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Abstract. By analyzing the logarithmic relationship between et al, 2009 Du et al, 2009 Du, 20113. Theaa index ap-
geomagnetic activity as represented by the anauahdex pears an 11-year cycle similar to that of sunspot activity, as
and solar magnetic field activity as represented by the andescribed by the Zurich sunspot numbgg), Studying the
nual sunspot numberRf) during the period 1844-2010q relationship between geomagnetic activity, as represented by
is shown to lie in between two lines defined solely Ry. aa, and solar activity, as represented Ry, may contribute
Two ways can be used to decomposedhendex into two  to understanding the origin and formation of the former.
components. One is decomposiag into the sum of the Geomagnetic activities have long been known to be cor-
baseline ¢ap) and the remainderag,) with a null corre-  related with solar activitiesSnyder et al. 1963 Russell
lation. Another is dividing the top-lineag) into the sum  and McPherron1973 Garrett et al. 1974 Feynman and
of aa and the remaindeiu@g) with a null correlation. The  Crooket 1978. Geomagnetic activities can be resulted from
first decomposition is similar to the traditional one. The variable current systems formed in the magnetosphere and
second decomposition implies a nonlinear relationship ofionosphere, such as the ring current and auroral ionospheric
aa Wwith R; (aat) and a decay procesady). Therefore, current, which are strongly modulated by solar activities via
aay = aa +aaq = aap+aay+aaq: (i) aat is related to the  the interaction of the magnetosphere with solar wirksy/(-
solar energy potential of generating geomagnetic activity (asman 198Q Legrand and Siman1989ab; Demetrescu and
sociated withR;); (i) aap is related to transient phenomena; Dobrica 2008 or others [egrand and Simari981, 19893
(iii) aay is related to recurrent phenomena; and vy isre-  Stamper et a).1999 Tsurutani et al.2006. It is believed
lated to the energy loss in the transmission from solar surfacghat the geomagnetic activity is well associated with the so-
to the magnetosphere and ionosphere that failed to generatgr wind speed ¥), the southward componenB4) of the
geomagnetic activity. interplanetary magnetic field (IMF) and their produsny-
der et al, 1963 Russell and McPherrgi973 Garrett et al.
1974 Crooker et al.1977 Svalgaard1977 Feynman198Q
Wang and Sheelgy009. In general, the magnetosphere
exhibits approximately a linear response to the solar wind
drivers. However, a nonlinear behavior is significant in the
1 Introduction declining phase of a solar cycle, which is related to increased
solar wind speedd ggrand and Simqri989ab; Venkatesan
SinceMayaud(1972 designed the geomagnetic activity et al, 1991 Echer et al.2004 Johnson and Wing0085.
index from the 3-hourly K indices at two near-antipodal mid- The geomagnetic activity results from two main solar
latitude stations, numerous authors have used it to analyzeourcesl(egrand and Simqri98% Venkatesan et 411982
the global geomagnetic activity and its correlation with so- Feynman 1982 Legrand and Simqgnl989ab; Gonzalez et
lar activity (Schatten et al.1978 Feynman 1982 Legrand  al., 1990 Venkatesan et al1991; Echer et al.2004. The
and Simon1989a Nevanlinna and Katajd 993 Lukianova  first source is related to transient phenomena such as so-
lar flares, prominence eruptions, and coronal mass ejections
(CMEs), and follows the sunspot cycleegnkatesan et al.
Correspondence taZ. L. Du 1991). The second source is related to recurrent phenom-
BY (zldu@nao.cas.cn)

ena (high-speed solar wind streams) and tends to peak in
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a 407 % . v ] in Sect.4. All the data points are found to be in between the
0, sk o g . two lines of baselineliaap) and top-line lnaat). Accord-
8 20, ﬁ{;ﬁi@gﬁ%}qf&f A § ing to the baseline, thez index can be decomposed into two
10 %gﬁ%+ e o, =14.9+0.077R(r = 0.58) componentsaay and the remaindetay = aa — aap With a
ol - s s ] null correlation (Sect4.1). This decomposition is similar
0 50 100 150 200 to that ofFeynman(1982, but the relationship betweeiay
b aof a5 : :;. —— 51600 and R; is nonlinear. The top-line provides another way to

i . 1900 decomposeaq; into two componentsza andaag = aa; —aa
11400 with a null correlation (Sec#.2). We attempt to explain the
second decomposition by a nonlinear model (S&étJ) and

a decay process (Sedt2.2. Theaa index is the remainder

. o of aa; after decayiag. Some conclusions are discussed and
1960 2000 summarized in Sech.

aa
N
o

v\
._\J \\JT/\
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Fig. 1. (a)Scatter plot otia againstR; (pluses), linear fit (dotted), 5 patg
and baselinear (dashed).(b) The time series ofia (solid), aar
(dashed) from Eq2) andaa, (dotted) from Eq.8) since 1844. The
time series ofv’ (dash-dotted) an@ (long-dashed) since 1964 are
also shown for comparison, with the values so scaled that they
can be clearly seen.

To suppress the high frequencies involved in the solar ro-
tation and seasonal variations, in this study the geomag-
netic activity is represented by the annual averagesaof
index (Mayaud 1972 using reliable values since 1868nd

the equivalent ones from measurements in Finland from 1844

the declining phase or at the solar minimum of the cycletO 1867 Nevanlinna and Katajd 993. The solar (magnetic

(Legrand and Simari981 Venkatesan et 31982 Legrand field) activity is represented by the annual average®of

and Simon1989ab; Tsurutani et al.2006. Feynmar(1982 from 1844 to 2010. In additi_on,_ for comparison_we use the
analyzed the relationship between the anrueand R; se- annual speedy) and magnetic field) of solar vymd from
ries from 1869 to 1975 and found that the values are all the OMNI data sets since 19%4and the Dst (disturbance

above a base lineigr) that is linearly related t@,. Then, storm time} index representing the ring currer@gnzalez

she decomposed the: index into two equally strong peri- etal, 1990 since 1958.

odic componentsaar and the remaindeta; = aa — aag.

The first one (the “short lived” R component) is associated3  Two-term decomposition ofaa according to the linear
with the transient phenomena and follows the sunspot cycle,  rejationship betweenaa and R,

while the second one (the “slowly varying” interplanetary |

component) is associated with the recurrent phenomena ankh this section, we repeat tHeeynman(1982 work to de-

is almost 180 out of phase with the sunspot cyclédthaway = composeza into two components, using the data from 1844
and Wilson 2006. Legrand and Simo(1.9893 classifiedthe  to 2010. Figurela shows the scatter plot af: againstrk,
geomagnetic activity in four classes: the magnetic quiet ac{pluses). The dotted line indicates the linear fiafto R,
tivity, the recurrent activity, the fluctuating activity, and the with the regression equation given by

shock activity. At mid-latitude, the geomagnetic activity is
sensitive both to the auroral phenomena (particle precipita—a @ =149+0.077R;. 1)

tions, substorms, and auroras) which are at the origin of thdt is seen that the data points are all above the (dashed) base-
auroral electrojet (AE) activity, and to the equatorial ring cur- line, defined by the lower envelope,

rent which is the source of the geomagnetic storbegfand

. . . ) =5.840.082R;. 2
and Simon1989ab). Therefore, theia index is an integral 4R + Z_ )
effect of various sources of geomagnetic activity. The remainder ofa is then

The relationship between the solar and geomagnetic activy,, — 44 — aag. (3)

ity is not a simple linear oné~eynman 1983 Legrand and ] _ _ ]

Simon 1983 due to various sources of geomagnetic activ- Figure1b shows the time series of: (solid), aar (dashed),
ity. Decomposing the geomagnetic activitya(index) into andaa (dotted) since 1844. The correlatpn coefficient be-
different parts may help understand its origins. tween the two componentgar and aa, is almost zero

In this paper, we first reexamine the work Béynman Ltp://ftp.ngdc.noaa.gov/STP/SOLARATA/RELATED _
(1982 to decompose the annuat index for the data avail- INDICES/AA_INDEX/

able (Sect2) into two components based on a linear relation-  2http://www.ngdc.noaa.gov/stp/spaceweather.html
ship betweema and R, (Sect.3). To elucidate how:a de- 3ftp://nssdcftp.gsfc.nasa.gov/spacecdta/omni/
pends onk;, we analyze the scatter plotiofza againstin R, 4http://www.ngdc.noaa.gov/stp/spaceweather.html
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Table 1. Correlation coefficients-) betweerua, Rz, aar, aq, V, 4 E ' ' ' ' '
andB. E L Y
< ¥ 4t FA T
3 . x% x* x*; ""’f‘.f ) " -
r aa aar(Rz) aa % B F 0.-® @ Q@%} ,,,,, XK *ffx A
F L@ X X+ N *xx %
aa 1 0.58 0.79 0.74 0.83 o N et *, *
@[ 0.5 xx *
aar(Rz) 1 —-0.05 -0.06 0.78 g 2F o x--* E
aay 1 084 031 = | 11 r = 0.67
v 1 0.32 N P Inaa = 2.1340.21InRz
1F ' ]
Eoon
(r = —0.05), implying thataq) has a 90 (~3-yr) rather than 0 1 2 3 4 5 6
a 180 (Feynman 1982 Li, 1997 Hathaway and Wilson
2006 phase shift tazag. The phase shift is related to the InRz

time delay ofaa to R, (Echer et al.2004 Du, 2011h. Fig- ¢y > scatter plot ofinaa againstinR; (black pluses for odd-

urelb also showéf/ (dash-dotted) an_B (Iong-d.afshed) SiNCe  humbered cycles and purple crosses for even-numbered cycles) with
1964 for comparison. The correlation coefficients betweeng correlation coefficient of = 0.67. The dotted line indicates the

these parameters are listed in Table linear fit of Inaa to INRz. The data points are all in between the

One sees in Tablkthat: (i)aa is positively correlated with  two parallel (dashed) lines dfiaat (top) andinaap, (base). Trian-

R; (r =0.58), aar (r = 0.58),aa; (r =0.79), V (r =0.74), gles and circles denote the years of the maximum and minimum
and B (r = 0.83); (ii) aar(R,) is well correlated withB amplitudes of the sunspot cycle, respectively. The coordinatejaxis
(r = 0.78) but has a null correlation withi (- = —0.06); and ~ describes decay strength.

(iii) aa; has a much higher correlation with(r = 0.84) than
with B (r =0.31). Thereforeqaar andaaq) are well associ-
ated withB andV, respectively.

The two components aefag andaa) have been explained
by two main solar sources of geomagnetic activitgdrand  Ingap, = 1.36+0.29nR,, or aap= e1'36R§/7 (5)
and Simon 1981, Venkatesan et 11982 Legrand and Si-
mon, 19893 Gonzalez et al.199Q Venkatesan et gl1991 and
Legrand and Simqnl989ab; Echer et al. 2009: (i) aar 244 ,2/7
is related to solar flares and coronal mass ejections (CMEs)I;n aa=2.44+029nR;, or aa=e RZ/ ’ ©)
and (i) aa) is related to high-speed solar wind streams and isThe above equations suggest that a certain level of solar ac-
out of phase with the sunspot cycleeynman1982). tivity ( R;) is associated with at least (moat)p (aay) of the

geomagnetic activity. Fromap andaat, two new indices,
aay andaag, can be defined such that

their equations defined (from two points on baseline or top-
line) by

4 Two-term decomposition ofaa according to the loga- 4a = aap +-aa of adn—ad—aa )

rithmic relationship between aa and R, b v u b
and

To elucidate how:a depends orR;, we analyze the corre-

lation between theatural logarithmsof the annuaka and ~ 4dt=aa+aad, O aad=aar—aa. 8)

R; from 1844 to 2010. The scatter plotlofza againstn R,

is shown in Fig2. The dotted line indicates the linear fit of

Inaa to In R,, with the regression equation given by

The null correlation ofiap with aay (r = 0.09) implies that
aa can be decomposed into two independent components:
aap andaay. Similarly, the null correlation ofia with aag
(r =—0.0003) implies thatia; can be divided into two inde-
Inaa=2.13+0.21nR,, or aa=841R}*". (4)  pendent orthogonal termsa andaag.
As aap andaa; are strictly defined by Eqs5)—(6), the

The positive correlation betwedémaza andinR; (r =0.67)is  correlation coefficient ofnaay or Inaa; with InR; is one,
stronger than that betweem and R, (r = 0.58), implying  having the same periodicity, phase, and relative amplitude,
thataa varies preferably nonlinearly witR;. Also shown  so thataay, (aat) follows R, (- = 0.94) well. If aa were pro-
in the figure are the years of the maximum (triangles) andportional toaay, (aat), the remaindesay (aaq) would be ran-
minimum (circles) amplitudes of the sunspot cycle. dom. However, the correlation afz, with aa (- =0.84) is

One very prominent property in Fi@ is that the data stronger than that afap with aa (r =0.62), and the corre-
points are all in between the two parallel (dashed) lines withlation of aag with aa; (r = 0.78) is stronger than that ofa

www.ann-geophys.net/29/1331/2011/ Ann. Geophys., 29, 13%13-2011
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40 | __aa ___oa, . 'cc':u ~ v __B7600 Table 2. Correlation coefficients betweesa, aap, aay, V andB.
1500
; r aa aap aay \% B
11400 aa 1 062 084 074 083
aap 1 0.10 0.03 0.83
S 300 > aay 1 085 041
200
SN LE1100 L
/\/r\l';' UAYRE (aat— aap) for theaa, component, which is part efz above
oL Y T RN Lo the baselineay, (Eq. 7). This result suggests th&Y, is asso-
1880 1920 1960 2000 ciated with a certain amount of solar energ)(potential of

generating geomagnetic activityd) whose maximumday)

Fig. 3. Time series otia (solid), aap (dashed) from Eq.9), aay is related taE;. The energy k) consists of three parts: (i) the
(dotted) from Eq.T), V (dash-dotted), an& (long-dashed), with  first part (E},), being related to the transient phenomena, gen-
the B values so scaled that can be clearly seen. erates the geomagnetic activityap) that is well associated
with R; (aap Rg/ 7); (ii) the second partky), being related
to the recurrent phenomena, generates the geomagnetic ac-
tivity (aay) that is almost uncorrelated with the formee();
and (iii) the third part £4 = E; — Ep — Ey), generating no
geomagnetic activity, might be interpreted as the energy loss
in the energy transmission from solar surface to the magne-
tosphere and ionosphere, which may involve very complex
processes (see also SetRand Discussion) and may be re-
lated to the time delay of geomagnetic activity to solar
activity (Ry).

For the decomposition in Fig, theaa values are all above
the baselineiar (Eg. 2), while there seems to be no upper

Similar to Sect3, one decomposition method of the in-  limit for the aa or aa; (Eq. 3) values shown in Figla — at
dex is according to the baselineaf,), as theaa values are  |€a@stsuch alimit (if existing) is not apparent.

all aboveaay, (Fig. 2). Figure3 shows the two components,

aap (dashed) from Eq.5) andaay (dotted) from Eq. ), to- 4.2 Two-term decomposition olza based on the top-line
gether withaa (solid), V (dash-dotted), an@8 (long-dashed)

for comparison. The correlation coefficients between these\nother alternate decomposition method is by use of the top-

with aa; (r =0.62), Therefore, some underlying information
must exist in botlia, andaagy.

The strong correlation afag with R, (r =0.75) and the
null correlation ofaag with aa (r =0.00) imply thataagq is
well associated with the level at, (solar activity). In con-
trast, the strong correlation afz, with aa (r =0.84) and
the null correlation ofiay with R, (r =0.07) imply thataay
reflects the variation ima (geomagnetic activity).

4.1 Two-term decomposition okza based on the baseline

parameters are listed in Talile line (aat), as theaa values are all belowa; (Fig. 2). The
The following may by noted in Tabl&: (i) aa is posi-  two componentsga andaaqg from Egs. 6) and g), have a
tively correlated withaay, aay, V, and B; (i) aayp is well null correlation { ~ 0), implying that theza index has a 90

correlated withB (r = 0.83) but has a null correlation with  (~ 3-yr) phase shift taiaq. This decomposition might be
V (r =0.03); and (iii)aay has a much higher correlation with explained by a nonlinear model and a decay process.
V (r =0.85) than withB (r =0.41). Thereforeqap andaay
are well associated witB andV, respectively, reflectingthe 421 A nonlinear model
two sources of geomagnetic activity.
This decomposition is similar to that in Se8t. Theaar g nn0se that the variation rate @f is proportional to that
andaay terms in this section correspond similarly to the R ¢ Ry,
and | components in the previous section, respectively. The
main dlscrepancy is that_the R compongnt is linearly reIatedAaa AR, 3aa wa
to R; (EqQ. 2), while aay, is related toR; in the form of a T x or =y—, 9)
power-law (Eq.5). Thus, theaap component can be ex- 94 Ry IR, Ry
plained to be nonlinearly related to solar flares and CMEs, _ .
and theaa, component is related to high-speed solar wind Wherey is called “response efficiency” afa to R;. The
streams having a 94~3-yr) phase shift taa. solution to this equation is in the form of
It should be pointed out in Fig2 that there is a maxi-
mum (ay) for the aa values and that there is a maximum Inaa=B8+yInR,, or aa(R;)=e’RY, (20)

3
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whereg is an integral constant. Thus, EQ0j can be taken (solar winds and CMEs, etc.) with the magnetosphere pro-

as a general form of Eq5)¥-(6) for duces geomagnetic activityd = aat), which is the top-line
in Fig. 2. Thenaa; undergoes a decay process according
y =2/1, to aaqg(z) = (1— e */)aay for 0< z < 1.08L as it attempts
Pr = 2.44, (11) to go through the decay range (ionosphere as well as mag-
Po = 1.36. netosphere, hereafter DR, where decays). Only the re-

It suggests from Eqs1() and @) thataa varies withg,  Mainderaa(z) = aa—aay(z) = ¢~*/"aay is observed after
nonlinearly rather than linearly. In fact, the valuesyofor the DR. Various decays, due to various thicknesses and den-

the top- and base-line are not strictly equal to one anotherSities of the DR for different districts or different time peri-
By carefully examining the top-line in Fi, two possible ods (and dlff_erent solgr agt|V|t|es), constitute the _ranc_Jome
values ofy arey = 0.27 and 081 (from two different pairs scattered p0|_nts ofia in Fig. 2 (the random (_jlstnbutlon
of the upper envelope), correspondingste= 2.49 and 239, of aaq or aa is the cause of the null correlation between
respectively. We have taken an averageof 0.29, which ~ them). (ii) Forz >1.08L, aa has already passed over the
is equal toy, = 0.29 for the baseline, angk = 2.4 corre- DR and will not decay further. As the maximum decay in
spondingly. Thereforey and g have uncertainties of about e Wholé DR iszag = aa; —aap, the minimumaa is then
Ay =0.02 andAf = 0.05, respectively. The value reflects 44 =44t —ddq =aap, Which is the baseline in Fig.

the generation efficiency af by solar (activity) energy that 't Should be noted that the decayq is well correlated

is related toR,, only about 2/7 (29%) of the relative vari- With aat (r=0.78) or R, (r = 0.75), meaning that a higher
ation in R, being related to the variation ima in terms of ~ |€V€l Of Rz tends to be associated with a largerg or z.
annual averages. Although a stronger (weaker) solar activigs (correspond-

ing to the energyFy) is related to a higher (lower) level of

4.2.2 Adecay process aat, more (less) decays (or the “energy lods) will also
be produced while transmitting through the DR. When
From Egs. §), 6), and (L1) we have has finally passed over the DR, only a part is left: the ob-
servetha = aa; —aaq (Or the energyE = Ey— Eg). Thus, the
aap=e" PP qq = ¢~1%Bgq;. (12)  variablez is in fact a quantity to describe the decay strength

| d ith thi i Il the dat ints in Ei (or the energy los#) in the DR, andL is the decay scale
h accordance wi IS equation, all theé data points in £19. (or the maximum energy l0SBqmax). Thez/L value re-

can be divided into many groups, each lying on an obliqueﬂects the energy 10Ss rat€4/ Eqmay), which is related to

narrow stripe (belt) parallel to the top-line. These stripes arg o intensity and orientation of the solar dipo&iron and

degoted by f\ht;(t)ordigate axis)(d int fth Legrand 1989, the topology and density (especially the ion
uppose a undergoes a decay process in terms o edensity) of the DR, the size and shape of the current sheet,

variablez, or the ion inertial scaleLeamon et al.200Q Matthaeus et
daa 1 al., 2008. The formation is related to the interaction mech-
—Adaxaalhz, or —rm=-—ad, (13)  anism of solar activities (solar winds and CMEs, etc.) with
) o the magnetosphere (and of the fast with slow solar winds)
whereL is the decay scale. Its solution is and the state (strength, velocity, and direction) of the solar
aa(z) = e~ aaq, (14) wind. More geomagnetic activities can be produced if the

solar wind reaches the magnetosphere perpendicularly than

whereaqg is an integral constant. Because thevalues are  in any other direction.
all in between the two lines (F|@), 7= 0 can be taken as the This explanation iS, of course, a Slmpllfled characteriza-

top-line anduag = aa; as the boundary condition, so that ~ tion. In fact, the geomagnetic activity may be produced and
decayed all the way from the magnetosphere to the Earth.

_ { e *taa, 0<z<1.08L, Magnetic fields play a determining role in the formation and
aa(z) = (15) , e .
aan, z>1.08L, dynamics of solar activities. Besides sunsp@g (the mag-
netic fields also produce other phenomena of solar activities,
such as solar flares, prominence eruptions, energetic pro-
aag(z) = aa(z) — aa(z) _tons, C_MEs, and solar wind& €grand gnq Simqril9893,
{ (1—e/Lyaay, 0<z<1.08L, (16) in nonlinear processes more or Iegs sm_ul_ar to E@.(A.S. .
= the source activities of geomagnetic activity, these activities
have already undergone decays before arriving at the mag-
The above two equations can be easily explainedsftem-  netosphere (e.g., in solar corona), and play a role of mid-
porarily taken as a length variable with its origin at the “outer processes from the solar magnetic field activity to geomag-
surface” of the magnetosphere and its positive direction to-netic activity (see Discussions). From the perspective of the
wards the Earth. (i) At first, the interaction of solar activities overall result, the formation aia can be totally expressed

and the decay term is

aai —aap, z>1.08L.

www.ann-geophys.net/29/1331/2011/ Ann. Geophys., 29, 13313-2011
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@ 60Fce,(6.82)...ca, ( 0.32) _ F Table 3. Correlation coefficients between:, aat, aaq, n, V, B,
5 40 3 i S and Dst.
° 20 0.5
0 0.0 r aa aat  aaq n Vv B Dst
1880 1920 1960 2000 Rz 058 0.95 0.75 0.29 -0.06 0.78 -0.64
b 600 Vv (-0.67) ... B(012) __7m 1.5 aa 1 0.62 0.00 -0.52 0.74 0.83 -0.80
> 500} - A A 1.0 o aay 1 078 032 003 083068
400 7N N i X 8:8 aaq 1 0.82 -0.48 041 -0.27
1970 1980 1990 2000 2010 n 1 -067 012 004
C 40 __—Dst (-0.04) __7 1.5 14 1 0.32 -037
% 90 . / 1.0 _ B 1 0.16
1 Y . 0.5
ot L A 0.0
1960 1970 1980 1990 2000 2010
Year
the magnetosphere tends to be more linear at maximum than
Fig. 4. () aaq (solid) from Eq. @), aat (dotted) from Eq.€) gt minimum @ohnson and Wing005. The larger values of

andR; (dashed) since 1844b) V (solid), B (dotted), and; (dash-
dotted) since 1964c) —Dst (solid) and; (dash-dotted) since 1958.

The values ofR; and B are so scaled that they can be clearly seen
The numbers in brackets indicate the correlation coefficients of th

parameters withy.

€

n at solar maxima than at solar minimg gy > 7min) C&N €X-
plain the following phenomenon. Tlae index at a higher,
(around the maximum) tends to undergo more decays and for
a longer time when going through the DR, leading to a longer
lag time ofaa to R, at a maximum rather than at a minimum
(Wang and Sheelep009 Wilson, 199Q Du, 2011hc).

asaay in Eq. (), and the decay process can be described by In Fig. 2, thelnaa-InR, data pairs are divided into two

Eq. (16).
4.2.3 aa’s expression and decay index

Combining Eg. §) with Eqg. (15), all the aa values can be
mathematically expressed as

aa = 62'44_'71322/7 (0<n=<1.098), (17)
where
n=z/L (18)

is called “decay index”: the quantity af normalized toL
(Fig. 2), which is related to the decay rategq/aar=1—

e~ . Implied in Eq. (L7) is that the geomagnetic activity is
generated via a nonlinear relationship wRh ast/7 and a

decay process accordingdo”.
To study the property of, its value can be calculated by

Ea. @7,

n=2444+(2/7)InR; —Inaa. (29)

Figureda shows the time series ofig (solid), aa; (dotted),
R; (dashed), and (dash-dotted) for comparison.

Itis apparent in Figda that a largen corresponds to more
decays ¢aq) and almost, but not quite, a high®g. In con-

parts: one is related to odd-numbered cycles (pluses) and an-
other is related to even-numbered cycles (crosses). The aver-
age decay index (0.57) for odd-numbered cycles is slightly
less than that (0.59) for even-numbered cycles, which may
be related to the stronger correlation for odd-numbered cy-
cles than for even-numbered cycl&u( 2011hc).

4.2.4 The correlations ofy with V, B, and Dst

Figure4db shows the time series &f (solid), B (dotted), and
n (dash-dotted) for comparison. One can see thiatnega-
tively correlated withV (r = —0.67) and almost independent
of B (r =0.12), implying that solar winds with lower speeds
tend to decay more. This means that one usually analyzes the
correlation between geomagnetic activity and the solar wind
speed above a certain value.

Figure4c shows the Dst index (solid) angd(dash-dotted)
for comparison. It is seen thatis almost independent of
Dst (- =0.04). One possible reason is that Dst is well anti-
correlated withua (r = —0.8), whileaa has a null correlation
with aaq (r = 0.00). The correlation coefficients involved in
these parameters are summarized in T&ble

It should be pointed out in Tabld that n is well cor-
related withaaq (r = 0.82), negatively correlated witly
(r =—0.67) oraa (r = —0.52), weakly correlated witt®, or

trast, a smaller, (solid) corresponds to less decays and al-aa; (r ~ 0.3), and almost uncorrelated withor Dst (- ~ 0).

most, but not quite, a loweR,. Then values at the years
of solar minima are much more scattered (circles in Ejg.
ranging from 0.02 to 0.94 with an averagemy;, = 0.36,

Therefore, the decay index)(is mainly related to the so-
lar wind speed ¥). The reason may be due to that: (i) the
(average) speed of solar wind is slower than that of the tran-

while those at the years of solar maxima (triangles) are moresient phenomena (e.g., CMESs); (ii) only part of the solar wind
concentrated, ranging from 0.50 to 0.94 with an average oknergy is transmitted to geomagnetic activity in the interac-
Nmax= 0.76. This may be the reason why the dynamics of tion with the magnetosphere, which spends time; and (iii) the
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slower solar wind plasma is more difficult to transmit the a 2.5f -
magnetosphere and decays more than the faster one. 20k i F i@;} . i
@ I U G E
£ - R R ]
) ) ) 1.5¢ e o---777 __InB, =1.51+0.14InR,
5 Discussions and conclusions 1.0E" __InB, =1.16+0.14InR,
. _ . . 0 1 2 3 4 5 6
By analyzing the relationship betweéma andInRz, this InR,
study shows that thea values are all in between the two b 35k EES P
. . . - £ + +. - B
lines of aa; = e2*R?'" andaap = ¢36RZ'" defined solely 9 5q 3 /,41;{3} ¢j§}3’* E
by R,. According to the two lines, two ways can be se- 2 * : T f,,»’* ]
lected to divide thera index into two components. If one is 2.5F -7 tLetEs :222' :%:03‘;14;2??@ E
chosen as the baseline, similar to the R component used 2.0t i = - > y
by Feynman(1982, the remaindetiay, = aa — aap, (part of 1.2 1.4 1.6 1.8 2.0 2.2 2.4
aa aboveaap) will have a null correlation with the former InB

(r =0.09), implying an independent decomposition. On the

other'hand, if one is chosen as the top-ling, the “minus ;0 411 in between the two parallel (dashed) linesndd; (top) and
remainder’aag = —(aa —aay) will well follow the former |, g (hase) (b) Scatter plot ofnaa againsin B (pluses). The data
(r=0.78). The second decomposition is equivalent to di- points are all in between the two (dashed) linesnafz (top) and
viding aa; into two terms ofaa andaaqg (part ofaa; above  Inaay, (base).

aa) with a null correlation £ = 0.00). With this decompo-

sition, theaa; term is interpreted as a nonlinear relation of

aa With R; andaag as a decay in transmission (due to en- The fact that there are more decays at solar maxima than
ergy loss). All theaa indices can be mathematically ex- at solar minima is related to or can explain (partly) the fol-
pressed aga = ¢244£005-1 g2/7£002 0. 0 ) 1 08. The  lowing phenomena. (i) The “pearls” of 1-year pulsations

decay index; is mainly modulated by the solar wind speed in B; are less near the maxim&dpitashvili et al.2000.
\% (}" — _067)' and is almost independent of both the mag- (Il) There is more miXing of fast and slow solar wind plasma
netic field B of solar wind and the Dst index (ring current), atasolar maximumBame etal.1976 Tu and Marsch1995
as can be seen in Tal8eand Fig 4. Richardson et al2000. (iii) The intensity of galactic cos-
The aap and aay, terms in this study correspond simi- Mic rays (GCR) is reversely correlated wikh (Nagashima
larly to the R and | components, respectively, with the main©t al, 1991 Stamper et a].1999. (iv) The geomagnetic ac-
discrepancy that the R component is linearly relateckgo  tivity lags behind the solar activity for a longer time at a so-
(Eq.2), while aap is related toR, in the form of a power-law ~ 1ar maximum than at a solar minimurbggrand and Simgn
(Eq.5). Theaay or aa) (part ofaa aboveaar) component 1981 Wang and Sheele009 Wilson, 1999 Du, 2011hc).
tends to have a 9q~3-yr) rather than a 18phase shiftrel- (V) Some activities may have stronger correlations vih
ative toaap or R; (Fig. 3), so that the correlation coefficient around solar maxima than around solar minima.
betweeruap, andaay is close to zeror(= 0.09). It is well known that there are two main solar sources of
To demonstrate the perioddmy, we obtain from Eqs5)—  9eomagnetic activitylfegrand and Simqri 981, Venkatesan
(8), (15), and (L9), et al, 1982 Feynman 1982 Legrand and Simqri989ab;
Gonzalez et a].199Q Venkatesan et gl1991; Echer et al.
aa = aay—aag(n) = e+ aap, 2009: one is related to the transient phenomena, and an-
aay(n) = aa —aap — (gl.OB—n _1)aab. other is related to recurrent high-speed solar wind streams.
Different activities have different properties before arriving
at the magnetosphere and will undergo different interaction
aay) is only due to the periodiaa, even ifn is not a con-  processes with the magnetosphere and ionosphere. For ex-
stant. (i) The reason for the 9@hase shift ofzay to aap ample, Fig5 shows the scatter plots of (B)B againstin R,
is as follows. The recurrent geomagnetic activity is preva-and (b)inaa againsin B. One can see that the data points in
lent throughout the declining phase of the cydldafig and  Fig. 5a are all in between the two parallel (dashed) lines,
Sheeley 2009, which may be related to the irregularity of
the decay processes. The lag time:afto R, and the decay
time contribute a phas¢ to aay(n) such thatp =’ +ig,
wherei is the imaginary unit. The phagehas an average of
aboutg = /2 in the almost randomly distributed range of
[0, #]. Thus, the correlation coefficient betweemn, andaay
is close to zero (because the correlation coefficient betweennaa; = 0.10+1.77In B,

sin(r) and sint +/2) is zero). Inaap = —1.39+2.21nB.

Fig. 5. (a)Scatter plot ofn B againstin R (pluses). The data points

(20)

Therefore, (i) the reason for the periodic variatioruin, (or

InB; = 1.514+0.14In R,

InBy = 1.16+0.14INRy. (21)

The data points in Figbb are all in between the two (dashed)
lines,

(22)

www.ann-geophys.net/29/1331/2011/ Ann. Geophys., 29, 13313-2011



1338 Z. L. Du: Correlation ofia with R, — Part 1: Two-term decomposition of geomagnetic activity

6.2F oo ST .
F~~ + + + + ]
T 6.0F I . b S
- R - — - =TT ]
5.8F _-InV, =6.1240.041InR, ]
56F __InV, =5.88+0.018InR,

0 1 2 3 4 5 6

InR,
b 4.0 - PPLaE
3.5F ST a4t 3
5 3.0 3 At 1%.; s W, +#}t+— - E
[= T E - _-- E
T 2.5F--77 T 27" Inaq, ==17.6+3.45InV 3
2.0E + - _ - Inaa, =—25.7+4.65InV 3

5.9 6.0 6.1 6.2 6.3 6.4
InV

Fig. 6. (a) Scatter plot ofinV againstinR; (pluses). The data
points are all in between the two (dashed) linesndf; (top) and
InVy, (base)(b) Scatter plot ofnaa againsinV (pluses). The data
points are all in between the two (dashed) lines$nafz; (top) and
Inaap (base).

As another example, Fi.shows the scatter plots of (\)V
againsinR; and (b)Inaa againsinV. One can also see that
the data points in Figea are all in between the two (dashed)
lines,

InV; = 6.12+0.041nR,,

InV, = 5.88+0.018nR;. (23)

The data points in Figb are all in between the two (dashed)
lines,

Inaat = —17.64+3.45nV,

Inaay = —25.7+4.65nV. (24)

Now we analyze the bivariate-fit triaa (solid) to bothin R,
(dashed) anth V (dash-dotted) from 1964 to 2010, as shown
in Fig. 7a. The dotted line indicates the fitted resitas),
with the regression equation given by

Inaa =0.15n R, +2.35nV —11.79. (25)

The correlation coefficient betwednaa and Inaa; (r =

0.91) is slightly higher thanr(= 0.89) betweerua and the

fitted result by the bivariate-fit afa to bothR, andV'.
Figure 7b shows the scatter plot dhaa againstlnaas

a

4.0} Inaa ' ) .. InV(r,=0.72)16.6
BET Ir1:m':0..15|nR1+.2“.l35|nV‘—:121.79(r:0.91) l6.4
o I =
2 3.0} . 16.2%

2.5} 16.0

2.0 . . . , ;

1960 1970 1980 1990 2000 2010
b 4.0f E
L 35F H%%g; . E
S s0f e AT :
T 2s5F i 3
2.0 F + E
2.0 2.5 3.0 3.5 4.0
Inaay

Fig. 7. (@) Inaa (solid), InR; (dashed)|nV (dash-dotted), and
the fitted resulinaas (dotted) by the bivariate odh Rz andInV.
(b) Scatter plot of laa against lmas (pluses). The data points
are all in between the two (dashed) linesifat (top) andinaay
(base).

level. Two ways can also be used to decompose an inglex (
V, aa) into two components according the lowest or highest
level of activity, as was the case in the previous section.

The above results imply that the source activitids \()
of aa play a role of mid-processes in the formationaaf
from solar magnetic field activityR;). These processes are
similar to the relationship betweem: and R; discussed in
the previous section. The results in Figa and6a indi-
cate that the source activitie8 (V) have undergone decay
processes before arriving at the magnetosphere (e.g., in the
solar corona). The results in Figsh and6b indicate that
the interactions of these activities with the magnetosphere
and ionosphere will undergo further decays when generat-
ing aa. Generally speaking, the relationship betweerand
R; (Eq.17) is the integrated effect of the aboRe-B(V)-aa
(and R;-CME-aa) relationships. Thus, the decay terauf)
should include the decays of solar winds (), and the de-
cay range (DR) may extend to the solar corona in this sense.

For ease of understanding, we discussed in Se2tthe
decay process mainly in the magnetosphere and ionosphere.
In Sect.4.1, R, is assumed to be associated with a certain
amount of solar energy) potential of generating geomag-
netic activity @a). This statement is consistent with the sug-

(pluses). It is seen that the data points are all in betweeryestion that sunspots are related to the energy supply to the

two (nearly parallel) lines,

Inaa; = 0.1741.01llnaas,

Inaap = 0.0840.90naas. (26)

Therefore, the solar activityR}) is related to the solar winds

corona (le Toma et a).200Q Temmer et al.2003. The
energy E¢) should have been relatedda; (or a similar for-
mula) if there were no energy los&({) in the decay pro-
cesses or itZq were all used to generate in the same way
as the transient phenomena did.

(B, V) with values being in between two certain levels, and However, itis not the case that all the solar enetgy ¢an

the solar winds B, V) are related to the geomagnetic activ-
ities (@a) with values being in between another two certain
levels. In turn, the solar activityR;) will be related to the

geomagnetic activities:¢) that have a lowest and a highest

Ann. Geophys., 29, 1331340 2011

generate or is directly related to geomagnetic activity) (

The energy transmission from solar surface to the magneto-
sphere and ionosphere may involve very complex processes.
One processK)) is associated with the transient phenomena

www.ann-geophys.net/29/1331/2011/
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and follows the sunspot predominantly in a linear or nonlin- 3. All the aa values can be expresseda@s= aa; —aaq =

ear mannerdagr Or aap). Another processK; — Ep) is asso- 24450.05-n p2/TE0.02 (o ) < 1 08, wherey refers
ciated with other (recurrent) phenomena such as solar winds.  to the “decay index”, modulated mainly by the solar
The energy £y — Ep = Ey+ Eg) for the latter process has un- wind speed.

dergone a lossHy1, part of Eg) before arriving at the magne-

tosphere and will undergo another 108&§ = Eq — Eq1) in AcknowledgementsThe authors are grateful to the anonymous ref-
the interactions with the magnetosphere and ionosphere. TH/€€s for suggestive comments, which greatly improved the present
energy loss Eq) corresponds to the decay termuzg), which manuscript. This work is supported by the National Natural Sci-

. lated t I tic field tivit b th ence Foundation China through grants 10973020, 40890161, and
IS related to so 6'1I’ (magne IC |e' ) activi R?O ec.:ause € 10921303, Chinese Academy of Sciences through grant YYYJ-
energy Et— Ep) is associated witlR, as Eyp, is. It is shown

) - 1110, and National Basic Research Program of China through
in Sect.4.2that the decayiaq precedesa, whichillustrates  grant 2011CB811406.

the fact that the generation @ occurs after the decay4q) Topical Editor R. Nakamura thanks J. Lei and another anony-
or the energy lossHy). The energyEy is the remainder of  mous referee for their help in evaluating this paper.

Ei— Ep= Ey+ Eq after the (decay) los&y. The geomag-
netic activity @ay) generated by, is almost uncorrelated
with aayp, which is due to the various processes in the forma-

tlonhof bo}haab andaay. . | . .. Bame, S.J., Asbridge, J. R., Feldman, W. C., and Gosling, J. T.: So-
The solar energyH;) can generate various solar activity lar cycle evolution of high-speed solar wind streams, Astrophys.
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