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Equatorial lonospheric Dynamics

Lecture 11

« Equatorial Spread-F
— Phase-screen transmission model
— Rayleigh-Taylor approximation
— Equatorial plasma bubbles
— Generalized Rayleigh-Taylor modeling at NRL

* Ripple effects of Gulf War |
— The Communications Navigation Outage Forecast System (C/NOFS)
— Preparing for C/NOFS: Mission definition - DMSP Initiative
— Global season-longitude climatologies
— Pre-reversal electric fields in quiet and storm times

« C/NOFS launch April 2008: A new world revealed

— Ground — space connections
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but for very different reasons.
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Equatorial lonospheric Dynamics

Rufenach, C. L. (1975), lonospheric scintillation by a random phase screen:

Spectral approach, Radio Sci, 10, 155-165.
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Fresnel length = \/21z
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Speciral Density, Log-Scale —
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La Lf

Wavenumber, log(x, ) —

Equation for Fresnel length

¢ A, the wavelength (1.2 meters), is equal to the
speed of light divided by signal frequency;
z is the altitude of the F-layer peak.

® There must be high spectral power at the ~1 km
Fresnel length to produce 250 MHz scintillation
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Equatorial lonospheric Dynamics

Balsley et al., Equatorial Spread F: Recent observations and a
new interpretation, J. Geophys. Res., 77, 5625 — 5628, 1972.

<+<— C/NOFS —

Vv, =m;(g x B) / qB?
jg :niqvg
jg =nm;(gx B)/B?

Jg =(n;-3n)m; (g x B) / B* + op B,

OEA=(a g/ <) (dn;/ cp)

Ve = 0E,/ B upwards if 5E, eastwards

op = (Nq/B) (v, /€Y)

Ve = 0EA/ B upwards if 3E , eastwards

on; grows if Vn; is upwards with a growth rate
Y = -(9/vi,) Viogn;




ALTITUDE

Woodman and La Hoz, Radar observations of F region equatorial
irregularities, J. Geophys. Res., 81, 5447 — 5466, 1976.
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Equatorial lonospheric Dynamics

Ott, E., Theory of Rayleigh-Taylor bubbles in the equatorial ionosphere,
J. Geophys. Res. 83, 2066 — 2070, 1978.

 Showed that if E = E, + 8E and we transform into a coordinate systems moving with
a velocity Vg = (E, x B) / B2 then we can define a parameter g’=g9 - v;, Vg.

 The growth rate for this generalized Rayleigh-Taylor instability becomes
Y = -(g/vin) Viogn

« Showed that in the non-linear limit irregularities can grow into bubbles that penetrate
into the topside ionosphere.

* In the now most famous unpublished paper in the history of ionospheric physics
Haerendel argued that the R-T instability is no local, but involves entire flux tubes
and that we must use X rather than o in calculating growth rates.

Haerendel, G., Theory of equatorial spread F, Max-Planck-Institut fur Physik und
Astrophysik, Munich, 1974.
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Scannapieco, A. J., and S. L. Ossakow (1976), Nonlinear
equatorial spread F, Geophys. Res. Lett., 3, 451-454.

R-T growth controlled
by the variability of

E, U, X, X, veff

and, through flux-tube
integrated quantities,

by the F-layer’s height.




Equatorial lonospheric Dynamics

Schematic of Sq current system Pre-reversal enhancement signatures
near 12:00 U observed with Jicamarca ISR
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ROCSAT measurements of vertical
plasma drifts: season - longitude
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o — k... 2;:,."‘::?_#" ‘n;;: EUM’M@_ zonal electric fields, J. Geophys. Res., 102, 24,037.

af M 154 s- - - 15+

MM\"T o Fejer, B. G., J. W. Jansen and S.-Y. Su (2008),
Mm\ﬂ s Quiet time equatorial F region vertical plasma drift
— N ot o model drifts derived from ROCSAT-1 observations.
’__J../"“\.._.\L i /\zﬁé J. Geophys. Res., 113, A05304.
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In responses to challenges revealed during of Gulf
war AFRL instituted a 4-pronged C/NOS program

« C/NOFS Satellite to fly in 13° inclined orbit

e Ground bases SCINDA network

« Computer modeling of equatorial ionosphere

« Utilize existing resources
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DMSP EPB Database
1989 - 2006
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Year Spacecraft| LT (Hr) Orbits

1989
1990
1991
1991
1992
1993
1994
1994
1995
1996
1997
1997
1998
1998
1999
1999
2000
2000
2000
2001
2001
2001
2002
2002
2003
2003
2004
2004
2004
2005
2005
2006
2006

Totals

F09
FO9
FO9
F10
F10
F10
F10
F12
F12
F12
F12
Fl4
F12
Fl14
F12
Fl14
F12
Fl4
F15
F12
Fl14
F15
Fl14
F15
Fl14
F15
Fl14
F15
F16
F15
F16
F15
F16

21
20.9
20.7

20
20.7
21.3
21.7
214
21.4
215
21.4
20.6
21.2
20.7
20.8
20.8
20.3
20.7
21.3
19.8
20.6
215
20.3
215
19.9
21.4
19.6
21.3
19.9
20.8
20.2
20.3
20.2

5121
5091
5040
4925
5043
5092
3749
1575
4976
5122
3343
3104
4123
4993
4290
4839
4556
4969
5060
4557
4787
5095
4889
5113
4732
5149
4777
5123
5131
5139
5143
5130
5122

154898

Equatorial lonospheric Dynamics

EPBs
1109
1089
1024
675
755
389
121
42
130
73
47
51
283
275
431
460
637
821
1034
404
861
1014
781
991
156
385
30
267
77
140
64
51
35

14702

M-0
297
289
304
218
306
186
53
33
51
35
24
18
106
129
83
167
85
298
377
60
174
292
160
279
37
84
10
63
18
56
27
26
21

4366

M-1
762
735
664
351
406
191

58

71
36
23
32
169
138
330
285
509
493
620
305
643
699
563
672
108
275
14
180
51
68
32
25
13

9529

M-2

711
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Physics-based Model: Dynamics of Equatorial Plasma Bubbles

PBMOD 3-D images of evolving plasma bubbles
by altitude and longitude (left), altitude and latitude (right)

Equatorial lonospheric Dynamics
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C/NOFS observations on successive orbits of sustained plasma depletion
regions support new PBMOD 3-D model development




BOSTON (.'ULLE(.'I‘Z

N
g, \
)Y
%

Q. apimb

Optical Signatures of Equatorial Plasma Bubbles

In the mid 1980s Ed Weber of AFGL conducted a
campaign in Brazil to look for EPB signatures in 6300 A
airglow. O*+e =>» O+hv

Identified long black streaks as a lack of O+ ions that
could recombine and emit photons.

The GUVI and SSUSI sensors on TIMED and DMPS
measure 1356 A emissions, also a recombination line.

Developed tomographic techniques to make 3D images
of EPBs

Comberiate, J., and L. J. Paxton (2010), Coordinated UV
imaging of equatorial plasma bubbles using TIMED/GUVI
and DMSP/SSUSI, Space Weather, 8, S10002.

Equatonal Plasma
Bubbles (EFB)

Cross-track scam
perpendicular to
orhit

16 18 20 22 24
Longtude
F16n 2004 Day $6-7" N 1617 UT

24 26 28 30 32
Longitude
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Reflecting on a season-longitude variations of scintillation occurrence and R-T growth rates

ExB 1 oN
Y= ZF [ ><2 -I-Un + gﬁ :|— g
Y.+Y. L B " [N oh
Roland Tsunoda suggested that rates should be high at the times of year when both ends of flux
tube went into darkness simultaneously.

* The terminator line has a tilt angle ¥ = 23.5 Sin[(day - ¢) / 365]
« Compare DMSP EPB rates versus time/places where ¥ = declination.

20 T

Magnetic Equator
15 b Declination

R/

/N

-5

Geographic Latitude

-10 b

-15 F

-20

0 66 1é0 1£‘30 ZILO 360 360

Geographic Longitude
Tsunoda, R. T. (1985), Control of the seasonal and longitudinal occurrence of
equatorial scintillations by the longitudinal gradient in the integrated E-region
Pedersen conductivity, J. Geophys. Res., 90, 447,
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DMSP EPB Season- Longitude Climatology: Solar Maxima

Pacific America Atlantic Africa  India Pacific goo-100
e H- Joh! 7030
ov [~ - .
Oct S ] B e During solar maximum
5 i 55 - 60
N el BuE 1989 - 1992, EPBs occurred
=27 S mao-s throughout the year in the
Yoy SEAN 02530 Atlantic-Africa sector; rates
LN - [J20-25 .
Mar = 0 15-20 were highest (60% - 68%) from
Teb f= 0 05 10
Jan ; ZZand B 0003 September to December.
-180 -150 -120 90 -60 -30 0 30 ISID 20 I_él] L50 180
Longitude
D Pacific America Atlantic Africa _India : Paci,ﬁ_c [ 90 -100
] 80 -90 .
Nov a7 For solar maximum 1999 —
Sep Pt AN Ba 2002, EPB rates were fairly
Al | = N E§§§§ symmetric; high (40% - 51%)
Jun A B3 in the America-Atlantic-Africa
ay 25 . .
Apr ~ 7 .25 sector both early and late in the
Mar g =17 O L5-20
Feb ] E lo-1s year.
Jan . . | . . [] 00 -05
=180 -150 -I_IZD =90 =60 =30 1] 351 60 9ID l_éﬂ 150 180
Longitude

Black lines represent two days per year when/where terminator and declination align
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DMSP F14 and F15 EPB Rates: 2000 - 2004

Pacific America AtlanticAfrica India Pacific mvo-100
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Pacific America AtlanticAfrica India Pacific mvo-100
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Jan | E 00 -05

! | ! |
80 -150 -120 90 60 30 O 30 60 9 120 150 180
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DMSP EPB Climatology: Solar Maximum and Minimum

Pacific America
Dec |
Nov
Oct

Sep [Ty
Aug [T

AtlanticAfrica India

A)

Jul ©

Jun | 4

May| [

Apr
Mar g
Feb
Jan

Pacific America
Dec |

Nov
Oct |

'L\\

For solar maximum 1999 - 2002,
EPB rates were high in America-
Atlantic-Africa sector early and
late in the year and significantly
lower in Pacific sector in
November.

— L
-180 150 -120 90 -60 120 150 180

Longitude

Atlantic Afri

Sep _"

Jul

Jun

May

Apr ==
Mar
Feb
Jan

(= el o = I O LY PR O g ¥ Y - - e - -]
Mo bhhobhhohhohhohhohooo
I T R T T T e T

OEOOOONONENENECOOE

For solar minimum 1994 - 1997,
EPB rates were generally < 5%
including Pacific sector in
November; highest rates

(20% - 25%) were in the
Atlantic-Africa sector in March.

1
-130 -150 120 -9 60 120 150 130

Longitude




DMSP EPB Climatology: Solar Maximum and Minimum

D Pacific | America AtlanticAfrica  India Pacific [moo 1w
ec [C] 80 -%0 -
Noy S = For solar maximum 1999 - 2002,
Sep |77 ——— | 8% | EPB rates were high in America-
Jul 0 3 & 40 .23 Atlantic-Africa sector early and
Jun | 4 @ 35 - 40 . . .-
May| [ AN ER-E late in the year and significantly
] L+ 0.3 . - g .
Mo < =i, IEEE lower in Pacific sector in
Feb | O 10 -15
Jan | an . =54 | November.
-180 -150 -I_l‘.’l] -0 -60 -30 0 .]ID 60 9|1] I_él] 150 130
Longitude
D Pacific Ame:iica AtlanticAfrica India Pacific Egg -15%1
Nov onw | For solar minimum 1994 - 1997,
Sop B ° % Bae | EPB rates were generally < 5%
50 -55 - - . -
Aug B s Egg;gg including Pacific sector in
ow 0% | November; highest rates
[]25-30 .

Apr S L —1 0.3 (20% - 25%) were in the

ar O15-20
Feb 3 0510 Atlantic-Africa sector in March
Jan Eun:us '

' |
480 150 -120 9 60 30 0 30 60 9 120 150 180
Longitude
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DMSP EPB Rates: Transition Years 1993 and 1998

Pacific America Atlantic Africa  India Pacific
D'Ec P O™ &*
Nov o |
Oct s
Sep —
Aug
Jul
Jun s
May
Apr
Mar <
Feb <
Jan
480 -15 -120 -9 -0 30 0 30 60 90 120 150 180

Longitude

Pacific America AtlanticAJﬁclg India Pacific
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Nov

Oct | ||

e £
Aug

Jul | )
Jun

May e
Apr —
Mar = |
Feb
Jan <

| |
80 -1 -120 90 60 30 0 30 60 9 120 150 180
Longitude

[ 90 -100
180 -90
] 70 -80
W65-70
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O35-40
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025-30
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C15-20
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[ 05-10
] 00 -05

[ 90 -100
80 -90
O] 70 -80
W65-70
[ 60 -65
[ 55-60
W 50-55
W 45-50
[ 40 -45
0 35-40
[ 30-35
[]25-30
Oz20-25
O 15-20
O i0-15
[ 05-10
[] 00 -05

In 1993 as the solar cycle
declined, EPB rates were
higher in the Atlantic-Africa
sector early in the year, from
January through April.

In 1998, as the solar cycle
was increasing, EPB rates
were higher in the America-
Atlantic-Africa sector late In
the year, Sept through Nov.
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DMSP EPB Climatology: Declining Phase of Solar Cycle

Pacific America AtlanticAfrica  India Pacific oo 1w

pee UIMIIN 2 055
Nov aeZdy WS 70 In 1993 as the solar cycle
Oct ) v [l 60 -65 )
Al wic B EE declined, EPB rates were
Jun [T TS 225 | higher in the Atlantic-Africa
Ape oz | sector early in the year, from
Feb D . | B4 | January through April.
Jan ﬂﬁ ° Euu:us

-180  -150 -120 90 -60 -30 0 30 ISID I 20 I I.éﬂ I 150 180

Longitude
Pacific America AtlanticAfrica  India Pacific mvo-100

Dec o
Dot mos In 1998, as the solar cycle
Al ass | wasincreasing, EPB rates
Jun = ¢ gu-% | were higher in the America-

a o 30 -35 . . .
Ape | Ox» | Atlantic-Africa sector late in

ar =< 15-20
Feb | Bu: | the year, Sept through Nov.
Jan @ [] 00 -05

|
A8 150 -120 90 60 30 0 30 60 90 120 150 180
Longitude
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Equatorial lonospheric Dynamics

DMSP EPB Climatology: 2004 - 2006

Pacific America AtlanticAfrica India Pacific  m9o-100

Dec B
Nov W 65-70
Oct ) [ 60 - 65
Se [ 55 - 60
A“P == [ 50-55
£ B 45 - 50
Jul e == [ 40 - 45
o B 30- 35
May [ 25-30
Apr —— [J20-25
Mar [ 15-20
10-15

Feb E 05 - 10
Jan [] 00 - 05

-180 -150 -120 -90 -60 -30 0 30 60 90 120 150 180
Longitude

EPB rates were generally extremely low ( < 5%) in 2004 — 2006; highest rates
(209% — 25%0) were observed in the Atlantic during November. There were also
several EPBs in the Pacific during the November 2004 storms.
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Equatorial lonospheric Dynamics

Dawn Depletions: Solar Minimum 2008 — 2009 05:30 LT
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Most dawn topside A
depletions were observed
around the June
(Atlantic) and December

(Pacific) solstices y
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Most dawn topside A
depletions were observed
around the June
(Atlantic) and December

(Pacific) solstices y
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Burke, W J. etal. (2009), C/NOFS observations of

plasma density and electric field irregularities at post-
midnight local times, Geophys. Res. Lett., 36, LO0OCO09.

Equatorial lonospheric Dynamics

No sign of pre-reversal enhancement

Avarage E x B Velooites = C/NOFS Satellite
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Pfaff, R., et al. (2010), Observations of DC electric fields in
the low-latitude ionosphere and their variations with local
time, longitude, and plasma density during extreme solar
minimum, J. Geophys. Res., 115, A12324.
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Equatorial lonospheric Dynamics

C/NOFS and DMSP encountered extended

dawn sector plasma depletions

-

uT uT
GLon 1 F15 oooo Jan. 20, 2010 F17 10000 Glon
GLat F Bl T ) s | T %81% Glat
Alt 11285 Al
sEolo i MRt o) I R T O R R - | CY— 845.3
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Equatorial lonospheric Dynamics

DMSP F17 Dawn Sector 2008
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