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Abstract. An integral response model is proposed to de-alyzing long-term trends in the global geomagnetic activity
scribe the relationship between geomagnetic activityi(- and in its correlation with solar activityschatten et al1978
dex) and solar activity (represented by sunspot nunigr  Feynman1982 Legrand and Simarl989 Nevanlinna and
Theaa at a given timer is the integral ofR; at past times  Kataja 1993 Schatten and Pesngll993 Russell and Mulli-

(¢’ < t) multiplied by an exponential decay factor of the time gan 1995 Mursula et al.2004 Prestes et 312006 Cameron
diﬁerencesé—(’—‘/)/f), wherer is the decay time scale{40 and Scliissler 2007 Du et al, 2009 Lukianova et al.2009
months). The correlation coefficient af: with the recon-  Du and Wang2011). It has an 11-year variation similar to
structed series based on this modeH 0.85) is much higher  that of the solar activity, as described by the Zurich rela-
than that ofza with R, (ro =0.61). If this model is applied tive sunspot numbeiR;). In the twentieth century, there has
to each solar cycle, the correlation coefficient will be higher been a significant increase in the index (and its baseline),
(rs = 0.95). This model can naturally explain some phenom-the reason for which, however, is unknowfeynman and
ena related taa and R, such as (i) the significant increase Crooker 1978 Clilverd et al, 1998 Demetrescu and Do-
in theaa index (and its baseline) over the twentieth century; brica 2008 Lukianova et al.2009.

(i) the longer lag times ofia to R, at solar cycle maxima
than at minima; and (iii) the variations in the correlations re-
lated to solar and Hale cycles. These results demonstrate th
aa depends not only on the presekyt but also on past val-
ues. The profile ofia can be better predicted froRy, by this
model than by point-point correspondence.

The solar activity has long been recognized to be at the
origin of the geomagnetic activitysfiyder et al.1963 Rus-
&bl and McPherron1973 Garrett et al. 1974 Feynman
198Q Legrand and Simqri1981). The geomagnetic activity
is the result of variable current systems formed in the mag-
netosphere and ionosphere as a consequence of the interac-
Keywords. Solar physics, astrophysics, and astronomytion of the solar wind with the magnetosphe@ofizalez and
(General or miscellaneous) Tsurutanj 1987 Gonzalez et a).1989 1994 Demetrescu
and Dobrica 2008. The geomagnetic activity has been
found to be well correlated with the solar wind speed (
the southward componengy) of the interplanetary magnetic
field (IMF) and the producB,v? (Snyder et a].1963 Rus-

. . . . I McPh 197 tt et al. 197 ker et
Studying the relationship between solar and geomagnetic acs—e and McPherrgni973 Garrett et al. 1974 Crooker e

o . - .~ —al., 1977 Svalgaard1977 Feynman198Q Tsurutani et al.
tivity is useful for understanding the origin and formation

. L 1988 Wang and Sheelep009.
of the latter. The geomagnetic activity index, calculated . _ o
from the 3-hourly K indices measured at two near-antipodal Different solar and geomagnetic activities tend to peak at
midlatitude stationsMlayaud 1972, has been used for an- different times relative to the peak of each sunspot cycle. For
example, the upper chromospheric activity indicBagh-
mann and White1994) and the solar flaredNheatland and

Correspondence taZ. L. Du Litvinenko, 2001 Temmer et a].2003 tend to lag behind the
BY

(zldu@nao.cas.cn) sunspot number by one to several months, depending on the
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index, which was interpreted in terms of active regions evolv-aa index strongly correlated witlR, at the rising phase of

ing from the photosphere upward. The solar transient activ-a solar cycle, while the correlation at the declining phase is
ity (e.g., solar flares) dominates the rising phaBeréllo-  weak and decreases with timBdrello-Filisetti et al, 1992
Filisetti et al, 1992, while recurrent geomagnetic activity Mussino et al.1994 Kishcha et al.1999 Echer et al.2004

is more frequent during the declining phase or at the min-Du, 2011H?

imum of solar cycle l(egrand and Simgn1989 Sargent Conventionally, the relationship between and R, has
1985 Tsurutani et al.1995 Venkatesan et gl1991; Echer  been analyzed by point-point correspondence. However,
et al, 2004 Tsurutani et al.2006 Richardson and Cane some of the above questions are hardly understood and the
2002. During the last years of a cycle, the geomagneticcorrelation between them is unsatisfactory whether consider-
activity results from recurrent storms, fast solar winds, anding the time delay ofia to R, or not. This paper investigates

coronal holes$valgaard1977 Legrand and Simagri981). the systematic relationship betweanand R, by an integral
The solar magnetic field that permeates the corona stronglyesponse model afa to R,. In this model, the outputu@)
modulates these activitieS¢hwenn2006. depends not only on the present inpRt)Y but also on past

A determining role in the formation and dynamics of solar values. Using this model, the above questidbsg, (2011H
activity is played by magnetic fields. Magnetic fields fill the can be naturally explained. Sectidshows the results for all
solar atmosphere — from underlying the solar surface to thelata since the onset of Cycle 12 followed by explanations for
outer atmosphere, the solar corona — and have been linketthe above questions in Se@&. Section4 shows the results
with changes in total cloud cover over the Earth, which maywhen this model is applied to each cycle of 12 through 23.
influence global climatelfockwood et al. 1999. Sunspots  Our conclusions are discussed and summarized in Sect.
represent one of the most obvious manifestations of local
magnetic fields on the Sun, the main sites of solar-activity
phenomenaNoradi et al, 2010, and have been considered 2 Results
as a measure for the energy supply to the cordeanner et
al., 2003. The magnetic field and its topology in the corona
are closely related to the magnetic field on the solar photo
sphere $akuraj 1981, Yan and Lj 2006, and can be ana-
lyzed by potential or non-potential field extrapolation from
the photospheric fieldJakuraj 1981 Tu and Marsch1995
Yan and Lj 2006§. Coronal holes are the origins of high-
speed solar wind streamBdrker 1963 Gosling and Pizzo
1999 Tsurutani et al. 1995 2006 Gonzalez et a.2004.  W(Ar) =exp—2At2/b%] —expf—2](3—2A1%/b?), (1)
Therefore, it is natural that there are direct or indirect con-
nections between then geomagnetic index and the sunspot
numberR;.

How does the solar activity affect the geomagnetic activ-

The data used in this study are the time series of monthly
meanaa geomagnetic index, representing the geomagnetic
activity (Mayaud 1972, of the reliable values since 1868
together with the monthly mean sunspot numt?t, rep-
resenting the solar activity. To filter out high frequency vari-
ations, the data have been smoothed with a 24-month Gaus-
sian filter. The relative weights are given by

where At is the number of months from the center and
(=24 months) is the full width at half maximuriathaway

et al, 2002. For comparison with the results of individual
- : . cycles, we employ the data from the onset of Cycle 12 (Au-
ity, linearly or nonlinearly? In what manner? Although it has gust 1878) to the end of Cycle 23 (August 2008), as shown in

been well known that the solar activity is the main source Fig. 1: aa —5 (solid line, shifted downward by 5 for clarity)

of geomagnetic activily, there are no accurate expressions QBnd R; (dashed) to the right of the vertical dash-dotted line.
clearly describe the relationship between them. It has beeq ., .o relation coefficient betwean andR, is ro=0.61
z =Vu. -

established that the magnetosphere has a significant linear rehout only one-thirdr€ — 37.2%) of the variation inza can
sponse to the solar wind drivers. In the declining phase of e explained by a linear co.rrelation

solar cycle, however, the dynamics of the magnetosphere ex-
hibit a nonlinear behaviorJphnson and Wing2009. The 21 The integral response model ofa to R;
increasing occurrence of high-speed solar wind streams dur-
ing the declining phase of the cycle, whose reason needs tGenerally, the outpu® () of a system will depend not only
be explained, has been used to explain the decreasing trerwh the present input(z), but also on past values. Approx-
in the correlation betweena and R, over time Bame et  imately, O(¢) is a weighted sum of the previous values of
al., 1976 Borello-Filisetti et al, 1992 Mussino et al.1994 1(¢"), with the weights given by a response functigin— 1),
Tsurutani et a].1995 Kishcha et al.1999. ¢

What is the reason for the significant increase indfén- o) =/ I(tHh(t —1t)dt'. 2
dex (and its baseline) over the twentieth century? Why does —00
theaa index tends to lag behini; about 2—3 years around a Ltp:/fftp.ngdc.noaa.gov/STP/SOLARATA/RELATED- -
solar cycle maximum\Wang et al.200Q Echer et al.2004), INDICES/AA_INDEX/
while around a cycle minimum the lag time is small, at about  2http:/Awww.ngdc.noaa.gov/stp/SOLAR/ftpsunspot-number.
1 year Wilson, 1990 Wang and Sheelep009? Why isthe  html
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Fig. 1. Monthly meanaa —5 (solid) andR; (dashed) smoothed

with a 24-month Gaussian filter. The dotted line shows the recon

1007

In this expression, the input is the solar activit(«() o
R;(t)), the output is the geomagnetic activity) () o
aa(1)), and the response functidiir —t') x e~ ~")/7. The
summation is taken over from the starting timg) (of the
series to time.

The meanings of the parameters are as follows: IXi)
is called “Dynamic response factor”, representing the ini-
tial generation efficiency of geomagnetic activiyai /9 Ry;
(i) 7 is called “response time scale” ofi to R, represent-
ing that a solar activity may generate a series of geomagnetic
activities in the subsequent time period of abeimonths);
(iii) aap is a constant, representing the geomagnetic activity
generated by earlier solar activities (see Sextkand4.2),
and (iv) Ro represents that some weak solar activities (mag-
netic fields), which should be but have not been seen in the
form of sunspots (the sunspots or dark pores are too small to
be seen), may also generate geomagnetic activRiesn and

structedaa series ¢as) from August 1878 through August 2008 Livingston (200§ pointed out that the magnetic field has a

(Cycles 12—-23) by Model7). The correlation coefficients afa
with Rz andaa;s arerg=0.61 andr; = 0.85, respectively.

In this study, the output iga and the input iskR;. Now, we

determine the explicit expression of EQ).( Suppose that
at timer = ¢’ there is an input from solar activity, which is
approximately represented B (z'), and that this input gen-

threshold of 1500 Gauss, below which no dark pores formed,
which represents a real physical limit for the formation of

a dark spot (either a pore or a sunspot) on the solar photo-
sphere. Weak magnetic fields may be insufficient to form
sunspots, but can generate geomagnetic activities. The value
of Rg just reflects the effect of these weak fields.

2.2 Four-parameter model

erates an output of geomagnetic activity linearly correlated

with R, (1),
ad'(t') = D(Rz(t") + Ro), )

where D and Rg are constants, the prime ot represents
the part ofaa that is generated b, (¢').

This activity then undergoes a decay process according t

timet (due to variable current systerat),

daa’ 1,
=——ad,
at T

wherer indicates the decay time scale. Its solution is

— Aad' xad At, or

(4)

ad (t)=e" a4 (1),

(5)

whereaa’ () is the integral constant at= ¢/, which has been
already assumed to be a linear functiorRg{:") at the initial
timer =t (Eq.3). So that,

ad'(t) = D(Ry(t'") + Ro)e 1)/, (6)

This equation means that a solar activiR.(¢')) at time¢’
will generate a series of geomagnetic activitias (¢)) in the
subsequent times & ¢') according to an exponential decay
factor ¢~~")/7). In other words, the geomagnetic activity
at timer is generated by all the solar activities before time
i.e., the summation of Eg6],

aa(t) = Yaa (1) +aao
=D [,__ [Rz(t")+ Role="="V/7dt' + aag
= DY, [Rat)) + Role™ ="/ +aap,.

()
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Firstly, we use modelq) to fit theaa series from the onset of
Cycle 12 through the end of Cycle 23. The four parameters
by a least-squares-fit are

D = 0.00438&+0.00004

T = 39.240.4 (month), ®)
aapg = 9.4+0.2,

Ry =3.3+£1.6,

where= represents the standard deviation.

Using these parameters and Mod@| (heaa series can be
reconstructed, as shown in Fif(aas, dotted line). Itis seen
thataas well reflects the profile ofa, the time delay ofia to
Rz, and the increase itu or the baseline (thea minimum of
geomagnetic cycle, or simply the: minimum, aamin) over
the twentieth century. The standard deviation of the recon-
struction iso = 2.9. The correlation coefficient between
and the reconstructed seriesy) is rf = 0.85, much higher
than the original valuer§ = 0.61) betweerua and R;. This
means that about two-thirds{= 72.3 %) of the variation
in aa can be explained by ModeF), much higher than that
(rg = 37.2%) for a linear correlation.

One may argue that, if considering the time delay:of
to Rz, the correlation betweena and R, will also be im-
proved. To show this, we calculate the (linear) correlation
function ¢) betweenR; andaa of the lagL = —200,—199,

..., 200, as shown in Fig2a. It is seen that varies with a
periodicity of about 129 months, which represents th&X-
year) Schwabe cycle in botR, andaa. The maximum value
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Fig. 3. Similar to Fig.1 but using three-parameter Mod&Dj. The
Fig. 2. (a)Correlation function betweeRz andaa of the lagL = correlation coefficient afa with the reconstructed seriess is also
—200,—-199, ..., 200 (months).(b) aa — 10 (solid), R; (dashed), rs=0.85.
and the reconstructed serieg (dotted) from a linear fit ofia to
the R; fifteen months earlier9).
The reconstructeda series §aj, dotted) is shown in Figs.
The three parameters based on this model,

isrm=0.71 at a lag ofL, = 15 (months). The best-fit equa-

tion of aa(t) againstR,(t — 15) is given by b =0.00435:0.00004

t =40.04+0.4 (month, (11)
aapg = 9.9+0.1,

aa(t) =145£0.2+(0.093710.0022 k(¢ - 19). ©) have no significant changes compared with those for the four-

parameter Modelq). The standard deviation of the recon-
The standard deviation of the regression equati@n-s3.6. struction keeps the same level,=2.9. As the Ry value
Figure2b showsaa — 10 (solid, shifted downward by 10 for in Eq. ) is very small (3.3) and the correlation coefficient
clarity), R, (dashed), and the reconstructed seti@s(dot- betweenaa and the reconstructed seriegs in this case
ted) from this linear relationship (E®). Even if consider- (1 = 0.85) is equal to that in the case for four-parameter
ing the lag time L) of aa to R, the correlation coefficient model in Fig.1, the effect of three-parameter Modél} is
(0.71) betweema andag; is still lower than that#; = 0.85) equivalent to that of four-parameter Modé&)).( Therefore,
from Model (7) in Fig. 1. In addition, althouglug can ap-  we will use the three-parameter Modé&Dyj in the following
proximately indicate thea maxima @amay), While the re-  sections.
constructeda minima fromaa; almost keep a constant level
(from 15.0 to 14.8 in the range of [14.8, 16.0] with a rising i i .
factor of 14.8/1% ~ 1.0) due to the small values of the solar 3 EXplanations for some correlations oiza with R,
minima (Rmin) and thus can not reflect the increasing trend
in the baselinedamin) of aa. Therefore, to describe the re-
lationship betweena and R, model {7) is more appropriate
than a simple linear function.

It is seen in Fig.3 that the reconstructed series:f) gen-
erally reflects the profile afa, the time delay ofia to Ry,

and the increase ima over the twentieth century. Therefore,
Model (10) well represents the response of geomagnetic to
solar activity, and can naturally explain in part the relation-
2.3 Three-parameter model ship betweema andR;.

For convenience, Tablelists the maximum amplitude of

When using Model7) to it the aa time series in the above SUNSPOt cycle Rmay), the precedingia minimum (@amin),
section, theRo value is small (3.3). Therefore, we neglégg ~ (heaa maximum of geomagnetic cycledmax), the lag times

and use the following three-parameter expression to refit th@f @a t0 Rz at solar minimum Lmin) and at solar maxi-
aa series for Cycles 12-23, mum (Lmax), and the corresponding valuesifin f, admaxf,
Lmint, Lmaxf) from the reconstructed seriess in Fig. 3.
The last two rows in Tablé indicate the averages of these
aa(t) =D [,___ R,(tNe "~"/7dt' +aag (10) values and the correlation coefficients of these values with
= DZ;,:IO Ry(t)e==1/T 4 qaq.

Rmax-

Ann. Geophys., 29, 1003018 2011 www.ann-geophys.net/29/1005/2011/
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Table 1. Geomagnetic minimumagmin), Maximumaa (aamay), lag times ofaa to Rz at minimum € min) and at maximum Imay) for
Cyclesn =12-23, and the corresponding valuesin f, admaxf, Lmin,f» Lmaxf) from the reconstructed serie30j. The last two rows
show the averages of these values and the correlation coefficigofstiiese values with the maximum amplitud&{ax) of sunspot cycle.

Observed Fitted
n Rmax aamin  aamax Lmin Lmax admin,f  d4dmaxf Lmin,f Lmaxf
12 64.7 7.3 20.0 3 -14 7.3 18.0 0 19
13 814 12.3 20.6 6 -15 134 19.8 16 23
14  59.6 6.2 17.3 0 47 13.1 18.0 18 31
15 886 9.1 21.8 3 13 13.0 20.2 19 20
16 71.6 10.5 23.3 11 27 14.8 19.7 18 21
17 108.2 14.4 23.7 11 33 143 23.1 17 26
18 1417 18.6 28.4 13 43 16.7 275 16 24
19 188.0 18.3 30.1 9 24 18.1 325 15 23
20 106.6 15.1 27.6 9 62 18.4 24.6 19 22
21 1518 20.4 311 48 30 16.7 29.0 15 26
22 149.2 19.8 30.6 12 20 19.0 20.1 19 25
23 1128 17.7 30.7 11 31 17.7 25.1 19 23
x 1104 141 254 11 25 15.2 23.9 16 24
r 100 089 086 050 021 0.73 099 023 008
3.1 The increase inea over the twentieth century a S0 o 50 bsop—— 500
40F o aapn (r=0.82) 1400 40F Ay (r=0.91) 1400
_ _ R0 (r=0.89) — Ry (r=0.86)
It is well known that, in the twentieth century, there has 30} 300 . 530 300

been a significant increase in the index (and its baseline), °
the reason for which, however, is unknowegnman and

P 10f . ’ 100
Crooker 1978 Clilverd et al, 1998 Demetrescu and Do- ob . v o N D
brica 2008 Lukianova et al.2009. 12 14 16 18 20 22 12 14 16 18 20 22
Figureda shows the values @famin (s0lid), aamin s (dot- C 00T v 11) d 100 Tasy
ted) andRmax (dashed). It is clearly seen thatmin ¢ is well BOF oo Ly (av.= 16) ] BOF o gy (av.=24)

correlated withuamin (r = 0.82) and well reflects the increas- ¢ %0F
ing trend inaamin (with rising factors of 17.7/7.4s.17.7/7.3 ~ sof
~ 2.4). Both valuesdamin, aamin.f) are well correlated with 20k
Rmax (I’ = 089, 073) 0 R . X . . . . . )
Figure4b shows the values @famax (s0lid), aamaxf (dot- 7omoELe e e
ted) andRmax (dashed). It can also be seen thatays is _ S _
highly correlated withzamay (+ = 0.91) and well reflects the ~ Fi9- 4. The observeda) geomagnetic minimunu@min), (b) maxi-
increasing trend imama (ith rising factors of 25.1/18~  Mumaa (aamax), (¢) lag times ofa to Kz at solar minimum L min)
1.4 vs. 30.7/2M~ 1.5). The correlation coefficients of these and (d) at maximum {max) for Cyclesy =12-23 are shown by

. . solid lines, and the corresponding valuesin f, @amaxf. Lmin,f,
?NO gaglléeg gg’)“ax aamaxf) With Rmax are also very high Lmaxf) from the reconstructed series (E)) are shown by dotted
r =0.806, 0. .

lines. The dashed lines (a) and(b) show the maximum amplitude
In Model (10), theaa index is viewed as the total contri- (Rmax) of sunspot cycle for comparison. The correlation coeffi-

butions from all the solar activitiesR}) at the present and in  cients ofaamin With aamin  and Rmax arer = 0.82 and 0.89, re-
the past times. Therefore, the increasing trendsiimamax ~ SPectively. The correlation coefficients @imax with aamaxt and
andaamin (baseline) are caused by the increasing trenkyin ~ Rmaxarer =0.91 and 0.86, respectively.
(Fig. 3). This confirms the suggestions that the chang&iin
is caused by an increase in solar magnetic activity over the
last century Llockwood et al. 1999, and that the increasing
trend in magnetic storm is most likely caused by solar ac-
tivity (Clilverd et al, 1998. As the value ofuamin and its gether with the increasing trend Ry, aamin represents the
increasing trend can be well reconstructed by Modié) {o- geomagnetic activity generated by earlier solar activities.

www.ann-geophys.net/29/1005/2011/ Ann. Geophys., 29, 1ER-2011



1010 Z.L.Du: Correlation of aa witR, — Part 3: An integral response model

3.2 The longer lag times ofaa to R, at solar maxima 3.3 The stronger correlations betweema and R; at ris-
than at minima ing phases than at declining phases

Theaa index tends to lag behin&, about 2-3 years around According to Model £0), aa(r) at times comes from the
a solar maximum\/ang et al.200Q Echer et al.2004, and total contributions ofR,(+ — Ar) at variousAtr with a decay
about 1 year around a solar minimutregrand and Simgn ~ factor ofe=2"/*. The longer the time interval @, preceding
1981, Wilson, 199Q Wang and Sheele2009. aa, the less its contribution. .

The lag times oL min (solid) andL min 1 (dotted) are shown Du.rmg the rising phase of a solgr cycle, t.he value is
in Fig. 4c, and those oLma (solid) andLmax (dotted) are c_o_ntrlbuted from two parts_ aR,: one is thatdurlng the same
shown in FigAd. It is seen that the average lag time at solar"'Sid Phase, and another is that during the previous declining
minima from the reconstructed seridsn.; = 16) is near to phase (for simplicity, we neglect the less contributions from
the observed ondnin = 11), and that the average lag time at the even earlier data). The former varies approximately lin-
solar maxima from the reconstructed seriBgys = 24) is early with time in an ascendmg way and has a Ilngar response
close to the observed onBay= 25). In addition, the recon- to aa that makes the correlation af: with R, positive. The

structed series can also indicate the smaller average lag tim@ter has a longer time delayr and so contributes less to
at solar minima than at solar maxima (&4 vs. 11< 25). aa than the former. Thus, the correlation betweerand R;

The weak correlations between the fitted valubgf s or at the_rlsmg phas&_a c_)f a solar cycle is stroby(2011H).

Lmaxf) and the observed value§in or Lmay) reflect the During the declining phase of a solar _cycle, ther_e are also
fact thataa has several solar sources (solar flares, coronafWo Parts ofR; that contribute taia: one is that during the
mass ejections and solar winds etc.), and that these sourc€&@Mme declining phase, and another is that during the preced-
peak at different times relative ®, for each cycle and gen- " rising phase. The former varies approximately linearly

erate the geomagnetic activities with different lag times (segVith time in a descending way and has a roughly linear re-
Discussions). sponse taia that makes the correlation af: with R, posi-

tive. However, the latter varies with time in an opposite as-
cending way which contributes a negative correlation. Be-
cause the values a®, around a solar maximum are much
larger than those around a solar minimum, the contribution of
the negative correlation around the solar maximum is larger
than that around the solar minimum. Thus, the correlation
betweerua and R; at the declining phase of a solar cycle is
weak Pu, 20118.

At a solar maximum, a part afa is contributed from the
solar activities ;) during the rising phase of the current
cycle, which are weaker than the maximum val®4).
These smaller values dt, lead theaa index not to reach
its maximum at the same time ®&nax. After the timing of
Rmax, @ part ofaa is contributed from the values &; around
the maximum Rmax), Which make theia index larger than
that it should have been. So the index reaches its maxi-

mum ata time .Ia_ter than the “”“”9 Bhnax ) 3.4 The decreasing trend in the correlation betweera
At a solar minimum, a part ada is contributed from the and R,

solar activities R;) during the declining phase of the preced-

ing cycle, which are stronger than the minimum valBgit).  The decreasing trend in the correlation betweerand R,

These larger values a&t, lead theaa index not to reach its  gyer time is due to the increasing trend Ry (solar mag-

minimum at the same time @min. After the timing ofRmin,  netic activity) over the last century (Fig). The values oR,

a part ofaa is contributed from the values &; around the  zrqund solar minima have no significant changes from Cy-

minimum (Rmin), which make theia index smaller than that  ¢jes 12 to 23, so there are no significant variations in the cor-

it should have been. So tlaa index reaches its minimum at  gjations at rising phases according to Eif)@nd Sect3.3

atime later than the timing Qmin. However, the increasing trend in the valueskgfaround so-
Because the stronger the previdtysvalues, the more they lar maxima Rmax in Fig. 4b) contributes increasing negative

contribute to the subsequemt values, and the longer the correlations ofia with R; at the following declining phases.

lag time ofaa to R; (10). The values ofR; around a solar  This leads to a descending trend in the correlations at declin-

maximum are much larger than those around the precedinghg phases, which finally makes the correlatioruafwith

minimum (andR; changes more slowly during the declining R, decease for each cycle or for a given time wind®@u,(

phase near the minimum than near the maximum). There2011H.

fore, the lag times ofia to R, near solar maxima (about

two years) are longer than those near solar minima (abou8.5 The increasing trend in the lag time ofaa to R,

one year). While the linear relationship betweenand R,

(Fig. 2) can not indicate the longer lag timesaf to R; at  The increasing trend in the lag timeaf to R; is also due to

solar maxima and the shorter lag times at solar minima. Thehe increasing trend iR, over the last century. The larger the

sharp increase in lag time in cycle 14 (Hgl) is mainly due  values ofR, around solar maxima, the more their effects on

to the higher maxima in Cycles 12—13 than that in Cycle 14.theaa values during the declining phases, and the longer the

Ann. Geophys., 29, 1003018 2011 www.ann-geophys.net/29/1005/2011/
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40§ ' aa (,,': 0.93 'VS_ cc,)' ' r]300 Tablg 2 Fitted pa_rameters oD, T andaag, and the correlation
S aa, (D=0.00496, 40.3, 11.1) ,0=1.3  psg coefficients ofua with Rz (rg) andaas (r) for Cyclesn = 12-23.
30:_ _____ R, (rp = 0.32 vs. aa)
5 ’ 1200 n fo 103D T aag ro T
12 Jul 1878 710 240 94 0.56 0.83
o
o

150 o 13 May1889 7626 13 9.9 090 0.90
- 14 Augl901 662 276 80 055 0.92
15 Nov19l2 1059 128 108 0.84 0.6
16 Apr1923 496 403 111 032 0.93
17 Jul1933 267 580 146 030 0.99

100

S0 18 Dec 1943 1.20 53.2 199 0.17 0.70
19 Jan 1954 6.89 10.1 17.6 0.88 0.98
0 20 Sep 1964 1.02 1370 16.6-0.18 0.83
0 20 4?.”.“. ?.9..-.- 129 100 120 21 Feb 1976 1.35 58.5 20.6-0.00 0.71
22 Jan 1986 5.17 153 195 0.76 0.96
Fig. 5. Results for Cycle 16 (from April 1923 to July 1933) 23 Apr1996  6.82 172 151 065 084
(solid), Rz (dashed), and the reconstructed se#igs(dotted) from 5 10.88 37.9 14.4 0.48 0.88

Model (10). The correlation coefficients afz with Rz andaas are
ro=0.32 andr; = 0.93, respectively. The peak sizes/time intervals
(in months) of these peaks from the minimum are also labelled.

(23.3) toRmax (71.6): 79—55=24 vs. 82-55=27. The
lag time ofaa to R;. So, the increasing trend iR, around  three parameters in Mod€l@) for Cycle 16 areD = 4.96 x
solar maxima produces an increasing trend in the lag time ofLl0~3, * = 40.3 (months) andag = 11.1. The correlation co-
aa to Rz during the declining phases (besides the decreasingfficient ofaa with aas (rf = 0.93) is much higher than that

correlation ofaa with R;). (r0=0.32) ofaa with R,. Besides, these results are not sen-
sitive to the accurate definition of the timings of solar minima
3.6 The turning point of the correlation of aa with R;  — the results remain nearly the same even if the starting time
around Cycle 19 (t0) shifts a few months forward or backward.

The R, values show a roughly increasing trend from Cy- 4 5 The fitted parameters for Cycles 12-23
cles 12 to 19 and a roughly declining trend since Cycle 19

(Fig. 3). This is the reasons for the decreasing trend in theg,, a5ch Cycle of: = 12-16, we use ModelL() to fit the
correlation betweena andR; and the increasing lag time of
aa to R, before Cycle 19Qu, 2011h. These trends changed
since Cycle 19 (around 1958).

aa index as done in the previous section. The results for all
individual Cycles ofn = 12-16 are shown in FidlO. The
three parameters are listed in TaBland shown in Fig6.

It should be noted in Figsa that the parameter3 (solid)
4 The results for modelling each cycle of 12—23 andr (dotted) tend to vary in an opposite trerfd:increases

while r decreases, and vice versa. The correlation coefficient

In this section, Model X0) is applied to each Cycle of 12— between them is = —0.41 (or —0.87 if not considering the
23. Considering that the values & around a solar mini- WO outliers of Cycles 13 and 20). It represents the fact that
mum are small and generate less geomagnetic activities thaii€ faster the energy transfer from solar activity to geomag-
during other times, and that the activities before the solaf€lic activity (via solar winds, for example) in a solar cycle,
minimum will undergo longer decay times, we take the start-the less time the engrgy transfer needs. The avefagad
ing time in the summation of Model () as the timing of the ~  &¢D =10.88x 107" and7 = 37.9 (months), respectively,

previous solar minimung). implying that a solar activity will affects the geomagnetic
activity in the subsequent time period of about 38 months
4.1 For anindividual Cycle 16 (3 years) on average.

The values ofiag (Fig. 6b, shifted downward by 5 for clar-
Firstly, we apply Model 10) to an arbitrary solar Cycle 16 as ity) are all positive, almost all larger than the basis value (9.9)

an example. Figurd shows the time series at: (solid), R, in Fig. 3, and, most importantly, vary in an increasing trend.
(dashed) for Cycle 16 (from April 1923 to July 1933), and In Fig. 6b are also plotted the maximum amplitude of sunspot
the reconstructed seriesd, dotted). cycle (Rmax dashed) and the precediag minimum @amin,

It is seen from Fig5 that the reconstructed seriasf) dotted). It should be noted thatg is highly correlated with
well reflects the profile olia and the time delay ofiamax bothaamin (r =0.95) andRmax (r = 0.89). The averageag

www.ann-geophys.net/29/1005/2011/ Ann. Geophys., 29, 10ER-2011
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Fig. 6. Parameters for Cycles= 12-23: (a) for D (solid) andr
(dotted);(b) for aag—5 (solid),aamin (dotted), andRmax (dashed).
(c) The correlation coefficient afa with Rz (rg, solid) and that of
aa with aas (rf, dotted). The correlations db with t, aag, andrg
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Fig. 7. Time series ofia — 5 (solid) andR; (dashed) since January
1870. The dotted line shows the reconstructederies §as) from
each Cycle of 12—-23 by Model (). The correlation coefficients of
aa with Rz andaas arerg=0.61 andr; = 0.95, respectively.

arer = —0.41, —0.40, and 0.48, respectively. The correlations of

aag With aapmjn and Rmax arer =0.95 and 0.89, respectively.

(aag =14.4) is close to the averag@&imin (@amin = 14.1).
The value ofaag well reflects the level of and variation in
aamin. These facts imply that, besides tRe values in the

current cycle, th&k; values in the previous cycles also gener-

ate geomagnetic activities in the current cycle, and dhat
like aamin, is generated by the earli®; values.

Figure6c shows the correlation coefficient af with R;
(ro, solid) and that ot:ia with aas (rs, dotted) for each Cy-
cle of n =12-16 (Tablel). The average; (ri = 0.88) is
much higher than the average (ro = 0.48). Therefore,

4.4 Correlations for even- and odd-numbered cycles

An even-numbered cycle is preferentially paired with the
following odd-numbered onéAilson, 1988, constituting a
Hale cycle of even-odd cycle pairs: an odd-numbered cycle
tends to be stronger than the previous even-numbered one,
the so-called G-O rule@nevyshev and OhlL948 Wilson,
1988. This rule is also applicable to paramefer an odd-
numbered cycle tends to have a lardethan the previous
even-numbered one (Taki? with only one exception of the
E-O pair of Cycles 16—17. A similar rule is also applicable to
parameter: an odd-numbered cycle tends to have a shorter

Model (10) reflects the relationship between solar and geo-7 than the previous even-numbered one (T&)lewith only
magnetic activities in a more reliable way than using a simplefWo exceptions of the E-O pairs of 16-17 and 22-23.

linear function.

The correlation coefficients ofy with D andt arer =
0.48 (or 0.85 if not considering Cycles 13 and 20) ar®l91,
respectively. Thereford) reflects the linear correlation and
t reflects the nonlinear correlation @fi with R,. Besides,
7 is well correlated withl.max (0.70), and thus is related to
the time delay ofiamax t0 Rmax.

4.3 The reconstructedaa series for Cycles 12—-23

The solar maximumRmnax) is positively correlated with
of the previous cycler(= 0.68, or 0.82 if not considering Cy-
cle 20), and reversely correlated withof the previous cycle
(r =—0.57, or—0.93 if not considering Cycle 13). These can
explain the following phenomena.

As D reflects the linear correlation andeflects the non-
linear correlation ofza with R,, both the largeD and the
shortert imply a stronger correlation (shorter lag time) for
a odd-numbered cycle than for the previous even-numbered
cycle. This is consistent with the idea of the more decays
for even-numbered cycles than for odd-numbered cy@es (

Combing the results of Cycles 12-23 in the above section20113. Therefore, an odd-numbered cycle tends to have a
theaa series from Cycles 12 through 23 can be reconstructegstronger correlation ofia with R, and a shorter lag time

(aaf), as shown in Fig7 (dotted line).

The standard deviation of the reconstructionris= 1.8.
The correlation coefficient ofa (solid, shifted downward
by 5 for clarity) withaas (rf = 0.95) is higher than the previ-
ous value (0.85 in Figl), and much higher than that at:
with Rz(ro = 0.61). This means that about = 90.3% of
the variation inua can be explained by Model ().

Ann. Geophys., 29, 1003018 2011

of aa to R; than the previous even-numbered cyclzu(
20118. This cycle asymmetry has been notedStamper

et al. (1999 that the solar wind speed peaks strongly in the
declining phase of even-numbered cycles.

www.ann-geophys.net/29/1005/2011/
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Table 3. Parameters for Hale cycle#{.

10’§DH

H n Ry ™H

7 12-13 73.1 41.68 12
8 14-15 74.1 861 21
9 16-17 89.9 3.82 49
10 18-19 164.9 401 32
11 20-21 129.2 119 98
12 22-23 131.0 6.00 16

4.5 Correlations for Hale cycles

The above correlations can also explain the variation in th
correlation ofaa with R; for the Hale cycles. The even-odd
cycle pairs can be numbered as the Hale cycl} guch
that H =7 for Cyclesn = 12-13, H = 8 for n = 14-15, .-,

H =12 forn =22-23. The averages &, D andz for H-
cycles are listed in Tabl8 such thatRy(7) = [Rmax(12) +
Rmax(13)]/2, etc.

It is seen in Tabl& that an even-numberdd-cycle tends
to be stronger than the previous odd-numbered one. Sinc
H =8, an even-numbere#f-cycle tends to have a larger
D and a shorter than the neighboring odd-numberéth
cycle. Therefore, an even-numberBdcycle tends to have a
stronger correlation and a shorter lag timezafto R, than
the neighboring odd-numberédd-cycle Ou, 20111.

5 Discussions and conclusions

e

1013

A primary physical mechanism for energy transfer from
the solar wind to the magnetosphere is magnetic reconnec-
tion between the interplanetary magnetic field (IMF) and the
Earth’s magnetic fieldungey 1961, Gonzalez et a) 1994
Tsurutani et al.1995 Zhang et al.2007). The intensity and
the orientation of the solar dipole is the source of the recur-
rent storms, while the size and the shape of the neutral sheet
are the sources both of the quiet days and of the fluctuating
activity (Simon and Legrandl989. However, there are no
accurate expressions to clearly describe the relationship be-
tween the solar and geomagnetic activities.

The magnetic field is a crucial quantity to determine the
state of the solar atmosphere and plays a key role in the for-
mation and dynamics of solar activity. Sunspaks)(rep-
resent one of the most obvious manifestations of local mag-
netic fields on the Sun. The solar activity affects the geomag-
netic activity in various complex processes from the Sun to
the Earth, involved in the solar — interplanetary — magneto-
spheric —ionospheric couplingggurutani et al.2006. The
aa geomagnetic index integrates all the effects on magneto-
sphere of several sources, such as solar flares, CMEs, and
fast solar wind streams. The relationship betweem@nd R,
ies not a simple linear or nonlinear function, rather it is an
Ihtegral response functiod Q).

In this study, we presented a integral response model,
aa(t)=D[,_ . R;(t"e ""/7dt' + aao, to describe the
relationship between the output (geomagnetic activity),
and the input (solar activityR,) of a (solar-terrestrial) sys-
tem. In this model, the outputa(r) depends not only on
the present inpuR,(z), but also on past values. The output
is a weighted sum of previous values of the input (EZs.
10), and the weights are given by the response function,

It has been known that there are two main solar sources ofi(t —¢t') o e~ =)/t The earlier the input, the less it con-

geomagnetic activityllegrand and Simqri981, 1989 Gon-
zalez and Tsurutanl 987 Gonzalez et a]2004 Venkatesan
et al, 1991 Echer et al.2004 Tsurutani et al.200§. One

tributes to the output. Parameterrepresents the “Dynamic
response factor” ofia to R, and reflects the linear correla-
tion of aa with R;. Parameter represents the “response

source (coronal mass ejections or CMEs) has a frequencjime scale” ofaa to R; (it needs time for the energy transfer
of occurrence that is in phase with the sunspot cycle whilefrom solar to geomagnetic activity) and reflects the nonlinear
the second source (high-speed solar wind streams) is out aforrelation ofaa with R,. Parameteutag represents the ge-

phase with the sunspot cycleeynman(1982), through an-
alyzing the relationship between the annaaland R, from
1869 to 1975, decomposed into two equally strong peri-
odic components: one (the “short lived” R component) as-

omagnetic activity generated by earlier solar activitigs, (
solar flares, CMEs, shocks, and solar winds etc.). For each
solar cycle theiag value reflects and is well correlated with
the geomagnetic minimunagmin)-

sociated with solar flares, prominence eruptions, and CMEs For a linear relationship, the correlation coefficient be-

which follows the solar activity cycle and a second compo-
nent (the “slowly varying” | component) associated with re-

tween theaa and R; series 8) is only ro = 0.61, implying
that only aboutrg = 37.2% of the variation imia can be ex-

current high speed solar wind streams which is out of phaselained by a linear dependence. However, when using our

with the solar activity cycleHathaway and Wilsan20086.

Legrand and Simorf1989 classified the geomagnetic ac-
tivity (aa index) in four classes related to solar activity:
(1) the magnetic quiet activity due to slow solar wind flowing

Model (10), the correlation betwearu and the reconstructed
series {as) for the overall data (Fig3) is much higher i =
0.85) than the above value, implying that ab@ﬁn: 72.3%
of the variation inaa can be explained by Model (). If this

around the magnetosphere, (2) the recurrent activity relatednodel is applied to each solar cycle, the correlation will be

to high wind speed solar wind, (3) the fluctuating activity re-
lated to fluctuating solar wind and (4) the shock activity due
to shock events (CMES).

www.ann-geophys.net/29/1005/2011/
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even higher £ = 0.95), implying that abou
the variation inca can be explained by Eql
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Fig. 9. Similar to Fig.8 but using the double-decay modéby.
(a) The correlation coefficient o¥/ (solid, shifted downward by

smoothed with a 24-month Gaussian filter. The dotted line shows200 for clarity) with the reconstructed seri&s (dotted) fromR;

the reconstructed seriegs from January 1998 to September 2008
by Model (10). The correlation coefficients df with R; and V;
arerg=0.936 andr; = 0.993, respectively. The lag time &f to
Rz (at maximum) isL1 = 16 (months).(b) Similar results for the
relationship betweena (solid) andV (dashed). The correlation
coefficients ofza with V and the reconstructed serieg arerg =
0.79 andrs = 0.80, respectively. The lag time @tz to V is Ly =
15 (months). (c) Similar results for the relationship between
(solid) andR; (dashed). The correlation coefficients mf with
Rz and the reconstructed series; are rg = 0.65 andrs = 0.84,
respectively. The lag time afa to Rz is L =31 (months). Other
numbers indicate the fitted parametefs €, yg) ando .

This model can naturally explain in part the time delay of
aa to R; and the following phenomena.

1. The significant increase in the: index over the twen-
tieth century Feynman and Crooket978 Clilverd et

al., 1998 Demetrescu and Dobric2008 Lukianova et
al., 2009, in either the cycle-averaged level or the base-

line (Figs.3, 4a, b andgb).

. The longer lag times afa to R, at solar maxima than at
solar minima Legrand and Simqri981; Wilson, 199Q
Wang et al.200Q Echer et al.2004 Wang and Sheelgy
2009.

. The stronger correlations between and R; at rising
phases than at declining phasBsi(2011H.

. The decreasing trend in the correlation betweermand
R; over time Borello-Filisetti et al, 1992 Kishcha et
al., 1999 Du, 2011h.

. The increasing trend in the lag time @f to R, over
time (Du, 20118H.

. The turning point of the correlation afa with R,
around Cycle 190u, 20118.

Ann. Geophys., 29, 1003018 2011

(dashed) by Eq.1Q2) is now r; =0.997. (b) The correlation co-
efficient ofaa (solid, shifted downward by 3 for clarity) with the
reconstructed seriasqs (dotted) fromV (dashed) by Eq.1Q) is
now r; = 0.92. (c) The correlation coefficient afa (solid, shifted
downward by 3 for clarity) with the reconstructed series (dot-
ted) fromR; (dashed) by Eq.1(2) is nowr; =0.91.

7. The stronger correlations (and shorter lag times) at odd-
numbered cycles than at the previous even-numbered
cycles Du, 2011H.

8. The stronger correlations (and shorter lag times) at
even-numberedH -cycles than at the previous odd-
numberedH -cycles Du, 2011H.

The decreasing trend in the correlation betweerand R,

has ever been explained by the increasing occurrence of high-
speed solar wind streams during the declining phase of so-
lar cycle Bame et al. 1976 Borello-Filisetti et al, 1992
Mussino et al. 1994 Tsurutani et al.1995 Kishcha et al.
1999. However, during the declining phase of solar cycle,
why does the occurrence of high-speed solar wind streams
increase? In our ModellQ), this trend is also due to the
increasing trend in solar magnetic activit®,} over the last
century (Sect3.1).

In this study, we used the index of sunspot numl&) (o
estimate the level of solar (magnetic) activity and its correla-
tion with geomagnetic activitya@z). We have not specified a
special activity (e.g., solar wind) to describe the interaction
process of solar-geomagnetic activities. In fact, magnetic
fields play a determining role in the formation and dynam-
ics of solar activity. The magnetic filed in solar corona (ei-
ther close or open) is closely related to that on photosphere.
Besides the sunspots, the magnetic fields may also produce
other events of solar activities, such as solar flares, promi-
nence eruptions, energetic protons, CMEs and solar winds
(Legrand and Simgn1989. Some of these events (e.g.,

www.ann-geophys.net/29/1005/2011/
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Fig. 10. Monthly mearza —5 (solid, shifted downward by 5 for clarity) arl, (dashed) smoothed with a 24-month Gaussian filter, and the
reconstructeda series §as, dotted) by Model 10) for each cycle ofi = 12 to 23. In each plot are also shown the correlation coefficient of
aa with Rz (ro), that ofaa with aa ¢ (r ¢), and the three parametersof r andaag.

solar flares) are produced soon or close in time to the forspeed V (solid, shifted downward by 200 for clarity) amit}
mation of sunspotsR;). These events affect the geomag- (dashed) smoothed with a 24-month Gaussian filter (i£q.
netic fields ga) in a more linear manner. Some of other The dotted line shows the reconstructed serigsfom Jan-
events (solar winds) are produced later than the formatioruary 1998 to September 2008 based on Modé).( One
of sunspots, whose effect @@ is in a more nonlinear man- can see thaV lags behindR; aboutL; =16 (months) at
ner. These activities may be produced in different (nonlinear)the solar maximum and that the correlation coefficienVof
processes more or less similar to EtQ)( and play a role of ~ with the reconstructed seridg (s = 0.993) is higher than
mid-processes from the solar magnetic activiRy)(through  that o = 0.936) of V with R, meaning that about 9%8%
coronal magnetic activity to geomagnetic activity:J. This (87.6 %) of the variation iV can be explained by this model
may be the reasons why solar winds are later tRarand (linear dependence).
occur often during declining phases, and why there are often Figure 8b shows the relationship between (solid) and
more peaks in thea index. A similar process is also ap- v (dashed). One can also see thatlags behindV about
plicable to the relationships betweea and these activities 1, =15 (months) and that the correlation coefficientaf
(solar flares, CMEs and solar winds). The effects of thesewith the reconstructed seriess (rf = 0.80) by Model (0)
processes are all integrated in Modg0X is higher than thatrf = 0.79) of aa with V. Figure8c shows
the relationship betweena (solid) andR; (dashed). The
As an example, we study the correlations of CME with so- correlation coefficient afa with the reconstructed seriest
lar activity (R;) and geomagnetic activityug). Figure8a
shows the monthly mean of integrated daily CME linear 3http:/cdaw.gsfc.nasa.gov/CMIBt
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(rs = 0.84) by Model (0) is higher than thatr = 0.65) of ther improved. The remainder might be explained by other
aa with R;. It should be pointed out that the lag timedef to activities, such as nonlinear Aln waves, cosmic raydla-

Rz (L =31 months) is longer than the lag times of batto gashima et a).199J), and the interaction (Corotating Inter-
Rz (L1)andaatoV (L), and equaltd.1+ L. Thisfactjust  action Regions or CIRs) of fast with slow solar wind streams
reflects the energy transfer from solar activiy) througha  (Simon and Legrand 986 Richardson and Can2002 Tsu-
mid-process (CME in this case) to geomagnetic activity) ( rutani et al, 2009, etc.

Similar conclusions may also hold for other solar activities The main points of this paper may be summarized as fol-
(solar flares and solar windsc) that have different lag times  lows,

relative to R, and that generate geomagnetic activities with
different lag times relative to these activities.

As R; andaa are only rough estimates of solar and ge-
omagnetic activities, respectively, the geomagnetic activity
(aa) is only partially predictable by th&;, index. Besides, _ ' . X
there are two peaks in either or CME-related storms, one T reflect thg linear and nonlinear correlations:afwith
near the peak iR, and another a few years latéB¢nza- R,, respectively. Parameter represents the geomag-
lez and Tsurutanil987 Gonzalez et a).1994 2004 Tsu- netic activity generated by earlier solar activities.
rutani et al, 2009, while there is usually only one peakin 5
Model (10) for a solar cycle. So this model can only de-
scribe the main profile afa and can not predict its fine struc-
tures. The fine structures are related to short-time variations
in the sources ofia (CMESs, solar winds and coronal holes
etc.) and solar magnetic fields (in either solar surface or so- 3. If this model is applied to each solar cycle, the corre-
lar corona) as well. To improve the relationship between the lation coefficient ofza with the reconstructed series is

1. An integral response model is proposed to de-
scribe the relationship between the geomagnetic
index @a) and sunspot numberRf): aa(t) =
Df'_ R(the """/Tdt’' +aag. Parameterd and

. For all data from Cycles 12 through 23, the correlation
coefficient ofaa with the reconstructed series based on
this model (; = 0.85) is much higher than the linear cor-
relation coefficientfy = 0.61) of aa with R;.

outputy(¢) and inputx (¢), the following double-decay model higher ¢ =0.95). Theaag values reflects and is well
can be used, correlated with thea minimum of solar cycle.
¥ = [i_ Oox(t’)[[Dle(’”)/T1+Dge(”’)/f2 dt'+yo 4. This model can naturally explain in part some phenom-
- , , (12) ena related to the correlation@f with R, the lag time
=y N Dre=t—t) /111 poe—(—1) /T2 . ) D g
r=ip* (1) D1e +D2e o of aa to R,, and their temporal variations.
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