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Abstract. This paper presents the observations of zonal driftbackground density of the ionosphere, these dark patches
velocities of equatorial ionospheric plasma bubbles and theiare a manifestation of plasma irregularities. Such large-
comparison with model values. These velocities are deterscale ionospheric irregularities are also known as “equato-
mined by nightglow Ol 630.0 nm images. The nightglow ob- rial plasma bubbles” (EPBs). Generally, the EPBs are gen-
servations have been carried out from the low latitude statiorerated in the bottom side of F region. The development and
Kolhapur (16.8N, 74.2 E; 10.6 N dip lat.) during clear = movement of these plasma structures are primarily controlled
moonless nights. Herein we have presented the drift velociby the zonal electric fields. In the E and F region, the elec-
ties of equatorial plasma bubbles for the period of February-ric field is created by neutral winds moving across the mag-
April 2011. Out of 80 nights, 39 showed the occurrence netic field lines (dynamo action) (Rishbeth, 1972; Heelis et
of equatorial plasma bubbles (49 %). These 39 nights coral., 1974; Kelley, 1989). The ionosphere during the night is
respond to magnetically quiet daySKp<26). The aver- supposed to be unstable because heavier plasma is supported
age eastward zonal velocities (1320 ms1) of equatorial by the low plasma densities at lower altitudes. In this con-
plasma bubbles increased from evening sector to 21:00 ISText, after sunset, a rapid rise of the equatorial F2 layer pro-
(Indian Standard Time = Universal Time + 05:30:00 h), reachvides a suitable opportunity for the generation of plasma in-
maximum about 163-30ms! and then decreases with stabilities because of enhancement in the upward velocity, in
time. The calculated velocities are in good agreement withthe evening, known as pre-reversal enhancement (PRE) (e.g.,
that of recently reported values obtained with models withFesen et al., 2000). Strong equatorial spread F (ESF)/EPBs
occasional differences; possible mechanisms of which ardypically arise soon after the PRE of the zonal electric field
discussed. (Heelis et al., 1974; Fejer et al., 1999). Huang (2010) re-
ported that more EPBs, expected during the main phase of
magnetic storm, are generated more rapidly under stronger
southward interplanetary magnetic field (IMF) conditions.
However, all of these relate to the same physical process
1 Introduction commonly believed to be associated with the Rayleigh—
Taylor (RT) instability (e.g., Kelley, 1989). Based on numer-
In the F region at low latitude, plasma irregularities have gys ground based in situ studies, it is widely accepted that the
been frequently observed due to the instability processes 0Gyightglow Ol 630.0 nm emissions are generated at low lati-

curring in the ionized medium. Dark patches in optical datayge F region heights (250-300 km). The nightglow emission
are observed due to low electron density as compared to
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in the F region atD) 630.0nm is governed by dissocia- are compared with that of the model values presented by
tive recombination between%Oand electrons. The reaction England and Immel (2012). The drift velocities of the EPBs
mechanisms are given below: and their variation with seasons and their dependence on ge-

omagnetic and solar activities, are also discussed.
O;' +e— O+0O*

O* — O+ hue30nm. 2 Instrumentation

where* indicates an excited state. These mechanisms are reReguIar nightglow observations of Ol 630.0 nm were made

sponsible for the ionospheric Ol 630.0 nm emission (BatesUsing ASI during clear moonless nights from Kolhapur. This
1992; Vlasov et al., 2005). The emission rate is, therefore,ASI (make: Keo Scientific Ltd. Canada) was installed at

dependent on the atmospheric density)(@nd the electron Shivaji University Campus, Kolhapur, under the scientific

density. It means that if the F layer bottom height oscillates, . NP .
the corresponding up and down motion will produce a de_collaboratlve program bgtween Shivaj Unn{ersny, Kolhapur_,
.U.K.) and Indian Institute of Geomagnetism (I.1.G.), Navi

crease and an increase, respectively, in the emission rate . : . L .
umbai, India, to measures nightglow emissions. This sys-

Ol 630.0 nm (e.g., Takhashi et al., 2010). .
Radio signals passing through EPBs can cause disruptionem can be operated far7 (-seven) nights around a new

in the navigation systems. Therefore it is of scientific inter- moon night. There are three interference filters, with center

est to study the occurrence of EPBs and their propa atior\{vavelengths of Ol 630.0nm, O 557.7nm and OH Meinel
y propag bands (720.0-910.0 nm) having exposures time of typically

characteristics. The dark bands or intensity depleted region . Y
in the Ol 630.0 nm image are the signatures of EPBs. Seka?L20 s, 120s and 90s, respectively, are used to study the iono

et al. (2007) identified plasma irregularities using coordi- spE(e):lc c:)ézzrr:llcz.ata high resolution (1024024 pix-
nated VHF radar and airglow measurements from Gadanki, Is) CC?D (13 3mmx’ 1393 mm to 27.6 mmx 27 6mpm)
Several investigators have used all sky imaging system (O s array with a pixel depth of 16 bit-based
630.0 nm emission) to study the onset, evolution and dynam-

ics of EPBs (e.g., Weber et al., 1980; Sahai et al., 1994'ASI has been used. The quantum efficiency of CCD

0 o
Taylor et al., 1997; Mukherjee et al., 1998; Fagundes et al.1s >90% for Ol 630.0nm emissions. Low dark current

1999; Sinha et al., 2001). Sharma et al. (2013a) presentego's electrons/pixel/sec), with low readout noise and high lin-

. ; earity of ASI, is useful to observe nightglow emissions for
details of change in the occurrence of EPBs, day to day, se%nger time periods. The 18Gield of view (FOV) fish eye
sonal and with solar activity, using all sky images of night- .

glow OI 630.0 nm emissions over low latitude station Kolha- lens (f/4 Mamiya RB67) having a focal length of 24 mm and

. tele-centric len system are used to collect the signal coming
pur. Using measurements of total electron content (TEC) an h h the ionosphere. with hiah sianal-to-noise ratio. Be-
scintillations by Global Positioning System (GPS), the global rough fhe lonosp ’ 9n sig ' .
longitudinal and seasonal occurrence of EPB and its vertica[Ore the operanon, dark counts are reduced by thermoelectri-

o . . . cally cooling of the CCD te-80°C. Nade et al. (2012) have
drifts in F region has been investigated by many researchers. . .
(Dashora et al., 2012; DasGupta et al., 1981; Li et al., 2008,glven the detail of experimental setup.
2012). It is also well appreciated that the there is variation in
zonal plasma drift day-to-day (Mukherjee and Shetti, 2008),3 Observations and method
seasonally (Yao and Makela, 2007) and with solar activity
(Sahai et al., 2012). Kolhapur (16.8N, 74.2; dip lat 10.6 N) is located in be-
The zonal plasma drift speeds of equatorial nighttimetween the dip equator and northern crest of the equatorial ion-
plasma depletions observed using the imager aboard a highzation anomaly (EIA) and thus it has an electro-dynamical
apogee IMAGE satellite during March—May 2002 had aimportance in E and F region coupling processes. The lo-
strong longitudinal dependence and are maximum over theation of the Kolhapur and area covered by ASI at an al-
Indian sector (Immel et al., 2004). Martinis et al. (2003) pre- titude 250 km over Kolhapur is shown in Fig. 1. We have
sented studies of plasma drift using Ol 630.0 nm measuretaken data of Ol 630.0 nm images for the period of Oc-
ments from South American Sector. According to them (seeober 2010-May 2011. Images have been processed using
Table 1 of Martinis et al., 2003) the zonal plasma drifts, dur- method described by Sharma et al. (2013b), for flat field cor-
ing night, were eastward during low magnetic activity while rection, background illuminations and identification of sta-
westward during moderate magnetic activity. The range oftionary features. They reported an “addition method” for flat
eastward velocity of EPBs is about 140-200mh &e Paula  fielding correction. The average image was obtained by av-
et al., 2002). These drifts are largest at about 21:00-22:0@raging data of an hour and then this image was subtracted
local time (LT) and they decrease towards sunrise. from each image of an hour data. Due to this process we
In this paper we present the zonal drift velocity of EPBs can easily identify EPB’s in Ol 630.0 nm images. Figure 2
from observations made by using all sky imager (ASI) lo- illustrates the sequence of processed images of Ol 630.0 nm,
cated at Kolhapur in India. These calculated drift velocitiestaken on 1-2 April 2011 from 20:55:14 IST to 22:21:37IST
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Fig. 1. The location of the Kolhapur and area covered by ASI (FOV
14(C°) at an altitude 250 km where 630.0 nm emissions are gener-
ated.

22:28:32 22:34:12
(Indian Standard Time = Universal Time +05:30:00 h). The
details of image processing are described by Sharma et
al. (2013b).

; ; :39: :45: 22:51:12 22:56:52
The zonal drift velocity of EPB can be calculated by com- 22302 22:45:32

paring its positions in consecutive images to find the longi-Fig. 2. A few sequences of Ol 630.0nm images taken on 1—
tudinal offset and dividing it by the time difference between 2 April 2011 by ASI from Kolhapur.
images (Makela and Kelley, 2003; Makela et al., 2005). How-
ever Pimenta et al. (2001) proposed the “scanning method”
to calculate drift velocities of EPBs from OI 630.0 nm im- time (time difference between these images). Thus the ve-
ages. Using this, we have first scanned the optical imagefocities of EPBs are determined.
through the zenith (16°8N) from east to west to obtain a Pimenta et al. (2001) reported the method to linearise
cross section of the depletion patterns for each EPB. Thenimages with an appropriate geographic co-ordinate system
these cross-sectional scans are subjected to further analysi§sarcia et al., 1997) for comparing the east-west intensity
A succession of spatial space and time shifts leads to a zonafariations in consecutive images. Herein we have converted
velocity versus local time relation for EPB. Herein we have pixel numbers into kilometers using formula developed by
taken only those images having EPBs at or near the zenitpharma et al. (2013b) as,
(in 100° FOV).
. . ” 2 p2_ 2

Calculation of zonal drift velocities from O 630.0nm us- | _ o1 (w)
ing this method is illustrated in Fig. 3. In Fig. 3, the upper 2RnhR
panel a shows three images of Ol 630.0nm, taken on 3—
4Apri|_2011 at21:53:371ST, 21:58:53 IST and 22:04:09IST. Arc = Radiusx Angle= Ry, x v, 2
The middle panels show the east—west scan of depletion re-
gion obtained in these three images, the lower panel indiwherey is earth centered angl& the mean radius of the
cates east—west scanned data smoothed by 50 points avexarth, R, the sum of mean radius of the earth and height of
age and pink arrows (in upward directions) indicates the cenairglow emission layer andthe distance between location of
ter of EPBs. The east—west scanned data are smoothed byager and signature of EPB in sky, obtained in Ol 630.0 nm
50 points average to recognize the boundaries of EPBs. limages. For the present study, we have assumed that the alti-
nightglow Ol 630.0 nm intensity (arb. unit) plot, the pink ar- tude of airglow emission is about 250 km for the Ol 630.0 nm
rows (in upward directions) indicate the motion of center of emission. The variability in the electron density is occurring
EPBs from west to east. The spatial displacements of thesat about 25@- 20 km altitude. This is represented by Cleme-
EPBs are determined by this method and then divided bysha and Takahashi (1993) from measurements of nightglow

@)
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Fig. 4. The daily mean zonal drift velocities of EPBs compared with

21000 - values of the empirical model for the period of February 2011.
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4 Results

Using the methods described earlier, we have calculated

36000 T T T

03-04 April 2011 © plasma drift velocities for 80 nights in the period Octo-
33000-:31522522 ber 2010 to May 2011. Out of 80 nights, 39 nights show
— 22:04:09 occurrence of EPBs (49 %). These 39 nights correspond to

800004 magnetically quiet days. As the increase in geomagnetic ac-

tivity may take many hours to influence drift velocities (Fejer
et al., 2005). The magnetic activity is indicated with thip
- index. Herein, we have considered, the day witkp index
greater than or equal to 26 to be magnetically “disturbed”

27000 1

24000 4

Intensity of OI 630.0 nm (arb. unit)

21000+ East r days. Using this criterion, the effects of geomagnetic activi-

18000 . , , , , , ties on drift velocity of EPBs is studied. Each night contained
100 200 300 400 500 600 70O 800 80-110 images taken between 19:30IST and 05:00IST. The

Pixel Number values of velocities of EPBs for the period of hour are cen-

Fig. 3. The drift velocities of EPBs are determined from Ol tered on the 15min ar'1d 45min marks of each hpur and av-
630.0nm using a scanning methoth) shows images of Ol erage has been considered. Out of total 3753 images, 561
630.0 nm taken by ASI from Kolhapur at 21:53:37, 21:58:53 and images show clear EPBs. Only those images having EPBs
22:04:091ST on 3—-4 April 2011(b) shows east-west scan of de- at zenith or near zenith have been taken into account. In the
pletion (EPBs) showing irfa). (c) shows east-west scanned data present paper, variations in the drift velocities of EPBs are
smoothed by 50 points averaged and yellow arrows (in upward di-presented of those nights having more than three hour im-
rections) indicates the center of EPB. ages with clear signatures of EPBs.

Figures 4—6 show the comparison of the mean zonal drift

. . velocities of EPBs as a function of time with model val-

Ol 630 nm image. Taori et al. (2013) also reported that theues (England and Immel, 2012) for the period of February

emission height of Ol 630.0 nm is about 250 km. Pimenta ettO April 2011, respectively, over Kolhapur region. The aver-

al. (2003) and Sekar et al. (2007) reported that the nlghtglowage zonal velocities of ionospheric EPB for these periods are

Ol 630.0nm emission was generated at thermospheric altléastward and reach a maximum to 1630 ms'! (averaged
tude of about 250 km.

We have determined motion of western wall, center andvalue) around 20:30-21:30IST and decreasing with time.

. . Qur results are in good agreement with the model values
eastern wall of EPB using scanning and geometry method%r the period February to April 2011 (Figs. 4 and 6), how-

for all nights having an occurrence of EPBs. Herein we have

. . ver, it is higher than that of model values for March 2011
taken the average of these motions to determine the value of_. : .

X i ig. 5). The ZKp index and Fig7cm are obtained from
zonal plasma drift velocities.

http://sec.noaa.gout is noted from Table 1 that the value
of F107¢m is higher in March 2010 than in February and

Ann. Geophys., 31, 20772084 2013 www.ann-geophys.net/31/2077/2013/
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Table 1. The daily~Kp index andF1q 7 ¢m flux for the period of February—April 2011.

February 2011 March 2011 April 2011
YKp 2Kp 2Kp
Date F107cm Index Date Fi07cm Index Date F107cm Index
1/2/2011 80 19 2/3/2011 113 26 1/4/2011 109 19
2/2/2011 79 13 6/3/2011 143 11 3/4/2011 114 25
7/2/2011 82 8 7/3/2011 153 17 4/4/2011 113 12
8/2/2011 90 9 8/3/2011 155 10 5/4/2011 109 12
10/2/2011 91 9 27/3/2011 117 3 6/4/2011 117 29
27/2/2011 90 3 28/3/2011 119 5 7/4/2011 112 9
29/3/2011 116 5 26/4/2011 109 3
30/3/2011 118 7
31/3/2011 113 6
Drift Velocity on March 2011 Drift Velocity on April 2011
! ! ! ! ! ! T = ngland & Immel (2012) 200 ! ! ! T ——England & Immel (2012)
2004 e e S 03 aprat
07 Mar-11 = 04 Apr-11
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Fig. 5. The daily mean zonal drift velocities of EPBs compared with Fig. 6. The daily mean zonal drift velocities of EPBs compared with
values of the empirical model for the period of March 2011. values of the empirical model for the period of April 2011.

April 2010. The period, February to April 2010 has been
magnetically quiet, as the averaged valu&#fp index have

been 11.91. This difference suggests that the variation i
zonal drift velocity of EPB depends on the solar activity
(F10.7 cm)- Figure 7 shows monthly averaged values of veloc-
ity for these three months and standard deviations of mode PBs are smaller than that of the obtained in Brazilian sector.

values. Itis also clear from Fig. 7, that the magnitude of A There is a large variability in the calculated zonal drift veloc-
eraged zonal drift velocities are more than that of the model |ISalarg ny. i
ity mainly in the pre-midnight sector, which decreases after

}[/:rluzels.odoulrlsr]lg the evening time (up to 21:001ST) and less af'midnight by reverse fountain effect which increases the drag.

The nature of zonal velocities is in good agreement with

model values and within the standard deviations. Our results
5 Discussion are in overall agreement with the previous studies in which

the calculated average zonal velocity of EPB was found to be
In this work we have presented zonal drift velocities of ~140ms?t (Mukherjee et al., 1998). In Indian region, by
ionospheric EPBs calculated by using recently developedsimultaneous observations of VHF scintillations from Ujjain
technigques. The mean velocity of EPBs in evening timeand Bhopal, Kumar et al. (1995) reported that the eastward
is about 112 10m st and increases to 165630ms ™ at drift velocities of ionospheric irregularities were decreasing
around 21:00IST and then decreases with time. De Paula étom about 180 ms! to 55m s during the course of night.

al. (2002) reported that the eastward zonal drift velocities of
Jrregularity were~ 160 m s at 20:00LT and~140ms?

at midnight (00:00 LT). The temporal evolution characteris-
tics of drift velocity over Kolhapur are very similar to that

f obtained from different locations. However velocities of

www.ann-geophys.net/31/2077/2013/ Ann. Geophys., 31, 202084 2013



2082 D. P. Nade et al.: Zonal velocity of the equatorial plasma bubbles

200 Drift Velocity at dip. lat. 10.6° N brighter airglow emissions were creat_ed during the higher So-
' ' ' ' ' " = 'England & Immel (2012) lar extreme ultra violet (EUV) flux period, 2002. Multi-mode
Feb. 2011 structure of thermospheric wind, temperature and composi-
Z”;‘r;‘)’llll tion of thermosphere as well as electric field is responsible
’ ‘ T for this phenomenon (Deminova, 2003). Nade et al. (2012)
reported that rate of occurrence of EPBs over Kolhapur re-
gion increased during higher solar EUV fluki0.7 cm). It
is important to note that geomagnetic storms also affect the
dynamics of the low-latitude ionosphere in very significant
A ways (Martinis et al., 2005). During the geomagnetic storm
period, occurrence of EPBs increase more than in normal
period (Sahai et al., 1998). At a low latitude region, the F
layer dynamo is created by various factors such as traveling
0 . . . . . . . . . ionospheric disturbances (TIDs) (Mansilla, 2003). It is also
18 19 20 21 22 23 00 01 02 03 04 relevant to note that apart from the above, vertical coupling
Local Time (IST) arising because of upward propagation of mesospheric waves
i ) » (Taori et al., 2011), internal gravity waves, TIDs (Makela et
F|_g. 7. The monthly mean zonal drift velocities of EPBs compared al., 2010) and GPS (Dashora et al., 2012) can also be the
with values of the empirical model for the months of February, TR . .
March and April 2011. sources observed variability in |or_10$pherlc and atmospheric
parameter disturbances (Leonovich et al., 2011). However,
these aspects need further investigations.

* > e

150 +
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o
o
1
D>
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1

Taori et al. (2013) also found that the drift velocity of plasma
depletion was~ 1354+ 15m s by 2-D correlation analysis

of Ol 630.0 nm images over Gadanki, India. . . .
In the present work, the calculated zonal velocities areThe nightglow OI 630.0nm images have been obtained by

higher than that of model values before midnight and sig-ASI located at Kolhapur, during October 2010 to May 2011,

nificantly smaller afterwards. De Paula et al. (2002) reporter(ilghe velocity of EPBS is calculated using method suggested

6 Conclusions

that the eastward zonal velocities of EPBs decrease after mid2Y leenta.et al. (200.1) and transformed the pixel distance
o actual distance using method presented by Sharma et

night. This is because of reduction in zonal neutral wind ve- ; . .
- . . .~ al. (2013a). Our results are in good agreement with empir-

locities. After sunset, the growths of ionospheric plasma N~ o1 model which is presented by Enaland and Immel (2012)

stabilities are driven by zonal (eastward) electric field (Fejer P yEng '

. o : Differences between calculated velocity and model veloc-
et al., 1999). This electric filed is mapped along the entire, : T
L . : . : ity suggest something about the pre-midnight development
magnetic field line. Thus plasma is built up in the flux tube o : . I
: . : .~ of EPBs and variations in zonal neutral wind velocities. The
and moves with the neutral wind. However, in the low lati- : . . L
. N . velocity of EPB varies with solar activityF o7 cm) for mag-
tude region, the electric fields are generated by neutral winds . . "
' . e netically quite £Kp <26) conditions. The eastward aver-
(Haerendel and Eccles, 1992), which drives meridional Ped- . . .
. . age zonal velocity of EPBs increases from the evening sec-
ersen currents in the E and F regions. Therefore dynamo ac- 1 . 1
ST . . . : or (11210 ms-) to reach maximum about 16530 ms~
tion is created in these regions. Bitten-court and Sahai (1978 ) o
X : X e round 21:00IST and then decreases with time over the low
reported that the ionospheric vertical plasma drift is produced_ )
. . . : atitude region of Kolhapur.
by a horizontal thermospheric neutral wind at low latitudes.

The intensity of this electric field is enhanced soon after sun-

set and decreases with time because of the reduced neutrglynowledgementsvir. D. P. Nade is thankful to DST-PURSE for

wind velocity (Terra et al., 2004). Thus the nocturnal zonal research assistantship. The nightglow observations at Kolhapur are

drift of the plasma depends on the polarization of electriccarried out under scientific collaboration between Shivaji Univer-

field in the F region which is clearly noted in our results. sity, Kolhapur, and Indian Institute of Geomagnetism (1.1.G.), Navi
We have observed that the velocity of EPB varies with so-Mumbai. We also are thankful to the NOAA-GOES team for pro-

lar activity (F10.7 cm) for magnetically quite ¥ Kp < 26) con- viding the data of solar and geomagnetic indices over the Internet.

ditions. This aspect is also noted by few other investigatorsMr- D. P. Nade is also thankful to Mr. R. B. Mane (Sir) (J. B. Patil

Sobral et al. (2009) reported that a tendency of the zonal vetigh School Chipari, Kolhapur) and Miss. R. P. Pawar for useful

locities of EPBs to increase almost linearly with increasing d'SCTUSSf'Oq Ir:egardggsthe gEneLatkl]on Ef EPCB;' draand

solar flux units. The thermospheric zonal wind is responsiblemou;)?;:ree :g?rrthéirf;g igce\/;lj;i:g this ;;Pé? and one anony-

for the motion of EPBs. The intensity of zonal wind increases

due to enhanced solar thermal tide, which is represented by

solar flux (F10.7 cm)- England and Immel (2012) reported that
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