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            Abstract VHF radar echoes from the valley region plasma irregularities, displaying ascending pattern,

                are often obser ved during the active phase of equatorial plasma bubble in the close vicinity of the

            geomagnetic equator and have been attributed to bubble-related fringe eld effect. These irregularitiesfi

                  however are not obser ved at a few degrees away from the equator. In this paper, we attempt to understand

             this contrasting obser vational result by comparing fringe eld at the geomagnetic equator and lowfi

               latitudes. We use parallel plate capacitor analogy of equatorial plasma bubble and choose a few capacitor

          con gurations, consistent with commonly obser ved dimension and magnetic eld-aligned proper ty offi fi

             plasma bubble, for computing fringe eld. Results show that fringe eld decreases signi cantly withfi fi fi

            decreasing altitude as expected. Fur ther, fringe eld decreases remarkably with latitude, which clearlyfi

              indicates the role of magnetic eld-aligned property of plasma bubble in reducing the magnitude offi

                fringe eld at low latitudes compared to that at the geomagnetic equator. The results are presented andfi

            discussed in the light of current understanding of plasma bubble -associated fringe eld-induced plasmafi

    irregularities in the valley region.

 1. Introduc tion

              Radar echoes from the valley region, displaying ascending echoing pattern, in association with regionF

               plume structures in the Jicamarca radar obser vations [e.g., , 1976; , 1990;Woodman and LaHoz Hysell et al.

                 Woodman and Chau, 2001], continue to be elusive in terms of their origin. For illustration, an example of

               Jicamarca observation, presented earlier by [2001], is reproduced in Figure 1. Note theWoodman and Chau

                ascending pattern of the valley region echoes, which extends gradually to altitudes as high as 300 km.

              Doppler velocities (not shown here) of these echoes were upward, representing eastward elect ric eld. Valleyfi

                region echoes of similar k ind were also reported from São Luis, a Brazilian equatorial location [Alam Kherani

              et al., 2012]. These obser vations imply the presence of small-scale plasma irregularities with scale sizes

        (3 5 m) that match the Bragg scattering condition (– λirregularity  = λradar       /2) in the valley region. These meter-

              scale irregularities are believed to be generated through a turbulence cascade from irregularities at larger

              scale than a few meters. [1993] suggested that these valley region irregularities could beWoodman

                 generated while region plasma is uplifted by the fringe electric elds associated with the growth phase ofE fi

             the equatorial plasma bubble [ , 1980]. Although this interpretation was quite consistentZalesak and Ossakow

                with the fact that plasma inside the depleted regions has extremely low density and comprises metallic ions

                 [ , 1971; , 1972], which are formed in the region by meteoric ablationHanson and Sanatani Hanson et al. E

                    process, no analysis on the fringe eld and their effect was made at that time. Later, [2002,fi Alam Kherani et al.

              2004], using numerical simulation, attempted to study the effec t of fringe elds associated with thefi

               generalized Rayleigh Taylor instability on the valley and regions in order to explain the valley region– E

                irregularities. [2004] however found that the fringe elds could not penetrate into theAlam Kherani et al. fi

               E region due to increasing collision with decreasing altitude but could reasonably penetrate to the upper

                  E Eregion (120 km). They suggested that the region irregularities occurring close to 120 km can be effectively

                  pulled up by the fringe eld to the valley region and above explaining their occurrence in the valley region.fi

                Valley region echoing structures of the type observed at Jicamarca and São Luis in association with overhead

                F Woodman and Chau Alam Kherani et al.region irregularities [e.g., , 2001; , 2012] however have not been
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     observed at Gadanki, located at 6.5°N

    magnetic latitude [ ,Patra and Rao

     2007]. [2007] howeverPatra and Rao

    found that valley region irregularities

       do occur over Gadanki , but at a later

     time (typically after 21 LT ). Notably,

    these irregularities occur even if

     F region irregularities do not exist

     overhead. Moreover, in the height time

    intensity map, the valley region

    irregularities over Gadanki are found

   to display descending pattern

   reminiscent of intermediate layer

       [ , 2002; , 2007].Patra et al. Patra and Rao

      It is also impor tant to mention that

     while some of these irregularities at

   times show ascending structures

      (Figure 2d of [2007])Patra and Rao

     having some resemblance to those of

   Jicamarca observations reported by

     Woodman and Chau [2001], they are

     not associated with overhead regionF

     irregularities and are also very limited

      in number. They are more close to

   the so-called quasiperiodic echoes

     [Yamamoto et al., 1991] extending to

    higher altitudes than those commonly

              observed as quasiperiodic echoes at Gadanki [ , 2005; , 2008].Choudhary et al. Venkateswara Rao et al.

               Impo r tan tly , Dopp l er ve loci ti es of the valle y regio n e cho es over Gad ank i repor t ed by Pa t r a a n d R a o [ 2 0 0 7 ]

                a r e p r e d o m i n a n t l y d o w n w a r d ( t h e i r F i g u r e s 5 a n d 6 ) , w h i c h i s i n s h a r p c o n t r a s t t o t h o s  e o b s e r v e d a s

           u p w a r d v e l o c i t i e s b y W o o d m a n a n d C h a u [ 2 0 0 1 ] . V a l l ey r e g i o n i r r e g u l a r i t i e s, d i s p l a y i n g d e s c e n d i n g

               p a t t e r n s i m i l a r t o t h o s e o f G a d a n k i , h a v e a l s o b e e n r e p o r t e d f r o m K o t o t a b a n g , l o c a t e d a t 1 0 . 6 ° S m a g n e t i c

              l a t i t u d e i n I n d o n e s i a [ Yoko yama et a l., 2 0 0 5 ] . F u r t h e r, n o a s c e n d i n g s t r u c t u r e s o f v a l l e y r e g i o n i r r e g u l a r i t i e s

             h a v e b e e n o b s e r v e d o v e r K o t o t a b a n g d u r i n g t h e g r o w t h p h a s e o f o v e r h e a d F r e g i o n i r r e g u l a r i t i e s

             con s is ten t w ith tho se obs er ve d o ver Ga dan ki . Impo r ta nt ly, bo th at Gada nki an d Kotot aba ng, val ley reg ion

        Figure 1. Height-time-SNR map of ionospheric irregularities obser ved in

           the and regions by the Jicamarca radar [reproduced fromE F Woodman

           and Chau, 2001]. Note the ascending echoing structures in the valley region

          during the updraft of the region irregularities and plume structures.F

                   Figure 2. Height-time-SNR map of ionospheric irregularities observed by the Gadanki radar on (a) 4 March 2005 and (b) 27

                     March 2006. Height-time velocity maps are shown in (c) 4 March 2005 and (d) 27 March 2006. Note that there are no

                 valley region irregularities during the updraft of the region irregularities, and plume structures and valley region irregu-F

            larities observed at a later stage show descending pattern with downward Doppler velocity.
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               irr e gu l ari tie s a re n ot o bs er ve d du rin g th e g row th p has e o f p la sm a bu bb le, an d h enc e, t hey are st rik in gly

    d i f f e r e n t f r o m t h o s e o f J i c a m a r c a .

               To demonstrate these features, two examples of Gadanki radar obser vations made on 4 March 2005 and

                  27 March 2006, displaying the occurrence of and region irregularities, are shown in Figures 2a and 2b,E F

              respectively. Note the clear bottomside band struc ture displaying a sinusoidal pattern obser ved on 27 March

                   2006. On 4 March 2005, while the rst plume occurred around 21 LT, on 27 March 2006, the rst plumefi fi

               occurred around 20 LT. For the early plume ac tivities, the time inter vals between two successive plumes

                    varied between 1 and 2 h. Assuming frozen in condition of the structures and zonal plasma drift of 100 m s
1

                (which is very typical in the evening hours), interplume time separation of 1 2 h implies a horizontal–

                separation of 360 720 km. These separations are very similar to those shown by [2001].– Woodman and Chau

                There are also closely separated plumes with time scales of 20 30 min, which would imply a horizontal–

                    separation of 120 180 km. On the other hand, the duration of plume varies from 20 min to 1 h, which implies–

               east-west plume dimensions of 90 360 km. Impor tantly, note that in both the examples, no valley region–

               echoes were obser ved in the postsunset hours, while the fully blown region plume struc tures wereF

                observed. The valley region irregularities however were observed at a later time (after 22:15 LT ) when the

              overhead region irregularities are in their decay phase consistent with observations repor ted earlier byF

                 Patra and Rao [2007]. Note that the echoes from the valley region irregularities were stronger on 27 March

                   2006 than on 4 March 2005. Signal-to-noise ratio (SNR) values were as large as 20 dB and 40 dB above

               noise on 4 March and 27 March, respectively. R adar echoes from valley region irregularities repor ted by

                 Woodman and Chau [2001] were also found to have similar SNR except the fact that they were obser ved

                during 20 22 LT. It is impor tant to mention that not obser ving the valley region irregularities during the–

                  postsunset hours is not linked with the sensitivity of the Gadanki radar, since this radar is capable of detecting

               much weaker echoes such as those associated with daytime 150 km echoing phenomenon occurring in the

                  same height region [ , 2006]. Moreover, since the sensitivity of the Gadanki radar is only 3 dBPatra and Rao

                lower than that of Jicamarca for region irregularity obser vations (which use transmitter power of 1 MW)F ≤

                    and the SNR dynamic range of the valley region echoes observed by the Jicamarca radar is 40 dB, it is very

                unlikely that the Gadanki radar would miss these if they are present. Drif t velocities of the irregularities

                 observed on 4 March 2005 and 27 March 2006 are presented in Figures 2c and 2d, respec tively. Positive

             (negative) velocity represents upward (downward) irregularity drift. Note the downward drifts of the valley

               region irregularities in both examples, which are opposite to those obser ved as upward drif ts by Woodman

             and Chau [2001]. The phenomenology of the nighttime irregularities obser ved over Gadanki described above

              is very common and is different from that obser ved over Jicamarca [ , 2001].Woodman and Chau

               G i v e n t h e f a c t t h a t p l a s m a b u b b l e g r o w s a s fl u x t u b e  - i n t e g r a t e d e n t i t y ; i . e . , i t g r o w s v e r  t i c a l l y a n d

           a l o n g t h e m a g n e t i c fi e l d s i m u l t a n e o u s l y , n o t o b s e r  v i n g t h e s e i r r e g u l a r i t i e s a t o f f - e q u a t o r i a l l o c a t i o n

               r a i s e s a n i m p o r  t a n t q u e s t i o n o n t h e v a l i d i t y o f t h e i n t e r p r e t a t i o n o f t h e e q u a t o r i a l a s c e n d i n g t y p e v a l l e y

                r e g i o n i r r e g u l a r i t i e s i n t e r m s o f p l a s m a b u b b l e - r e l a t e d f r i n g e fie l d . H e r e i t m a y b e m e n t i o n e d t h a t i t h a s

                n o t y e t b e e n c l e a r w h e t h e r t h e f r i n g e fi e l d s a r e r e s p o n s i b l e f o r t h e g e n e r a t i o n o f t h e v a l l e y r e g i o n

              i r r e g u l a r i t i e s o r t h e y t r a n s p o r t t h e a l r e a d y e x i s t i n g r e g i o n i r r e g u l a r i t i e s u p w a r d i n t o t h e v a l l e y r e g i o n .E

              G i v e n t h e f a c t t h a t a s c e n d i n g t y p e v a l l e y r e g i o n i r r e g u l a r i t y s t r u c t  u r e s a r e n o t o b s e r v e d o n e v e r y

                p l a s m a b u b b l e e v e n t a t J i c a m a r c a , i t i s q u i t e p o s s i b l e t h a t f r i n g e fie l d t r a n s p o r t t h e u p p e r E r e g  i o n

              i r r e g u l a r i t i e s i n t o t h e v a l l e y r e g i o n . O n t h e o t h e r h a n d , s i n c e a s c e n d i n g t y p e v a l l e y r e g i o n i r r e g u l a r i t i e s

                a r e n o t o b s e r  v e d e v e n w h e n E r e g i o n i r r e g u l a r i t i e s a r e o b s e r v e d a t l o w l a t i t u d e s s u c h a s G a d a n k i a n d

            K o t o t a b a n g , i t w o u l d b e r e l e v a n t t o e x a m i n e w h e t h e r b u b b l e  - a s s o c i a t e d f r i n g e fie l d c h a n g  e s w i t h

               l a t i t u d e . F r i n g e , 2 0 0 2 , 2 0 0 4 ] h o w e v e r h a v e b e e n p e r  f o r m e d f o r t h efie l d c o m p u t a t i o n s [  A l a m K h e r a n i e t a l .  

                e q u a t o r i a l m a g n e t i c fi e l d g e o m e t r y , a n d i t i s n o t k n o w n h o w t h e f r i n g e fie l d s w o u l d v a r y f r o m h o r i z  o n t a l

    t o i n c l i n e d m a g n e t i c fi e l d g e o m e t r y .

                 In this work, we use a parallel plate capacitor analogy of the equatorial plasma bubble and estimate fringe

              fields as a function of decreasing height, following analytical expressions given by [2002]. TheParker

                  shapes of the capacitor plates are chosen in such a manner that the penetration of fringe elds can befi

              de ned for both horizontal and inclined magnetic eld geometries for mak ing a comparison between thefi fi

                two. Results show noticeable reduc tion in the fringe eld as a function of latitude and decreasing altitude.fi

                 These results are presented and discussed in the light of current understanding of the fringe eld effects infi

        the ionospheric plasma transpor t and formation/upward transpor t of irregularities.
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      2. Fringe Field in Parallel Plate Capacitor

                   When a parallel plate capacitor with a plate area of and an interplate separation distance is lled withA d fi

                  a dielectric of permittivity and subjected to a potentialε V, the capacitance and electric eld betweenC fi E

     the plates can be calculated as

   C Q V¼ = ; (1)

     E V d Q A¼ = ¼ =ε ; (2)

               where is the total charge accumulated on the plate. Measured capacitance and electric eld howeverQ fi 

             differ from theoretical value. These effect s are explained in terms of fringe eld effects.fi

             Parker [2002] provided a theoretical framework and obtained analytic expressions for electric eld outsidefi

                 a strip capacitor. He used a parallel plate capacitor composed of two plates, each having length andL

                     width ( ) and plate separation of ( and ), which are assigned with potentials of ± /2.W W L≪ d d L≪ W V

            Parker V d[2002] expressed potential as a function of interplate distance as

   V ¼ K d ; (3)

                     where is a constant, which depends on the magnitude of the charge per unit area on the inside surfaces of theK

             plate. Pa rk er [2002] simplified the above-mentioned configuration in such a way that the con gurationfi

                       becomes two dimensional; i.e., the cross section of the parallel plates is in the = 0 plane, axis, andx d parallel to z

L                    parallel to y axis. Then by using the symmetry about zero potential, which is along the z ax is, Parker [2002]

      obtained two components of electric eld asfi

E z  y z;ð Þ ¼
V

2π

  W
2

 þ y

z 2 þ
W

2
 þ y

 2
  þ

W
2

  y

z2 þ
W

2
  y

  2
 

2
664

3
775  ; (4)

Ey  y z;ð Þ ¼
V z

2π

 
1

z2 þ
W

2
 þ y

 2
 

1

z 2 þ
W

2
  y

 2
 

2
664

3
775  ; (5)

 w h e r e Ez  and E y              a r e t h e e l e c t r i c fie l  d c o m p o n e n t s a l o n g d a n d L, r e s p e c  t i v e l y . T h e fie l d s b e c o m e i n fin i t e

                  at t he e nd b eca use in fin i t e l y t h i n p l a t e s a r e a s s u m e d . E l e c t r i c fi e l d l i n e s o u t s i d e t h e p l a t e i n t h e y - z p l a n e

  are gi ven as

d z

d y
¼

E z

E y

¼
z 2   y 2 þ

W 2

4
2y z

(6)

          Then by shifting the origin along axis by /2, i.e.,y W z ′   ¼ z y; ′   ¼ y
W

2
      , equation (6) for arbitrary value of

   W is rewritten as

d z ′

d y′

¼
Ez

Ey

¼
z′2

  y ′ 2
  y′W

2y ′ z ′  þ z ′W
 : (7)

             The solution of equation (7), for 0 is given as [z’ > Parker, 2002]

z ′ y′ð Þ ¼
1

2

  ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
  W yþ 2 ′

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
 C 

W 2  þ 2W y ′  þ 4y ′ 2

  W yþ 2 ′

s
 : (8)

                       In the case of , the allowed range of for lines in the right half of the plane, i.e.,C W> y′ y-z y ′

  < y ′  < y
′

þ , is

 given as

y
′

∓ ¼
  C W

4
1∓

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
 1 þ

4W

  C W

r" #
 : (9)

                More details on the formulation and mathematical treatment used in deriving fringe elds can be found infi

 Parker [2002].
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   3. Fringe Field Computation

               In the present work , we have performed fringe eld computation for two different con gurations of parallelfi fi

              plate capacitor. These two con gurations are shown in Figures 3a and 3b, respectively. Con guration 1fi fi

               consists of two rec tangular parallel plates having length ( ), breadth ( ), and interplate separation (L W d) in

                      such a way that they are equivalent to 400 km in the vertical, 1200 km in the nor th-south, and 100 km in the

              east-west directions, respectively. Con guration 2 consists of two plates with similar dimensions as that offi

               con guration 1 but with the bottom edge having a cur vature, which is an approximation for low-latitudefi

                 magnetic eld geometry. The cur ved edge is chosen in such a way that it is elongated along nor th-southfi

              and symmetric about the magnetic equator. Considering the fact that plasma bubble maps along magnetic

                 fi fi fi field lines and magnetic eld lines at low latitudes have nite dip angle, this con guration has been chosen.

               Thus, while con guration 1 is applicable to the magnetic equator, where the magnetic eld is horizontal,fi fi

                   con guration 2 can be used for low latitudes, where magnetic eld lines are tilted, as well as at the equator.fi fi

               Moreover, fringe elds of these con gurations can also be used to understand the equatorial and low-latitudefi fi

        observations of valley region irregularities mentioned in the Introduction.

                 In the adopted coordinate system, described in section 2, is parallel to nor th-south, is parallel tox y

                vertical direc tion, and is parallel to the interplate separation, which is parallel to east-west direc tion. Forz

                 computation, the origin of the coordinate system however has been taken at the midpoint of the line joining

                  the centers of the top at edges of the capacitor plates. In the present case, we are primarily concernedfl

     with the east-west electric eld,fi Ez           , that is responsible for the up-down motion of plasma. E z  component of

                  fringe eld is computed following equation (4) as a functi on of decreasing altitude, which is parallel to axisfi y

               and in the ver tical downward direction. The coordinates through which the eld lines would pass arefi

               obtained from equations (8) and (9). For our convenience in numerical computation and for obtaining the

                  required shape of the fringes, we have chosen the integration constant in equations (8) and (9) in theC

               increasing order of eld lines as it goes away from the plate. They are as follows:fi

           C ¼ 1 02 1 10 1 25 1 50 2 for 100 km plate separation: ; : ; : ; : ; ð Þ

           C ¼ 0 45 0 60 0 65 0 73 0 88 for 200 km plate separation: ; : ; : ; : ; : ð Þ:

                 Equations (4 9) however are applicable for a strip capacitor, and here we need to obtain the fringe elds– fi

                 for con guration 1 and con guration 2, which have nite (in the present case 1200 km). One possiblefi fi fi W

                  way is to integrate the fringe elds of several such strip capacitors. In the present study, for simplicity, wefi

                   have used seven plate capacitors in such a way that they form the shape shown in con guration 1. Each offi

                these plate capacitors consists of 60 strip capacitors. Then the fringe elds of these strip capacitors arefi

         integrated, and the east-west components of electric elds (i.e.,fi Ez         ) outside the plate capacitor in the planey-z

              (i.e., east-west component of fringe eld) are used for our consideration. For the second con guration,fi fi

               seven small plate capacitors have been used to obtain an equivalent plate capacitor. These plates are

                 oriented in such a manner that they approximately form the shape of the con guration 2. Then the resultantfi

       fringe elds in the east-west plane are computed.fi

                    Figure 3. Parallel plate capacitors with (a) at edge at the bottom and (b) curved edge at the bottom. The coordinatefl

                    system is also shown. For computation, the origin of the coordinate system has been taken at the midpoint of the line

           joining the centers of the top at edges of the capacitor plates.fl

     Journal of Geophysical Research: Space Physics 10.1002/2014JA020113

  MUKHERJEE AND PATRA       ©2014. American Geophysical Union. All Rights Reser ved. 6635

Printed by [D
irecteur D

u R
eseau D

es, B
ibl U

niversite D
e Liege (U

LG
) - 139.165.020.252 - /doi/epdf/10.1002/2014JA

020113] at [20/01/2021].



                    The capacitors shown in Figure 3 are assumed to be located at an altitude of 300 km so that fringe eldsfi

              below this altitude can be computed for their application to the ionospheric phenomenon chosen in

                  this work. Given the fac t that the base of plasma bubble lies around 300 km, the above assumption is

 quite realistic.

   4. Results and Discussion

                First, we address how fringe eld varies along nor th-south for con guration 1 and con guration 2. It mayfi fi fi

                 be mentioned that fringe elds are directed eastward. Figures 4a and 4b show peak values of fringe eld,fi fi

              which maximize at midpoints of the capacitors, for con guration 1 and con guration 2, respectively. Fringefi fi

                      fi fields have been computed for = 400 km, = 1200 km, and = 100 km. All fringeL W d elds have been

                 normalized to unity and plotted in different scales for different heights for clarity. In the case of con gurationfi

                  1, fringe eld decreases with altitude but does not change along north-south. In contrast to this, fringe eld infi fi

             con guration 2 not only decreases with height, it decreases remark ably along nor th-south. Fringe eldfi fi

                 attains a maximum value at the center, i.e., at the equator, and the percentage decrease in the normalized

                      electric eld over the equator at altitudes of 200 km, 150 km, and 100 km with respect to that at 250 km arefi

                86.73%, 94.83%, and 97.03%, respec tively. In the case of con guration 2, fringe eld is found to decreasefi fi

                along north-south also. For example, corresponding to the 250 km altitude, the fringe eld at a distancefi

                   of 1200 km from the equator becomes 37% of that at the equator. At a similar distance from the equator,

                 fringe eld reduces remarkably at lower altitudes, and at an altitude of 100 km, the fringe eld becomesfi fi

 negligibly small.

                     F i g u r e 4 c s h o w s r e s u l t s f o r c o n g u r a t i o n 2 h a v i n gfi L = 4 0 0 k m , W = 1 2 0 0 k m , a n d d = 2 0 0 k m . I n t e r e s t i n g l y ,

                    i n t h i s c a s e , f r i n g e fi field do es not de cre as e as fa st as th at o f co n g u r a t i o n 2 h a v i n g d = 1 0 0 k m b o t h

             v e r t i c a l l y a n d a l o n g n o r  t h - s  o u t h , i m p l y i n g t h a t f r i n g e fi e l d c a n e a s i l y p e n e t r a t e d o w n w a r d a n d e x t e n d

               a l o n g n o r t h - s o u t h i f t h e w i d t h i s i n c r e a s e d . N o t e t h a t t h e n o r m a l i z e d e l e c t r i c fi e l d s a r e h i g h e r t h  a n

                      t h o s e f o r d = 100 km. For ex amp le, at 25 0 km alt it ude, th e f r in ge fie l d a t a d i s t a n c e o f 1 2 0 0 k m f r o m t h e

                 e q u a t o r b e c o m e s a b o u t 8 5 % o f t h a t a t t h e e q u a t o r . T h i s a r i s e s d u e t o e q u a t i o n ( 3 ) t h a t s u g g e s t s t h a t

         t h e p o t e n t i a l V i s p r o p o r t i o n a l t o t h e i n t e r p l a t e d i s t a n c e d.

                   In order to examine fringe eld for large bubble, we have considered a case with zonal dimension of 500 kmfi

                   consistent with some of the large bubbles shown in Figure 2. Computation has been done in the same way as

                        has been done for = 100 km and 200 km, except that in the present case, the values of are 0.23, 0.34, 0.38,d C

             0.42, and 0.52. Variations of normalized east-west fringe eld along nor th-south direc tion at differentfi

               altitudes are shown in Figure 5. Note that in this case also, fringe eld decreases northward/southwardfi

                 from the equator as well as with decreasing altitude. The decrease in the fringe eld however is relativelyfi

                       less than those of = 100 km and 200 km. We note that the fringe eld reducti on at low latitude is at leastd fi

     10% of that at the equator.

                  Figure 4. D i s t r i b u t i o n s o f n o r m a l i z e d f r i n g e e l e c t r i c fie l d a s a f u n c t i o n o f h e i g h t a n  d l a t i t u d e a l o n g t h e n o r t h - s o u t h f  o r

                        ( a ) c o n fi g u r a t i o n 1 w i t h L = 4 0 0 k m , W = 1 200 k m, a nd d L= 1 00 km; (b ) confi g u r a t i o n 2 w i t h = 4 0 0 k m , W = 1 20 0 km ,

                       a n d d = 1 0 0 k m ; a n d ( c ) c o n fig u r a t i o n 2 w i t h L = 40 0 km , = 2 00 k m. In t he seW d= 120 0 km, and fi g u r e s , e l e c t r  i c fie l d i s

 d i r e c t e d e  a s t w a r d .
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      Next, we present how fringe eld wouldfi

     vary in the east-west direc tion when

      more than one plasma bubble exists. Since

       more than one plasma bubble can occur in

     the east-west direction and the zonal

      dimension of bubble as well as interbubble

      separation could vary from one day to

     another, we have examined variation of

     fringe eld along east-west in suchfi

   con gurations. For demonstration, wefi

     have considered a pair of bubbles

      separated by a distance. We have chosen

     three cases: (1) bubbles with east-west

     dimension of 100 km and interbubble

      separation of 300 km, (2) bubbles with

     east-west dimension of 200 km and

     interbubble separation of 300 km, and

    (3) bubbles with east-west dimension

     of 500 km and interbubble separation

  of 500 km.

      In order to per form the computation for

      the rst case, we have considered twofi

       parallel plate capacitors having = 400 km,L

          W d= 1200 km, and = 100 km each and

       separated by 300 km, which is shown in

     Figure 6a. This con guration signi es thatfi fi

     there are two plasma bubbles having

      width of 100 km each and interbubble

     separation of 300 km. Although in

    principle both width and interbubble

     separation could be different from those

      used here, this con guration is used tofi

     demonstrate how the fringe eld wouldfi

     vary both in east-west and ver tical

     directions. Figure 6b shows the variations

      in fringe eld in the east-west directionfi

       and at different altitudes. As can be noted

      that fringe eld exists everywhere in thefi

      east-west direction, be it just below the

       capacitor or in the region where there is

     no capacitor. We however note that

      fringe eld is maximum where the centralfi

      part of the capacitor is located and

      minimum at the far thest distance from the

      center of the capacitor. Again, fringe eldfi

   decreases with decreasing height.

       Figures 7a and 7b show results similar to

          that of Figure 6 but for = 200 km. Ind

       this case, fringe eld does not even dropfi

        in between the two capacitors. It looks as if

       there is one capacitor. This implies that if

      two bubbles are wide enough and the

      interbubble separation is of the order of

            Figure 5. Same as Figure 4 but for con guration 2 with plate separa-fi

          tion = 500 km. Direction of electric eld is eastward.d fi

         Figure 6. (a) Two parallel plate capacitors with dimensions equivalent

                  to = 400 km, = 1200 km, and = 100 km and separated by 300 km.L W d

          (b) Distributions of normalized fringe electric eld as a function offi

         height and longitude at the magnetic equator. Direction of electric

  field is eastward.
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      the bubble width, fringe eld appears tofi

       be equivalent to that of a much wider

    bubble than a single bubble.

       Figures 8a and 8b show results for the

     third case where both east-west bubble

    dimension and interbubble separation are

       500 km. In this case, although fringe eldfi

     extend to regions where overhead bubble

      is nonexistent, at lower altitudes, the east-

     west distribution of fringe eld changesfi

    remarkably. Fringe eld maximizes wherefi

       the center of the bubble is located and

    decreases with increasing distance. These

      results are similar to those obser ved in

       the rst case (Figure 6), implying that east-fi

     west distribution of fringe eld dependsfi

    on east-west bubble dimension and

    interbubble separation. In summary, we

      have shown that (1) fringe eld decreasesfi

     with decreasing altitude, (2) fringe eldfi

     decreases signi cantly as we move awayfi

      from the magnetic equator, (3) fringe eldfi

      at a given height and latitude increases

      with increasing bubble width, and (4) in

     case of multiple bubbles, large fringe

     field is obser ved at the magnetic

      equator in regions where there exists no

 overhead bubble.

     The nding that fringe eld decreasesfi fi

     with decreasing altitude is consistent with

       that noted earlier by Alam Kherani et al.

     [2004] and suggests that a highly

   depleted plasma bubble providing

    strong polarization charges would be

     required to produce necessary fringe eldfi 

        at the valley and regions for the upwardE

    transportation of plasma and plasma

    irregularities. But a more impor tant

    finding relevant for understanding the

   occurrence (nonoccurrence) of valley

    region irregularities at the equator

      (low latitudes) is the reducti on of fringe

       field with latitude. It is also interesting to

       note that at low latitude, the fringe eldfi

       just below the bubble decreases at a much

      faster rate than that at lower altitudes.

     Given the fact that plasma bubble

     develops vertically at the equator and

      maps to higher latitudes along eld linesfi

    simultaneously, the polarization process in

      the low latitude close to the magnetic

       equator is believed to be quite similar, and

       the fringe elds both at the equator andfi

           Figure 7. Same as Figure 6 but for capacitors with interplate separa-

          tion = 200 km. Direction of electric eld is eastward.d fi

           Figure 8. Same as Figure 6 but for capacitors with interplate separa-

           tion of 500 km and intercapacitor separation of 500 km. Direction of

   electric eld is eastward.fi
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                 low latitudes on a local consideration would be same. But the fact that bubbles are magnetic eld alignedfi

                   and the fringe eld at a low latitude point beneath the plasma bubble would be the vec tor sum of allfi

                  fi field lines passing through it, the fringe elds are smaller than that at the equator. This reduc tion of fringe

                 field is presumed to be one of the impor tant reasons for impeding ver tical transport of plasma and plasma

   irregularities at low latitudes.

                 We also found that the fringe eld increases with increasing bubble width and in the case of multiplefi

                bubbles, fringe elds can be present even at locations where overhead bubble does not exist. This ndingfi fi

               supports Jicamarca observations (shown in Figure 1) that valley region irregularities are observed in a region

               where there exists no overhead bubble [ , 2001]. But no ascending type valley regionWoodman and Chau

            irregularity has been observed in association with large-scale plume struc tures with bottomside undulation

                (Figure 2d) observed at Gadanki. Similar features were noted in earlier obser vations also [e.g., ,Sekar et al.

             2004]. There are however no concurrent measurements from magnetic equator and low latitude connected

             through common magnetic eld lines to examine the contrasting aspect of valley region irregularitiesfi

             observed at the equator and low latitudes. Available observations however suggest that low-latitude valley

                 region is not prone to instability during the growth phase of plasma bubble unlike that at the equator

       [ , 2005; , 2007].Yokoyama et al. Patra and Rao

                 One aspect that needs some discussion is whether the fringe eld is capable of generating irregularities in thefi

                valley region. The fringe eld under consideration is eastward in the evening hours when plasma bubbles arefi

             in their growth phase. Eastward electric eld (fringe eld) could destabilize eastward elec tron densityfi fi

                gradients in the valley region forming irregularities in the ver tical direc tion, which could give rise to radar

                echoes. The fact that evening ionosphere often shows jagged electron density pro le in the upper regionfi E

                and valley region [e.g., , 1972], gradient drif t or interchange instability setting on vertical densityPrakash et al.

             gradients associated with jagged elec tron density pro le could form zonal gradients in elec tron density.fi

             Upper region irregularities displaying large-scale plasma wave structures have been obser ved in twilightE

             hours (18:30 20:00 LT ) at Jicamarca [ , 2004]. These indicate that necessary background– Chau and Hysell

            conditions, for forming plasma irregularities and more impor tantly large -scale zonal wave struc tures, can

               prevail in the equatorial upper region. These irregularities however occur during twilight hours (prior toE

                  20:00 LT ) and do not show ascending pattern of the type repor ted by [2001] during theWoodman and Chau

                growth phase of plasma bubble (aft er 20:00 LT ). However, if such horizontal struc tures are formed in the

                  E region during the growth phase of plasma bubble, it is quite likely that they would be destabilized further

          and simultaneously transpor ted upward by plasma bubble -associated fringe eld. [1993]fi Woodman

             hypothesized that the ascending type valley region irregularities could be generated during the upward

                transport of the region plasma by the plasma bubble -associated fringe eld. These fringe elds could alsoE fi fi

              destabilize upper and valley region plasma through gradient drift instability if zonal elect ron densityE

                  gradients exist. Moreover, for the growth of a large -scale plasma bubble at the region, plasma has to beF

                drawn from much lower altitude region [ , 1980], which is likely to alter the plasmaZalesak and Ossakow

                 density distribution in the region between the upper and lower regions. [1997] demonstratedE F Sekar et al.

                  that indeed it takes place, and such an evolution of plasma density could give rise to plasma irregularities in

                the lower par t of the region (200 300 km), where the initial conditions are otherwise unfavorable forF –

             the generation of irregularities. [1998] also veri ed the time -dependent proper ty of the bottomsideBasu fi

            electron density distribution and provided quantitative description of such an effect. Required horizontal

              gradients could also be generated by strong longitudinal variation in upward plasma transpor t, and the

              fringe elds could destabilize the region of eastward electron density gradients. The fac t that everyfi

              plasma bubble event does not accompany ascending type valley region irregularities, it is quite possible

               that such a requirement is not ful lled always. These processes account for much of the irregularitiesfi

             observed by the Jicamarca radar in association with plasma bubble (shown in Figure 1).

             Given the fact that plasma depletion while growing in altitude extends latitudinally and large-scale

                electric eld maps along magnetic eld, we would expec t somewhat similar to be obser ved at low latitudefi fi

                 as well. Obser vations from low latitude such as Gadanki however are found to be different. In a recent

               study, [2012] have shown the inability of the equipotential eld line approximation inAveiro and Hysell fi

            reproducing three -dimensional structures of current in the bubble phenomenon. Their results showed large

              field-aligned current in association with the divergence of gravity-driven zonal current in the presence of

                 plasma bubble. They also found that the same assumption leads to an underestimation of the growth rate of
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                 plasma irregularities in their simulation study. In the present work , we nd that fringe elds are smaller atfi fi

               low latitudes than at the magnetic equator, and this nding possibly indicates that magnetic eld linesfi fi

                during plasma bubble phenomenon are not equipotential as shown by [2012]. Thus, it isAveiro and Hysell

                 quite likely that the reduced fringe eld at low latitude as demonstrated in this work would possibly befi

             insuf cient to provide condition for generating irregularities in the valley region. Finite inclination offi

                 Earth’s magnetic eld at low latitudes could also be an impor tant fac tor for reducing the growth of plasmafi

              instability unlike that at the magnetic equator where magnetic eld lines are horizontal. An additionalfi

            possibility for the contrasting equatorial and low-latitude observations may be spatially localized unstable

              plasma modes with maximum amplitude occurring at the magnetic equator [ , 1983]. ThisBasu and Coppi

                mode was proposed by [1983] for the bottomside region irregularities at the magneticBasu and Coppi F

              equator. Ascer taining this possibility for the upper and valley regions however needs fur ther investigation.E

               Observations of valley region parameters, both plasma and neutral, at the equator and low latitude are

          necessary to understand the obser ved difference in the valley region irregularities.

  5. Concluding Remarks

              Results presented in this paper showed that obser ving valley region irregularities during the initial phase

                of equatorial plasma bubble at the magnetic equator and not obser ving at low latitudes could be linked

              with varying fringe eld with latitude linked with the eld-aligned nature of equatorial plasma bubble.fi fi

               Although it is not known whether fringe eld can generate valley region irregularities, their presence andfi

               magnitude would be able to induce ver tical transpor t of plasma or plasma irregularities, and their variation

                from the magnetic equator to low latitude at least par tly is consistent with observations. Further work is

            necessary to understand their occurrence/nonoccurrence and their linkage to the equatorial plasma bubble

         parameters, viz., bubble dimension, depletion level, and height of occurrence.
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