TREASURES

@UT Dallas

@ DALLAS | Eugene McDermott Library

William B. Hanson Center for Space Sciences

2014-04

Identifying Equatorial lonospheric Irregularities using In
Situ Ion Drifts

UTD AUTHOR(S): Russell A. Stoneback and Roderick A. Heelis

©2014 The Authors

—®
Creative Commons 3.0 Attribution License

Find more research and scholarship conducted by the William B. Hanson Center for Space Sciences here. This document has
been made available for free and open access by the Eugene McDermott Library. Contact libwebhelp@utdallas.edu for further

information.


http://libtreasures.utdallas.edu/xmlui/handle/10735.1/3867
http://www.utdallas.edu/library
mailto:libwebhelp@utdallas.edu
http://www.utdallas.edu/
http://libtreasures.utdallas.edu/xmlui/
http://www.utdallas.edu/
http://libtreasures.utdallas.edu/xmlui/
http://libtreasures.utdallas.edu/xmlui/
http://www.utdallas.edu/
http://libtreasures.utdallas.edu/xmlui/

Ann. Geophys., 32, 42429, 2014
www.ann-geophys.net/32/421/2014/ Annales
doi:10.5194/ange0-32-421-2014 :

© Author(s) 2014. CC Attribution 3.0 License. GeOphySICae

$$900y uadQ

Identifying equatorial ionospheric irregularities using in situ
ion drifts

R. A. Stoneback and R. A. Heelis
W. B. Hanson Center for Space Sciences, Physics Department, University of Texas at Dallas, Richardson, Texas, USA

Correspondence tdR. A. Stoneback (rstoneba@utdallas.edu)

Received: 16 November 2013 — Revised: 4 February 2014 — Accepted: 15 February 2014 — Published: 15 April 2014

Abstract. Previous climatological investigations of iono- to play a role in irregularity formation. This instability is
spheric irregularity occurrence in the equatorial ionospheredependent upon the ion-neutral collision frequency; thus, an
have utilized in situ measurements of plasma density to idenupward verticalE x B ion drift, which raises the height of the
tify the presence of an irregularity. Here we use the Mor-ionosphere into lower neutral densities, is thought to play an
let wavelet and C/NOFS to isolate perturbations in merid-important role in irregularity formationSultan 1996. The
ional ion drifts and generate irregularity occurrence maps astrength and duration of the pre-reversal enhancement (PRE),
a function of local time, longitude, season, and solar activ-which usually occurs near sunset, is influential in determin-
ity. For the low solar activity levels in 2008, the distributions ing the magnitude and duration of the irregularities that de-
identified by velocity perturbations follow normalized den- velop (Abdu et al, 1981 Stolle et al, 2008.
sity perturbation AN/N) maps with large occurrences af-  Other instability processes may also be a fackueiro
ter midnight into dawn over all longitudes. The velocity and et al. (2012 combined the collisional shear instability and
normalized density occurrence maps contract in both locathe generalized Rayleigh—Taylor instability numerically and
time and longitude with increasing solar activity. By 2011 found that irregularities were produced that displayed under-
irregularities are confined to particular longitudes expectedying characteristics of 30 and 100 km waves. The collisional
by alignment and a few hours of local time after sunset. Theshear instability is driven by a shear in the relative zonal ion
variation in the occurrence of the late night irregularities with neutral drift with altitude near sunset. In the topside F region
solar activity is consistent with the presence of gravity waveplasma will drift westward with the neutral atmosphere while
seeding. at lower altitudes plasma will drift eastward against the neu-
Keywords. lonosphere (equatorial ionosphere; ionosphere—tral flow. The numerical model was seeded vyith white noise;
atmosphere interactions; ionospheric irregularities) thus_ t_h_e 30 and 1_00 km-scale size perturbations that devglop
are initially supplied to the model, among many others. Sig-
nificantly, however, the scale sizes that dominate are not pref-
erentially supplied to the numerical model.
1 Introduction Seasonal and longitudinal variations in the occurrence
of irregularities are expected to follow variations in the
Irregularities in the plasma number density are a commonmain drivers of irregularities. The alignment of the mag-
feature of the equatorial ionosphere that can be responsiblgetic meridian with the sunset terminator has a large influ-
for significant disruption to radio communication and nav- ence on the integrated conductance of a field line. The low-
igation systems. The irregularities are born in the bottomaytitude portions of field lines aligned with the terminator
side of the F region and grow non-linearly during the night cross into darkness simultaneously increasing conductivity
through the generation of polarization fields that cannot beyradients with local time. The gradient in conductivity across
shorted through the underlying E region. the terminator has an effect on the magnitude of the fringing
The exact mechanisms that underlie irregularity formationfig|d from the F region dynamo that leads to the PRBEdu

are still a topic of study (review bibdu, 2012, though the et a1, 1981, Eccles 1999. Numerous satellite investigations
generalized Rayleigh—Taylor instability is generally agreed
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(Kil and Heelis 1998a Hei et al, 2005 Gentile et al, 2006 full three-dimensional velocity vector is transformed into a
Su et al, 2006 Stolle et al, 2008 Kil et al., 2009 Heelis = magnetic coordinate system using GEOPACK-20D8/¢a-

et al, 201Q Dymond 2012 have shown that a component of nenkq 2008 and the attitude and position of C/NOFS. The
the seasonal and longitudinal variations in irregularity occur-meridional E x B ion drift utilized here is perpendicular to
rence may be explained by the alignment of the terminatorthe magnetic field and in the plane of the magnetic meridian.
and magnetic fieldT{sunoda1985. Positive drifts are vertically up at the geomagnetic equator.

Seasonal distributions of irregularities have been formed The FormoSat-3 constellation COSMI@rthes et al.
using in situ satellite measurements of density that iden-2008 is a constellation of six micro-satellites launched in
tify irregularities using sharp changes or a large variance inApril, 2006, each carrying a GPS receiv&chreiner et a.
density. Here we use the Morlet wavelet and the continu-2012. Measurements of GPS signals as they occult the iono-
ous wavelet transform to isolate perturbations in meridionalsphere may be converted to electron density profiles using the
ion drift as a function of scale size to identify irregularities Abel inversion Lei et al, 2007). Assumptions with this in-
measured by the Coupled lon Neutral Dynamics Investiga-version break down when there are large horizontal gradients
tion (CINDI) on board the Communication and Navigation in the ionosphere. Errors may be found within the E region
Outage Forecasting System (C/NOFS). For comparison, simas well as at low latitudes. The derived parametars2 and
ilar distributions are computed using perturbations in densityhmF2 are less affected by these errors, and are generally reli-
(AN) and normalized densityAN/N). The density pertur- able (Yue et al, 2010. Profiles are restricted to derivbdF2
bation calculation follows the process detailedSigneback altitudes between 175 and 475 km. The profiles provided by
et al. (2013, which is extended to velocity measurements. the COSMIC Data Analysis and Archival Center (CDAAC)
The process for constructiyN /N is presented here. The may also contain errors due to cycle slips or multi-path sig-
occurrence of irregularities using each of these indices is prenals Hwang et al. 2010. These distorted profiles are ex-
sented as a function of local time, longitude, solar activity, cluded by filtering profiles with sharp density gradients.
and season. The in situ results are validated against seasonalVariances in the signal during the RO may also be used to
climatologies of COSMIC estimates of scintillation. estimate the scintillation index<¢, 2010 Dymond 2012.

Su et al(2008 concluded that the vertical ion drift veloc- Seasonal occurrence frequencies for scintillation are com-
ity was the best indicator for the formation of irregularities puted using COSMIC data for comparison to the CINDI in
using ROCSAT-1Stolle et al.(2009 found that integrating  situ irregularity estimate. We use the averaggdindex over
the vertical ion drift measured by ROCSAT-1 during the PRE 9 s around the maximur$iy for a given RO, publicly avail-
was a better indicator of irregularity formation as measuredable at CDAAC. Though scintillation effects may occur any-
by CHAMP but did not rule out the peak vertical drift as a where along the GPS signal path, the location of the scintil-
leading indicator as concluded I8u et al.(2008. We find lation is taken to be the tangent ray height followigtyaus
at moderate levels of solar activity that irregularity forma- et al.(2003 andDymond(2012).
tion after sunset is consistent with the upward drift at sun- In situ measurements of plasma density and meridional ion
set. However, at solar minimum irregularities are found overdrift by CINDI are analyzed and processed using the Morlet
all longitudes with little relationship to the alignment of the wavelet Torrence and Compd 998. The Morlet wavelet is
solar terminator with the magnetic field. The occurrence ofconstructed using a combination of sine and cosine functions,
irregularities decreases smoothly with increasing solar fluxwindowed in time by a Gaussian function,
absent changes in the ion drift until moderate activity levels
are reached. The observed dependence in longitude and solar, (i) = 7 ~L/4e=i®en,—n°/2, (1)
activity is consistent with seeding from gravity waves and the
reduction in force applied by a gravity wave with increasing wheren is a non-dimensional “time” parameter. The non-
solar activity {/adas and Fritts20086. dimensional frequency, is taken to be six to satisfy the

admissibility condition for wavelets. The wavelet transform

is determined by the convolution of the wavelet with the de-
2 Data sired signal.

The use of sines and cosines gives the Morlet wavelet de-

The C/NOFS satellite was launched in April, 2008 into an composition an interpretation similar to the Fourier trans-
equatorial orbit with 13 inclination. The orbit is elliptical ~ form; however, the use of a Gaussian time window provides
with perigee originally at 400km and apogee at 850 km.for greater specificity in time. This wavelet has been used by
lon measurements by CINDI are performed by two instru- Stoneback et a(2013 to determine a scale-limited variance
ments: a retarding potential analyzer (RPA) and an ion driftin ion density. Changes in this wavelet-determined variance
meter (IDM). The RPA measures plasma temperature, denare consistent with ground-based measurements of scintilla-
sity, composition, and ion drift velocity along the satellite tion by SCINDA (Stoneback et 812013 and are shown here
track while the IDM measures ion drift velocities in two or- to be consistent with climatological measurements by COS-
thogonal directions perpendicular to the satellite track. TheMIC (FormoSat-3).

Ann. Geophys., 32, 421429 2014 www.ann-geophys.net/32/421/2014/
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The variation in altitude for C/NOFS leads to measured To limit the impact of altitude variations in the C/NOFS
variations in ion density that should not be confused with orbit upon the sampling of irregularities, measurements are
irregularity formation; thus, the wavelet variance is limited restricted to altitudes less than 550 km for all seasons. Mea-
here to a maximum scale size of 100km. The relationshipsurements are also restricted to satellite locations withtn 12
between the wavelet scale sizg &nd Fourier wavelength of the magnetic equator and to periods of low magneto-
(1) is wavelet dependent. For the Morlet configuration usedspheric activity such that the Kp index must be less than 3

here, the two are nearly equdlbfrence and Compd 998, for at least 24 h. Results do not change significantly if the
maximum allowed Kp is altered or even removed.
s =103 ) TheAN, AV,andAN/N are used to generate occurrence

probability distributions as a function of local time, apex lon-
gitude, season, and solar activity. An irregularity is identified
when the relevant wavelet-derived index passes a threshold,

The scale-limited variance is calculated followinigp{rence
and Compp1998

L sjsia P AN >5E3 Nlcc,AV >5mst, or AN/N > 0.15. The oc-
|AA|" = ol Z < (3)  currence of irregularities is defined as the number of C/NOFS
j=0"/ orbits that encounter an irregularity divided by the number

of orbits that pass through that bii( et al., 2009. We will

show these thresholds produce irregularity maps consistent
with COSMIC estimates of scintillation.

Apex longitude is used to organize the data according to
e dominant dipole structure of the magnetic field, shown in
Fig. 1. Gravity waves are driven by processes in the neutral
atmosphere, such as weather patterns, that are organized geo-
graphically. However, the effects of gravity waves upon irreg-
ularity formation will map along field lines and are thus in-
fluenced by the magnetic field. Irregularity formation is also
expected to be influenced by the alignment of the sunset ter-

whereAA is the variance at a given time; is the wavelet
power at sizes;, &t is the time between samples; is the
dyadic spacing between scale sizes (0.25), @rid a con-
stant dependent upon the wavelet choice. This equation '?n
used to obtain the variance in plasma densityV() and the
meridional ion drift A V).

The normalized density variatioAN /N is the change in
ion density normalized by the background plasma density.
The change in density is obtained by calculating the wave
form associated with a limited scale range from the wavelet

transform minator and the magnetic field. This situation results in some
5jsrY2 J Re(W,, (sj.)) tensior) between the most appropriate coordinate system for
AN = Cv.0) 7z 4) analysis. Apex coordinates are used here so that declination
oM j=0 S effects are most clearly identified, allowing for simple iden-

where R&W, (s)) is the real part of the wavelet transform tification of irregularities that deviate from this pattern. To

and v,(0) is a wavelet-dependent scalar. The backgrounde]['?#re the <I:h0|ce of coord;ngtes does not ur:duly |mpact| anyd
ionosphere from which irregularities deviate is estimated byO € conclusions presented, measurements were analyze

subtracting the perturbation waveform from the raw mea- in both systems and found to be consistent. The presented
surements seasonal averages may be approximately translated into geo-

graphic longitudes by adding72° to the listed apex longi-

Scale sizes up to 850 km are used to calculeteto provide
a more accurate estimate of the background ionosphere. Thg Results
absolute normalized density change is thus
IAN| IAN| The wavele;-derived indices fo_r identifyin_g the presence of
N - N AN (6) an irregularity are shown in F_ugz for a s_lngle pass. 'I_'he
raw threshold value for each index is shown with a dashed line. In
whereAN in the numerator and denominator are both giventhe top panel the raw density measurements are shown along
by Eq. @). Alternately, the variance in densiti (V) could be  with the wavelet-derived variance in densityN. Note how
used in the numerator. A larger scale range may be toleratethe density perturbations are low until the appearance of ir-
when only utilizing the real part of the wavelet transform as regularities. The middle panel shows both the average den-
it couples most strongly with perturbations centered on thesity (N — AN) and the resulting normalized density change,
time investigated. The wavelet power used in the varianceAN /(N — AN). Since the Morlet wavelet is oscillatory, the
also includes a contribution from the imaginary component,average density obtained tends to travel through the middle
or sinusoidal term, which maximizes with an oscillation out of the wider density perturbations. Both the absolute and nor-
of phase with the current time. This increases the temporamalized density indices indicate irregularities at the same lo-
range over which a perturbation at a given scale size and timeations. The bottom panel has measurements of the merid-
will produce an elevated response. ional ion drift along with the wavelet-determined variance

www.ann-geophys.net/32/421/2014/ Ann. Geophys., 32, 4229 2014
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Fig. 1. Map of the Earth as a function of apex longitude and ge- ance middle: estimated background ionosphere and the absolute
ographic latitude overlaid with the geomagnetic equator in red asmagnitude of the wavelet-derived density perturbations waveform
determined by the International Geomagnetic Reference Fi€ld . 0 bottom: measurements of meridional ion drift along with its scale-
apex longitude is approximately72° geographic longitude. limited variance. A portion of a single orbit is shown.

(AV). Like the other indices, the magnitude is low before Table 1. The mean F10.7 cm flux. The December solstice season in
the onset of irregularities and increases with the presence af008/2009 spans from late November 2008 through February 2009.
an irregularity. However, one irregularity does not have a ve-The June solstice in the same column is for 2009, with similar

locity variance above the 5§ threshold. ranges for the remaining years.

Figure 3 shows the irregularity occurrence distribution as
a function of apex longitude and magnetic local time (MLT) Mean F10.7 Level (sfu)
for the December solstice seasons, defined as 134 days cen-season  2008/2009 2009/2010 2010/2011 2011/2012
tered upon the solstice. The mean solar activity level for each Dec Sal. 69.4 78.4 85.8 135.56
season is listed in Table Each row in the figure is a separate  Jun Sol. 68.8 75.5 98.5 123.8

year, and the columns vary the wavelet product used to con-
struct the distribution. The first column is theV occurrence
distribution and tends to exhibit the narrowest range of longi-
tudes and local times. The large reduction in the backgroundho trace of the expansion in longitude late at night is ob-
density for the nighttime ionosphere as a function of localserved. Note thah N/N may not identify the presence of
time tends to inhibit aAN optimized for sunset from iden- an irregularity in the early stages of formation as the density
tifying irregularities late at night. The same longitudinal dis- change is not yet significantly different than the background.
tribution is seen for all seasons with a maximum occurrence The third column is the occurrence of irregularities identi-
east of 0 apex longitude, o+ 72° geographic longitude. The fied through changes in the meridional ion drift. These distri-
maximum occurrence in longitude is coincident with areas ofbutions are consistent with those obtained by using/N
negative magnetic declination, consistent with the alignmenfor all years. This signhature decreases smoothly as solar ac-
hypothesis Abdu et al, 1981, Tsunoda1985. The largest tivity increases each year and is no longer visible by De-
occurrences are seen in the December solstice of 2011, cawember 2011. The F10.7 values for each season and year are
incident with the largest solar activity levels and the highestlisted in Tablel.
ambient density levels. Figure4 shows the occurrence of irregularities i8iV / N

The AN/ N distributions in the second column show irreg- andAV for the June solstices. The relation betweeh and
ularities over a significantly larger local time and longitudi- AV is the same as observed for the December solstices and
nal range than fon N. The distribution for December 2008 is not shown. While irregularities are confined to particular
is consistent with a similar plot bideelis et al.(2010 that longitude sectors at high solar activity, at lower activity levels
used a running mean over 400 km to determiyé/N. Im- AV andAN/N are observed at almost all longitudes. There
mediately after sunset, the distribution followsV; however, s a time lag between th&V andAN/N distributions, with
it quickly expands westward into an area with positive mag- AV statistically indicating irregularities beforeN /N. This
netic declination. As solar activity increases, the late nightis expected as in situ measurements and numerical model-
irregularities decrease smoothly in occurrence, and by 2011ng have shown that perturbations in velocity associated with

Ann. Geophys., 32, 421429 2014 www.ann-geophys.net/32/421/2014/
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Fig. 3. Occurrence frequency of detecting ionospheric irregularities with CINDI over the December solstice seasons. Each column varies the
wavelet product used\ N (a—), AN/N (b—k), andAV (c). Each row increments the year, beginning with 2008 #ec) and ending with
2011(j-). Measurements are restricted to altitudes below 550 km with Kp less than 3+ for the previous 24 h.

an irregularity may be observed before there are changes ifocal time distribution indicates the in situ irregularities iden-
plasma densityAveiro et al, 2012. tified by the AN threshold are significant. In later years, all
The occurrence of scintillation witl$s > 0.15 as esti- indices give similar distributions in longitude in local time,
mated by COSMIC measurements in the rangetdf5 supporting the thresholds used 8V /N andAV. TheAN
MLAT (magnetic latitude) is shown in Fidh. Representative  distributions for the June solstice have not been shown; how-
December and June solstices are shown. Other years shoaver, the COSMIC pattern compares well with thev /N
similar distributions though there are gaps in the occurrencesand AV patterns in 2011-2012.
A minimum of 10 measurements are required, where the oc- The distributions of the equatorial meridional ion drift
currence is the number of observations with significeint  along with the height of the ionospheric density maximum
divided by the number of observations. Similar occurrenceghmF2) are shown in Fig& and7 for the December and June
are seen for CINDAN and COSMIC in the December sol- solstices, respectively. Measurements for both platforms are
stice, though the CINDI occurrences are a bit lower than therestricted to£15 magnetic latitude (MLAT). Variations in
COSMIC threshold. However, the similar longitudinal and the meridional ion drift in the afternoon through sunset are

www.ann-geophys.net/32/421/2014/ Ann. Geophys., 32, 4229 2014
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Fig. 5. COSMIC scintillation occurrence determined from RO data.

weak up or down averages. In 2011 a significant PRE is ob-
served with values in excess of 30 mts The return of the
PRE is coincident with the appearance of irregularities right
after sunset. From 2009 to 2011, there is little change in the
longitudinal variation of drifts with longitude other than the
return of the PRE.

Correlations between CINDI and COSMIC are also seen
near sunset for the June solstice in FigDownward drifts
on either side of Africa have a corresponding decrease in
hmF2. The decrease between 180 and°240more visible
in the data. Drifts between 0 and°1Bave larger magnitudes
in general than the remaining sectors, but the lovined¥2
instances are generally observed between 15 ant Ger

Africa there is a gradient ihmF2 and on average drifts are
weak or upward near sunset.
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The Morlet wavelet has been used to identify ionospheric ir-
regularities through changes in density, normalized density,
and meridional ion drift. At the lowest solar activity levels,
the normalized density and velocity distributions are highly
similar, with active irregularities late into the night and over
a broad range of longitudes. This is very different from the
AN distribution, with irregularities confined in both longi-
tude and local time. The difference in these indices is a re-
matched well by the COSMI@mF2. Downturnings in ion  sult of the dependence & N upon the background iono-
drift near 45, 140 and 240-345 coincide with decreases sphere. Irregularities in areas with low density will register
in hmF2. COSMIC shows similar longitudinal distributions as a smaller density perturbation than in areas with larger
over all years with an increase InmF2 at sunset from 250— densities.
300km in 2008 to 380-460km in 2011. The independent The late night low solar activity distributions are seen for
agreement between these instruments supports the presentiedth the June and December solstices as well as the equinox
measurements. seasons (not shown). As solar activity increases, the irreg-
Drifts are downward near sunset for December 2008, withularity distributions for all indices converge on that given
a gradual turn towards positive velocities with increasing so-by absolute density. The similarity of occurrence magnitudes
lar activity. Drifts are generally weak at night, with aver- over all indices for both COSMIC and CINDI at higher solar
ages varying between positive and negative in a given secactivity demonstrates the threshold values for each respective
tor through the night. Given the day-to-day variability of the quantity are significant and roughly equivalent, though the
ionosphere, drifts in these areas may be up or down on énterpretation of bottAV andAN /N does not depend upon
given date. From 2009 on stronger downward drifts are ob-the background ionosphere. The use/o¥ also provides
served flanking Africa (0—60and 120-18%) that increase  similar information toAN/N without requiring a calcula-
in magnitude with solar activity. The remaining sectors havetion of the background density. The change in the irregularity

Fig. 4. Occurrence frequency of detecting irregularities with CINDI
over the June solstice seasons. The format follows Fidnough
only AN/N (a—g)andAV (b-h) are shown.

Ann. Geophys., 32, 421429 2014 www.ann-geophys.net/32/421/2014/



R. A. Stoneback and R. A. Heelis: lon drift irregularities 427

)
)

»4December Solstice 2008 _5, = 24 Dgceml_)er Solstice 2008 400& 24_lune Solstice 2009 50 - 24_lune Solstice 2009 400§
] £ E = £ =" £ £
£ 30 = ] 3503 E_ | BB - ]
£ = E 18 E E1e 88 == 30 = 2 3502
e = -_— = c 3
g 108 = 3008 g 08 = 3003
3 2 812 E S12 2 8 =
S -102 2 2503 £ = === —108 3 2502
(7 | - = —
5 £ 26 S g 4 S g B g g
& =305 a 2000 3 _ﬁ =" 4 8-305 & 2000
: e 5 0 — =1 L5 = o= s === £
% 60 120 180 240 300 360 -50 0 60 120 180 240 300 360 ':fll_:) 0 €0 120 180 240 300 360 >0 % 60 120 180 240 300 360 1°°T
Apex Longitude Apex Longitude Apex Longitude Apex Longitude
(a) (b) (a) (b)
24December Solstice 2009 g, = 24December Solstice 2009 _ ;00§ 50 - 24_June Solstice 2010 400§
o = == === = ® = == =
£ = =. e == | € £ €
£ 30 = = — = £ = @
E = E 188 = = 350_; £ 18 30 3 E 350§
© - X © x
10 2 pa =——— 10 2 p
g s - o = 3008 8 2 2 5 3008
o e = == == We—=== —=— o o
g -102 3 2502 8 = - = -102 2 2502
2 = 3 g == - pu @
5 £ 2 e 8 S § “25a £ 2 5
2 -305 & _ | §2000 2 5 = | §-305 & 2000
0 60 120 180 240 300 360 0 % 60 120 160 240 300 360 °0 % 60 120 180 240 300 360 00 0 60 120 180 240 300 360 00T
I
Apex Longitude Apex Longitude Apex Longitude Apex Longitude
(c) (d) (c) (d)
»4December Solstice 2010 ¢, = 24December Solstice =2_010 400§ 24 ﬁJune Solstice 2011 50 24 une Solstice 2011 400§
2 £ = g = £ : & £ Z £
£ = o € = )
£ 18 30 3 E 18 350'2 £1q 8 30 - 3505
3 108 I 3008 g | 108 £ 3008
S12 2 812 = S12 2 8 =
o 102 3 2502 L £ 102 3 2502
g6 £ 26 5 6 i = "y e
g -305 @& 2000 o —E- == 0305 3 2000
= 0 508 0 === 150% PR . 5 = =t = 5
0 60 120 180 240 300 360 0 60 120 180 240 300 360 0@ 0 60 120 180 240 300 360 0 0 60 120 160 240 300 360 03
Apex Longitude Apex Longitude Apex Longitude Apex Longitude
(e) (f) (e) ®)
_ 4005 54__June Solstice 2012 50 — June Solstice 2012 £
w e - =1 w = - — . =
o = o = e
£ 30 § g § £ 30 § ] §
F 5 E € F 18 s El] E
o =} — % ® o t =
§ s B = 819 s E, z
° g S z o - g S z
Z -10= - 503 = -10s 2 £
g e £ § g, = g 5y g
2 -305 a 2000 S === | l-305 3 8
: 5 = = il I £
_502 = = == 150.2 = 2 o = 2
0 60 120 180 240 300 360 ~°° 60 120 180 240 300 360 @ % 60 120 180 240 300 360 ~°° %60 120 180 240 300 360 15()%
Apex Longitude Apex Longitude Apex Longitude Apex Longitude

(9) (h) (@) (h)

Fig. 6. Left column: median CINDI meridional ion drifts. Right col-  Fig. 7.Left column: median CINDI meridional ion drifts. Right col-
umn: medianhmF2 near the geomagnetic equator determined byumn: mediarhmF2 near the geomagnetic equator determined by
COSMIC. COSMIC.

_contracts, confining irregularity formation to areas with posi-
tive declination that are aligned with the terminator. The con-
traction is observed with bothV and AN/N, indices that

are not dependent upon the magnitude of the density of the
ionosphere.

The expanded distribution of irregularities at low solar ac-
tivity suggests a change in the relative influence of drivers
that lead to the formation of irregularities. Given the relation-
ship between meridional (vertical) ion drifts and the forma-
tion of irregularities, changes to this drift could be expected
to influence the irregularity occurrence. As expected, a posi-
tive relationship is observed between the reappearance of ir-
regularities just after sunset and the PRE in 2011. However,

The same general conclusions apply to the June solsticg'ej‘ overall c_hang_e in the bm‘f"‘?' Io_ngitude response of i_rre_gu-
seasons. The broad occurrence of irregularities over all Iongiiarltyhformatl_on_ Wltg _sfolar activity is not matched with simi-
tudes at low solar activity is not consistent with the alignment ar changes in ion drift.

hypothesis. As solar activity increases, the longitudinal range

distribution for these quantities over time confirms a depen
dence of irregularity formation upon solar activity.

The broad occurrence of irregularities at low solar activ-
ity in longitude is not consistent with the hypothesis that the
alignment of the solar terminator and the magnetic field at
sunset is a controlling factor in irregularity formation. For
AN/N at low solar activity, longitudes that are not aligned
have irregularities that first appear later in local time near
21:00 MLT and maximize after midnight. However, during
moderate solar activities for the December solstice in 2011 ir
regularities are primarily confined to regions that satisfy this
alignment. These irregularities first appear near 19:00 MLT
and taper off after midnight for all parameters.
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The broad longitudinal irregularity occurrence could re- dimensional numerical simulations of equatorial spread F: Re-
flect seeding effects from gravity waveshdu, 2012. Work sults and observations in the Pacific sector, J. Geophys. Re-
by Vadas and Frittg2006 found that at solar minimum search., 117, A03325, d40.1029/2011JA017072012.
gravity waves exert forces up to heights of 230 km and uprmond, K. F.: Global observations of L band scintillation at
to 360 km at solar maximum. While gravity waves do not ~Selar minimum made by COSMIC, Radio Sci., 47, RSOL18,

travel as high in altitude at solar minimum, the force im- _ d010:1029/2011RS004932012, .
arted by the gravity waves is larger than at solar maximumECCleS’ J.: Modeling investigation of the evening prereversal en-
P " hancement of the zonal electric field in the equatorial ionosphere,

CQSMIC meg;urements demonstrate an incregs’mrlﬁz J. Geophys. Res., 103, 26709-26719, 1998.

with solar activity, from a range of 250-300km in 2008 to Gentile, L. C., Burke, W. J., and Rich, F. J.: A global climatology
380-460km in 2011 during the December solstice, and 230— for equatorial plasma bubbles in the topside ionosphere, Ann.
300 km in 2009 and 260—-380 km in 2012 during the June sol- Geophys., 24, 163-172, dbd.5194/angeo-24-163-2008006.
stice. Thus, gravity waves could be expected to exert forcesieelis, R. A., Stoneback, R., Earle, G. D., Haaser, R. A., and
in the bottom-side ionosphere for most seasons presented. Abdu, M. A.: Medium-scale equatorial plasma irregularities ob-
Solar activity increases year over year for the presented sea- served by Coupled lon-Neutral Dynamics Investigation sensors
sons, reducing the force imparted by a gravity wave source @apoard the Communication Navigation Outage Forecast System
each year. Thus, the expected forcing from gravity waves is h”oﬁl%rilgggz% 1583?0”11'52?8“(;“1’0 J. Geophys. Res., 115, A10321,
ponsstent ywth the observed longitudinal and yearly change?'ei, M. A. Heels R. A. and McClure, J. P. Seasonal
in irregularity occurrence.

. . . . and longitudinal variation of large-scale topside equato-
Fourier analyses of density measurements of irregularities plasma depletions, J. Geophys. Res., 110, A12315
have shown a power |aW variation Wlth scale sizmhgston d0i:10.1029/2005JA011152005.
etal, 198% K_" ahd Heel.ls 1998k Wernik et al, 2_007)- This  Hwang, C., Tseng, T. P., Lin, T. J., Svehla, D., and Hugentobler,
power law distribution is a result of the physical processes U.: Quality assessment of FORMOSAT-3/COSMIC and GRACE
behind the formation of the irregularity and thus numerous GPS observables: analysis of multipath, ionospheric delay and
studies have focused on this power spectrum. The successful phase residual in orbit determination, GPS solutions, 14, 121-
use of wavelets here to isolate perturbations in both density 131, doi10.1007/s10291-009-0145-2010. o _
and Ve|0city enables a Comparison of power Spectra of Simu|KI|,.H. _and Heelis, R A Global distribution of density irregulari-
taneous measurements of density and velocity. An analysis €S inthe equatorial ionosphere, J. Geophys. Res., 103, 407-418,
of the relationship between these two spectra as functions of . doi:10.1029/ 97JA02698]'998a' . - .
longitude, season, local time, and solar activity may reveaIK”’ H. and Heelis, R. A.: Equatorial density irregularity structures
additionai informat’ion on the f’ormation of irreqularities at intermediate scales and their temporal evolution, J. Geophys.

g : Res., 103, 3969-3982, db0.1029/97JA033441.998b.
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_ bution seen from ROCSAT-1 and its association with the
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