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Abstract. Using annual average values, the relation-
ships are examined of the geomagnetic indices SYM-H,
ASY-H, and Dst with solar wind parameters in 1981—
2015. The data used was divided into two samples ac-
cording to the sign of the north-south component B, of
the interplanetary magnetic field (IMF). Variations in
the annual average values of each of the Dst, SYM-H,
and ASY-H indices for southward and northward IMF
have been found to be similar and their linear correla-
tion coefficients r to be high: 0.871, 0.863, and 0.943
respectively. The similarity between variations of the
indices with different signs of B,, is probably due to their
connection with the number of sunspots. It has been
established that Dst, SYM-H, and ASY-H depend on the
solar wind parameter f: their absolute values decrease
with increasing B, regardless of B, sign. The decrease in
the indices with increasing B is likely to be caused by

the transition of the magnetosphere to a quiet state due
to the increasing predominance of thermal pressure over
magnetic one in the solar wind and a decrease in the
level of solar wind turbulence. SYM-H and ASY-H have
been found to reveal the closest relationships with f3,
whereas SYM-H more strongly depends on B for south-
ward IMF (r=0.744) than for northward IMF (r=0.677).
On the contrary, for ASY-H r=-0.741 at northward IMF
and r=-0.719 at southward IMF. Similar to SYM-H, Dst
(to a lesser extent) significantly correlates with B at
southward IMF (r=0.629) and weaker at northward IMF
(r=0.456).

Keywords: geomagnetic indices Dst, SYM-H, and
ASY-H, geomagnetic activity, magnetospheric ring cur-
rent, interplanetary parameters.

INTRODUCTION

The geomagnetic indices Dst, SYM-H, and ASY-H
are used to characterize the magnetospheric ring cur-
rent: Dst measures its intensity [Sugiura, Kamei, 1991],
SYM-H and ASY-H distinguish symmetric and asymmet-
ric components [lyemori et al., 1992]. The method of
determining Dst is detailed in [Sugiura, Kamei, 1991];
SYM-H and ASY-H, on [http://wdc.kugi.kyoto-u.ac.jp/aeasy/
asy.pdf]. It is significant that SYM-H is, in fact, averaged
deviations of the geomagnetic field components H and D
from the quiet level at observation stations corrected for
geomagnetic latitude, whereas ASY-H is defined as a
range between maximum and minimum values of the H
and D components after subtracting the corresponding
symmetric parts from the disturbance field. SYM-H gen-
erally has negative values, as Dst does, whereas ASY-H
is always positive.

The contributions of the ring current, magnetopause
and magnetotail currents, as well as field-aligned cur-
rents, to Dst, SYM-H, and ASY-H have been determined
to date [Alexeev et al., 1996; Maltsev et al., 1996;
Greenspan, Hamilton, 2000; Kalegaev et al., 2005;
Dubyagin et al., 2014; Tsyganenko, Sitnov, 2005].

Geomagnetic activity is well known to depend
strongly on solar wind (SW) velocity, modulus, south-
ward and azimuthal components, as well as variability
of the interplanetary magnetic field (IMF). The inter-
planetary electric field, the SW electromagnetic energy
flux, as well as various combinations of interplanetary

medium parameters are considered as geoeffective char-
acteristics. How the interplanetary parameters affect
geomagnetic activity is thoroughly reviewed, for exam-
ple, in [Newell et al.,, 2007; Liemohn et al., 2018,
Lockwood, McWilliams, 2021].

The relationship between SYM-H, SYM-D, ASY-H,
ASY-D and the interplanetary parameters is examined in
[Weygand, McPherron, 2006; http://wdc.kugi .kyoto-
u.ac.jp/aeasy/asy.pdf ] from one-minute data; the authors
have found offsets in the indices. According to the defini-
tion given in these papers, the offset is a non-zero index
value under magnetically quiet conditions. The offsets
were assumed to be the total contribution of the ring cur-
rent and the magnetopause and magnetotail current sys-
tems existing in the magnetosphere during magnetically
quiet periods. In [Makarov, 2021], offsets in SYM-H and
ASY-H have been estimated for Dst>0 and when consider-
ing their regression relations with Dst.

Singh et al. [2013] have studied the effect of
smoothly and sharply changing conditions of the IMF
north-south component on the low-latitude indices ASY-
H and ASY-D during magnetic substorms. Shi et al.
[2006] have found that with a negative IMF north-south
component an increase in the SW dynamic pressure
further increases the ring current asymmetry. The results
also show that mid-Ilatitude disturbances of the geomag-
netic field horizontal component around the local noon
or midnight, as well as ASY-H, often exhibit a signifi-
cant contribution of field-aligned currents. Haiducek et
al. [2017] have employed the SWMF system to model
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the prediction of the geomagnetic indices K,, SYM-H,
AL and have found that the model excels at predicting
SYM-H with a standard error 17-18 nT. Bhaskar and
Vichare [2019] have used an artificial neural network
to successfully predict SYM-H and ASY-H during nine
geomagnetic storms of solar cycle 24. The SW veloci-
ty and density, as well as IMF, were utilized as input
data. During the main phase of strong storms there are
noticeable deviations indicating the influence of inter-
nal factors such as magnetospheric processes. In
[Makarov, 2022], the dependences of SYM-H and ASY-
H on key interplanetary parameters have been exam-
ined using extensive statistical data and it has been
established that the contribution of the IMF modulus
should be taken into account when describing the rela-
tionship of ASY-H and SYM-H with the IMF north-
south component.

Many studies have dealt with variations in geomag-
netic disturbances and interplanetary parameters in the
solar cycle. The main patterns of such changes are well-
known (see, e.g., [Obridko et al., 2013; Richardson et
al., 2000; Yermolaev et al., 2018]). Kurazhkovskaya
[2020] has drawn attention to the role of the SW B pa-
rameter in developing a geomagnetic storm. The B pa-
rameter is a ratio of the SW thermal pressure to the
magnetic one B=((4.16 T/10%)+5.34)N/B? where T is
the temperature, N is the proton density, B is the IMF
modulus. Kurazhkovskaya et al. [2021] have found a
nonlinear relationship between Dst and average 3 during
magnetic storms. Yermolaev et al. [2009] have proposed
to use P for identifying SW streams of different types.

In this paper, the dependence of SYM-H, ASY-H, and
Dst on the IMF north-south component and the § parame-
ter is examined using annual averages.

EXPERIMENTAL DATA IN USE

The variations in annual average Dst, SYM-H, and
ASY-H and interplanetary parameters from 1981 to 2015
are investigated. The data for 1989 is excluded from con-
sideration due to the lack of information about auroral
indices the relationship with which is still to be analyzed.
Information on the indices is taken from the website of
the World Data Center for Geomagnetism [https://
wadc.kugi.kyoto-u.ac.jp/index.html]; and on the solar wind
and the sunspot number, from NASA's Space Physics Data
Center [http://omniweb.gsfc.nasa.gov/]. The IMF com-
ponents in this database are represented in the RTN coor-
dinate system: the R-axis is directed radially from the Sun;
the T-axis, toward the solar rotation; and the N-axis is the
cross product of the R- and T-axes. At zero heliographic
latitude, the N-axis and the axis of solar rotation are paral-
lel. The RTN and GSE coordinate systems at near-Earth
distances differ in the opposite directions of the R- and X-
axes, as well as T- and Y-axes, respectively.

RESULTS AND DISCUSSION

Figure 1 illustrates variations in the annual average
geomagnetic indices Dst, SYM-H, and ASY-H (a) for the
IMF north-south component B,, of opposite signs: B,<0
and B,>0, as well as the ratio between the indices (b) for
B,<0 and B,>0. At B,<0, the absolute values of all three
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indices are seen to be noticeably higher than at B,>0
throughout the period.

This higher geoeffectiveness of IMF with B,<0 is
well-known (e.g., [Bazarzhapov et al., 1979]). The
above mentioned pattern is clearly seen in plots of the
ratios: the ratio is higher than 1; at B,<0, Dst, SYM-H,
and ASY-H are, on average, 1.8, 1.7, and 1.2 times high-
er than at B,>0 respectively. The sharp increase in the
Dst ratio (top right panel) is due to the minimum abso-
lute value of this index in 2009 at B,>0.

Comparison between variations of each index for B,<0
and B,>0 in Figure 1 shows that they are similar and their
correlation coefficients are high: for Dst, SYM-H, and
ASY-H, r=0.871%0.028, 0.863+£0.029, and 0.943+0.013
respectively. For IMF B, of different signs, IMF annual
average B varies similarly, r=0.973; for the IMF north-
south component B,,, r=-0.863 (Figure 2, a and b respec-
tively), as well as for other key SW parameters: velocity,
proton density and temperature r=0.946, 0.931, and 0.924
respectively. The interplanetary parameters are known to
depend on solar activity level [Kovalenko, 1983]. The
similarity between the index variations at B, of different
signs can be assumed to be due to their relationship with
the sunspot number.

Comparison between annual variations in the geomag-
netic indices (see Figure 1, a) and the sunspot number R;
(see Figure 2, d) shows that Dst, SYM-H, and ASY-H vary
relative to R; in the same way, i.e. their strongest perturba-
tions are observed during solar maximum.

Cross-correlation analysis to identify shifts between
time series of the geomagnetic indices without dividing
data by the sign of IMF B, relative to the sunspot num-
ber R; has revealed that all three indices and R; vary
nearly synchronously. So, when the Dst series is shifted
by 1 year to the left relative to the R; series, r=—
0.638+0.069; without a shift, r=—0.637+0.068; by 1
year to the right, r=-0.380+0.100; by 2 years to the
right, r=—0.122+0.117. When the SYM-H series shifts,
we have the following r: —0.762+0.049, —0.762+0.048,
—0.520+0.085, and —0.224+0.112 respectively. The shift
in the ASY-H series yields 0.642+0.069, 0.703%0.058,
0.576+0.078, and 0.322+0.106 respectively.

Previously, the relationship between Dst and solar
activity has been examined in detail in [Echer et al.,
2011; Yermolaev et al., 2013] when studying the de-
velopment of geomagnetic storms. Echer et al. [2011]
have found that geomagnetic storms have a two-peak
distribution: one peak is close to the solar maximum,
the other is at the beginning of the descending phase.
Yermolaev et al. [2013] indicate that the occurrence
of magnetic storms is determined by interplanetary
structures of different types. Correlation plots of the
geomagnetic indices and sunspot number are present-
ed in Figure 3.

Figure 2, along with variations in annual average
IMF B (a), IMF north-south component B,, (c), and sun-
spot number R; (d), illustrates variations in the § parame-
ter (b) characterizing the ratio between thermal and mag-
netic energies in SW. The B variations for B,, of opposite
signs can be seen to be almost identical, the coefficient of
their mutual correlation r=0.973; variations in 3 (r=0.946)
also coincide; B, varies in antiphase (r=—0.863).


http://omniweb.gsfc.nasa.gov/

Large-scale relationships of the geomagnetic indices

0 o
a _7tb !
o |
-10 c6r I
Q.
— A I
€ .20 Qat N
D o [}
D {} 3 B ‘.‘ ‘ ‘ ““‘\
(= . [
-30 @zl N o Nl
—@—DstBn<=0) | B |4 ‘wese® **,, e e e
O Dst(Bn>0) O1r e
40 0
C’?
L 7k
0 . é
T6
= 2 =
<-10 S5
T o
= Tl
20 V3t "
QoL AN
» o % S0 oo . oo
30} —e—svm@En<=0) | I [* 7T N S Nud 8/ e
~o-symene0) | =Tr ¢
(20
40 | =
27f
mel
30 T
< >or
T %)
> 20 L&
< T3t
)2
10+ 92 -
+ASY(BH<=0) T 1 _.‘n,«‘o" .."“'..."”0‘.0.,.’0""..
0~ ASY(Bn>0) N
0 1 1 1 L 1 1 1 (g 0 1 L 1 1 1 1 Il
1980 1985 1990 1995 2000 2005 2010 2015 1980 1985 1990 1995 2000 2005 2010 2015

t, years t, years

Figure 1. Variations in the annual average geomagnetic indices Dst, SYM-H, and ASY-H in 1981-2015 for IMF B, of oppo-
site signs: B,<0 (solid lines), B,,>0 (dotted lines) (a); ratios between the indices for B,<0 and B,>0 (b)
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Figure 3. Variations in Dst (a), ASY-H (b), SYM-H (c), and B (d) relative to the sunspot number Ri regardless of the B, sign; r

represents linear correlation coefficients

All three parameters closely correlate with R;. When
comparing variations in B and R; regardless of IMF di-
rection, we get r=0.795; between B and R;, r=—0.828,
i.e. B and R; vary synchronously; B and R; vary in anti-
phase. Note that B>1, and this probably indicates an
excess of thermal pressure over magnetic pressure with
long-term averaging of the SW parameters. During high
solar activity, B increases and, accordingly,  decreases.
A decrease in B reflects an increase in magnetic pressure
and hence maximum plasma turbulence. This regularity
is described in [Kurazhkovskaya et al., 2021; Ku-
razhkovskaya, Kurazhkovsky, 2023]. Comparing B, and
R; regardless of By, sign shows there is no connection be-
tween them (r=—0.005). That is understandable because the
south and north fields neutralize each other when summed
up. If we examine them separately for southward and
northward IMF, the relationship between B, and R; is fairly
close: for B,<0, r=-0.864; for B,>0, r=0.845.

Figure 3 illustrates the dependences of the geomagnetic
indices (a—) and the B parameter (d) on R;, regardless of
the B,, orientation. The corresponding regression equations
are obtained: Dst=—0.089 R;-9.786; ASY-H=0.058
Ri+17.462; SYM-H=-0.079 R;-9.048; p=0.013 R;+2.755.
It is clearly seen that as R; increases the absolute values of
the three indices increase, P decreases. The decrease in
reflects an increase in the SW magnetic pressure and hence
an increase in geomagnetic activity.

Figure 4 illustrates the dependence of the indices on
B at B, of opposite signs and the correlation coefficients
r between the indices and B. All three indices at south-
ward IMF are seen to be much larger in value than at
northward IMF, whereas absolute values of the indices
decrease with increasing B regardless of the B, sign.
SYM-H and ASY-H exhibit the closest relationships with
B, whereas SYM-H depends more strongly on 3 at B,<0
(r=0.744) than at B,>0 (r=0.677). Conversely, ASY-H
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is more closely related to B at B,>0 (r=—0.741) than at
B,<0 (r=-0.719). Similarly, SYM-H Dst (to a lesser ex-
tent) appreciably correlates with f at B,<0 (r=0.629)
and weaker at B,>0 (r=0.456). The decrease in the indi-
ces in absolute value with increasing B is probably due
to the increasing predominance of thermal pressure over
magnetic pressure in SW.

Plots in Figure 4 can be approximated by linear
functions; the regression equations are as follows:

e at B,<0, Dst=6.593-31.45, SYM-H=6.29$-29.46,
ASY-H=-4.44p+31.71;

e at B,>0, Dst=3.695-18.92, SYM-H=3.473-17.14,
ASY-H=-3.34+25.45.

Regression coefficients in SYM-H and Dst equations
at B,<0 are ~1.8 times higher than at B,>0. This can be
explained by the fact that the symmetric component of
the ring current weakens more strongly at B,<0 than at
B,>0 during the transition of the magnetosphere from
the disturbed state to a quieter one, i.e. with an increase
in B. For ASY-H, the ratio between the coefficients dif-
fers 1.3 times and at B,<0, when the magnetosphere
becomes quiet, the asymmetric component of the ring
current also weakens faster than at B,>0, but at a lower
rate than the symmetric one. Similar ratios are obtained
for absolute terms of the regression equations for the
indices and f.

The dependence of Dst on  derived in this work is
generally consistent with the result obtained in [Ku-
razhkovskaya et al., 2021], taking into account the fact
that we operated on annual averages when the effects of
storm phases and interplanetary fluxes of different types
being summed up are leveled. In the cited work based
on hourly average data, the similarity between the dynam-
ics of Dst and B during geomagnetic storms with gradual
and sudden onsets has been established and the relationship
between Dst and f§ has been shown to be nonlinear.
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CONCLUSION

Study of the relationships of the geomagnetic indices
Dst, SYM-H, and ASY-H according to their annual aver-
ages with SW parameters in 1981-2015 has shown that
they are consistent with the known patterns.

For southward IMF (B,<0), the annual average
geomagnetic indices Dst, SYM-H, and ASY-H in abso-
lute value are much higher than for northward IMF
(B,>0) throughout the period considered. This fact of
higher IMF geoeffectiveness with B,<0 is well-known.
It has been found that at B,<0 Dst, SYM-H, and ASY-H
are, on average, 1.8, 1.7, and 1.2 times higher than at
Bn>0 respectively.

As expected, annual average SYM-H, as Dst
does, varies relative to the sunspot number R; in anti-
phase; and ASY-H, in phase: the indices are extreme in
years of R; maxima and minima.

e With increasing solar activity, the B parameter
decreases, which means an increase in the SW magnetic
pressure and hence in geomagnetic activity due to an
increase in turbulence.

The following main results have been obtained.
Variations in annual averages of each of the Dst,
SYM-H, and ASY-H indices at southward and northward
IMF are similar and their correlation coefficients are
high: 0.871, 0.863, and 0.943 respectively. The similarity
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between the variations is probably due to their relation-
ship with the sunspot number.

It has been established that SYM-H and ASY-H
depend on the SW parameter B and their absolute values
decrease with increasing B regardless of the sign of the
IMF north-south component. The decrease in the indices
with increasing f is likely due to the transition of the
magnetosphere to a quiet state in response to increasing
predominance of thermal pressure over magnetic pres-
sure in SW and decreasing turbulence.

It has been found that SYM-H and ASY-H exhibit
the closest relationships with B, whereas SYM-H de-
pends more strongly on B at B,<0 (r=0.744) than at
B,>0 (r=0.677). Conversely, ASY-H is more closely
related to B at B,>0 (r=—0.741) than at B,<0 (r=—-0.719).
Similarly, SYM-H Dst (to a lesser extent) appreciably
correlates with B at B,<0 (r=0.629) and weaker at B,>0
(r=0.456).
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