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Abstract

Disturbances on the Sun affect the other bodies in the solar
system and their environments. Solar flares cause sudden
lonospheric disturbances at Earth and coronal mass
ejections cause geomagnetic storms and auroral displays at
Earth and other planets. We present the first observations of
the effects of a solar flare on the upper atmosphere of
another planet. A large solar flare on 15 April 2001 caused
electron densities in the bottomside martian ionosphere to
increase by 100 to 200 percent. Electron densities in the
terrestrial ionosphere also increased in response to the
flare. Comparative studies of events such as these will
improve our knowledge of the solar X-ray spectrum and
secondary ionization yields from the interaction of X-rays
and molecules.



Typical lonospheric Profiles
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Solar Flares

SOLAR FLARE PHOTOGRAPHED AT BOYDEN OBSERVATORY
ON THE JITH AUGUST 1972, AT [4hd44m SAST

The accompanying photograph, taken by Mr. H. Bacik and Mr. J. P,
has been sent to us by Prof. A.H. Jarrett, Director of the Boyden Ohse
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Changes in Flux during a Flare

« At a given wavelength, flux increases from
background level to a maximum in a time ~
minutes, then decreases to background level in
a time ~ hours. Timescales do not depend much
on wavelength

* Flux changes more at short wavelengths than at
long wavelengths

« EUV flux barely increases, soft X-ray flux
increases by a factor ~ tens, hard X-ray flux
iIncreases by a factor ~ hundreds



Effects of Solar Flares
on an lonosphere

X-rays penetrate into regions where
plasma transport is negligible and
photochemical processes dominant

Shorter wavelengths penetrate deeper

D region time constant ~ 30 min (daytime)
E region time constant ~ 10 min (daytime)

Mars time constant ~ few minutes at 110-
150 km (daytime)
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Two clear ionospheric
responses to solar flares

* |n both cases, the increase in electron density is
largest at low altitudes, consistent with the
relative increase in flux being greatest for the
most penetrating, short wavelength, X-rays

* Observed X-ray fluxes increased by orders of
magnitude during flare — why did electron
density only increase by 50-100%"7

— Because ionization around 100 km is caused by ~5
nm photons, but GOES only observes X-rays shorter
than 0.8 nm. It is very plausible that fluxes at ~5 nm
increased by 1.52t0 2.0%, or 2.25t0 4.0



E—Layer Peak Density, N E (¥10*cm™)

13:50 UT

21 criLTon ;
(UK) - C
»0
14 4 "* N
?. C \o.
~ \
4 e,
0.7F [
xl.f . .\l
0.0k d . \
00 12 00
2.7 [CWiLLSTONE 5
MA) : -
;/ - - -
1.4} / .
Y '\
/.b“'a )
/ 'V
0.7F ,-’.o‘ v
' 64 %
/
0.0 Z s
00 12 00
2.1 WALLOPS 5 .
(VA) . - oo
14 4 B
e é...-
,I'r . \ ..
;% L%
0.7F ‘s A,
7 .
[
0.0 A
00 12 00
2.1 T Lo
SONDRESTROM :
(Greenland) -
r u'.i
R .-
1.4 . /‘Rg.: N
/é- ; N
. N
0.7} S \
B \
0.0 L .
00 12 o0
Hour (UT)
15 April 2001

13:10 UT
2.1 T ™
CHILTON .
(UK) o’
.o} E\ ..
B N
14 o N,
& . \ "
L] .
! : %
0.7F ‘ \ '.
i . .
i .
7 y \
0.0 N —
00 12 00
2.1 ["MiLLSTONE ; .
MA) L e ™%
N X
N
14F v N P
& ‘e
6’ : !".‘.
,-“.c : T
0‘? = ,.-’: ' N
e N
/
0.0 L —
00 12 o]0}
2.1 ["WaLLoPs 1K
(V) e
E/ g 'i-\ ".
1.4 ,:: .
e~ \-
g A -
0.7F fe ! %’
f: E \1-
/®
0.0 [
00 12 0o
2.1 {sgunnesfn;ma Ty
reenland .
Ve
14} Ll
%:/ S N -\:2-
~ . *
0.7 ﬁ'{‘ \
. 4 N
- W
A -‘
0.0 7, .
00 12 00
Hour (UT)
26 April 2001

Measurements of the
terrestrial ionosphere on
15 and 26 April 2001, left
and right columns
respectively. Dots are
observations, dashed lines
and shaded areas are
average values for the
month. Vertical lines show
times of peak flare fluxes.

The 15 April flare, X14.4
magnitude, was so strong
that the ionosonde’s radio
signal was absorbed by
Increased electron densities
in the D region and the E
region was not observable

The 26 April flare, M7.8
magnitude, did lead to
iIncreased E region densities



Additional observations of similar
lonospheric enhancements

We have found 30 additional examples of ionospheric
enhancements at Mars in the 3749 profiles archived by MGS using
an automatic detection algorithm.

We have compared the changes in electron density in the 32
enhanced profiles at Mars, the solar X-ray flux at Earth, and the
Earth-Sun-Mars angle.

We find that:;

— Large X-ray fluxes at Earth are more likely to be coincident with
enhanced electron densities at Mars if the Earth-Sun-Mars angle is
small than if it is large.

— The increase in electron density is large when the increase in solar flux
is large, but small when the increase in solar flux is small.

— The increase in electron density increases as altitude decrease

Short wavelength X-ray fluxes observed at Earth are not always
large when enhanced electron density is observed at Mars

We conclude that enhanced bottomside electron densities on Mars
are caused by increases in solar flux. Models suggest that photons
of 1-5 nm are responsible.
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Left panel. Profile with enhanced electron density (red line)
and other profiles from that day (black lines)

Right panel. GOES 1-8 A flux at Earth (black line), with values
during occultations at Mars highlighted by green squares.
Blue crosses show electron density at 100 km. Red symbols
indicate values from the red profile in the left panel.

Very clear enhancement in electron density below 120 km
Coincident with large increase in flux at Earth



N
]
Fad
n

[ 1 E
r R 30 14 7
: < : X X :
_ - F W -
- S ! R
: I 34 XX XX 73
L - r E E
3 e Z\ M g
_ R AL
3 18 “Un"x.,;\,»f\—* \'-u o= h I
[ & | ] ~
: o -6- i1 2
80 1 % | 5
[ Q C ]
60 s : — TE e ey, 40
10“] 1011
. _ 00 04 08 12 16 20 24
Ne/m™ - Profile 108/M32A.EDS Hours since start of day - Profile 1087M33A.EDS

Left panel. Profile with enhanced electron density (red line)
and other profiles from that day (black lines)

Right panel. GOES 1-8 A flux at Earth (black line), with values
during occultations at Mars highlighted by green squares.
Blue crosses show electron density at 100 km. Red symbols
indicate values from the red profile in the left panel.

Enhancement in electron density below 110 km
Coincident with slight increase in flux at Earth
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Left panel. Profile with enhanced electron density (red line)
and other profiles from that day (black lines)

Right panel. GOES 1-8 A flux at Earth (black line), with values
during occultations at Mars highlighted by green squares.
Blue crosses show electron density at 100 km. Red symbols
indicate values from the red profile in the left panel.

Clear enhancement in electron density below 110 km
No increase in flux seen at Earth
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Left panel. Profile with enhanced electron density (red line)
and other profiles from that day (black lines)

Right panel. GOES 1-8 A flux at Earth (black line), with values
during occultations at Mars highlighted by green squares.
Blue crosses show electron density at 100 km. Red symbols
indicate values from the red profile in the left panel.

Very clear enhancement in electron density below 120 km
Coincident with large increase in flux at Earth
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Ongoing Work

 Fitting simple models to observations to
determine fluxes and other properties

« Comparing the responses of the terrestrial
and martian ionospheres to the same X-
ray fluxes in order to understand
secondary ionization on Mars better

* Investigating the “anti-flare” profiles






e Secondary ionization due to X-rays is very hard

to mode

, but forms many ion-electron pairs per

photon. One common modelling approach is to

specify t

ne number of ion-electron pairs formed

per X-ray photon absorbed, but this leads to the
following problem: How can we distinguish 10 X-
ray photons that each produce only 1 ion-

electron

pair from 1 X-ray photon that produces

10 ion-electron pairs?

e Solution

Is either measure flux accurately or

understand secondary ionization very well —
neither is possible for Mars

e Our approach



A simplistic ionospheric model - 1

1) n(z) = ngexp [ (z2)/H ]
2) Fiota = Fet Fx
3) Fe(z) = Fe(top of atm) x
exp (-1g(z)/cos(SZA))
1e(z) = n(z) og H same for Fy, 1y



A simplistic ionospheric model - 2

1) Neutral atmosphere has fixed H and composition

2) Solar flux contains only two wavelengths, EUV and X-ray photons
3) This flux is attenuated by absorption

4) The absorption is wavelength-dependent

5)

The rate of direct photo-production of ions equals the product of the cross-
section, the neutral number density, and the flux

6) For every ion-electron pair produced by direct photo-production, a specified
number of secondary ion-electron pairs are also created

7) Production by direct and secondary ionization is balanced by loss due to
dissociative recombination

«  Specify z,, SZA, o, and a.

. Re(;ngining parameters affecting N (z) are: n,, H, Fg(top), Sg, oy, Fy(top),
and Sy

«  Specify Sg and Sy
« Vary ny, H, Fc(top), oy, and Fy(top) to get best fit to observations
* Interpret results



Untangling Fy and S

This approach can only determine the product of
Fy and (1+Sy), it cannot determine them
individually.

In future work, we will look at simultaneous
observations of the terrestrial ionosphere in
detail. Since the parameterization of secondary
lonization in the terrestrial ionosphere is known
accurately, we will use similar methods to
determine Fy at Earth.

This extra piece of information is sufficient to
separate Fy and (1+Sy) at Mars.

At present, we set Sg=1 and S,=10



