (the Atlantic
and the two Pacific sectors), the projection of the magnetic
equator onto Earth (yellow line and left vertical axis) crossesgeographic latitudes less than approximately ib3absolute
land in most of the sectors. Thus, the above selection ofvalues) should be remembered. Based on the combination
longitude sectors is interesting, since topography has beenf the two features, it is easy to see that the C/NOFS satel-
listed (Friits and Alexander, 2003; Takahashi et al., 2009;lite never transits through the first magnetic latitude interval
Carrasco and Batista, 2012) as one of the possible driverf—20 to—10°] of the South American West longitude sector
of gravity waves. These waves propagate vertically, reachand the third magnetic latitude interva} 10 to +20°] from
ing the bottom of the F layer to seed plasma instability pro-the Atlantic to the Pacific West longitude sectors.
cesses that generate equatorial plasma bubbles and irregular-In principle, the local time of the C/NOFS satellite is
ities in the ionospheric density. The definition of the above evenly distributed among the four selected intervals ([18:00—
longitude sectors may also permit the observation of sea21:00LT), [21:00-24:00LT), [00:00-03:00LT), [03:00-
sonal and longitudinal effects on the occurrence of equa®06:00LT)), for evening hours. Uniformity is also applicable
torial irregularities according to the alignment between theto yearly and seasonal distributions. In practice, missing sam-
dusk terminator and the geomagnetic flux tubes (Abdu etples and the restriction of data to the altitude interval [400—
al., 1981; Tsunoda, 1985). The bottom panel of Fig. 2 plots800 km) distort uniformity somewhat.
the strength of the magnetic field (yellow, left vertical axis) In contrast with the uniformity characterized in the previ-
and indicates the 2 days of the year for approximate align-ous paragraph, it is evident that relative frequencies of ob-
ment between the magnetic field and the terminator line aservables in the longitude sectors are affected by their differ-
the magnetic equator, for each longitude (red, right verticalent widths.
axis). The meridional angle of the terminator was calculated Additionally, it should be observed that, also due to its or-
in terms of the Julian day D by the approximate expressionbital characteristics, the C/NOFS satellite is not neutral with
& ~ 235°sin[z (D —81.0)/1825] (Burke et al., 2004a). The respect to altitude and latitude measurements. Indeed, Fig. 3
vertical red lines separate the adopted longitude sectors.  shows the probability density functions (pdfs) of the C/NOFS

The magnetic latitude) is approximately determined satellite altitude and geographic latitude, resulting from the
from the relationship tany = (1/2)tanly,, where the mag- data files and predicted by a theoretical model (Fortes et al.,
netic inclinationl, is obtained from version 11 of the In- 1999; ITU-R, 2001). Each of the curves in Fig. 3 is normal-
ternational Geomagnetic Reference Field model (IGRF-11)zed in such a way that the pdf values at their break points
(International Association of Geomagnetism and Aeronomyadd to one.
and Working Group V-MOD, 2010) for the corresponding  The top plot clearly shows the good agreement between
C/NOFS satellite position. To study the magnetic latitudethe predicted and the initial altitude pdfs corresponding to
distribution of the values oA N; that exceed the specified the year 2008, as well as the progressive departure from them
thresholds, three equal-size intervals are considerezD fo over the years. However, the good agreement between the
—10°], [-5to B’], and ({10 to+20°]. Irregularities outside  predicted and the geographic latitude pdfs persisted through-
these intervals are not considered by magnetic latitude studsut the years. It is also important to note that, as previously
ies. The second interval is centered at the magnetic equanentioned, the C/NOFS satellite transits through the selected
tor and the other two should ordinarily include the peaksaltitude and geographic longitude intervals with different
of the equatorial anomaly. For this study, the structure ofprobabilities. For example, (1) the probability for the lower
the geomagnetic field (inferred from Figs. 1, 2) and the or-altitude interval [400-500 km) is greater than that for the one
bital characteristics of the C/NOFS satellite (restricted toimmediately above [500-600 km); and (2) the probability for

titude
(deg)

La
Day of Declination

Year
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the probability distribution of the values afN; with altitude

0.020
ranges and longitude sectors (a total of 8 =36 classes)

a specified set of parameter classes. For example, the study of

0.015 :(T:?ﬁgf;i;glos generate 36 values of probability of the occurrence of the
—C/NOFS 2009 C/NOFS satellite and the same number of biased histograms.
—CINOFS 2010 Next, each value of a histogram is divided by the probability
—CINOFS 2011

of the occurrence of the C/NOFS satellite in the correspond-
ing class. Note that probabilities of certain occurrences of
the C/NOFS satellite are equal to zero, as indicated by the
last two sentences of the previous paragraph specifying mag-
\ netic latitude intervals. However, all the values of the cor-
~— responding histogram ok N; are also necessarily equal to
| zero and the above divisions are avoided in these cases. This
350 400 450 500 550 600 650 700 750 800 850 900 is the only study where such a situation exists: only 20 out
Altitude (km) of 36 classes are available, due to the structure of the geo-
magnetic field and the orbital characteristics of the C/NOFS
satellite. Finally, the set of resulting histograms are renormal-
ized in such a way that all their values add to one. From the
final set of histograms, the detrended (unbiased) probability
, of AN; exceeding each specified threshold is determined for
A each combination of parameters.

0.010

—C/NOFS 2008-2012

o
o
o
(3]
—

Probability Density Function

0.000

o
=
N

o o
> 2
(=) o
—

— Theoretical The above processing that leads to unbiased probabilities
/ \ —C/NOFS Satellite 2008-2012 might be questionable if the probability of the presence of
the C/NOFS satellite within one class were much smaller

/ \ than that of another class. Therefore, particular care has been
\ taken to confirm that, for each study, the set of probabili-
1

ties of the presence of the C/NOFS satellite within each class
did not excessively depart from uniformity. As an example
of this preliminary analysis, one could think that the perigee
15 10 5 0 5 10 5 of the C/NOFS satellite could show an extreme preference
Geographic Latitude (°) for a particular class of longitude sector and season of a sin-
gle year. This situation could severely decrease the probabil-
Figure 3. The pdfs of the C/NOFS satellite altitude (top) for dif- jty of the presence of the C/NOFS satellite within another
ferent years and an extended period, as well as of the geographig|ass, making it very difficult to remove such a bias. Figure 4
latitude (bottom) for the same extended period, estimated from the,,yfirms that the described situation did not occur. Its panels

data files. Also shown are the corresponding pdfs predicted by a,. T .
theoretical model (Fortes et al., 1999; ITU-R, 2001) assuming nom?dlSpIay the probability distribution functions of the presence

inal orbital parameters (inclination 13perigee and apogee approx- of the C/NOFS sateliite within ea;h combination of longi-
imately equal to 400 and 850 km, respectively). Each of the abovetude sector (on a per degree basis) and season of 2012 for

curves is normalized in such a way that the pdf values at their breake following altitude ranges: (a) [400-800km), (b) [400—
points add to one. 500 km), and (c) [700-800 km). Thus, the results correspond

to the full, lower and upper altitude ranges, respectively. This

figure has been prepared with basis on the same 15 files de-
the geographic latitude interval-[L3 to &) is greater than  scribed in the first paragraph of the current section. Note that
that for any other interval of the same length. From the lowerthe variations of the probabilities in each of the three panels
panel of Fig. 1 and from Fig. 2, one can easily concludeof Fig. 4, which also consider the eventual absence of data,
that the absence of uniformity in the distribution of the geo- are limited to only 18.37, 16.04, and 24.87 %, respectively.
graphic latitude of the C/NOFS satellite also assigns differenfThese results are consistent with the fact that the C/NOFS
probabilities to its presence in the selected magnetic latitudeatellite’s ascending node and perigee precess westward at
intervals. the approximate rate of 24er orbit. Considering the num-

Considering the need of taking the above observations intder of 15 orbits per day, they visit all the longitude sectors ev-

account, the detrended (unbiased) probability distribution ofery single day. In summary, after examining this and all the
the values ofAN; within each combination of parameters other situations of interest, no cases beyond the correction
is obtained as follows. Initially, the probability of the occur- capability of the adopted procedures need to be reported.
rence of the C/NOFS satellite and the biased histogram of the
values ofA N; are separately determined for each member of

/ | 1~

Probability Density Function
—
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=3 o
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—~———
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Position of the C/NOFS Satellite - 2012 respective years 2008—-2009 and 2012 in the altitude interval
000076 (a) = Mar =Jun - Sep = Dec [400-800 km). The complementary cumulative distribution
0.00074 functions of lod A N;) are plotted in Fig. 5 for these 2 years.

The observed absolute maximum value\dY; corresponded

000072 1 N to a negligibly low probability. For the current purposes, the

£ 000070 —og— SN T maximum value ofA N; exceeded with a significant proba-
g 0.00068 N T T I i bility was taken as 2 x 10° cm~3 [log(AN;) = 5.5]. Con-
2 0.00065 sidering this reference as the maximum value, the threshold

levels log AN;) > 3.5 and logAN;) > 4.5 were adopted. It
0.00064 should be stressed that, as indicated in Fig. 5, the global per-
centages of the above samples that exceeded the threshold
log(AN;) > 3.5 were approximately 0.72 and 11.40 % for
the years 2008—-2009 and 2012, respectively, and that exceed-
ing the threshold logA ;) > 4.5 was approximately 0.46 %

for the year 2012. There are 79816, 1480962, and 59 758
(b) samples above the respective thresholds. The highest thresh-
old level was exceeded during the solar-minimum year 2008—
2009 with such a low probability that the corresponding dis-
0.00022 tributions will not be shown.

For scintillation calculations, the estimation AfV; from
0.00021
0.00020
0.00019
0.00018

0.00062

0.00060

SAW SAE ATL AFW AFE |IND ASA PFW PFE
[400-800 km)

0.00024

0.00023

Probability

ity

Probabil

in situ measurements is generally preceded by the subtrac-
tion of the least-square straight line from a space-limited
batch of data. These processes act as a high-pass filter that
limits the maximum scale size that is represented in the
data batch, with a length defined with basis on two oppo-
site constraints. It should be at least ten times longer than
SAW SAE ATL AFW AFE IND ASA PFW PFE the Fresnel-scale Slm: (ZA,Z)l/z. However, it should be
[400-500 km) short enough to ensure that the irregularities in the record
0.00024 are homogeneous. It is well known that the power spectral
(c) density of equatorial ionospheric irregularities increases with
0.00023 the scale size (Yeh and Liu, 1982), as observed in the cen-
tral panel of Fig. 1. Therefore, by increasing the length of
0.00022 the data batch from in situ measurements to correctly cal-
culate the scintillation indexX, as the operating frequency
3 000021 RgT AT M| N I . decreases, one allows larger and stronger structures to be
oooszo M| e ENENE considered in the_ estima’Finn i N;. In an environment
' of homogeneous irregularities, the value ®fV; would in-
0.00019 crease (Costa and Basu, 2002; C.-S. Huang, personal com-
munication, December 2013). As an example, the estima-
0.00018 tion of S4 values due to an irregularity layer with parame-
SAW SAE ATL AFW AFE IND ASA PFW PFE tersL = 200 km,z = 400 km, andL, = 12.5 km at the nom-
[700-800 km) inal frequency 244 MHz of SCINDA monitors (Groves et
Figure 4. Probability distributions of the presence of the C/NOFS al., 1997_) should be based on 10km batches.@he s
satellite within each combination of longitude sector (on a per de-P!€S available to the present study were obtained from 1s
gree basis) and season of 2012 for the altitude ran@g400—  OF 7.5km records. Ideally, they should have been charac-
800 km), (b) [400-500 km), andc) [700—800 km). The maximum  terized from one-third-longer records to estimajevalues
variations of the probabilities in the three panels are 18.37, 16.04at the SCINDA frequency. With the above caveats, Eq. (2)
and 24.87 %, respectively. yields S4 ~ 0.1 andS4 =~ 0.8 for the assumed parameters of
the irregularity layer and the thresholds {agV;) > 3.5 and
log(AN;) > 4.5, respectively.
3 Results According to Papoulis (1991), the 0.95 confidence inter-
val for the estimation of the probability of an event by the
The totals of 11085676 and 12990898 samplesAdf; relative frequency = k/n is approximately defined by
resulted from the C/NOFS PLP measurements during
the evening hours (between 18:00 and 06:00LT) of the
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1.0E+00 associated with the longitude sector is displayed inside pan-
\ els a, being also applicable to the other panels. This color
\ \ code should be read in sequence on line-by-line or top-to-

\\ \ bottom bases. Each figure also has its own horizontal axis

1.0E-01

and title, displayed below panel ¢ and shared with the other
10802 :zz:z'mg AN two panels. When applicable, each figure caption will indi-

\ cate the smallest probability in panels a and c that meets

[ \ the criteria established in the previous paragraph for statis-

tical significance; smaller probabilities than these ones have

been affected by undersampling and should be considered
1.0E-04 \ \ with care. It will be seen that these probabilities are always

1.0E-03

Probabilty that log(An;) be exceeded

extremely small and irrelevant to the ensuing analyses. The
information will not be provided when all probabilities in a
1 2 3 4 5 6 panel meet the criteria.

log (AN;) Figure 6 displays the detrended probability distributions

: , L . of AN; as functions of longitude sectors. That is, they ap-
Figure 5. Complementary cumulative distribution functions of

. i ) proximately describe occurrences per degree in each of the
log(AN;) in the altitude interval [400—800 km) for the years 2008— . .
2009 (blue) and 2012 (red). longitude sectors. For the year 2008—2009, the South Ameri-

can East sector exhibits the largest probability of irregular-
ities with log(AN;) > 3.5, immediately followed by those

of the South American West and Pacific East sectors. The
sum of the three probabilities corresponds to approximately

1.0E-05

k_ 1967 o Kk 1987 & 56.30 % of the total. The next set of intermediate probability

n n P=3 n values is formed by the African West, Atlantic and Pacific
k 1.967 West sectors. The smallest probabilities are associated with

P n (HZ W) C) the African East, Asian and Indian longitude sectors. Note

that the ratio between the greatest and smallest probabilities
wherek is the number of occurrences of the event in a re-is equal to 6.46.
peated trialp (greater than 100) is the total number of out-  For the year 2012, the previous decreasing order of the
comes in the trial, and it is assumed that bptlandx are  probability of irregularities with logA N;) > 3.5 as a func-
much less than one. In other words, the relative 0.95 confition of the longitude sector is essentially maintained, with
dence interval for the estimatign~ k/n is approximately = some exceptions: the increases of the probabilities associ-
+1967/vk %. Kil and Heelis (1998) processed data from ated with the Atlantic and African West sector in relation to
the AE-E mission recorded over a period of 3 years or morethat of the Pacific East sector are observed. Figure 6b also
to ensure that was well above 100 in all the specified bins. shows probabilities that are more evenly distributed among
Considering that data sets corresponding to 1 year have bedhe longitude sectors. Indeed, the probabilities of the South
processed separately to investigate solar activity effects, thdmerican West, Atlantic, African West, and Pacific East are
thresholdk > 100 and the relative 0.95 confidence interval greater than 70% of the greatest one (associated with the
less thant20 % will be accepted. All the probabilities asso- South American East sector). The three smallest probabilities
ciated with irregularities with logA Nj) > 3.5 detected dur-  are related to the African East, Asian, and Indian sectors, but
ing 2012 meet these criteria of statistical significance. Case# the present case the ratio between the greatest and smallest
of probabilities that do not meet the criteria will be identified probabilities is equal to only 1.95.
as explained at the end of the next paragraph. For the same year and irregularities with (agV;) > 4.5,

The next figures show detrended probability distribu- Fig. 6¢ confirms the greatest probability of the South Amer-
tions of AN; in a common format for (a) 2008—-2009 and ican East sector by a large margin, immediately followed by
log(AN;) > 3.5, (b) 2012 and logA N;) > 3.5, and (c) 2012 that of the Atlantic, and next by those of the African West,
and log AN;) > 4.5. For each figure, panels a and ¢ share aSouth American West and Pacific East sectors. Only then
common vertical full scale, which differs from that of panel b one places the probability of the South American West sec-
by a factor equal to ten. Note that, to visually compare thetor. While the relative orders of the probabilities of the (i)
probabilities in the three panels of each figure, the heights oSouth American West and South American East, (ii) African
the bars in panels a and ¢ should also be divided by ten. EvelVest and African East, and (iii) Pacific West and Pacific East
acknowledging the large differences among the percentagesectors are maintained in the three plots; Fig. 6¢ shows an
in the previous paragraph and the vertical scales, the thremversion in the order of the probabilities of the Asian and
sets of probability distributions will be presented and dis- Indian sectors with respect to those of Fig. 6a and b. For the
cussed. With the exception of Fig. 6, a common color code
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Figure 6. Detrended probability distributions oAN; as func-
tions of longitude sectors fqia) 2008—2009 and la@\ Nj) > 3.5,

Irregularity Distribution 2008-2009 - log(AN) > 3.5

)

Irregularity Distribution 2012 -

1 |

log(AN > 3.5)

(b)

rregularity Distribution 2012 -

log(A

N > 4.5)
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(b) 2012 and logA Nj) > 3.5, (c) 2012 and lIogA N;) > 4.5.

strong irregularities with logA N;) > 4.5, the ratio between
the greatest and smallest probabilities is equal to 9.96.

related to Fig. 6a also applies to the lowest altitude range
[400-500 km) of Fig. 7a. This panel additionally shows that
the corresponding irregularities are rare above 500 km, with
the exception of those in the South American West and East
sectors. Even for these two sectors, the probabilities decrease
very fast (by factors approximately greater than five) between
the two lowest altitude ranges.

For the year 2012, the irregularities with lagn;) > 3.5
reach the highest altitude range [700-800 km) with relatively
small but non negligible probabilities for all the sectors. It
is noted that the probabilities corresponding to the South
American East sector remain the largest ones for all altitude
ranges. The probability distribution for the lowest altitude
range [400-500 km) of Fig. 7b is approximately the same as
the one in Fig. 6b, except for the clear relative increases of
the probabilities associated with the Pacific West and East
sectors. It is interesting to note that, although the latter prob-
ability is greater than those of the South American West, At-
lantic, and African West sectors for the lowest altitude range,
this order is reversed for altitudes above 500 km. Indeed, the
probability associated with the Pacific East sector is the low-
est of all sectors for the highest altitude range. Table 1 shows
the results from a least-square fit of the exponential trend line
Pr,(h) = Pr,exp(—ah) to the data from each longitudinal
sector of Fig. 7b, wherg (km) is the average height of each
altitude range (450, 550, 650, and 750 km, respectively). The
first three columns of Table 1 show the longitudinal sectors
and the associated values of the paramd®egsanda, re-
spectively. The fourth column displays the values of the co-
efficient of determinatiorR?, which is a number from 0 to
1 that reveals how closely the values estimated by the trend
line are to the measured data. A trend line is most reliable
when its R? value is at or near 1. The fifth column shows
the probabilitiesPr, (450 km) calculated by the trend line
at 450km. The last column lists the values estimated from
the data for the lowest altitude range [400-500 km), also dis-
played in the corresponding bin of Fig. 7b. The highval-
ues and a comparison between corresponding numbers in the
last two columns of Table 1 indicate that, for each longitude
sector, an exponential trend line provides a reasonable de-
scription of the decrease with height of the probability of
irregularities with logA Nj) > 3.5 observed during the year
2012.

Figure 7c shows that the irregularities with {@gV;) >
4.5 detected during the year 2012 peak in the lowest alti-
tude range [400-500 km) for all longitude sectors. Most are
very rare above 600 km. The same holds for the strong irreg-
ularities observed above 500 km from the African East to the
Pacific West sectors. The exceptions are the ones associated

Figure 7 exhibits the detrended probability distributions of with the South American East sector. Indeed, the probabili-
AN; as functions of altitude ranges and longitude sectorsties related to this sector are clearly the greatest ones for each
These distributions describe occurrences per degree in eadititude range, up to 700 km. The same order reversal with
of the longitude sectors and consider that the altitude of thealtitude among the probabilities associated with the Pacific
C/NOFS satellite is not uniformly distributed among the four East, South American West, and African West sectors also
100 km intervals. It is observed that the previous discussiorapplies to the strong irregularities. Additionally, it should be
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Irregularity Distribution 2008-2009 - log(AN) > 3.5 Figure 8 shows the detrended probability distributions of
0.0014 \ \ AN; as functions of local time intervals and longitude sec-
0.0012 L marreaw . A aman L tors. These distributions describe occurrences per degree in
Asia PacificW PacificE each of the longitude sectors and consider that the position of
0.0010 the C/NOFS satellite is uniformly distributed among the four
3 h local time intervals. For the year 2008-2009, irregular-
ities with log(AN;j) > 3.5 are extremely rare after 03:00 LT
(a) : . - ;
0.0006 in all longitude sectors. It is interesting to observe that, from
the South American East to the African East longitude sec-
0.0004 tors, the probabilities peak in the [21:00—-24:00LT) local
0.0002 | time interval, being lower in the local time interval [18:00—
i 21:00LT) by factors varying from 0.44 to 0.78. For each lon-
= gitude sector, the probability associated with the later local
Irregularity Distribution 2012 - log(AN) > 3.5 time ir_lterval [QO:OO—_OS:OO LT)_ is I_ower than (i) _Fh_e corre-
0.0140 sponding one in the first local time interval, and (ii) its corre-
sponding peak value, by a factor varying from 0.21 to 0.46.
Although the probability associated with the African West
0.0100 sector is greater than that of the Pacific sector for the [21:00—
24:00LT) local time interval, inversions in this relationship
0.0080 are observed in the immediately earlier and later ones. A sim-
(b) ilar inversion is observed for the South American West and
East sectors, considering the second and the first local time
0.0040 2 intervals.
0.0020 | | As shown in Fig. 8b, the probabilities of irregularities with
' i log(AN;) > 3.5 for the year 2012 peak in the earliest local
ol B time interval [18:00-21:00 LT) and monotonically decrease
Irregularity Distribution 2012 - log(AN) > 4.5 with this parameter for all Iongitt{de sectors. Table 2 shows
0.0014 the result from a least-square fit of the exponential trend
line Pry(t) = Pryexp(—br) to the data from each longitu-
0.0012 dinal sector of Fig. 6b, where (h) is the average value of
each local time interval (19.5, 22.5, 25.5, and 28.5 h, respec-
tively). The first four columns of Table 2 show the longi-
0.0008 tudinal sectors and the associated values of the parameters
(c) Pry, b, andR2. The fifth column shows the probabiliti€s;
(19.5h) calculated by the trend line at 19.5h. The last col-
- umn lists the values estimated from the data for the lowest
local time interval [18:00-21:00LT), also displayed in the
corresponding bin of Fig. 8b. The resultiRf values and
L a comparison between the corresponding numbers in the last
[400-500) [500-600) [600-700) [700-800) two columns of Table 2 indicate that an exponential trend line
Altitude Range (km) provides an acceptable description of the decrease with local
time of the probability of irregularities with Iqag\ Nj) > 3.5
observed during the year 2012, particularly for the last four
log(AN;) = 3.5, (b) 2012 and logAN;) > 3.5, and(c) 2012 and angitude sgctors. The third and I_gst _colum.n?of Tablg 2 in-
log(AN;j) > 4.5. The smallest probabilities that meet the criteria dicate that (i) the greatest Pmt?ab'“ty in the initial tlmg |r?ter—
for statistical significance are associated with the African East lon-Val, related to the South American East, decreases in time at
gitude sector and the altitude range [600-700 kmjanand the @ relative slow rate; and (i) the smallest initial probabilities,
African East longitude sector and the altitude range [600—-700 km)related to the Indian and African East sectors, decrease in
in (c), respectively. time at the second fastest and a moderate rate, respectively.
The remaining sectors display initially intermediated proba-
bilities. Two of these (for the Pacific West and East sectors)
noted that, differently from observations in the upper panels decrease in time at the slowest relative rates and another (for
the probability of strong irregularities in the Indian sector is the South American West) at a moderate rate. The remaining

greater than that in the Asian sector for the lowest altitudethree initial probabilities decrease in time at relatively fast
range.

ity
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Figure 7. Detrended probability distributions & N; as functions
of altitude ranges and longitude sectors {a) 2008-2009 and
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Irregularity Distribution 2008-2009 - log(AN) > 3.5 The probabilities corresponding to these strong irregularities

0.0012 \ \ in the South American East sector remain the largest ones for
= SAmericaW ® SAmericaE ® Atlantic the two earliest local time intervals. Those corresponding to
"AfricaW  WAfricaE  Hlndia 7 the South American East, Atlantic, Indian, and Asian sectors
PacificW PacificE . . . .

have their maximum values in the earliest and the other ones
in the immediately following local time interval. However,
some of the differences between corresponding probabilities
(a) in the two local time intervals are not substantial.

The detrended probability distributions &fN; as func-
tions of magnetic latitude intervals and longitude sectors are
displayed in Fig. 9. It should be remembered that, due to the
geometry of the geomagnetic field and its orbital characteris-
— tics, the C/NOFS satellite never transits through the magnetic
Irregularity Distribution 2012 - log(AN) > 3.5 Iatitu_de interval |20 to —10°] of th_e So_uth Ar_nerican West
0.0120 longitude sector and the magnetic latitude interval @ to
+20°] from the Atlantic to the Pacific West longitude sec-
0.0100 tors. Figure 9a indicates that the probabilities of irregular-
ities with log(AN;) > 3.5 for the year 2008-2009 peak in
the central {5 to +5°] magnetic latitude interval for most
longitude sectors, with the exception of that related to the

b Asian sector. Most of these peaks are prominent: the ratios
( ) between the probabilities of the central and lateral magnetic
latitude intervals for the same longitude sector are generally
greater than 2.40 and can reach 4.78. The probabilities as-
sociated with the irregularities in the Pacific East sector dis-
il play a roughly symmetrical distribution around the magnetic

e equator, in comparison to the clearly asymmetric distribution
0.0012 Irregularity Distribution 2012 - log(AN) > 4.5 of those associated with the South American East sector.
Figure 9b shows that the probabilities of irregularities with
0.0010 log(AN;) > 3.5 for the year 2012 are more evenly distributed
among the magnetic latitude intervals: the ratios between the
0.0008 probabilities of the central and lateral magnetic latitude inter-
vals for the same longitude sector are always less 2.06. The
0.0006 probabilities of the irregularities in the South American East
(C) sector increase in the following order of magnetic latitude in-
0.0004 tervals: F10to—20°], [-5to+5°], and |10 to+20°]. For
the Pacific East sector, this order is reversed: the probabilities
associated with the first two intervals are equal to and greater
0.0000 [~ than the one of the northern interval. Considering only the
[18:00-21:00) [21:00-24:00) [00:00-03:00)  [03:00-06:00) available data, the probabilities of these irregularities for the
Local Time Interval (h) other longitude sectors peak in theq to+5°] magnetic lat-
itude interval.
Except for the difference between vertical scales, Fig. 9b

log(AN;) > 3.5, (b) 2012 and logAN;) = 3.5, and(c) 2012 and ~ 2nd € show thfat’ for f|>_<|¢q |ongm|1de SeCtor.s’”the.re.fpeCt'Ve
log(AN;j) > 4.5. The smallest probabilities that meet the criteria distributions of probabi |t|6§ d'SP ay e_ssentla y similar de-
for statistical significance are associated with the Atlantic longitudePendences on the magnetic latitude interval. However, the

sector and the local time interval [03:00-06:00LT)(@) and the ~ Same panels show different relative distributions of proba-
Pacific West longitude sector and the local time interval [03:00-bilities as functions of the longitude sector for each of the

06:00 LT) in(c), respectively. magnetic latitude intervals{10 to —20°] and [-5 to +5°].
For example, the greatest probabilities of irregularities with
log(AN;) > 3.5 detected in the magnetic latitude intervals
rates (Atlantic and African West sectors) or the fastest ratd —10 to —20°] and [-5 to +5°] during the year 2012 are
(Asian sector). associated with the Pacific East and African West sectors,
Figure 8c shows that the irregularities with {dgV;) > respectively. However, the probabilities of the irregularities
4.5 detected during the year 2012 are very rare after 24:00 LT.
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Figure 8. Detrended probability distributions & N; as functions
of local time intervals and longitude sectors fa) 2008—2009 and
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Table 1.Results from the least square fit of the exponential trendRip&h) = Pr, exp(—ah) to data of Fig. 7b. A trend line is most reliable
when itsR? value (0< R? < 1) in the fourth column is at or near 1. The colufnyaiglists the values of the bin [400-500 km) of Fig. 7b.

Longitude sector Pr, a R? Pr, (450km)  Pryata

S. AmericaWest  1.3358 0.0104 0.9755 0.0124 0.0102
S. America East  0.6566 0.0085 0.9798 0.0143 0.0122
Atlantic 0.3646 0.0080 0.9875 0.0100 0.0089
Africa West 0.4299 0.0084 0.9973 0.0098 0.0093
Africa East 1.2070 0.0108 0.9969 0.0094 0.0088
India 1.0674 0.0109 0.9934 0.0079 0.0072
Asia 21116 0.0119 0.9841 0.0100 0.0082
Pacific West 44543 0.0133 0.9921 0.0112 0.0098
Pacific East 5.6211 0.0135 0.9761 0.0129 0.0103

Table 2.Results from the least square fit of the exponential trendRinpén) = Pr, exp(—bt) to data of Fig. 8b. A trend line is most reliable
when itsR? value (0< R? < 1) in the fourth column is at or near 1. The coluRRyatglists the values of the bin [18:00-21:00 LT) of Fig. 8b.

Longitude Sector Pr, b R? Pry,(19.5h) Pryata

S. America West  12.8513 0.3536 0.9157 0.0130 0.0090
S. America East 10.2346 0.3313 0.9008 0.0160 0.0111
Atlantic 29.5249 0.3950 0.9334 0.0133 0.0095
Africa West 38.0552 0.4075 0.9266 0.0135 0.0095
Africa East 10.6477 0.3555 0.9433 0.0104 0.0081
India 35.4666 0.4235 0.9875 0.0092 0.0079
Asia 82.1261 0.4558 0.9642 0.0113 0.0086
Pacific West 3.0212 0.2969 0.9954 0.0092 0.0086
Pacific East 5.4117 0.3186 0.9660 0.0108 0.0087

with log(AN;) > 4.5 in the South American East are the Itis evident from Table 3 that, depending on the longitude
greatest in all three magnetic latitude intervals. sector and combination of year under study and threshold, the
Figure 10 displays the distributions of the detrended prob-maximum probability is predominantly reached during the
ability of AN; as functions of seasons and longitude sec-March equinox, followed by the December solstice. Itis also
tors. Based on the displayed results, Table 3 indicates, fonoted in Fig. 8a that the irregularities with lgn;) > 3.5
each longitude sector and combination of year and thresheetected in the South American East, Atlantic, and African
old, the season that provides the minimum/maximum prob-East sectors are concentrated during the December solstice
ability. All seasons that provide probabilities that are closeof the year 2008-2009, with 63.5, 63.4, and 50.0 % of the
(within 59%) to the corresponding extreme value are listedtotal for each sector, respectively. The irregularities observed
between parentheses. For the cases with clearly distinct minin the South American West, African West, Asian, Pacific
imum and maximum probabilities, the second greatest probaWest, and Pacific East sectors are less concentrated during
bility is also indicated. It is observed that, for most longitude the March equinox of the same year, with 41.5, 43.8, 41.3,
sectors, the probabilities reach their minimum values dur-42.8, and 48.2 % of the total for each sector, respectively.
ing the June solstice. In contrast with this general behavior,The probabilities corresponding to the Indian sector are more
the probabilities of the irregularities in the Pacific West and evenly distributed among the seasons of the same year.
East sectors, as well as those of the strong irregularities with The last observation is also applicable to the probability
log(AN;) > 4.5 detected during 2012 in the African West, distributions of the irregularities with Iqg\N;) > 3.5 de-
African East, and Asian sectors generally reach their relativaected during 2012 in all the sectors, as indicated by Fig. 10b.
minima during the December solstice. It is additionally ob- Indeed, the maximum probability of these irregularities only
served that the relative minima of the first two sectors spreadeaches 33.5% of the corresponding total for each sector.
into the equinoxes. The isolated case of irregularities withFigure 10b and the third column of Table 3 show that the
log(AN;) > 3.5 detected during 2012 in the South Ameri- probabilities of the irregularities observed in most longi-
can West sector, which also reach their minimum probabilitytude sectors reach their maximum values during the March
during the December solstice, should be noted. equinox. With respect to other seasons, these maxima are not
clearly dominant in the South Atlantic East, Atlantic, and
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Table 3. Seasonal (minimum/maximum/second greatest) detrended probability for each longitude sector from the data of Fig. 10.

Longitude sector ~ 2008-2009; logyNj) > 3.5 2012;lodAN;) > 3.5 2012; lodAN;) > 4.5

S. American West  Jun/Mar/Sep Dec/Mar/Sep Jun/(M8&ep)

S. American East  Jun/Dec/Sep Jun/(Mébec) Jun/Dec/Mar

Atlantic Jun/Dec/Mar Jun/(Mat Dec) Jun/Dec/(Ma# Sep)
African West Jun/Mar/Sep Jun/Sep/Mar (MaBep+ Dec)/Jun
African East Jun/Dec/(Mar Sep) Jun/Mar/(Sep Dec)  (Sept Dec)/(Mar+ Jun)
Indian Jun/Dec/(Ma# Sep) Jun/Mar/(Sepp Dec)  Jun/Mar/Sep

Asian Jun/Mar/Sep Jun/Mar/Sep Dec/Mar/Sep
Pacific West Dec/Mar/Sep Jun/Mar/Sep Dec/Jun/Mar
Pacific East Dec/Mar/Sep Dec/(MaiSep) Dec/Sep/Mar

Pacific East sectors. It is also observed that the probabilityn the above equatioriZFP and EE are the contributions of
related to the African West sector has its maximum valuethe F and E regions to the Pedersen conductivity integrated
during the September equinox. along the flux tube of magnetic field lines with apex at the
As indicated by Fig. 10c and the last column of Table 3, thebottom of the F region. The following variables should be
probabilities of the strong irregularities with 16§ N;) > 4.5 calculated at the apex of the flux tube (at the magnetic equa-
detected during the year 2012 in the South American Westtor): V, is the vertical component of the driff x Beq/ng,
Indian, and Asian sectors reach their maximum values inwhich is perpendicular to the magnetic field at the magnetic
the March equinox. The maximum probability of the first equator;Beqis the strength of the magnetic field; agés the
of these sectors is essentially equal to that of the Septemacceleration due to gravity. Additionally,lP is the vertically
ber equinox, with their combination adding to 77.6 % of the downward component of neutral wind velocity perpendicu-
corresponding total. The maxima of the other two sectors ardar to the magnetic field, weighted t(ﬁ,? + EE); Vin is the
concentrated in the initially quoted season, amounting to 46.3lux-tube integrated F region ion-neutral collision frequency,
and 57.5 % of their totals, respectively. Differently from this weighted by the number densit;, is the scale length of the
behavior, the probabilities for the South American East andvertical gradient of the flux-tube integrated plasma density
Atlantic sectors reach their maxima during the December solin the F region; andR is the recombination rate integrated
stice, while the one for the Pacific sector maximizes duringalong the flux tube. Eastward electric field components yield
the September equinox of the same year. These isolated mapositive V, values, raising the F layer and consequently de-
ima correspond to 41.7, 41.7, and 43.9 % of the totals for thecreasingvi,. In this case, the first and third terms between
sectors, respectively. Finally, the probabilities of the strongparentheses in Eq. (4) enhance the growth rate. The oppo-
irregularities in the African West, African East, and Pacific site occurs for westward components of the electric field.
West sectors reach their maximum values in the June solSinceV is inversely proportional t@Beq, Eq. (4) indicates
stice. The probabilities in the first of these sectors are almosthat these effects on the growth rate should be anticorrelated
uniformly distributed among the four seasons. The maximumwith the longitudinal dependence of the field strength of the
probability of the second sector is extremely close to that ofmagnetic field observed in the lower panel of Fig. 2, for a
the March equinox and their sum is equal to 60.8 % of theconstant value of the eastward electric field (Huang et al.,
corresponding total. In contrast, the isolated maximum of the2001; Burke et al., 20044, b). Equation (4) also indicates that
third sector represents 38.9 % of the respective total. the growth rate increases whE)E decreases. This process is
more effective when sunset is simultaneous at the conjugate
E layers of the flux tube (Abdu et al., 1981; Tsunoda, 1985).
4 Discussion In other words, this situation occurs when the dusk termina-
tor and the magnetic flux tubes are aligned, at 2 different days
It is well accepted that large-scale equatorial ionospheridn the year for each longitude, as shown in the lower panel of
irregularities are created by the action of the generalizedrig. 2. During the nonlinear evolution of the R-T instabil-
Rayleigh—Taylor (R-T) instability that could be initiated ity, depleted regions of plasma (equatorial plasma bubbles,
under favorable conditions at the bottom of the F regionEPBS) rise to the topside ionosphere and generally drift east-
shortly after sunset. Initially, seeds from different origins lin- ward, while a hierarchy of secondary instabilities cascade en-
early grow with the rate (Burke et al., 2004a, and referencesrgy into irregularities with decreasing-scale sizes, until be-
therein) ing quenched.
After this brief outline of a basic theory that explains the
E P8 generation and evolution of irregularities in the equatorial
T =P P (VL +ULF ﬁ) L & (4) " fonospheric F region, the results described in Sect. 3 wil
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Figure 9. Detrended probability distributions afN; as functions Figure 10. Detrendeq probability distributions @ N; as functions

of magnetic latitude intervals and longitude sectors(gyr2008—  ©f Seasons and longitude sectors(@y2008-2009 and lo@\Ni) >

2009 and logAN)) >3.5, (b) 2012 and logAN;) > 35, and(c) o2 (b) 2012 and l0gAN;) > 3.5, and(c) 2012 and logaN)) >
2012 and logAN;) > 4.5. Note that the C/NOFS satellite, due to 4.5. The smallest probability that meets the criteria for statistical
its orbital characteristics and the geometry of the geomagnetic ﬁe|dsE)|gn|f|cance is associated with the Asian longitude sector and the
never transits through the magnetic latitude interve2Q to —10°] ecember solstice i(c).

of the South American West longitude sector and the magnetic lat-

itude interval [10 to 28] from the Atlantic to the Pacific West lon- ] ]
gitude sectors. and thresholds allowed the same processing tool to provide

the results in the previous and present sections.

Figure 11a displays the detrended probability distribution
be discussed and related to some of those from the previef AN;/Ni > 1% recorded during 2012 as a function of
ous satellite programs, where applicable. Before doing so, itongitude sectors. In the other panels, the distributions of
should be remarked that simple substitutions of observable& Nj/N; > 1% are shown as functions of longitude sectors

Ann. Geophys., 32, 773791, 2014 www.ann-geophys.net/32/773/2014/



E. Costa et al.: Statistical analysis of C/NOFS planar Langmuir probe data 787

and local time intervals (panel b), magnetic latitude intervalsdistributions around the magnetic equator for the two sol-
(panel c), and seasons (panel d). These results and threshtice seasons in contrast with more symmetrical ones for
old are based on exactly or approximately the same paramthe two equinox seasons. The summer hemisphere exhibits
eter adopted by Kil and Heelis (1998) or Su et al. (2006),a slightly higher occurrence rate than the winter one. Even
respectively. It has been remarked in Sect. 1 that Huang eto, any asymmetries in the distributions reported by Burke et
al. (2002) and Burke et al. (20044, b) based their analyses oal. (2004b) and Su et al. (2006) are clearly less pronounced
a different parameter. In principle, differences between correthan the ones displayed by Kil and Heelis (1998). All the
sponding results could be due to the respective measuremedetrended probabilities distributions in Fig. 11c¢ are consis-
periods and the associated solar activities, orbital charactetent with the ones resulting from ROCSAT-1 data. Indeed,
istics of the satellites, instrumentation, processing techniquefor each longitude sector, the biggest ones are associated
developed by different authors, etc. The scale-size range obwith the central magnetic latitude intervat$ to +5°). The
served by the present study intersects with that by Kil andonly two distributions that could be fully characterized using
Heelis (1998) but it is disjoint with the ones sampled by SuC/NOFS PLP data, associated with the South American East
et al. (2006), Huang et al. (2002), and Burke et al. (2004a, b)and Pacific East longitude sectors, display discrete asymme-
It is observed that, as functions of longitude, the proba-tries around the magnetic equator.
bility distribution in Fig. 11a andBeq in the lower panel of The previous authors used different horizontal (longitudi-
Fig. 2 are roughly anticorrelated. However, the minimum of nal) axes in their plots of the longitude dependence of the oc-
Beq Occurs at 288, while the maximum detrended probabil- currence rates ok Nj/Nj or EPBs for each season. Figure 11
ity of AN;/N; > 1% is associated with the South American of the paper by Kil and Heelis (1998) and Figs. 2 and 1 of
East longitude sector [300-325The ratios between the ex- the papers by Burke et al. (2004a, b), respectively, adopted
treme values of probabilities in Fig. 11a and field strengths ina longitudinal axis which varied from 0 to 350while the
the lower panel of Fig. 2 are different: 0.0221/0.0077 =2.87one used in Fig. 5 of the paper by Huang et al. (2001), re-
and 34691/21467=1.62, respectively. stricted to the December solstice, and Fig. 4 of the paper by
Even though a long list of sources of potential differencesSu et al. (2006) began and ended at.90hat in Fig. 11d
between the results in Fig. 11b—d and the corresponding ondsegins and ends at 27(Fortunately, the application used to
from the previous satellite programs has been presented, therepare Fig. 11d allows the horizontal axis to be circularly
agreements between them are actually good. Indeed, Fig. ghifted, facilitating the comparison of the present with the
of the paper by Kil and Heelis (1998) shows that the occur-previous results. Taking into account that the longitude sec-
rence probability ofA Nj/N; > 1% above 350 km increased tors of Fig. 11d are relatively wide and uneven, while the
rapidly after sunset, reaching a flat maximum between 20:00esolution used in all the previous reports were fine and uni-
and 23:00LT. It then decreases linearly with local time to es-form, it can be said that the agreement is good, particularly
sentially zero by sunrise (08:00LT). These observations areluring the solstices. However, the longitudinal resolution of
consistent with the ones derived from Fig. 10 of the paperFig. 11d does not allow observing the narrow secondary peak
by Su et al. (2006) for Kp<3 and from Fig. 11b. In par- centered at 70in longitude observed by Huang et al. (2001)
ticular, it is noted that the three plots indicate appreciableand Su et al. (2006) during the December solstice. This peak
occurrence probabilities ok N;/N; > 1% in the local time  was not observed by the other authors either.
interval [03:00-06:00 LT). It is important to add that, with few exceptions, the lon-
Figure 10 of the paper by Kil and Heelis (1998) shows gitudinal sector distributions in all the classes of Fig. 11b—d
the occurrence probabilities @ Nj/N; > 1% as functions resemble the one in Fig. 11a. Thus, they are roughly anti-
of magnetic latitude, for irregularities detected above 350 kmcorrelated with the longitudinal dependence Ry in the
during each season. They are strongly peaked near the dipwer panel of Fig. 2, as proposed by Huang et al. (2001).
equator and decrease rapidly with magnetic latitude. Most ofAdditionally, Fig. 11d shows that the probabilities associated
the values are negligible for latitudes greater thah. 20| with the South American East, South American West and At-
distributions show asymmetries about the equator that dekantic longitude sectors, which cover the interval [270-343
pend on season. They rise more steeply for magnetic latitudesaximizes during the December solstice, in good agreement
on the summer side and less steeply at the conjugate locawith the model proposed by Tsunoda (1985). Indeed, the an-
tion, with peaks displaced to the summer side. Figure 9 ofgles between the dusk terminator and the magnetic flux tubes
the paper by Burke et al. (2004b) shows occurrence rates adre small during this season, as shown in the lower panel
EPBs in March and April of the years 2000 and 2002 as func-of Fig. 2. However, it should be remembered that relatively
tions of the magnetic latitude, using ROCSAT-1 data. Thewide longitude sectors and seasons have been used by the
plots associated with the 2 years display Gaussian-like dispresent work. The theories proposed by Tsunoda (1985) and
tributions centered at the magnetic equator. The bell-shapetiuang et al. (2001) were submitted to closer scrutiny by
observations are confirmed in Fig. 5 of the paper by Su eBurke et al. (2004a) by classifying DMSP data into a finer
al. (2006), based on ROCSAT-1 data from the years 1999-monthx 15° longitude grid. They concluded that, out of
to 2004. These authors observed slight asymmetries in th€24 longitudes«< 2 days/longitude) 48 days, 18 and 44 of the
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Figure 11. Detrended probability distributions & Nj/N; > 1% recorded during 2012 as functions(aj longitude sectorgb) local time
intervals,(c) magnetic latitude intervals, ar{d) seasons. The vertical axes coincide with those of the central panels of Figs. 6, 8, 9, and 10,
respectively.

maxima in the observed EPB occurrence rate were foundgnoring space and time variations of the ambient ion den-
within 2 weeks and 1 month of the days predicted by thesity along circular orbits. Indeed, the ambient valueNyf
Tsunoda model (1985), respectively. They also observed thehanges across the equatorial anomaly region, from early to
general trend proposed by Huang et al. (2001), but that théate evening hours, etc. As illustrated by the 1 min average
extremes of the EPB rates were displaced in longitude in reion density curve in the upper panel of Fig. 1 between 23:41
lation to those oBBeq. Furthermore, they noted an asymmet- and 23:59 UT, the conversion would be even less straightfor-
ric pattern in the region of weak magnetic fields, with greaterward in the case of the C/NOFS satellite, due to the large
EPB rates associated with positive longitudinal gradients ofexcursion of the ambient plasma density within the covered
Beg. altitude range. Moreovery; is not the ambient ion density

In summary, the above discussion has established that thie any of the discussed results from the AE-E, ROCSAT-1
results in Fig. 11 are in good agreement with the correspondand C/NOFS programs — it is actually the average ion den-
ing ones from the previous satellite programs. sity over a generally short data batch. Their lengths, quoted

If the denominator in the left-hand side @fN;/N; > in Sect. 1 for the previous satellite programs and in Sect. 2
1% were the ambient ion density, one could be tempted tdor the C/NOFS data, vary between 75 and 7.5km. Several
assume thatAN; > N;j/100 and use a “typical” value for of these batches can be situated in the interior of a single
Nj to estimate a corresponding threshold foN;. For ex-  equatorial plasma bubble, whekg may experience extreme
ample, a 400 km circular-orbiting satellite would measure changes. The same upper panel of Fig. 1 shows that the 1 min
Ni ~ 108 cm~3, during solar maximum conditions, yielding average ion density decreased by approximately one order
AN; > 10*cm2 or log(AN;) > 4.0. In this case, the results of magnitude from the edges to the bottom of the 900 km
from Fig. 11 and the previous satellite programs could beplasma bubble that ends at 23:47 UT, while the satellite alti-
reinterpreted in terms of the distributions afv;, decreas- tude only changed by 30 km.
ing the importance of the results from the previous section. Therefore, the dependence of the detrended probability
However, the above conversion would be a rough one, fodistributions of AN; on geophysical parameters, which are
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directly relevant to scintillation-oriented studies, cannot be Irregularity Distribution 2012 - AN/N>1 %
accurately inferred from those @fNj/Nj. In combination 0.0140 — [ 1

. . . . . = SAmericaW ® SAmericaE = Atlantic
with the arguments in the preceding paragraph, this single ., uAfricaW  mAfricaE India
example clearly establishes the differences between the prob-_ Asia PacificW _® PacificE

=

abilities obtained from the analyses of the two parameters:Z o.0100
Fig. 11b and the corresponding results from the previous 3§
satellite programs show that the probabilities/oW;/N; > £ 00080
1 % associated with the local time intervals [18:00-21:00 LT) § 0.0060
and [03:00-06:00 UT) are at least comparable, if not roughly &
equal. In sharp contrast with this observation, Fig. 8b and g 0-0040
Table 2 indicate that the probabilities afV; associated with
the former local time interval are much greater than the latter,
consistently with scintillation observations reported by Basu  0.0000
et a|_ (1988) [400-500) [500-600) [600-700) [700-800)
It is particularly important to remark that the C/NOFS Altitude Range (km)
se_ltellite_is capable of probing irregglarities over the relatively Figure 12. Detrended probability distributions @fN; /N; > 1% as
wide altitude range [400-800 km) in the topside ionosphereynctions of altitude ranges and longitude sectors for 2012.
Figure 12 shows the detrended probability distribution of
AN;/N; > 1% recorded during 2012 as a function of lon-
gitude sectors and 100 km altitude intervals. A slow decrease
of these probabilities with altitude is observed for most longi- largest ones for most combinations of geophysical parame-
tude sectors (the maximum ratio between the extreme probters.
ability values for each longitude sector is 1.75). There are The irregularities with logAN;) > 3.5 correspond to
a few exceptions from this general trend, which show how0.72 % of the total number of samples obtained during the
strongly the normalizing facta¥; can influence the probabil- evening hours of the solar-minimum year 2008-2009 in the
ity distribution of AN;/N; > 1%. Namely, note the increases altitude interval [400-800 km). These irregularities are very
of the probabilities associated with the South American Westrare above 500 km, with the exception of those in the South
and the Asian sectors between the lowest two and three altiAmerican West and East sectors, which can reach the altitude
tude intervals, respectively. Also note that the probability of of 600 km. The probabilities of these irregularities are maxi-
AN;/N; > 1% corresponding to the Indian longitude sector mum in the [21:00-24:00 LT) interval for some longitudinal
remains virtually constant in the three lowest altitude inter- sectors, are extremely rare after 03:00 LT, and peak in the
vals. However, Fig. 7b and Table 1 show fast decreases (by—5 to +5°] magnetic latitude interval for all longitude sec-
factors greater than ten) of the probability distributio\a¥; tors. This observation is consistent with the field-alignment
with the altitude interval. No previous satellite program pro- of irregularities and their concentration in the lowest altitude
vided similar results from this altitude range. range. The probability distributions associated with the South
American East and Pacific sectors are asymmetric and sym-
metric around the magnetic equator, respectively.
5 Conclusions The irregularities with logAN;) > 3.5 correspond to
11.40 % of the total number of samples obtained during the
Section 4 established that the results from the analysis offear 2012 under the restrictions of the previous paragraph.
the dependences on several geophysical parameters of tfige probabilities of these irregularities peak in the lowest al-
detrended probability distribution oAN;/N; > 1% using  titude range and earliest local time interval. They reach the
C/NOFS PLP in situ data were in good agreement with thehighest altitude range and are present in the latest local time
corresponding ones from previous satellite programs. It alsanterval with nonnegligible probabilities for all the sectors. It
established that the dependences of the detrended probability particularly interesting to note that, although the probabil-
distributions ofA N; on these parameters, directly relevant to ity associated with the Pacific East sector is greater than those
scintillation-oriented studies, as discussed in Sect. 2, cannatf the South American West, Atlantic, and African West sec-
be accurately inferred from those &fV; /N;. To the authors’  tors for the lowest altitude range, this order is reversed for
knowledge, statistical studies #fN; using in situ data from  higher altitudes.
a wide altitude range in the equatorial topside ionospheric Exponential trend lines depending on altitude and lo-
F region have not been previously reported. Thus, only thecal time have been least-square fitted to the respective
main results from Sect. 3 will be summarized in the nextset of probabilities corresponding to the irregularities with
paragraphs. log(AN;) > 3.5 for the year 2012 in each longitude sector.
It has been observed that the probabilities of the irregular-The high values obtained for the coefficient of determination
ities detected in the South American East sector remain th&k? indicate that, for each longitude sector, an exponential
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