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ABSTRACT

Context. Coronal holes (CHs) are the source of high-speed streams (HSSs) in the solar wind, whose interaction with the slow solar
wind creates corotating interaction regions (CIRs) in the heliosphere.

Aims. We investigate the magnetospheric activity caused by CIR/HSS structures, focusing on the declining phase of the solar cycle 23
(years 2005 and 2006), when the occurrence rate of coronal mass ejections (CMEs) was low. We aim to (i) perform a systematic
analysis of the relationship between the CH characteristics, basic parameters of HSS/CIRs, and the geomagnetic indices Dst, Ap
and AE; (ii) study how the magnetospheric/ionospheric current systems behave when influenced by HSS/CIR; (iii) investigate if and
how the evolution of the background solar wind from 2005 to 2006 affected the correlations between CH, CIR, and geomagnetic
parameters.

Methods. The cross-correlation analysis was applied to the fractional CH area (CH) measured in the central meridian distance interval
+10°, the solar wind velocity (V), the interplanetary magnetic field (B), and the geomagnetic indices Dst, Ap, and AE.

Results. The performed analysis shows that Ap and AE are better correlated with CH and solar wind parameters than Dst, and
quantitatively demonstrates that the combination of solar wind parameters BV and BV plays the central role in the process of energy
transfer from the solar wind to the magnetosphere.

Conclusions. We provide reliable relationships between CH properties, HSS/CIR parameters, and geomagnetic indices, which can be
used in forecasting the geomagnetic activity in periods of low CME activity.

Key words. Sun: corona — solar-terrestrial relations — solar wind

1. Introduction

Geoeffectiveness of corotating interaction regions (CIRs) caused
by solar wind high-speed streams (HSSs) that originate from
equatorial coronal holes (CHs) was studied by a number of au-
thors (e.g., Nolte et al. 1976; Miyoshi et al. 2007; Vr$nak et al.
2007b; Lei et al. 2008a,b; Verbanac et al. 2011). Most of these
studies focus on the declining phase of the solar cycle, when
the coronal mass ejection (CME) activity is low, and it becomes
relatively easy to distinguish the effects caused by these two phe-
nomena.

In the previous paper (Verbanac et al. 2011, hereinafter
Paper I), we have analyzed the relationship between coronal hole
fractional areas on the Sun, the solar wind characteristics, and
geomagnetic activity described by indices Dst and Ap, in the pe-
riod in 2005 day-of-year, DOY = 25-125. In this paper, we per-
form a similar analysis for the period DOY = 60-261 in 2006,
considering also the geomagnetic index AE. Note that from 2005
to 2006 the characteristics of the background solar wind changed
appreciably, most directly seen as a decrease of the flow speed
and magnetic field strength.

The aim of this paper is to

1. perform a systematic analysis of the relationships between
CH characteristics, basic HSS/CIR parameters, and the most
relevant geomagnetic indices for periods of low CME activ-

ity;
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2. study how the magnetospheric/ionospheric current systems
(ring current and polar electrojets) behave when influenced
by CIRs;

3. check if and how the evolution of the background solar wind
from 2005 to 2006 affected the correlations between CH,
CIR, and geomagnetic parameters.

In Sect. 2 we present the data set. Time series of solar wind
speed, V, magnetic field, B, and their combinations BV and B V2,
along with the time series of geomagnetic indices Dst, Ap, and
AEFE are described in Sect. 3. The correlations between CH char-
acteristics, solar wind parameters, and geomagnetic indices are
analyzed in Sect. 4. In Sect. 5 the results obtained for 2006 are
compared with those obtained in Paper I for 2005. Finally, the
results are discussed, and conclusions are drawn in Sect. 6.

2. Data

In Paper I we focused on the period DOY = 25-125 of 2005.
Here we analyze CIR-related geomagnetic activity during the
period DOY = 60-261 of 2006, which was chosen because
for this interval the GOES-12/SXI soft X-ray CH image prod-
uct was available. In this period, we identified four intervals that
were affected by the CME activity (DOY = 124-126, 191-192,
231-232, and 242-247), and consequently, we excluded them
from the analysis. As in Paper I, the analysis is performed on the
6-h (1/4 day) data resolution.
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Fig. 1. Time series of CH, V, B, BV, AE, Ap, ADst, and Dst, from top to bottom respectively.

For V and B we used the solar wind data measured by
Solar Wind Electron Proton and Alpha Monitor (SWEPAM,;
McComas et al. 1998) and the magnetometer instrument (MAG;
Smith et al. 1998) onboard the Advanced Composition Explorer
(ACE; Stone et al. 1998). In particular, we used the merged
hourly-averaged level-2 ACE data available at http://www.
srl.caltech.edu/ACE/ASC/level2/.

Solar coronal hole fractional areas, CH (for details see
Vr$nak et al. 2007a), were determined from soft X-ray images
acquired by the Soft X-ray Imager (SXI; Hill et al. 2005; Pizzo
et al. 2005) onboard the GOES-12 spacecraft. The SXI coro-
nal hole image product (level-2 files; see http://sxi.ngdc.
noaa.gov/) was used to estimate CH for the central-meridian
slice of the solar disk, which extends from the central meridian
distance —10° to +10° (for details see Vrsnak et al. 2007a).

We obtained the planetary geomagnetic activity index Ap,
which measures the mid-latitude geomagnetic activity from
http://wdc.kugi.kyoto-u.ac.jp/cgi-bin/kp-cgi. The
storm-time disturbance index Dst, representing the longitudi-
nally averaged magnetic field disturbance at the dipole equa-
tor on the Earth’s surface, is available at http://swdcwww.
kugi.kyoto-u.ac.jp/dstdir/. For more details about these
two indices see Verbanac et al. (2011). The auroral electro-
jet index AE, representing a quantitative global measure of
the auroral zone magnetic activity (substorm activity), was
obtained from http://wdc.kugi.kyoto-u.ac.jp/dstae/
index.html. For more details about this index see Prolss
(2004).
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3. Time series

Time series of the analyzed parameters are shown in Fig. 1,
where besides the CH fractional area CH, solar wind parame-
ters B and V, and the geomagnetic indices Dst, Ap, and AE, we
also present the products BV and BV?, as well as the change rate
ADst, which represents the difference between the two succes-
sive Dst values. Note that the data of 2006 were also employed
by different authors to study the effects of HSSs on the ther-
mospheric density, thermospheric compositions, and the iono-
spheric total electron content (e.g., Thayer et al. 2008; Crowley
et al. 2008; Lei et al. 2008c).

In the studied period, large equatorial coronal holes
passed across the central meridian 21 times, resulting in
21 HSS/CIR structures at 1 AU. The HSSs are clearly seen in
Fig. 1 as intervals of high velocity accompanied by a weak mag-
netic field. On the other hand, there is always a compression of
the density and magnetic field (CIR) at the frontal side of HSS,
which is caused by the interaction of the fast wind stream with
the slow upstream wind. Typical peak values of V and B are
500-700 kms~! and 10-15 nT, respectively.

Comparing the time series of geomagnetic indices in Fig. 1,
one finds that the Ap and AE peaks are contemporaneous, and
both occur during the decreasing phase of Dst (see also Fig. 2
of Verbanac et al. 2011). The Ap, AE, ADst peaks are in phase
with BV. This behavior is consistent with the results presented
in Paper I.

The time-profile of the AE index shows fluctuations that re-
flect the high temporal variability of the magnetic activity at high
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Fig. 2. Correlations BV-Ap, BV-AE and BV-Dst. The linear least-squares fit parameters, the correlation coefficient R, and the time lag Az are

shown in the insets.

latitudes. The rise to the maximum activity is steep, which is fol-
lowed by a relatively long decay. The Dst index shows a similar
overall profile — a fairly sharp decrease is followed by a gradual
increase. On the other hand, gradual decay is not as well pro-
nounced in the Ap index, i.e., the decrease after the peak value
is quite fast. The Ap time profiles are very similar to the ADst
time-profiles.

The prolonged periods of AE activity, the so-called
HILDCAA events (Tsurutani et al. 2006), can be noticed around
DOY = 80 and 160. These events are associated with enhanced

convection, driven by Alfvénic fluctuations within the HSSs.
This effect provides an additional energy injection into the ring
current, seen as a prolonged Dst depression, i.e., a slower and
more noisy rise to the pre-storm state.

As seen in Fig. 1, most of the Dst decreases in the range
between —30 nT and —50 nT, so they belong to weak geomag-
netic disturbances (see, e.g., Gonzalez et al. 1994). Two moder-
ate storms occurred in the studied period (Dst decrease between
=50 nT and —100 nT), around DOY = 95 and 104. The strongest
Dst decrease (-90 nT; DOY = 104) and the strongest increase
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Table 1. Linear least-squares fit coeflicients a and b, correlation coefficient R, and the time lags Az, describing the relationships between solar wind

parameters and geomagnetic indices.
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as dag bs bg Rs R¢ Ats Atg
V-Dst -0.07+0.01 -0.09 £ 0.03 13.0+2.6 30617 -052 -0.65 0 0
B-Dst -1.81 £ 0.25 -3.1+0.2 -9.0x16 79+1.0 -035 -0.52 0.5 0.75
BV-Dst (-5.2 £ 0.4)E-03 (-71+03)E-03 5114 76+08 -0.52 -0.65 0.5 0.5
BV?-Dst (-9.3 £ 0.6)E-06 (-12.3 £0.5E-06 -6.7+1.1 46+06 058 -0.66 0.25 0.5
V-ADst (-1.1 £ 0.4)E-02 (1.0 £ 0.3)E-02 50+1.8 44+1.1 -0.15 -0.15 -1.25 -1
B-ADst -1.0+£0.1 -0.6 £ 0.1 59+09 30+£0.6 -034 -041 0 0.25
BV-ADst (-1.9 = 0.3)E-03 (1.7 £ 0.2)E-03 53+0.8 3.7+0.5 034 036 0 0
BV2-ADst  (=2.5 + 0.4)E-06 (2.1 £ 0.3)E-06 34 +0.7 21+£04 -0.28 0.36 0 0
V -AE 0.97 £ 0.06 0.87 £ 0.04 260 £28 -219+16 0.64 0.65 -0.5 -0.5
B-AE 25+3 37.1+1.7 48 + 18 -28+9 0.41 0.63 0.25 0.25
BV-AE (7.1 £ 0.5)E-02 (7.4 £ 0.3)E-02 -1+15 -4+7 0.6 0.69 0 0.25
BV?-AE (1.3 £ 0.07)E-04 (1.3 £ 0.05)E-04 16 £ 11 26+ 6 0.7 0.61 0 0
V-Ap (7.1 £ 0.4)E-02 (5.8 £0.3)E-02 2242 -16 + 1 0.7 0.6 -0.50 -0.75
B-Ap 23+0.2 2.9 +0.1 -22+12 -63+06 0.52 0.71 0.25 0.25
BV-Ap (5.9 £ 0.3)E-03 (5.9 £ 0.2)E-03 -55+09 -46=+04 0.7 0.78 0 0
BV*Ap (1.02 £ 0.04)E-05  (9.75+0.3)E-06 -3.1+0.7 -1.7+04 0.77 0.76 0 0

Notes. Subscripts 5 and 6 refer to years 2005 and 2006, respectively.

of Ap (80 nT) is associated with the highest values of B (19 nT)
and BV (1072 Vm™!). Note that this storm was not associated
with the highest value of AE, which occurred on DOY = 231.75
(AE = 1067 nT). The latter indicates that the amount of energy
injected into the ring current and into the polar ionosphere is
not always in constant proportion, as noticed by Gonzalez et al.
(1994). Note also that Dst decreases were not exceptionally high
in days that we identified as being influenced by interplanetary
CME:s. Only the CME that arrived on DOY = 231 caused a
moderate storm (Dst = —64 nT), which was on the other hand
associated with the strongest AE event in the analyzed period.

4. Cross-correlations

Below we investigate the relationship between the coronal hole
characteristics, solar wind parameters, and geomagnetic indices
by applying the cross-correlation analysis. In particular, we an-
alyze how CH, V, and B are related to Ap, Dst, and AE.
Furthermore, we include the combined solar wind parameters
BV and BV? because they turned out to be more important than
V and B themselves (see Verbanac et al. 2011, and references
therein).

All cross-correlation functions are derived up to a time lag of
+10 days with a step of six hours (the applied data resolution).
A negative lag between two quantities, e.g., V and Ap, hereafter
denoted as the V-Ap correlation, means that V is delayed with
respect to Ap.

The results of the analysis are summarized in Table 1, where
the linear least-squares fit parameters a and b, the correlation
coefficient R, and the corresponding time lags At are presented.
Besides the results for 2006, we also present the analogous val-
ues for 2005, to facilitate a comparison of the two periods, which
are characterized by quite different background solar wind char-
acteristics (see next section). The results for 2005 are mainly
based on the analysis by Verbanac et al. (2011), supplemented
by the AE index, and when necessary, re-formulated to be com-
patible with the presentation applied in this paper.

A given “X-Y” correlation corresponds to the linear form
Y(t) = aX(r) + b, where X(t*) represents the value of X that oc-
curred Az days before the actual value of Y, i.e., t* is the “retarded
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time”, * = ¢t — Ar. In Table 1 the time lags Ar are expressed in
days.

Generally, all three geomagnetic indices are well correlated
to the solar wind parameters V, B and their combinations. The
best correlations are found for Ap index, then follows AE,
whereas Dst shows somewhat weaker correlations. All geo-
magnetic indices are tightly correlated with BV? and BV. The
strongest Ap correlations may be related to the fact that Ap is
affected by both polar and equatorial effects.

In Fig. 2 we present the scatter plots for the dependencies
BV-Ap, BV-AE, and BV-Dst, where the highest-correlation
time lag is applied. The data distribution in the graphs shows
that there is an upper limit on both Ap and AFE that is dependent
on BV. This means that high values of these indices cannot be
reached at low values of BV. On the other hand, a high value
of BV does not imply large Ap and AE because there are data-
points at Ap = 0 and AE ~ 0 even at high values of BV. Such
a pattern was found for Ap in 2005 by Verbanac et al. (2011),
where the upper limit on Ap attains practically the same values
as here.

The triangular shape of the scatter plot found for Ap and AE
is not present in the case of Dst. On the other hand, note that D st
does not achieve negative values if BV is below ~1000 n'T kms~!
corresponding to 1 mV m~!. In Paper I, this limit was found to
be somewhat lower, BV ~ 0.5 mVm™.

Finally, we relate the geomagnetic indices directly to coro-
nal holes because this might be used for forecasting purposes
(Vrsnak et al. 2007a; Verbanac et al. 2011). The outcome of the
cross-correlation analysis along with results for 2005 are pre-
sented in Table 2. Both Ap and AE index are almost equally
well correlated to CH, considerably better than Dst, especially
in 2005. As expected, all of these correlations are lower than
those obtained between geomagnetic indices and solar wind pa-
rameters.

5. Comparison with results for 2005

Inspecting Table 1 one finds that results for 2006 are similar to
those for 2005, although the background solar wind speed and
magnetic field decreased significantly between the two analyzed
intervals. In 2005 the background value of V ranged around
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Table 2. Linear least-squares fit coefficients a and b, correlation coefficient R, and the time lags At, describing the relationships Dst(CH), AE(CH),

Ap(CH), V(CH), and B(CH).

ds g b5 b() R5 R() A 15 A e
CH-Dst -40+7 54 +6 -16+1 -1.7+08 -027 -033 375 3.50
CH-AE 751 +78 593+55 122+11 91+7 0.43 037 3.00 2.50
CH-Ap 53+6 44 £ 4 58+05 33+03 0.43 0.39  3.00 2.25
CH-V 680 +46 569 +39 4017 367+5 0.61 048 375 3.5
CH-B 12+1 88+09 47+x02 39+0.1 0.42 032 1.75 2.00

Notes. Subscripts 5 and 6 refer to years 2005 and 2006, respectively.

Table 3. Linear least-squares fit coefficients a and b, correlation coefficient R, and the time lags At, describing the relationships between geomag-

netic indices.

as dag bs bg Rs R¢ Ats Atg
Dst-AE -9.21 £0.37 -6.95 £ 0.25 18+9 100 + 4 -0.78 -0.71 -0.25 -0.25
Dst-Ap -0.61 £ 0.03 -0.48 = 0.02 -1.23 £ 0.66 42+03 -0.75 -0.70 -0.25 -0.25
AE-Ap (6 + 0.2)E-02 (5.6 £ 0.2)E-02 -1.12+ 045 -0.80+0.30 0.87 0.81 0.00 0.00
AE-ADst (=19 £0.2)E-02  (-7.5 = 1.85)E-03 3.8+0.6 1.23 +£0.37 -0.40 -0.49 0 0
Ap-ADst -0.28 + 0.03 -0.23 £ 0.03 3.1+0.5 1.85+031 042 05 0 0

Notes. Subscripts 5 and 6 refer to years 2005 and 2006, respectively.

~350 kms™' and in 2006 it decreased to ~300 kms~'. At the
same time the background B decreased from ~3 nT to 2.5 nT.

Generally, correlation coefficients are higher in 2006. The
time lags are almost always the same, the difference never ex-
ceeding 0.25 days, which corresponds to the applied time reso-
lution. Furthermore, for both years, the highest correlation coef-
ficients are found between geomagnetic indices and the products
BV?2, and BV. Generally, all three indices are better correlated
with V than with B, except for Ap in 2006. On the other hand,
ADst is correlated much better to B than to V in both years.

The general pattern, common to both years, is that the best
correlations are obtained for Ap. Correlations for AE are some-
what weaker, whereas Dst shows the weakest correlation coeffi-
cients. For ADst, the correlation coefficients are even lower, and
again they are somewhat higher in 2006. ADst peaks are in phase
with BV and BV? in both years.

In both years Ap and AE are better correlated with CH than
Dst is. The difference is more prominent in 2005, when the cor-
relations CH-Ap and CH-AE are considerably higher than in
2006. The same also holds for the CH-V and CH-B correla-
tions.

All three considered geomagnetic indices exhibit a strong
correlation with each other in both years as seen in Table 3.
We note that the correlations are somewhat stronger in 2005,
whereas the time delays are the same. The strongest correlation
is found between Ap and AE (R = 0.8), without any time lag.
Dst is almost equally well anti-correlated with both Ap and AE,
Dst being delayed after Ap and AE for 0.25 days. This is con-
sistent with the fact that Ap and AE peaks are contemporaneous
with ADst. Moreover, the Ap—ADst and AE-ADst correlations
are almost equal.

6. Discussion and conclusions

We studied the relationship between solar wind parameters, frac-
tional coronal hole areas, and geomagnetic indices for 2006,
DOY = 60-261. Furthermore, we compared the obtained results
with the results for 2005 presented in Paper 1. Both considered
time-intervals cover the period of low CME activity, enabling us

to investigate the magnetospheric activity caused solely by CIRs.
We summarize our main results as follows:

1. Results obtained for 2006 are similar to those obtained for
2005: correlation coefficients for the studied relationships
are somewhat higher in 2006, whereas the time lags are
mostly identical.

2. All three considered geomagnetic indices, Ap, Dst and AE,
are better correlated with BV? and BV than with Band V; A p
and AFE are better correlated with the solar wind parameters
than Dst in both years.

3. The strongest correlations without time lags are found be-
tween Ap and the solar wind parameters for both considered
periods.

4. Ap and AE are better correlated with CH than Dst for both
considered periods;

5. All three geomagnetic indices are tightly correlated to each
other. The correlation coefficients are somewhat higher in
2005. The strongest correlation is found between geomag-
netic indices Ap and AE (R > 0.8), without a time lag. Dst
is almost equally well anti-correlated with both Ap and AE
(R > 0.7), Dst being delayed after Ap and AE for 0.25 days;
ADst peaks are in phase with BV and BV? as well as with
Ap and AE, in both years.

6. The HSS/CIR-driven storms that occurred within the studied
period are mostly weak (Dst between —50 nT and —30 nT)
and only two of them are moderate (Dst —90 nT and —70 nT).
This is in agreement with the fact that CIRs interaction with
the Earth’s magnetosphere produces only weak to moderate
intensity magnetic storms (Tsurutani et al. 2006).

7. The recovery phases of observed storms lasted from a few
days to a week and were associated with prolonged mag-
netic activity as monitored by the AE index. The observed
AE fluctuations without large Dst variations may be inter-
preted as a substorm activity without appearance of signifi-
cant storm activity.

We note that similar results for both years are obtained al-
though the background solar wind speed and magnetic field
decreased significantly between the two analyzed intervals.
Thus, the performed analysis provides reliable relationships
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between CH properties, HSS/CIR parameters, and geomagnetic
indices, which can be used in forecasting the geomagnetic activ-
ity in periods of low CME activity.

Furthermore, in this study we confirmed the results presented
in Paper I, namely that combinations of solar wind parameters
BV? and BV play an essential role in the process of energy
transfer from the solar wind to the magnetosphere. The physical
mechanism behind the dominant correlation of all studied geo-
magnetic indices to BV and BV? is as follows: the primary driver
of geomagnetic disturbances is a strong convection electric field,
BV, which is associated with the passage of the southward-
directed interplanetary magnetic field By, which passes over the
Earth for a sufficiently long time. This agrees with findings from
Tsurutani et al. (1992), who demonstrated that high B rather
than high V is the dominant part of the geoeffective electric field.

Note that in several previous studies a similar cross-
correlation analysis was performed on longer time-scales, em-
ploying yearly averages of the studied quantities. For instance,
Feynman (1980) reported that during cycle 20 Dst index has a
weaker dependence on velocity than do the mid-latitude range
aa index, i.e., that Dst varied as BV while aa varied as BV?2.

Svalgaard & Cliver (2005) and Svalgaard & Cliver (2007)
reported similar dependencies on even longer time intervals
(1870-2005). They found that the /DV index (related to Dst)
is highly correlated with the strength of the interplanetary mag-
netic field (R = 0.86) and almost unaffected by the solar wind
speed (R = 0.1). On the other hand, they showed that the /HV in-
dex (related to Ap) is highly correlated with BV?2.

In resolving the reason why our analysis has a somewhat dif-
ferent outcome, we have to take into account that when analyz-
ing the whole cycle(s), contributions to the geomagnetic activity
from both CMEs and HSSs are included. Because different mag-
netospheric current systems may respond differently to the HSS-
related and the CME-related solar wind disturbances, the statis-
tical results are likely to be somewhat different if HSS-related
activity is analyzed separately.

Furthermore, when using annual averages, the peak values
are smoothed out, whereas they were kept in our analysis. This
means that our correlations are different because the ranges cov-
ered by the correlations are different. The velocity range in our
study for instance is two and more than three times greater than
in study of Svalgaard & Cliver (2007) and Feynman (1980), re-
spectively. The IMF range in our study is about three times larger
than in the mentioned studies, and the BV range in our study is
about 30 times larger than the BV range covered by Feynman
(1980).

Finally, we note that the records of middle latitude magne-
tometers contain contributions both from substorms currents (as
quantified by AE) and ring current (as quantified by Dst), re-
sulting in strong Ap—AE and Ap—Dst correlations (R = 0.81
and R = 0.7, respectively). The weaker Dst correlations are ow-
ing to the long-lasting recovery phase seen in Dst, which is not
as prominent in AE and Ap time series. When the recovery is
“removed” (by considering ADst), the Ap—ADst and AE-ADst
correlations become similar.

The strong Dst—AE anti-correlation may be attributed to
the storm/substorm coupling mechanism. Namely, the per-
formed analysis shows that HSSs/CIRs cause weak to moderate
storm activity, on average appearing six hours after the sub-
storm activity. For low storm levels, the Dst and AE amplitudes
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are practically proportional (Akasofu 19981). On the other hand,
according to Saba et al. (1994) and Gonzalez et al. (1994), for
intense storms (not present in our analysis) the AE values tend
to saturate at about 1000 nT, suggesting storm/substorm decou-

pling.

The largest substorm that occurred within the studied period
(AE = 1070 nT) was not accompanied with the strongest Dst,
i.e., it caused only a moderate storm of Dst = —60 nT. This may
be understood by recalling that the substorm expansive phase
reflects an injection of energy in a way that may not be favor-
able for storage in the ring current. For instance, if the injection
happens too far behind the Earth, the injected particles will be
unable to contribute to the ring current. Furthermore, if the con-
vection electric field is very high, the injected particles will most
likely convect to the dayside magnetopause and will again not
contribute to setting up the ring current.

In this respect, we also note that for the largest storm in the
considered period (Dst = —90 nT), the AE index was lower
(AE = 730 nT) than for the most intense substorm. It is pos-
sible that during this period, the auroral oval became somewhat
lower in latitude, thus the AE observatories did not measure the
electrojet perturbations at their peak in latitude, i.e., the strength
of substorm activity might have been underestimated.
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