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Abstract. The nature of the seasonal dependence of relativissouthward component of the interplanetary magnetic field
tic electron fluxes in the Earth’s outer zone is investigated(Blake et al, 1997). The energization processes are thought
using 11 years of data from sensors onboard the SAMPEXo0 act upon a seed population of low energy electrenkin-
spacecraft. It is found that, the relativistic electron fluxesdreds of keV) produced by substornBBaker et al. 1999.
show a strong semiannual modulation. However, the highesLoss processes well away from the magnetopause are driven
electron fluxes occur at times well away from the nominal by magnetospheric waves of different kinds (see for example,
equinoxes, lagging them by about 30 days. The time lag als&ummers and Omuy2007, and references therein). The en-
shows a solar cycle phase dependence for the peak fluxesrgization and loss of electrons result in time variations of
The electron peak fluxes lag the vernal equinox by almosthe outer zone electron fluxes ranging from tens of minutes
60 days during the ascending phase of the solar cycle whil¢o several days.

the time lag near the autumnal equinox remains unchanged. The relativistic electron fluxes in the radiation belts also
The observed times of the peak electron fluxes during the devary on longer time scales showing a seasonal as well as a
scending phase of the solar cycle agrees most closely witBolar cycle dependence. The seasonal dependence is usu-
the Russel-Mcpherron effect and less so with the equinoctiahlly attributed to one (or a combination) of three mecha-
effect even after including propagation effects for finite solar nisms; the axial, the equinoctial and the Russell-McPherron
wind speed. The observed times of the electron peaks areffects. The axial effect explains the seasonal dependence
in disagreement with the axial effect. The asymmetrical re-as due to the Earth being at its highest helio-latitude dur-
sponse of the relativistic electrons during the ascending paring the equinoxesZortie, 1912 thereby increasing the expo-

of the solar cycle remains a puzzle. sure of the Earth’s magnetosphere to high speed solar wind

Keywords. Magnetospheric physics (Energetic particles, §treams, prevalent at higher helio latitudes. The equinc_)c—
precipitating; Energetic particles, trapped; Solar wind- tial effect depends upon the angle between the solar wind
magnetosphere interactions) and the Earth’:_; rotational axis, WhICh is _at its hlghest,_l.e.,
9C° at the equinoxes. The physical basis for the equinoc-
tial effect is thought to be the increased geomagnetic activ-
ity due to Kelvin-Helmholtz type instabilities at the magne-
topause Boller and Stoloy 1970. The Russell-Mcpherron

The dynamic nature of the relativistic electron populations(RM) effect Russell and McPherrod 973 is a geometrical

in the Earth’s outer zone is a result of balance between thgffeCt that exp!ains the seasonal dependence i_n terms of in-
processes of energization and loss. Electron energization iﬁreaseq nggatlve sogthward compopent of the mterplanetgry
the outer zone may be due to particle transport or in-situ Viamagnetm f'elq (IMF) in the geogentrlc splar magnetospheric
wave particle interactions or a combination of the two. These(GSM)t Cc;clrhdml?\;?: S.VSte”?- Ii)udnng teqfuiﬂoxesl'a t!argir (j‘[ﬁm'
processes are ultimately caused by high solar wind speeo@Onen ot the IS projected out ot the ecliplic Into the

(Paulikas and Blake1979 Baker et al. 1979 and strong z-component in the GSM coordinate system. .
The seasonal dependence of geomagnetic activity as mea-

sured by various indices has been examined in several studies
Correspondence tdS. G. Kanekal which suggest a prominent role for the equinoctial effect and
BY (shri.kanekal@lasp.colorado.edu) that it accounts for a substantial part of the observed seasonal
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variations (see for examplé&liver et al, 2002 and refer- and observes electrons in the energy range froih4 to
ences therein). For exampyalgaard et a[2002, suggest ~ 30 MeV. We use the daily averaged flux measurements of
that up to 75% of the preponderance in occurrence frequencglectrons in the energy range 2.0- to 6.0-MeV. Note that, due
of “great” geomagnetic storms during the equinoxes may beo the low Earth orbit of SAMPEX, the PET measures elec-
due to the equinoctial effect. However, the relationship be-trons that are stably trapped, or in either the bounce or the
tween geomagnetic storms and relativistic electrons is comdrift loss cone Blake et al, 2001 Kanekal et al.2001). We

plex and a recent study Hdyeeves et al2003, has shown do not separate these populations and consider the full omni-
that only about half of geomagnetic storms lead to an en-directional flux.

hancement in the electron fluxes. Therefore it follows that The electron flux measurements after correcting for dead
the seasonal variations of relativistic electrons may not b&ime and mis-identification are sorted in nominal IGRF L val-
simply and straightforwardly attributed to the equinoctial ef- yes and binned in 0.1 L wide bins over tkd5 orbits that
fect, and merit a detailed study on their own. SAMPEX executes each day. The L-sorted flux values for
Baker et al.(1999 have shown that the seasonal depen-each year are examined for “outlier” values which are re-
dence of relativistic electron fluxes in the outer radiation placed by interpolating from neighboring bins. The “outlier”
belts is substantial, with the equinoctial fluxes being almostyalues (due mostly to wrong dead time correction) are de-
3 times larger than the solstitial fluxes. They also found thatfined to be at least an order of magnitude higher than the
the most pronounced seasonal variation among the interplaraverage of the two neighbouring L-bins. The data are then
etary drivers of electron energization was in the southwardgox car smoothed over 3 L-bins.
component of the IMF. The southward componentofthe IMF |y order 1o investigate the seasonal dependence of rela-

is associated with substorms, which provide the seed popUgyisic electron fluxes, we perform a superposed epoch anal-
lation that is sgbsequgntly energized to relativistic energieS gis of the 11 years of measurements covering the years 1993
by the solar wind. This le@aker et al.(1999 to suggest {5 and including 2002. The zero epoch is simply the first

that both the RM and solar wind driven instabilities (Boller- day of year. We perform the superposed epoch analysis for 2
Stolov effect, related to the equinoctial effect) were involved periods, the first covering the years 1993-1996 and the sec-
in the seasonal variation of relativistic electron fluxes. An- .4 covering the years 1997—2002. These time periods cor-
other study byLi et al. (200]) also emphasized the role of ogn0nq to the descending and ascending part of the solar
solar wind and suggested that the equinoctial effect by 'tselfcycles 22 and 23, respectively. For each period, averages of
could not account for the seasonal dependence of relativisgygarithm of fluxes are calculated for each bin for each day.

tic electron fluxes. Their observations showed that the peakpo log(fluxes) are used in order to minimize the skewing of

times of the electron fluxes lagged the nominal equmoxessuperposed epoch analysis by large individual events. The

They suggested that this lag may be due to the time required,,erposed log(fluxes) are then smoothed with a 27-day box
for radial transport of electrons from higher L-shells, which .., smoothing, in order to remove the 27-day variations in

was assumed to be the dominant mechanism of energizatiofe electron fluxes due to recurring high speed solar wind
In this work, we explore the seasonal dependence of relsireams. Using the superposed data, we estimate the times of

ativistic electrons using data acquired during the period befjyx maxima of relativistic electrons for both the ascending

solar cycle. We perform a superposed epoch analyses to d.e' The errors in determining the times of electron flux max-
termine the nature of the seasonal dependence for the entir

period as well as during the descening and ascending parts (i)s%a arise mostly due to the 27-day box-car smoothing of the
the solar cycles 22 and 23. This study substantially extend uperposed log(fluxes). We estimate these errors by varying

the smoothing interval from 21 to 31 days in steps of 2 days

(rearhe:]stuglerisnby dip;frorb|rr]1tg trT N seasfonal TelratIVftch(:]IieEtrorr%i.e_’ 6 smoothing intervals) and calculating the electron peak
esponse during ditierent phases of a solar cycle N Alimes at each interval over a range of L-shells. For a given

E;%Vgcgzngetrggtlrgitge: fgr:;:gﬁgttﬁglzg ,:;:;ngu?g;/igsnsnd smoothin_g interval, the times_ of electron flux maxim@.),

" are obtained for 6 L values in the L-range of 3.5 to 4.5 at
intervals of 0.2 L. This L-range is chosen because it covers
the location in L of the flux maximum. For each value of the
smoothing interval, we obtain the meanand the standard
eviation,o; over the L range. we take as the “statistical”
rror, osiat the standard deviation of thezpand the average

onboard the Solar Anomalous Magnetospheric Particle EX-?f the GZ" as the dsytﬁtematlc error'g;syst.tr?' 0 bti cortlse(rjva;j d
plorer (SAMPEX) spacecraft. SAMPEX is in a low-Earth Ve,we have used the average rather than the standard de-

polar orbit at an altitude of 600 km and an inclination of ~Viation to obtainosys. The total errofotor = /0 &art 0 st

82° (Baker et al. 1993 with an orbital period ot 90 min. is about 6(4) days for the vernal(autumnal) equinox for
The PET sensor comprises a stack of solid state detectorthe descending phase (1993-1996) of the solar cycle. The

2 Data and analysis

The electron data used in this study have been collected bg
the Proton Electron Telescope (PETJopk et al, 1993
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Fig. 1. (a) Annual superposed epoch analysis showing daily aver-Fig. 2. (a) Annual superposed epoch analysis showing 27-day run-
aged 2- to 6-MeV electron log(fluxes) (1993—-1996) during the de-ning box car averaged 2- to 6-MeV electron fluxes (1993-1996)
scending part of solar cycle 22. The times of 27 day intervals areduring the descending part of solar cycle Z8) Similar to (a) but
shown by the short lines at the bottom part of the fig(iog similar for the ascending phase of solar cycle 23 (1996—-2002).

to (a) but for the ascending phase of solar cycle 23 (1996-2002).

the solar cycle$torini et al, 2006 and in 1993 a long-lived
correspondingot for the ascending phase are 4 and 6 dayscoronal hole that lasted almost 1.5 years was observefi(
for the vernal and autumnal equinoxes, respectively. and Storinj 2002. Furthermore, superposition by years for
the period 1993-1996 corresponds nearly to a superposition
by Carrington rotations. For this period the beginning of
3 Observations the years correspond closely, albeit not exactly, to Carring-
ton rotations 1864, 1878, 1891, 1904 and 1918, respectively.
Figure 1a (Fig. 1b) shows the results of the superposed epochherefore it is not unexpected to observe the 27-day peri-
analysis for the descending(ascending) part of the solar cyedicity in a superposed epoch analysis as shown in Fig. 1.
cle 22(23). The plots show the logarithm of the 2- to 6-MeV During the ascending phase (Fig. 1b) this periodicty is much
electron fluxes, for two epoch periods: from year 1993 toless evident as coronal mass ejections which drive the flux
1996 and from year 1997 to 2002, respectively. The dataenhancements occur sporadically.
shown are the unsmoothed daily averages, in order to specif- The same data smoothed with a 27-day box-car averging
ically illustrate the 27 day recurring electron flux enhance- method are shown in Fig. 2a and Fig. 2b. Note that the 27-day
ments. The nominal vernal and autumnal equinoctial timessmoothing has been applied to yearly log(fluxes) before be-
are indicated by the white lines. The short white lines ating superposed. As before the white lines indicate the times
the bottom part of each plot mark 27 day intervals. It is evi- of the equinoxes. Two broad, distinct peaks in the relativistic
dent from Fig. 1a, that during the descending phase of the scelectrons are clearly evident. The flux peaks=agl wide,
lar cycle, relativistic flux enhancements occur with a 27 daycentered around. ~ 4. These peaks in electron fluxes are
periodicity reflecting the periodicity of the high speed solar displaced in time from the nominal equinoxes during both
wind streams. These high speed streams emanate from lon¢he descending and ascending phases of the solar cycle. Note
lived coronal holes which may last for a significant part of that during the descending part of the solar cycle, the highest

www.ann-geophys.net/28/1101/2010/ Ann. Geophys., 28, 1116-2010



1104 S. G. Kanekal et al.: Seasonal dependence: relativistic electrons

SAMPEX: 1993-1996, €™ :2-6 MeV Vernal Equinox: e :2-6 MeV

L (dOY)na 1993-1996  1997-2002
3.5 109 297
3.7 122 292
3.9 122 291

4.1 122 290

|
1

L-shell

vern. 118.8+5.0

l
)
f

i

! |

4 - T

autm. 290.823.9 +

+

log(flux):e” [cm*-sr—sec]™

10 oy upomosed)  C 100 110 120 130 140 150
. _ e doy (superposed)
- SAMPE).(' 1997 20.02’ e 2 6IMeV Autumnal Equinox: e :2-6 MeV

T T
1993-1996 1997-2002

L (doy),. 7
3.5 141 288
3.7 139 288

4 — 3.9 139 288 6
: 4.1 138 297 + *
_+_%
+

+
oS V vern. 138.5+1.5 A +_%
y autm. 292.5+4.9 B
/ —1
2
g T 4

log(flux):e” [cm*-sr-sec]™
a
Q,
by
3 )
¢
/>
%
L-shell
T

UL RERRER

<

100 200 300 2 - - - s
doy (superposed) 270 280 290 300 310 320
doy (superposed)

Fig. 3. (a)Superposed epoch fluxes of 27-day box car averaged 2- ta_, )
6-MeV electrons for L-values from 3.5 to 4.5 during the descending Fig. 4. (a) Observed times of peak fluxes for the 2- to 6-MeV elec-

part of solar cycle 22 (1993-1996). The times of peak fluxes arouncfrons asa function oL, for the. vernal equinqx With the descend-
the equinoctial times, their mean and standard deviations are indil’9(@scending) phase shown in blue(re@) Similar to (a) but for

cated to the right.(b) Similar to (a) but for the ascending part of the autumnal equinox.
solar cycle 23 (1997-2002).

the nominal equinoctial times by about 30 days with a mean

spread of 2 days about the peak time. During the ascending

fluxes last much Ionger (especially abqut the vernal eguinox art of the solar cycle, as is evident from Fig. 3b, the peak
than the corresponding flux peaks during the ascending par luxes are displaced asymmetrically about the equinoxes. In

The longer duration of electron fluxes is due to recurring high is case, the peak electron fluxes lag the vernal equinox by

speed solar wind streams emanating from well establishe Imost 60 days but lag the autumnal equinox by only about
coronal holes. During the ascending part of the solar cycle30 days

![th|s ftlhi C?‘fn:ll mr:sr?tej?l?ﬁons Whlf&pridr?]m;nate armgidnl\ll € Figure 4a (4b) shows the peak times of the electron fluxes
€ flux.enhancements. They occur much more sporadiCally, s a function of L-value for the vernal (autumnal) equinox

Figure 3a (3b) shows the superposed epoch fluxes at Lgyring both the ascending and descending parts of the so-
values centered abouimax, the position inL of the max-  |ar cycle. The L-range shown covers the entire outer zone
imum flux, for the descending (ascending) part of the solar(..3 o 6). At each L value the peak position and the as-
cycle 22(23). Both panels show the 27-day box-car smoothedyciated uncertainty are shown in blue(red) for the descend-
da|ly-aver_age fluxes_. The_nomlnal equinoctial times are 'nd"ing(ascending) phase of the solar cycle. It is evident that
cated as in the previous figures. The superposed flux valueggre is no strong systematic trend in the times of the peak
and the corresponding peak times are shown for 6 SeleCteBosition (within 1 to 2 sigma) as a function &t Only for
L values around.max. The selected L-values and the corre- he vernal equinox during ascending phase, there appears to
;pondmg times of peak flux for each L-'va'lue are shown to thepe a weak dependence of the peak time& offhis suggests
right. The mean and the standard deviation of the peak timeg,at radial diffusion may not play a substantial role in deter-

are also indi_cated. It can be seen from Fig. 3a, that duringmining the peak times for electrons in this energy range.
the descending phase of the solar cycle the peak fluxes lag
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Table 1. Observed times of peak fluxes for the 2- to 6-Mev _ AAS We mentioned before, the time lag from the equinoxes
electrons together with the expected times for the axial, RusselldS Significantly asymmetrical during the ascending part of

Mcpherron and the equinoctial effects. Correcting for finite solar the solar cycle. We hgve examined each of the 6 years of
wind speed adds:4 days to the nominal times for the equinoctial data during the ascending part for any systematic effect (e.g.,

effect. any one particular year being predominant) and have found
none. The observed asymmetry remains when we randomly

Effect Peak activity time exclude any single year of observations during the ascend-

Vernal Autumnal ing phase. The asymmetry also persists when we limit the

Axiald 7March 9 September data to any three years between 1997 and 2002 (inclusive).
Equinoctial 21 March 23 September None of the models suggest such an asymmetry. It is possi-
Russell- McPherror 7 April 11 October ble that the asymmetry may be an anomaly, as our data com-
Observations 1993-1996 29 April 18 October prise only one period each of an ascending and a descend-

+6 days +4 days ing phase. However, our findings may also suggest that high
Observations 1997-2002 19 May 20 October speed streams and coronal mass ejections energize relativis-

+4 days +6 days tic electron in different ways.
Table 1 lists the measured peak electron flux times and
& adapted fronCliver et al.(2002 the expected peak activity due to the three proposed mech-

anisms. The predicted times for the equinoctial effect are
shifted forward by~4 days due to finite solar wind speed
4 Summary and conclusions (average value of440 km/s) Li et al., 2007). The observa-
tions of the seasonal dependence of relativistic electrons pre-
Cliver et al.(20029 have suggested that the seasonal modu-sented here, suggest a more prominent role for the Russell-
lation of geomagnetic activity, as measured bydhendex  Mcpherron effect with the axial effect being the least impor-
support the equinoctial hypothesis. In separate stugligsr  tant. While the equinoctial effect may be the dominant mech-
et al.(200]) andCliver et al.(2000, examined the seasonal anjsm for the seasonal dependence of the geomagnetic activ-
variation observed in other geomagnetic indices such as thﬂy’ we suggest that it may be less so for the produc[ion of
Dst and am. They concluded that the storm component othe relativistic electrons. It is well known that the southward
the Dst index and the am index were also dominated by th%omponent of the IMF p|ay5 a crucial role in determining
equinoctial effect whose predictions agreed very well espewhich geomagnetic storms result in increased electron fluxes
cially when finite solar wind speed was taken into account.and which do notBlake et al, 1997. We suggest that this
HoweverLi et al. (200]) suggested that as far as relativistic may account for the dominance of the Russell-Mcpherron ef-
electrons were concerned, the equinoctial effect alone wasect as far as relativistic electrons are concerned. The ob-
insufficient to explain the observations. served asymmetry of the peak fluxes during the ascending
We have investigated the seasonal dependence of relativighase of the solar cycle is a puzzle that requires observations
tic electrons across a wide range of L-shells covering bothspanning multiple solar cycles before being established.
the descending and the ascending parts of the solar cycle.
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