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Abstract. NSSDC's OMNI dataset, which now spans 
1963-1999, contains a collection of hourly means of inter- 
planetary magnetic field (IMF) and solar wind (SW) plasma 
parameters measured near the Earth's orbit, as well as some 
auxiliary data. We report a study of solar cycle effects in 
planetary geomagnetic activity in which 27-day averages of 
several OMNI parameters are compared with equivalent Kp 
and Dst averages. Some established trends in these parameters 
over solar cycles are confirmed; for example, it is concluded 
that changes in the magnitude (rather than in direction) consti- 
tute the primary solar cycle variation in the IMF. However, 
this study also reveals that long-term changes in planetary 
geomagnetic activity are driven more actively by solar 
wind-magnetosphere coupling of an electrodynamic nature 
rather than by plasma transport into the magnetosphere. This 
suggests that ambient (background) interplanetary "electric" 
environment (in which the Earth's magnetosphere is im- 
mersed over the solar cycles) may play a more significant role 
in causing changes in the frequency of geomagnetic storms 
and substorms than previously realized. 

1. Introduction 

Since the discovery of the solar wind, numerous studies 
have been undertaken to investigate its variability with the 
solar cycle [e.g., Gazis, 1996]. Though a number of studies 
have dealt with long-term correlations between solar wind and 
geomagnetic activity [e.g., Crooker and Gringauz, 1993; 
Gonzalez et al., 1993; Kamide et al., 1998, Stamper et al., 
1999, and references therein], the character and dynamics of 
the solar wind interaction with the geomagnetic field on a 
scale of decades have been studied very little [e.g., Papitash- 
vili, 1982; Petrinec et al., 1991]. 

The 36-year long, IMF/SW multi-source OMNI dataset is 
maintained at the National Space Science Data Center, 
NSSDC [King and Papitashvili, 1994; http://nssdc.gsfc.nasa. 
gov/onmiweb]. Over its history, the dataset has been utilized 
in numerous studies, mainly by using hourly means. Recently 
daily and 27-day averages were made available; these new 
options provide an excellent opportunity for studies of either 
IMF polarity or seasonal effects from daily data or solar cycle 
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effects from 27-day averages where the IMF polarity effect is 
greatly reduced. In addition to the IMF/SW parameters, the 
OMNI dataset contains some auxiliary data including sunspot 
numbers and geomagnetic indices. In this study, we focused 
on solar cycle effects in the planetary geomagnetic activity 
indices Kp and Dst. 

2. Data 

Figure 1 (left) shows time series of sunspot numbers R 
(bottom) together with the IMF magnitude Br, components Bx, 
By, B• (in GSM coordinates), solar wind speed, and plasma 
density and temperature from November 1963 through No- 
vember 1999. OMNI's hourly data were averaged up to daily 
averages that were then further averaged over the 27-day in- 
tervals defining Bartels rotation numbers. Though the sug- 
gested averaging interval is approximately a month long, it 
might better reflect the physics of the solar wind escape (away 
from the Sun) during successive solar rotations. That averag- 
ing also helps to suppress effects of IMF polarity, allowing us 
to study solar-cycle-long variations using relatively high time 
resolution data. All the results presented below were obtained 
by utilizing 27-day averages made separately for each of the 
IMF/SW parameters; additional time series (shown on the 
right) are constructed from these averages. Stamper et al. 
[1999] have recently shown that averages made, for example, 
as <Nsw><Vsw >2 and <Nsw Vsw2>, are very similar. 

Visual inspection clearly reveals that Br varies clearly with 
a period of-11-years through solar activity cycles 21 and 22 
and that its maxima overlap with the descending phase of the 
solar cycle [e.g., King, 1991]. Br increases again with the 
ascending phase of the 23 rd cycle. However, the field magni- 
tude was almost flat (varied within +1 nT) during the entire 
20 th solar cycle. The latter is confirmed by insignificant cycle- 
20 variation of Bx and By components. An interesting feature 
of the Bx and By variations is that they show "pearls" of-1- 
year pulsations reaching magnitude +2 nT (especially Bx). The 
"pearls" are mainly seen during the ascending phases of the 
20 th and 21 st solar cycles and then through the solar minimum 
and over the ascending phase of the 23 rd cycle. It is obvious 
that these "pearls" appear because the Earth (in its orbit 
around the Sun) spends some time above or below the helio- 
spheric current sheet (HSC). The pearls are less evident near 
solar maxima mainly because the HCS is sufficiently distorted 
and/or structured so that the fraction of "positive" vs. "nega- 
tive" IMF polarity which the Earth experiences during its 
annual excursion about the Sun is only weakly related to the 
heliolatitude of the Earth. That the pearls are somewhat 
clearer in Bx than in By suggests that the IMF may be pulled 
radially outward more than the Parker spiral. 
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Figure 1. 27-day averages of some OMNI parameters from November 1963 through November 1999 in comparison with 
geomagnetic activity indices Kp and Dst, solar wind dynamic pressure, and various components of the interplanetary elec- 
tric field. The solar cycle numbers (20, 21, 22, and 23) are printed at the bottom plot on the left panel. 

The IMF B• graph (solid curve in the middle of the corre- 
sponding panel) is generally featureless during all 36 years; it 
varies mainly within +1 nT. However, it is known that Bz im- 
poses a "half-wave rectifier" effect on the Earth's magneto- 
sphere; therefore, we might expect that only periods (within 
27 days) with Bz < 0 are geoeffective. The top and bottom 
(dotted) graphs on the same panel show the 27-day averages 
of Bn = Bz > 0 and B,. = B• < 0, respectively; that is, only posi- 
tive (negative) hourly B• values contribute to the 27-day B n 

(B,.) averages. These graphs show clearly that both compo- 
nents (-2 nT in average) have similar solar cycle variations 
and these are similar to the variations of Br. 

We also plotted as the top and bottom dotted graphs (in the 
same panels where we discussed "pearls") the 27-day aver- 
ages of positive and negative Bx and By, respectively, made in 
the same manner as Bn and B,. As seen, these components (-3 
nT in average) show similar solar cycle variations as the IMF 
Bn and B,. and they are again in concert with variations in Br. 



This allows us to draw the conclusion that changes in the 
magnitude (rather than in direction) constitute the primary 
solar cycle variation in the IMI•. 

The solar wind velocity shows weak -l 1-year variations 
around -450 km/s; they reach maximum values (500-550 
km/s) prior to (or almost at) the solar cycle minima, in agree- 
ment with findings by Tsurutani et al. [1995]. This periodicity 
is mainly seen during solar activity cycles 21 and 22; the solar 
wind speed for the outermost cycles (20 th and beginning of 
23 ra) shows less pronounced regularity. Similar weak solar 
cycle variations are also seen in the temperature graph (top 
panel). However, solar cycle effects are not pronounced in the 
SW density time series (note that in building OMNI, pre-1971 
density values could not be cross-normalized to post-1971 
values due to paucity of overlapping data points in 1971). 

There are dual peaks in the sunspot numbers occurring near 
solar maxima; this feature is also clearly seen as depressions 
in the IMF Br variations in years 1969, 1980, and 1991. Simi- 
lar depressions in the solar cycle variation are seen during the 
same years in the solar wind velocity but not in the time series 
of density or temperature. We note that Kp and Dst indices 
show a decrease in geomagnetic activity during these years 
[e.g., Gonzalez et al., 1993]. 

Osherovich et al. [1999] recently introduced a new index 
of solar activity defined as the solar wind quasi-invariant (en- 
ergy density ratio) QI = (Br 2/8zc)/(N'V2/2). They have shown 
that this index highly correlates with the sunspot numbers R 
(up to r = 0.98); therefore, we decided to calculate and to also 
plot this index to see its solar cycle variation (Figure 1, top 
right plot). As expected, the QI graph mainly resembles varia- 
tions in the IMF Br. 

3. Analysis 

The two bottom panels on the right of Figure 1 show geo- 
magnetic activity indices Dst and Kp. Visual inspection and 
comparisons of these indices with the IMF/SW parameters 
reveal that the long-term variation in 27-day averages of the 
Kp index mainly follows the corresponding variations in Br 
and somewhat in dynamic pressure p - N.V 2, however, the 
corresponding changes of the lower-bounding envelop of Dst 
does not follow similar variations in Kp or any of other solar 
wind parameters. 

To further investigate these results we produced a number 
of derivatives from the IMF/SW 27-day averages such as the 
"merging" interplanetary electric field (IEF) Er = Vsw' IByzl 
and its components: the "dawn-dusk" Eawas = Vsw' Bs, "dusk- 
dawn" Ea,.aw = Vsw' Bn, and "north-south" En,. = Vsw' IByl elec- 
tric fields. Here IBy•l - (<By> 2 + <Bz> 2)1/2 is the total IMF 
"clock-angle" vector calculated from the corresponding 27- 
day averages and taken in the Y-Z GSM plane, transverse to 
the SW velocity direction. 

One can clearly see in Figure 1 that Er and its components 
are all in concert (i.e., visually correlate very well) with Kp, 
but not with the Dst index. Moreover, the dusk-dawn compo- 
nent Ea.,.aw (controlled by IMF B•) highly agrees with the "half- 
wave rectifier" component Eawax (controlled by IMF B•). Both 
electric field components show similar level of correlation 
with Kp reflecting the fact that, at 27-day resolution, the IMF 
northward and southward components vary in phase (except 
for sign) over three solar cycles. The 1MF near-ecliptic com- 
ponents show similar behavior when averaged only for a cer- 
tain sign (dotted graphs in a middle of the left panel). 

The IEF Eawas and Ea,.aw components are of the same magni- 
tude and their lowest values are near 0.5 mV/m. At the same 

time, the lowest values of End, (controlled by IMF By) are ~1 

Table 1. Correlation Coefficients Between the IMI•/SW 27- 

Day Averaged Parameters, Their Derivatives, and Kp and Dst 
Indices 

27-day averages Kp Dst 

IMF Br 0.61 0.54 

IMF Bx 0.14 0.09 

IMF Bx < 0 0.56 0.45 

IMF Bx > 0 0.61 0.46 

IMF By 0.10 0.02 

IMF By < 0 0.36 0.33 

IMF By > 0 0.28 0.33 

IMF Bz 0.15 0.20 

IMF B, < 0 0.43 0.53 

IMF Bz > 0 0.31 0.37 

SW velocity, V 0.70 0.40 

SW temperature, T 0.63 0.30 

SW density, N 0.03 0.06 

EmF = V ß Br 0.82 0.62 

Er = V. Imyzl 0.70 0.61 

Ea ..... au.•k = V ß B.• 0.69 0.66 

Eau,.k-aaw,, = V . B,, 0.58 0.51 

Ettorl] ....... lh -- V . Imyl 0.61 0.51 

p -- N. V 2 0.60 0.38 

QI ~ Br 2/N ß V 2 0.60 0.53 

mV/m, comparable with the corresponding lowest values of 
Er, but twice as much as the lowest values of Eawa•,.. As a result 
of • By being on average larger than Bz, the most signifi- 
cant contribution to the magnitude of Er comes from E•,. 
rather than from the "half-wave rectifier" component Eawa,. to 
which the commonly adopted view delegates the more active 
role in geomagnetic activity. 

To verify our observations, we cross-correlated all 
IMF/SW parameters plotted in Figure 1 with the Kp and Dst 
indices. Table 1 lists resultant correlation coefficients. The 

first and least expected result is the higher correlation between 
the "toward/away" IMF Bx components and geomagnetic ac- 
tivity indices in comparison with • B n and Bs; this effec- 
tively brings the IMF Bx component into the play in control- 
ling global geomagnetic activity. Normally the geoeffective- 
ness of Bx is assumed to be negligible [e.g., Gonzales and 
Mozer, 1974], however, our results imply some unappreciated 
geoeffectiveness of Bx, possibly associated with high latitude 
reconnection between the IMF and the magnetospheric lobe 
field lines indirectly affecting global geomagnetic activity. 

One can see that Eawa•., Er, and Vsw are the parameters that 
mostly affect planetary geomagnetic activity as described by 
the Kp index (r = 0.69, 0.70, and 0.70, respectively). How- 
ever, the most geoeffective IMF/SW parameter is Emr = Vsw' 
Br showing the highest correlation with Kp (r = 0.82). The 
latter may be considered as a combination of effects of Er and 
Bx. The next group of parameters Br, Bx > O, Bx < 0, SW tem- 
perature, dynamic pressure, and QI index correlate with Kp at 
the level r ~ 0.6; it is surprising that the "half-wave rectifier" 
component Bz < 0 shows even weaker correlation (r = 0.43), 
comparable with its counterpart component Bz > 0 (r = 0.31). 



As shown by Burton et al. [1975], Dst should better corre- 
late with the IEF E•w•s component (r = 0.66) than with any 
other IMF/SW parameter. Most of the other parameters Br, B• 
< O, Edsdw, Ens, and QI show correlation with Dst at the level r 
- 0.5. The solar wind speed and dynamic pressure correlate 
with Dst at the level of r- 0.4. On the other hand, one can 

expect that 27-day intervals that contain major magnetic 
storms should show a clear correlation with large values of 
either the IMF B,. or the solar wind dynamic pressure. Close 
inspection of Figure 1 reveals that even "spike-like" changes 
in the dynamic pressure have almost nothing in common with 
changes in the Dst index. Thus, over the long-term time scale 
Dst shows a weaker correlation in general with most of listed 
IMF parameters than does Kp. 

We correlated 27-day averages of Br with similar averages 
of all components Bx, By, and Bz (central solid curves on the 
corresponding panels) to see whether any components could 
be the major driver behind of the total value. However, the 
obtained cross-correlation coefficients are -0.05 for all com- 

ponents. While this result confirms that changes in the IMF 
strength and direction are statistically uncorrelated [e.g., Papi- 
tashvili and Gromova, 1982], one can expect that any of IBjI, 
IByl, IBJ, (Bx 2 + By2) 1/2, or (By 2 + Bz2) •/2 should highly correlate 
with Br reaching r- 0.8. 

Plotting 27-day averages of the IM1 • "toward/away" Bx and 
By and "north/south" Bz components separately (dotted graphs 
in Figure 1), we revealed that their 36-year long time series 
over 3.5 solar cycles change very much in concert with the 
IMF Br. That gives no preference to any of these components 
to be larger (or smaller) than another component during dif- 
ferent phases of the solar cycle; therefore, their cumulative 
effect on global geomagnetic activity is sufficiently described 
by Br over long-term time scales. 

Also, to check the impact of using 27-day averages we ran 
correlations of Kp and Dst indices with many of the above- 
mentioned IMF/SW parameters using daily means for the 
entire 36-year intervals and then using 3-hour averages over 
threes years near solar maximum (1979-1981). In the latter 
case, we first correlated the variables taken for the current 3- 
hour interval, and then we took the IMF/SW parameters for 
the previous 3-hour interval. However, the obtained correla- 
tion coefficients are -20% smaller in comparison with num- 
bers given in Table 1. This may indicate that physics of the 
solar wind-magnetosphere interaction is manifested in differ- 
ent ways at various time scales; however, investigation of 
these differences is out of scope of this study. 

4. Conclusions 

In this study, we focused on the solar cycle effects in the 
Kp index that represents global geomagnetic activity, and in 
the Dst index that measures the ring current development 
caused by the magnetic storms and (possibly) by some major 
substorms. Noting that reconnection transfers flux from the 
dayside (subsolar magnetosphere) to the nightside (magneto- 
spheric tail) and that the solar wind "quasi-viscous" interac- 
tion with the magnetosphere drags geomagnetic field lines 
toward the tail as well, one can expect that the IMF B,,. and 
solar wind velocity (the IEF dawn-dusk component) should be 
the major drivers for planetary geomagnetic activity. 

However, this study reveals that over the long time scale 
the "total interplanetary electric field" EiMr = Vsw' Br (in 
which the Earth's magnetosphere is immersed) plays the most 
significant role in driving global geomagnetic activity repre- 
sented on the planetary scale by the Kp index (r = 0.82). For 
example, if the IMF Bx were removed from Br, then the corre- 

lation (between Er and Kp) drops to 0.70 showing the unap- 
preciated importance of the IMF Bx-component as noted ear- 
lier. Taking into account that both the "toward" and "away" 
components of Bx show unexpectedly high correlation with 
Kp, we speculate that the highest geoeffectiveness of Emr 
means that the combined effect of variations in Er and Bx 
keeps global geomagnetic activity continuously "on the boil". 
Though it seems that the IMF Bx does not contribute directly 
to the near-Earth interplanetary electric field components, we 
speculate that ambient (background) interplanetary "electric" 
environment (in which the Earth's magnetosphere is im- 
mersed over the solar cycles) may play a more significant role 
in causing changes in the frequency of geomagnetic storms 
and substorms than previously realized. 
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