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Abstract. Particle precipitation of magnetospheric origin vertical electron density profiles on a routine basis. The au-
causes additional ionization in the auroral zone at E-layetomatically processed profile$Vehrenpfennig et 312007
heights. During night-time, in particular at winter-night, the are available via the DLR space weather sen®&ACI
E-layer ionization may dominate over the F2-layer ionization (2007). More than 200 000 profiles have been retrieved so
level. To study the geophysical conditions and characteristicdar by using a model assisted retrieval techniqlekowskj
of the related ionospheric processes in more detail, we us€005. Validation with mid-latitude ionosonde stations in Eu-
GPS radio occultation electron density profile retrievals fromrope provided reasonable results with an RMS error of about
CHAMP and Formosat-3/COSMIC to extract those vertical 1 MHz throughout the entire profildgkowski et al.2005.
profiles which show the absolute maximum of ionization in ~ While the electron density profiles derived from CHAMP
the E-layer height range of 90-150km. In order to selectoccultations cover a long period of time, the six Formosat-
these profiles, we have developed an algorithm which carB/COSMIC satellites, launched in April 2006, provide a un-
recognize the shape of a given profile by fitting an empiricalprecedented data coverage for detailed studies of the verti-
Ansatz to it. Using data from CHAMP collected since 2002 cal ionospheric structure (e.Bocken et a].200Q Schreiner
and Formosat-3/COSMIC data starting from 2006, we areet al, 2009. The comparison of CHAMP electron den-
able to study both, the local-time dependence and the solassity profiles with electron density profiles deduced from
cylce variability of the observed processes. the radio occultation measurements onboard the Formosat-
dC%/COSMIC satellites, which are provided by the data cen-
ter TACC/CDAAC, revealed good agreement with a RMS of
less than 1.4 10 m=2 for NmF2, cf. Jakowski et al(2006).
The six Formosat-3/COSMIC satellites are in orbits between
600 km and 800 km height and provide up to 2500 globally
distributed electron density profiles each day, both from ris-

. . . ing and setting GPS occultations.
Measuring the signal phase of GPS satellites onboard Low The achieved accuracy in retrieving vertical electron den-

Earth Orbiting (LEO) satellites in the limb sounding mode sity profiles allowed us to select those profiles having the

fzurlngf}he f“tshmg or dekcl:llmng zhe;se, thﬁ vertlcalbre;ra(cj:nv- eak density in E-layer heights between 90 and 150 km
Ity protiie of Ine lonosphere and aimosphere can be deducel, higher latitudes. The high latitude E-layer, in particu-

frpm the orpit height down t'olthe Earth §urface, respectively.lar within the auroral oval, is strongly influenced by parti-
Since the index of refractivity of the ionosphere dependscle ionization, whereas auroral ion precipitation is, on av-

mainly on the number of free electrons, the inversion of theerage, situated equatorward of electron precipitatiday<

measured signals can provide the vertical electron densméchandran et 212002 Hardy et al, 1997. Following the
profile (e.g.Hajj and Romans1998 Schreiner et al.1999 above mentioned selection rule, we do not distinguish be-

‘t])akorjvsckl'_iit'\ﬂ:;zr? 02. bRad'O ocguI'FatlonAmgla;gg;n:ents{ " tween these different types of ionization or sporadic E-layer
oar ave been used since Apri O TeleVet s rmation. Therefore, the selected vertical electron density

profiles simply refer to an “E-layer dominated ionosphere”
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2007 2007, doy 1 Table 1. Statistics of the profile recognition algorithm. We have

used CHAMP and Formosat-3/COSMIC electron density profiles in
the Northern Hemisphere in north winter, i.e. 830 or doy 60,

and latitude>45° N. The total number of available profiles, the
number of bad profiles which were excluded from the analysis, and
the number of profiles with ELDI signature are shown.
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g 120 Satellite Period total excluded ELDI
™
3 100 1 Formosat-3 2006.030-2007.059 40867 882 3961
— CHAMP 2001.300-2002.059, 6233 3 115
O 80 2002.300-2003.059

CHAMP 2005.300-2006.059, 6809 6 747
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with a linearly varying topside scale height,

100 200 300 400 500 600 7(;0 8(;0 H(h) - Htop + atop(h B htOp) ' (4)

height / km Between these functions a smooth interpolation is performed
by using the smooth “step functions”,

Fig. 1. Shown is a Formosat-3/COSMIC profile (solid line) with 5, top(h) = E [1:F tanh(h — h,,):| ) (5)
E-layer dominating ionosphere and the E-layer (dashed) and F- ’ 2 H,

layer/topside (dotted) functions resulting from the fit explained in . . .
Sgct. 2_p ( ) g P We would like to mention that another way of connecting

a Chapman layer function to the topside is the vary-chap
Ansatz ofReinisch et al(2007). Since the functiorf F>1°P(h)

2 Profile recognition depends on nine parameteMsy, hr, Hr, Niop, htop, Hiop,
atop, hp, andH,, we fix

In this section, we explain how we recognize electron density

profiles by fitting suitable functions to the profiles in the F- htop=h,, H, =75Km, Nip= fCh(htop) , (6)

layer/topsidé and E-layer height range. Then we can assess

the profile using information of the fit such as its convergencel order to reduce the number of unknowns.

and residualsy?). As the functionf/*°P(h) depends in a non-linear way on
the parameters we use a non-linear least squares optimization
2.1 F-layer and topside algorithm Markwardt and Rivers2008 which is adapted

from the FORTRAN77 MINPACK software.
For the F-region and the topside part of a given electron
density profile we use an empirical Ansatz consisting of an2.2 E-layer

(«¢-)Chapman layer function and an exponentially decreasinq: : i
topside approximation or the E-layer we fit the Chapman layer function (2.

' to the profile in the range of 80 to 150 km. Figureshows
FEOP(RY = piono(h) FF(h) + ptop(h)ftop(h) , (1) a well-fitted Formosat-3/COSMIC profile with clearly sepa-

rated E and F-layers.
with the Chapman layer function defined as,

fF(h) = Np exp[%[l_z _ eXp( _ Z)]}, (2) 3 Data analySIS
) heh ) _ _ After applying the procedure described in Sect. 2 to
with z==+, and the topside approximation, Formosat-3/COSMIC and CHAMP electron density profiles,
P we have selected profiles which indicate an “E-layer domi-
F1OP()y = Ntopexp{— H(ht)op} ’ 3) nated ionosphere” according to
NnE > NnF, (ELDI) . ©)

INote that we consider the topside part of the electron density _ ) )
files, although, for the purpose of this paper which focuses on endn this study we use only profiles located in the Northern
hanced E-layer ionization, it is not strictly neccessary. Hemisphere, latitude-45° N, and we impose the conditions
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Fig. 2. Local time dependence of Formosat-3/COSMIC profiles 270°

which statisfy the ELDI condition. Top: Formosat-3/COSMIC pro-
files, middle: CHAMP profiles from the period 2005/06 with low
solar activity (LSA) and bottom: CHAMP profiles from 2002/03 at
high solar activity (HSA).

Hg<40km (with Hg denoting the chapman E-layer scale
hight) and the statistical quality chegl/dof <1.

Table 1 summarizes the data basis used in this paper and
the performance of our profile recognition algorithm. The =2
number of bad profiles for which the analysis with the pro-
file cognition algorithm fails is less than 2.1% for Formosat-
3/COSMIC profiles, and less than 0.1% for CHAMP profiles.

08T

3.1 Spatial and temporal relationships

In Fig. 3 we plot the geographical locations of Formosat-
3/COSMIC profiles which satisfy Eq.7) on the Northern
Hemisphere. The selected profiles seem to be distributed
along the auroral oval.

In the northern winter season ELDI profiles occur at high

latitudes in the local night-time, showing two maxima at _. ) ) o
Fig. 4. Ellipse fit to the distribution of Formosat-3/COSMIC pro-

01:00LT and 07:00 LT, cf. FigR. i . : i
In order to study the solar-cycle dependence of the OCCUI‘fIIeS which statisfy the ELDI condition. The yellow stars mark the

. -~ focal points of the ellipse, the black star marks the center point of
rence of ELDI profiles, we have analysed CHAMP profiles ¢ circle fit.
from the winter of 2002/2003 and 2006/2007. As Fi.
shows, the local-time dependence is similar to the selected
Formosat-3/COSMIC profiles. Note that near the solar-cycle

www.ann-geophys.net/27/1207/2009/ Ann. Geophys., 27, 120172-2009



1210 C. Mayer and N. Jakowski: Enhanced E-layer ionization in the auroral zones

1.0
40 - 0.9
35 .0.8
30 0.7 ¢
\/\ S
> » & = NS - 0.6 ;
g =1 g (D c
% |
= 20 b > < = o 4
c 20 Be—==
\/\ L oa |
15 Ic’l)
O r 0.3
10 o2
5 = 0.1
0 0.0

o
N
I
o
)

10 12 14 16 18 20 22 24

local time / hrs

Fig. 5. Density distribution of Formosat-3/COSMIC profiles which statisfy the ELDI condition for quiet geomagnetic conditjons0.

minimum, 2006/07, there are much more ELDI profiles thancf. Fig. 3. Note thatp is close to the position of the geomag-

near its maximum 2001/02. netic pole, which, according to the IGRF model for the epoch
. 2007, is at (82.20N, —82.98 E) (IGRF CGM, 2008. Thus,
3.2 Relation to the auroral oval in a first approximation, the selected profiles follow a circle

. . i . . around the geomagnetic pole.
If the radio occultation profiles with an ELDI signature are 1, 5rger to obtain a better approximation of the distribution

related to polar particle preciptiation, we expect the profile ot £| py profiles, we fit the distribution of selected ELDI pro-

distribution in Fig.3 to be centered around the geomagnetic fjjas o an ellipseEo, parameterized by the two focal points,

pole. Instead of using geomagnetic coordinates, we aPProXy, - andgo, and the major axis parametes, Here, we mini-

imate the distribution of profiles first by a circle and next by mize the cost function

an ellipse using a non-linear fit to the geographic profile posi-

tions. For comparison, an auroral oval model using a fourierSellipse = Z [IaCOi{xi -Po)|+ |aCOixi -110) | —2110]2 , (10)

series in geomagnetic coordinates is discussegkeidstein i

(1963 and Holzworth and Mend1979. where again all 3-vectors have unit length. When we per-
We have fitted the (3-D Cartesian) positionisof all se-  form this non-linear fit, we obtain for the focal points

lected ELDI profiles on the Northern Hemisphere with all p,—=(74.49 N, —80.27 E), g0=(90.00 N) and for the major

local times to a circle, parameterized by its offstom the  and minor axis parametetg=24.6F, by=23.36, respec-

geographical north pole and its radiudy minimizing the  tively. Note that the circle-fit magnetic pole position lies on

cost function the great-circle betweepg andgg of the improved ellipse
2 o2 approximation, cf. Fig4. It is interesting to note that one
Scircle = » [acoixi p) - ] , (8)  focal point fits very well to the geographic pole.

i After transforming the ellipse into magnetic coordinates,

where we normalize all 3-vectors to unit length and take theWe find that it matches the local magnetic night-time south-
latitude/longitude ofp andr as parameters to be determined Ward boundary given by the Feldstein representation of the

by the non-linear fit. As a result we obtain auroral oval at midnight magnetic local time and at middle
activity level 3,Feldstein et al(2008, Feldstein(1963 and
p=(8302N, —7909°E), r =2468, 9) Holzworth and Meng1975. For a discussion of different
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Fig. 6. Density distribution of Formosat-3/COSMIC profiles which statisfy the ELDI condition for disturbed geomagnetic conditions,
A,>10. The single patches at local noon arickb<10° are due to enhanced day side particle precipitation during the proton events of
December 2006.

auroral (boundary) models we refer 8zuszczewicz et al. As expected, there is a dependence of the profile distribu-

(1993. tion on theA , index. ForA , <10 the distribution is localized
ina, while for A ,>10 the distribution is shifted to larger val-

3.3 Occurrence probablilty ues ofa and is broader im, cf. Figs.5, 6, due to enhanced

) e pitch angle distribution of ionizing particles, s&dazanov
In order to calculate the probablity for finding an ELDI pro- al.(2007.

file at positionx and local timer, the following procedure is

applied. Using the ellips&g constructed in the last subsec-

tion as a reference, we construct a family of ellipses parame-

terized by the major axis parameter, 4 Conclusions

a > Eo=[p@. q@). d], (11) We have shown that electron density profiles obtained by the
which are centered of. This implies thatp andgq lie on GPS radio occultation method can be used to study the phe-
the great-circle determined byo, go. In this way we are homenon of particle precipitation in high latitudes. In partic-
able to associate with every prof“e positiﬁmn e”ipseEa ular, the Formosat-3/COSMIC mission allows to investigate
of the familiy defined in Eq.11) with parametet: (x). the polar ionosphere in great detail, while with CHAMP data
In order to obtain the density distribution of ELDI profiles We are able to investigate solar-cycle dependent effects.
from the Formosat-3/COSMIC data sample, we compute the lonospheric radio occultation measurements from
local time and ellipse parameterof each selected profle CHAMP and COSMIC/Formosat-3 indicate a significant
and bin the corresponding data into 1hfins. The result- number of ELDI profiles characterized bymE>NmMF2
ing smoothed two-dimensional histogram is shown in Figs. distributed symmetrically around the magnetic pole. We
and6 for A,<10 andA,>10, respectively. Note that the obtain this result by a non-linear fit of a circle and subse-
probability of finding a profile with precipitation signature quently of an ellipse to the spatial distribution of selected
can be as high as 80% in the local morning hours betweerprofiles, without using any prior information about the
07:00 and 08:00 local time. Earth’s geomagnetic field.

www.ann-geophys.net/27/1207/2009/ Ann. Geophys., 27, 120172-2009
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The shape of this distribution can be approximated by anJakowski, N.: lonospheric GPS radio occultation measurements on

ellipse. Using a family of ellipses the probability of observ-

board CHAMP, GPS Solutions, 9(2), 8895, 2005.

ing an ELDI profile can be computed depending on local timeJakowski, N., Tsybulya, K., Mielich, J., Belehaki, A., Altadill, D.,

and ellipse major axis parameter. This distribution may be
used to create a model of the occurrence of the ELDI condi-
tion in the polar ionosphere, which would be useful, e.g. for
HF propagation forecasts.

ELDI is a regular phenomenon in the nighttime auroral

Jodogne, J. C., and Zolesi, B.: Validation of GPS Radio Oc-
cultation Measurements on CHAMP by Vertical Sounding Ob-
servations in Europe, in: Earth Observation with CHAMP, Re-
sults from Three Years in Orbit, edited by: Reigber, Qiht,

H., Schwintzer, P., and Wickert, J., Springer-Verlag Berlin, pp.
447-452, 2005.

zone of the winter hemishere. Between 07:00 and 08:00 localyowski, N., Mayer, C., and Wilken, V.: lonosphere Monitoring

time anda between 20and 25, up to 80% of all measured
profiles show an ELDI signature.
During the proton events of December 2006 we have

by Ground and Space Based GNSS techniques, Presenation at
the FORMOSAT-3/COSMIC Workshop 2006, National Taiwan
University, Taipei, Taiwan, 28 November—1 December 2006.

detected ELDI profiles close to the geomagnetic poleJayachandran, P. T., Donovan, E. F., MacDougall, J. W., Moor-

(5°<a<10°) between 11:00 and 14:00LT, indicating day
side particle precipitation as described e.g.Nbynde et al.
(2001).

croft, D. R., St. Maurice, J.-P., and Prikryl, P.: SuperDARN E-
region backscatter boundary in the dusk-midnight sector — tracer
of equatorward boundary of the auroral oval, Ann. Geophys., 20,
1899-1904, 200Mttp://www.ann-geophys.net/20/1899/2002/
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