Ann. Geophys., 28, 32837, 2010 ~ "*

www.ann-geophys.net/28/327/2010/ G An n_ales
© Author(s) 2010. This work is distributed under Geophysmae
the Creative Commons Attribution 3.0 License. -

Density enhancements associated with equatorial spreafd

J. Krall 1, J. D. Hubal, G. Joyce, and T. Yokoyama®

Iplasma Physics Division, Naval Research Laboratory, Code 6790, 4555 Overlook Ave., SW, Washington, D.C.,
20375-5000, USA

2|carus Research, Inc., P.O. Box 30780, Bethesda, MD 20824-0780, USA

3Department of Earth and Atmospheric Sciences, Cornell University, Ithaca, NY, 14850, USA

Received: 4 September 2009 — Revised: 17 November 2009 — Accepted: 23 November 2009 — Published: 1 February 2010

Abstract. Forces governing the three-dimensional structuredensity gradients associated with ESF affect the propaga-
of equatorial spread* (ESF) plumes are examined using the tion of electromagnetic signals, sometimes degrading global
NRL SAMI3/ESF three-dimensional simulation code. As is communication and navigation systendg (La Beaujardiere
the case with the equatorial ionization anomaly (l1A), density et al, 2004 Steenburgh et 12008, the studies have contin-
crests within the plume occur where gravitational and dif- ued. One of the many ESF-related phenomena that have yet
fusive forces are in balance. Lardex B drifts within the  to be explained is the occurrence of ESF density enhance-
ESF plume place these crests on field lines with apex heightsents, also called “plasma blobsDya et al, 1986 Watan-
higher than those of the background IA crests. Large pole-abe and Oyal986 Le et al, 2003 Yokoyama et al.2007,
ward field-aligned ion velocities within the plume result in Park et al. 2008h Martinis et al, 2009. These occur in
large ion-neutral diffusive forces that support these ioniza-regions of ESF activity, have been measured in situ by the
tion crests at altitudes higher than background IA crest al-Hinotori (altitude ~650 km), ROCSAT {600 km), DMSP
titudes. We show examples in which density enhancement$~840km), STSAT £680km), and CHAMP {350 km)
associated with ESF, also called “plasma blobs,” can occusatellites, and may be related to the phenomena of ESF
within an ESF plume on density-crest field lines, at or aboveairglow enhancement(all et al., 2009h Martinis et al,
the density crests. Simulated ESF density enhancements r@009. One aim of this paper is to provide an explanation for
produce all key features of those that have been observed iBSF density enhancements.
situ. In recent past work with the SAMI3/ESF codéuba et al.
2008 we have demonstrated and discovered several basic
properties of the Rayleigh-Taylor-like ESF instability, such
as the possible suppression of its growth by meridional winds
(Krall et al., 20093 Maruyama et a).2009. We have found
that ESF ion dynamics lead to specific compositiohhlifa
1 Introduction et al, 2009y and thermal luba et al. 20093 signatures.
ESF-plume temperature®©yama et al. 1988 Park et al,
Equatorial spread” (ESF), named for the “diffuse echoes 20083 have been explained in some detail Hyba et al.
from the F-region of the ionosphere received continuously(20093, but many aspects of simulated ESF plume density
at night in equatorial regions over a wide range of wave-Sstructures have not.
frequency” Booker and Wells1938), has been a subject of For example,Huba et al.(20098) showed that a “super
active research for the past 35 yedraérendel1974 Os-  fountain effect” within the ESF “bubble,” or plume, leads to
sakow 1981, Kelley, 1989 Hysell, 2000. Most recently, the development of ionization crests within the plume, simi-
sophisticated three-dimensional computer simulation modelsar to the ionization anomaly (IA) crests that usually occur in
of ESF plumes, or “bubbles,” have been developddhia  the post-sunset equatorial ionosphere. However, the forces
et al, 2008 Retterer 2009. Because the strong electron governing these ionization crests have not yet been exam-
ined. In a related example, we found that a meridional wind
can act in such a way that a density enhancement (relative to

Correspondence tal. Krall - the nearby background) occurs within an ESF pluitel
BY (jonathan.krall@nrl.navy.mil) et al, 20090 and that this enhancement has ion-velocity
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profiles similar to those observeldq et al, 2003 Yokoyama 9T, 21 b2 9 0T, = Qun+ Qei+ Qphe (5)
S

s K,
et al, 2007). In fact this same SAMI3/ESF study repro- 9/  3nek ‘ds © 8
duced an observed ESF airglow phenomenon, ESF airglo
enhancement, which is related to the above-mentioned ES
density enhancemenKf(all et al, 2009h Martinis et al,
2009. In more recent simulations, which we report be-
low, we find that ESF density enhancements can occur in th
absence of winds if the ESF plumes are growing relatively

slowly. : )
version of SAMI3 used here and in our other recent ESF stud-
In the present study, we use the SAMIS/ESF three-. oy 10 ot al 2008 2009ab; Krall et al, 2009ab) is mod-

;jwrgecr)]fs E g?l T”;l:alzt;)nn q rt];]zdrfallefoﬁ)s(ﬁmlgitth(:}er?-tﬁ'ssgtlscg:iﬁed relative to that used in past studiétipa et al, 2005 in

tu dth {:)uf the back q IIZ | P \?' lar] Ith ILjA\that the perpendicular electric field;, = —V® is computed
ure and that of the background "-iayer, particurarly the self-consistently in SAMI3 to determine thigx B drifts.
crests. We further show examples of SAMI3/ESF simula- . : . : : .

: . . . o Of particular interest for this study is the field-aligned
tions in which ESF density enhancements occur within theCom onent of the ion momentum equation. which can be ex-
ESF plume, at or above these density crests. ESF-plume den- P g '

. . . : ressed as
sity structure is of interest because observations, both remotg

he various coefficients and parameters are specifigldba
et al. (2000. Ion inertia is included in the ion momentum
equation for motion along the geomagnetic field dhe B
drifts are computed to obtain motion transverse to the field.
eutral composition and temperature are specified using the
empirical NRLMSISEOO modelRicone et al.2002. The

and in situ, show a wide variety of phenomena, including 3 V;, 1 P 1 P,

both density depletions, which are very common, and en-WjL(Vi V)Vis = —mbsg T m; S ds
hancements, which are less $tgtanabe and Oy4986 Le

et al, 2003 Park et al, 20081. Because we find that ESF + 85 = vin (Vis = Vi) = Y _vij (Vis = V). (6)
plumes often include regions with ion densities equal to or 7 '

greater than surrounding ionospheric densities, we will refer
to them as “plumes” rather than “bubbles” in this study. As wheres is the coordinate along the field line and where the
always, it is hoped that these simulations will aid in the inter- electron momentum equation, E@),(has been used to ex-
pretation and analysis of ESF measurements. To our knowlpress the polarization electric field in terms of the electron
edge, this is the first comprehensive modeling study of thepressure. SAMI3 uses a non-orthogonal, irregular grid that
forces governing the density structure within an ESF plumeconforms to a model geomagnetic field. For this study the
and the first simulation study of ESF density enhancementsmagnetic field is modeled as a dipole field aligned with the
earth’s spin axis.

. ] The SAMI3/ESF potential equation is derived from cur-

2 SAMI3 simulations rent conservationy - J = 0) in dipole coordinatess(p, $)

. and is described ikluba et al.(2008. In this study the po-
The N.RL 3—D_|onqsphere (?ode SAMB/ESHL(ba et .al" tential equation is identical to that &frall et al. (2009,
2008 is used in this analysis. SAMI3/ESF is a version of .
. except that the Hall-conductance terms are neglected relative
the SAMI3 global ionosphere codel(ba et al.200Q 2005 to Pedersen-conductance terms (3y;,= o = 0)
that has been modified for the study of ESF. SAMI3 models o H =

: . . . The 3-D simulation model is initialized using results
the plasma and chemical evolution of seven ion speciés (H from the two-dimensional SAMI2 code. SAMI2 is run for
He®, N*, O, NJ, NOT and Q). The complete ion tem- '

perature equation is solved for three ion species, (He+ 48 h using the following geophysical conditions: F10.7=75,

: F10.7A=75, Ap=4, and day-of-year 80 (e.g., 21 March
and O*) as W?" as the electron temper.ature equation. The2002). The simulation is centered at geographic longitude
plasma equations solved are as follows:

0° so universal time and local time are the same. The plasma
on; is modeled from hemisphere to hemisphere u{81° mag-
5, TV iV =Pi —Lini @D netic latitude: the peak altitude at the magnetic equator is
~2400km. TheE x B drift in SAMI2 is prescribed by the
mjLVi YV, = _ivp{. + 2 E+S V., xB+g Fejer/Scherliess modeB¢herliess and Fejed999. The
o1 Pi mi mic plasma parameters (density, temperature, and velocity) at
time 19:20 UT (of the second day) are used to initialize the
—vin(Vi=Vn)— ZVU‘ (Vi=V)) (2)  3-D model at each magnetic longitudinal plane.
J The 3-D model uses a grid with magnetic apex heights
from 90 km to 2400 km, and a longitudinal width df ¢&.g.,
Vex B 3 ~460km). The grid iSn,n,n;)=(101, 202, 96) where,
is the number grid points along the magnetic fieldd,is the
aT; 2 21 number of “field lines,” and;, is the number of longitude grid
EJFVi'VTi‘FgTiV'ViJanTkV' Qi=Qin+Qii+Qic (4)  points. This grid has a resolution 6 kmx5 km in altitude
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Fig. 1. Contours of loggn,. at a fixed longitude (left) and at the magnetic equator (right). The location of the left-hand contour in the
right-hand panel is indicated by a white line and vice versa. lonization crests are indicated within the ESF plume (white circles) and in the
background (red circles). A dark curve near the center of each plot indicatesHi@Hransition height. In the left hand panel;*Gon

velocity vectors indicate the direction of floaawayfrom the dot.

and longitude in the magnetic equatorial plane. The grid iscan be seen in both panels as a discontinuity in the density.
periodic in longitude. In essence we are simulating a narrowThe left-hand panel shows the flow of‘Gons, where veloc-
“wedge” of the ionosphere in the post-sunset period. Unlessty vectors indicate the direction of flomwayfrom the dot in
noted, the ESF instability in each simulation was initiated each case. A dark curve near the center of each plot indicates
by imposing a Gaussian-like perturbation in the ion densitythe Ht/Ot transition height, where the densities of these two
atr =0: a peak ion density perturbation of 15% centered ationospheric constituents are equal. That the bulk of the ESF
0° longitude with a half-width of 0.25 and at an altitude plume lies below this transition height at all times is indica-
z=300 km with a half-width of 50 km. This seed perturbation tive of the transport of low-altitude-composition plasma to
extends along the entire flux tube. For this study, the verticahigh altitude, as found biiuba et al(20091.

and zonal neutral winds are set to zero and the meridional As was seen in past studigdyba et al. 2008 2009ab;
neutral wind is set either to zero or to a constant value ofkrall et al, 2009gb), the ESF plume is strongly depleted
10m/s. near its apex,E x B drifts move ions upward across field
lines, gravity moves ions downwards along field linelsug-

son and Bamgboyel984, and a pair of ionization crests
form within the ESF plume, here at altitude 440 km and lati-

While ESF density depletions are common, both in the Sim{:l:r(ﬁeisﬂ - These are marked in the left-hand panel by white

ulations and in a wealth of observations, density enhance- ) o o

ments associated with ESF are seen less oftéatgnabe and For comparison to the ionization crests within the ESF

Oya 1986 Le et al, 2003 Park et al, 20088. We first de- plume, we considered the properties of the background IA
' ' ' sition indicated by the red vertical line in the right-

scribe the forces that support ionization crests within an ESI’—ﬁt adpo S E hi o of tt o oot
plume. We will then consider two situations in which the rel- and panel of Figl. This is outside of the region affecte

atively high densities at or above these ionization crests cafy the quahzed electric potential of the nearby ES.F plume.
become ESF density enhancements. The position of the two background IA crests are indicated

by red circles in the left-hand panel. We see that the ESF
crests occur at an altitude above that of the background 1A
crests. Further, the ESF crests lie on a field line with an apex
Figure1 shows an example of a simple ESF plume viewedaltitude above that of the background IA. In Figleft panel)

in the plane of the magnetic equator (right panel) and in afield lines are indicated by the black dots at the base of each
constant longitude plane (left panel). In this case there ar@/ector; these dots are arrayed along selected field lines.

no winds (,; = 0). Contour plots show values of lggn.), Past studies of the “fountain effect” that leads to the 1A
with the location of the left (right) contour plot being indi- (Hanson and Moffeft1966 Anderson 1973 show that the
cated by a white line in the right-hand (left-hand) panel. Thecrest positions are dependent on the magnitude of the upward
edge of the ESF plume, which has an apex height of 1610 kmE x B drift: a larger drift results in the IA crests occurring

3 ESF density enhancements

3.1 lonization crests with an ESF plume
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Fig. 2. Field-aligned gravity £, dashed line) and diffusionf{,,, Fig. 3. Top panel: field-aligned forces_, gravity (da_lshed line), ion
solid) forces acting on ® ions are indicated within the ESF plume 2nd electron pressures (long-dashed lines), and diffusipn €,
(top panel) and in the background ionosphere (bottom panel) fosolid lines), acting on & ions are indicated for a field line corre-

field lines corresponding to the ionization crests in each case. ElecsPonding to the ionization crests within the plume. Bottom panel:
tron density (dot-dash) is also plotted. net field-aligned force (solid line) acting on*Oions is plotted.

Electron density (dot-dash) is also shown.

on geomagnetic field lines of higher altitude. These stud-
ies have also shown that the position of the A crests along These results further demonstrate the workings of the ESF
the geomagnetic field is governed by a balance between thesuper fountain,” which was first identified bijuba et al.
downward gravitational force and the upward diffusion force (20091. Through this and other three-dimensional ESF sim-
that is exerted by neutrals on the downward-moving ions (seéllations, we find that the large x B drifts within the ESF
Eq.6). Thisis illustrated in Fig2, where the electron density Plume create ionization crests on field lines above those of
(dot-dash line) is plotted along with two of the forces act- the background IA crests. We also find that the large pole-
ing on O ions: the acceleration due to gravify/m; = g, ward field-aligned ion velocities within the plume result in
(dashed) and the acceleration due to ion-neutral diffusionlarge ion-neutral diffusive forces that support these ioniza-
Fin/m; = —vi, Vis (solid). These forces are plotted versus tion crests at altitudes above those of the background IA
latitude for the field line and longitude corresponding to the crests. The diffusive force is interesting in that it is only sig-
ESF crests (top panel) and for the background IA crests (bothificant when ion (or neutral) velocities are large. However,
tom panel). In both cases, we see that the peak in the derwe shall see in the next section that even a weakly growing
sity occurs where the gravitational and diffusive forces areESF plume can generate velocities of 100-200 m/s and that
approximately equal in magnitude. To our knowledge, thisthese are large enough to support ionization crests at alti-
is the first demonstration that the 1A crests do indeed peakudes higher than those of the background IA crests. Further
where the gravitational and diffusive forces are equal and op¥esults (not shown) show th&}, is dominated by collisions
posite. between O and O; when the contribution from this interac-
A more detailed look at the forces acting on" Gons tion is removed, the crests appear at a much lower altitude.
within the ESF plume is shown in Fig, where each of the The importance of O/0 collisions raises the possibility that
five terms on the right-hand side of E@) (s plotted in the  the “Burnside factor” Jee et al.2009, which may increase
upper panel. As in Fig (top), the plot is along the field line the OF/O collisions rate by a factor as large as 1.8, may have
corresponding to the ionization crests within the ESF plumesome effect. However, becausg, varies so rapidly at the
shown in Figl. The lower panel of FigB shows the net force ~ crest altitude (see Fi@), we find that this factor is of little
and the electron density. That the ionization crests within theémportance to the position of the crests. Similarly, we con-
ESF plume are held in place primarily by the downward grav-sidered the effect of of ion heating within the plume, which
ity (F,) and upward diffusion ;,) forces is confirmed in ~was found byHuba et al.(20093. This was also found to
Fig. 3 (top), which shows that the ion and electron pressurede of little consequence. Indeed, the most significant fac-
are approximately zero where the electron density peaks antpr in determining the height of the crests appears to be the
that the ion-ion diffusion forcé;; is everywhere small. Fig- downward, field-aligned ion velocity: larger velocities lead
ure 3 (bottom) shows that the ionization crests are in a nearto higher crest altitudes.
equilibrium state, with the net force being close to zero in the  While our analysis shows that the ion-ion diffusive force
crest regions. F;; is of little consequence to the positions of ionization
crests, it is nevertheless interesting, with effects that may be
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Fig. 4. Contours of loggn, at a fixed longitude (left) and at the magnetic equator (right). The location of the left-hand contour in the
right-hand panel is indicated by a white line and vice versa. lonization crests are indicated within the ESF plume (white circles) and in the
background (red circles). A dark curve near the center of each plot indicates @ Hransition height. In the left hand panel;fGon

velocity vectors indicate the direction of floawayfrom the dot.

observable in situ. As implied biuba et al.(2009b, F;; Figure 4 (right) shows that several ESF plumes grow
within the upper part of plume is dominated by the interplay within the simulation. Figurd (left) shows density (logy~.)
between @ and H" ions, with the downward flow of the©  contours and velocity vectors within one of the ESF plumes.
“super fountain” initially dragging B downward and out of ~ As in Fig. 1, the location of the left (right) contour plot is in-
hydrostatic equilibrium, followed by oscillations in thetH  dicated by a white line in the right-hand (left-hand) panel. As
velocity and, consequently;;;. Figure3 (top) showsF;;, in Fig. 1, ionization crests within the ESF plume are marked
the force exerted by Hon O, during a phase in whichH by white circles and the position of the background IA crests
is moving upwards. Oscillations in the'Hdensity also af- are marked by red circles. We see that, once again, the ESF
fect the ion and electron pressure terms near the apex of thimnization crests occur on a field line above that of the back-
plume. ground IA crests and at an altitude above the background IA.
The left-hand panel also shows the flow of @ns, where
3.2 Density enhancements associated with weakly grow- velocity vectors indicate the direction of flaawayfrom the
ing ESF dot in each case.

This simulation includes several interesting features. Be-
We now consider a case in which ESF develops with a lowcause ESF is not a simple local instabiligighbeth 1971
growth rate and without the occurrence of a strong supeiZalesak et al. 1982, ESF growth is dependent on the
fountain Huba et al. 2009b within the ESF plume. Specif- specifics of the three-dimensional initial perturbation. That
ically, we consider a simulation where ESF plumes grow ESF growth rates depend on field-line integrated quantities
from random fluctuations in the ion density, temperature,such as the Pedersen conductivity was verifieiall et al.
and velocity instead of from a “seed” perturbation as in (20099, who computed these growth rates for comparison
Fig. 1. The fluctuations were applied to the initial condi- to SAMI3/ESF simulation results. In fact, properties of the
tions only and were given characteristic amplitudes that var-optimum naturally-occurring ESF seed have not yet been de-
ied versus height in such a way that fluctuation amplitudestermined. For this TID-like initial perturbation, we find that
everywhere correspond to the observed amplitudes of travESF plumes grow more slowly than the “seeded” plume of
eling ionospheric disturbances (TIDs) as reportetHatke Fig. 1 above, which reached a very high altitude as a result
and Schlege{1996 see Fig. 17 therein). For simplicity, the of the artificially-large initial density perturbation (15%). At
fluctuations were applied only to™ Initial fluctuations are ~ 03:00 local time the plume of Figt (left) has only reached
consistent with the TID observations only in terms of fluctu- an apex height of 850 km. We emphasize that the initial seed
ation amplitude versus height; we did not otherwise mimic perturbation is the only difference between these two cases.
TIDs. Outside of the height range of the reported observa- Unlike typical ESF plumes, this plume contains a density
tions, fluctuation amplitude versus height falls smoothly to enhancement near the edge of the plume at all heights above
zero such that there are no fluctuations below 50 km or abovéhe locations of the ionization crests. Below the crests within
900 km. This simulation, shown in Fid, is otherwise iden- the ESF plume the density is depleted relative to the back-
tical to that shown in Figl. ground, as usual. This can be seen in Hidleft), where

www.ann-geophys.net/28/327/2010/ Ann. Geophys., 28, 3272010
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UT 03:00 608 km hanced densities that extend upwards along the ionization-
53 crest field lines to their apex. In our simulations to date,
< 2 E this situation has only occurred for low values1(00) of the
2 51F ; F10.7 index.
S s5.0F
150F E 3.3 Density enhancements associated with meridional
@ 100f & : winds
£ 0 E
= 50 .’“\//_/\J 3 We now consider the situation in which a meridional wind
A—1oo a2 E alters the plume and background densities in such a way
L s0F 3 that one of the ionization crests shown in Figabove be-
£ 20F 3 comes a density enhancement. Figighows a simulation
>3 ok 3 with parameters identical to that of Fifj, but with a con-

stant meridional wind of 10 m/s. Similar to the model results

B 12: 3 shown inKrall et al. (2009h see Figs. 4 and 5 therein) this
f’ ofF 4 wind is strong enough to introduce a north-south asymme-
g _‘18: 3 try into the background ionospheric density while being too
weak to suppress the growth of ES&rdll et al,, 20093. In
- % onituge 2 the case of Fig6, however, the EUV indices and the wind
° speed are much lower than Krall et al. (2009, where
F10.7=F10.7a=170 and, = 20 m/s were used.
Fig. 5. Plots of log gn, field-aligned O velocity (v, positive = Figure 6 shows the ESF plume in a constant-longitude
northward), verticalE x B velocity (V| ), and magnetic latitude plane (left panel). As expected from past theoretical
versus longitude along a trajectory fixed altitude 608 km. (Maruyama 1988 Zalesak and Huhal991;, Sultan 1996

and numerical efforts3ultan 1996 Krall et al,, 20093, the
wind reduces the growth of the ESF plume relative to the

the edge of the ESF plume is indicated by a discontinuity incase with no wind (Figl). Here contour plots show values
logyo(n). Figure4 (right) shows that the density is enhanced of log, 4(n..), with the location of the left (right) contour plot
relative to the background only near the top of each plume (abeing indicated by a white line in the right-hand (left-hand)
altitudes of 600 to 850 km for the plume cross-section shownpanel. The left-hand panel also shows the flow of iOns,
in the left-hand panel). where velocity vectors indicate the direction of fl@away

In fact, the simulation shows multiple plumes, all with from the dot in each case. As in Figsand4 above, ioniza-
density enhancements at these heights. The three tallest ESien crests within the ESF plume (white circles) occur at an
plumes, all with apex heights above 600km, can be seemltitude and on a field line above those of the background 1A
in Fig. 4 (right), and in Fig.5. This figure shows plots of crests (red circles). Plots (not shown) of forces acting along
logyone, field-aligned O velocity, vertical E x B velocity, a field line corresponding to the ionization crests within the
and magnetic latitude versus longitude along a trajectory aplume verify that, once again, ionization crests are located
fixed altitude 608 km. The top panel shows density increasesvhere the gravitational and diffusion forces are in balance.
similar to those seen in satellite datay@a et al, 1986 Le The edge of the ESF plume, which has an apex height
et al, 2003 Yokoyama et al.2007 Park et al.2008h Marti- of 1090 km, can be seen in the left-hand panel as a discon-
nis et al, 2009. We see that th& x B drifts are everywhere tinuity in the density. As in Fig4, the density inside the
upward and that the field aligned flows are everywhere poleplume is not always lower then the adjacent density outside
ward. These are also characteristic of the satellite data (comthe plume. In the northern “leg” of the plume,°12, 700 km,
parisons to the data will be discussed further below). the density is noticeably higher than the nearby density out-

As in the case shown in Fidl, the density crests are side of the plume. The density enhancement can also be
held up by the ion-neutral diffusive force acting against theseen in the right-hand panel, which here shows contours of
gravity-driven downward ion flow. The key to this result ap- log,q(r.) versus longitude and altitude along a surface that
pears to lie in the relative weakness in the ESF super founslices through the northern half of simulation; this surface is
tain in this case (note the change in the scale for the velocityndicated by the white curve in the left-hand panel. At lon-
vectors in Fig.4 versus Fig.1). The relatively weak seed, gitude 0 and at heights of 580-720 km, the right-hand panel
combined with effect of the low F10.7 index (F10.7=75 in shows electron densities higher than those of the background
all runs), leads to a plume in which a strong depletion at highat the same altitude. By contrast, the density in the southern
altitude is never obtained. The field-aligned velocities areleg of the plume is lower than that of the background.
nevertheless strong enough that the upward diffusion force Both the enhanced density in the northern leg and
is able to support both the ESF ionization crests and the enthe north-south asymmetry in the plume and background
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Fig. 6. Contours of loggn, at a fixed longitude (left) and in a surface that slices through the northern “leg” of the ESF plume (right). The
location of the left-hand contour in the right-hand panel is indicated by a white line and vice versa. lonization crests are indicated within
the ESF plume (white circles) and in the background (red circles). A dark curve near the center of each plot indicaté® thiegsition

height. In the left hand panel, Oion velocity vectors indicate the direction of flawayfrom the dot.

densities are evident in Fig, which shows plots of logyn,, uT 01:29 590 km
field-aligned O velocity, verticalE x B velocity, and mag-
netic latitude versus longitude along a trajectory at fixed al-
titude 590 km. Note that while the format of this figure is
similar to that of Fig.5 above, the trajectory in this case is ;
along a nearly-constant longitude such that it slices through 400F
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both the northern and southern legs of the ESF plume shown & 200 3 -
in Fig. 6. In the top panel of Fig7 we see that the back- \E; _208§ E
ground electron density is about?én 2 at latitude—15°, > 200k E

that the density drops at the southern edge of the plume (the
interior of the plume is indicated by large field-aligned and
upward velocities), that the density climbs to about di—3
inside the northern leg of the plume (latitude’}5and that

the background density just outside of the northern leg of the
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plume drops to about s 10* cm3. Of the two peaks in the fg‘ 38 ]
density curve, only the northern peak is a plasma blob; the ?6’ 0fF
southern peak is outside of the plume. 3 :;8 ]
An interesting feature of Figst and 7 is that north- —0.02 —0.01 0.00 0.01 0.02
south density asymmetry within the plume is opposite that of Longitude

the north-south density asymmetry in the background iono-

sphere. As has been seen in past simulations and modelin% _ _ _ L
a northern wind tends to lift the southern IA crest, reducing 9 7- Plots of logne, field-aligned G velocity (v, positive =
its rate of recombination relative to that of the northern crestcgrrgl‘]vsv?g?‘)éit‘:ﬁjgcgfn; g t\r'aedf;'z%;’;’g aﬁ:g d”g%%%el:ﬁ latitude
(e.g., see Fig. 5b oBultan 1996 or Fig. 2 ofKrall et al, '
20093 . As a result, the southern IA crest obtains a higher

density. By contrast, within the ESF plume, the meridional pq in Figs.4 and5 above, density enhancements are asso-

wind appears to shift density from south to north, where it ;i5ted with upwardE x B drifts and poleward field-aligned
“piles up” at or above the northern ionization crest within the g5\s.

ESF plume. Our interpretation is that the ion density builds

up in this region because it is at such a high altitude that sig3.4 Comparison to data

nificant recombination does not occur. The result, seen here

and inKrall et al. (2009h see Figs. 4 and 5 therein), is a den- Examples of in situ measurements of ESF density enhance-
sity enhancement within the northern leg of the ESF plume.ments are shown in Fig8 and9. These data come from
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Fig. 8. Data from ROCSAT-1 at altitude 600 km on 21 September 1999: field-aligned ion velqgityertical (meridional) perpendicular
ion velocity V| 57, zonal perpendicular ion velocify, ~, electron densityv, magnetic latitude, and local time plotted versus universal time
and longitude. Fronie et al.(2003.

the ROCSAT-1 satellite orbiting at an altitude of about see, in Fig9, verification that density enhancements have a
600km. Similar results have been obtained using thecompositional signature (increased /Bl ratio) that is char-
CHAMP (350 km), Hinotori (650 km), STSAT (680 km), and acteristic of lower-altitude ionospheric plasma that has been
DMSP (F12, F14, and F15, 800-840 km) satellites, thoughliifted upwards as described Byuba et al.(20098. Simi-
neither Hinotori nor CHAMP include velocity dat®Dya  lar to Fig.8, Fig. 7 shows that ESF-like depletions and en-
et al, 1986 Le et al, 2003 Park et al.20088. hancements occur simultaneously in the same region of the
In examining these data, we see features that are Simigpper_ionosphere. Simultaneous RO.CSAT_l and.radar ob-
servations byvokoyama et al(2007) verify that density en-

lar to those found in the simulation results of Figsand . .
7 above. In all cases, density enhancements represent irg_ancements are not only associated with ESF, but that an en-

creases of about 50-100% over background densities an| ancement in one hemisphere can co-exist with a depletion

ion velocities within the enhancements are upward and poleln the other on the same flux tube, as is the case inFig.

ward. For example, similar to Fi@ Fig. 5 shows that the Finally, similar to Fig.9 and to the 7 January 2000 ROCSAT

parallel ion velocity within the enhancements changes Signobservatlon I(e et al, 2003 see Fig. 8 therein), Fig asso-

as the trajectory line crosses the magnetic equator. We aIs8iates larger verticali(») and field-aligned velocities with

Ann. Geophys., 28, 32837, 2010 www.ann-geophys.net/28/327/2010/



J. Krall et al.: ESF density enhancements 335

ROCSAT—1/IPEI observation at 600 km altitude on March 08, 2004
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Fig. 9. Data from ROCSAT-1 at altitude 600 km on 8 March 2004: vertical (meridional) perpendicular ion ve@éltyonal perpendicular
ion velocity Vf, field-aligned ion velocityV), electron density logy, and O, Ht, and Heé composition plotted versus universal time,
longitude and dip latitude. FroiYokoyama et al(2007).

distances further from the magnetic equator (however,&-ig. these ionization crests at altitudes higher than those of the
does not). A more extensive study of density-enhancemenbackground IA crests in all cases.

data could determine whether or not this is a common pat- \yie have shown two circumstances in which the density
tern. on or above the ESF crests leads to a density enhancement,
also called a “plasma blob,” similar to those observed in situ
(Oya et al, 1986 Watanabe and Oy4986 Le et al, 2003
Yokoyama et al.2007 Park et al. 2008h Martinis et al,

Using the NRL SAMI3/ESF three-dimensional simulation 2009: In one case, slowly growing ESF produces upward

code, we have examined the forces governing the formatiorft * B drifts that move density upward faster than gravity

of the density crests that occur within an ESF plume as a reMoVes it downward, with the result that densities on ESF-

sult of the ESF “super fountain effecti(iba et al, 2009H. grest field lines, at or abovg the density crests, have dgnsi—
As with the IA crests that usually occur in the post-sunset!€S that are enhanced relative that of the background iono-
equatorial ionosphere, we find that ESF density crests ar§Phere. In this case the ESF super fountain is relatively weak,
located where downward gravity and upward ion-neutral dif-W',th \{eloqtles of order 200 m/s. In our simulations to date,
fusive forces are in balance. We have shown that l&geB this S|tgat|on has only occurred for low values1(00) of the

drifts within the ESF plume place these crests on field linesF 10-7 index.

above those of the background IA crests in all cases. Sim- The second circumstance in which an ESF density crest
ilarly, large poleward field-aligned ion velocities within the becomes a density enhancement occurs in the presence of a
plume result in large ion-neutral diffusive forces that supportmild meridional wind. Because the ESF crests occur at a

4 Conclusions
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relatively high altitude, a meridional wind has an effect on We further assert that, while ESF plume densities are gener-
the ESF crests that differs from its effect on the IA crests.ally much lower than surrounding ionospheric densities, typ-
Whereas a northward wind raises the southern IA crest, reical ESF plumes nevertheless contain regions in which the
ducing recombination, and lowers the northern crest, enplume density is close to or greater than that of the back-
hancing recombination, a meridional wind acting on an ESFground ionosphere.
plume simply pushes plasma northward, causing a slight in- _ )
crease in the density of the northern crest (because the ESfECknowledgementsThe authors would like to thank Sidney Os-

: . . sakow of Berkeley Research Associates for helpful discussions.
crests occur at relatively high altitude, they are not strongly= . .

o . This work was supported by the Office of Naval Research and
affected by recombination). As a result, in the presence ofNASA_
a mild northward meridional wind (10 m/s in this case), the  topjical Editor K. Kauristie thanks two anonymous referees for
northern ESF crest can become a density enhancement. Beeir help in evaluating this paper.
cause we have simulated this phenomenon for a variety of
circumstances (e.g. Fig. 5 &fall et al,, 20098, we specu-
late that this may be a relatively common occurrewatan- ~ References
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