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Abstract— This paper presents a brief overview on the results of a 

joint EU-INTAS-ESA project which is focused on the investigation 
of the interplanetary and solar causes of geomagnetic storms in solar 
cycle 23. Based on the in situ data of the solar wind plasma and 
magnetic field parameters measured by the Wind and ACE 
(Advanced Composition Explorer) spacecraft in joint analysis with 
the unprecedented set of remote sensing observations provided by the 
SOHO (Solar and Heliospheric Observatory) satellite since its launch 
in December 1995, the main statistical results from the detailed 
investigation of geomagnetic disturbed days with Ap>20 are 
presented here.  
 

Index Terms— Space measurements, space phenomena, space 
weather, coronal mass ejections. 

I. INTRODUCTION 

Major geomagnetic storms are caused by solar wind 
structures that possess strong (>> 5 nT) southward 
components of the interplanetary magnetic field at 1 AU and 
usually, but not always higher wind speeds than average [1, 
2]. Coronal mass ejections (CMEs) are a prime source of 
geomagnetic storms because they lead to the most intense 
values of –Bz and V at 1 AU followed by co-rotating 
interaction regions and Alfvenic fluctuations at times of 
enhanced solar wind speed within coronal hole flows [1, 2, 3, 
4, 5, 6, 7, 8]. The interplanetary counterparts of CMEs can 
trigger geomagnetic storms basically in two different ways or 
in combinations of these two ways: 1. through their specific 
internal magnetic field configuration in case the CMEs exhibit 
the internal structure of helical magnetic flux ropes 
(commonly called magnetic clouds) - not only by SN or NS 
rotations, but also through the cloud’s axis orientation when it 
is highly inclined and possessing a southward field direction; 
2. through draping of the ambient interplanetary magnetic 
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field (IMF) in case they drive fast shock waves ahead [4]. 
Despite, this clear view of the solar and interplanetary 

sources of major geomagnetic storms, the picture is less clear 
at lower levels of geomagnetic activity because of the possible 
contributions of several different sources (CMEs with lower 
values of –Bz and V, coronal hole flows (fast streams), 
heliospheric current sheet crossings, etc.). Another aspect is 
our lack in our understanding of the solar cycle variations of 
these sources.  

For the current solar cycle 23 a unique set of simultaneous 
spacecraft measurements of the solar wind at 1 AU from the 
IMP-8, Wind and ACE (Advanced Composition Explorer) 
satellites [5, 6, 7, 8] together with unique remote sensing 
observations from the SOHO (SOlar and Heliospheric 
Observatory) spacecraft [9] allows to investigate the solar and 
interplanetary causes of geomagnetic storms in unprecedented 
detail.  

In a joint EU/ESA-INTAS project we have analyzed all 
interplanetary causes and solar sources of geomagnetic 
disturbances with Ap>20 (Kp > 3+) during the years 1997-
2001, i.e. during the rise and maximum of solar cycle 23. 
Additionally the ring storm parameter DST has been conveyed. 
The statistical properties of Ap in this cycle have been 
described already in [15]. Here we present an overview of the 
results of this study, primarily focusing on the implications of 
the interplanetary data. 

 

II. INVESTIGATION OF GEOMAGNETIC STORMS 

 
Concerning the classification of geomagnetic activity we 
follow the classification of the Sunspot Index Data Center 
with: a) Active Periods with 20 < Ap < 30  (3+ < Kp < 4+), 
minor storms with 30 < Ap < 50  (4+ < Kp < 5+), major 
storms with 50 < Ap < 100  (5+ < Kp < 7) and severe storms 
with Ap > 100 (Kp ≥ 7). In order to study the solar and 
interplanetary causes of these active and stormy periods in the 
present solar cycle, we compiled an event list 
(http://dec1.npi.msu.su/apev) including all 255 days with 
Ap>20 during 1997-2001 based on the Ap-data provided by 
the National Geophysical Data Center (NGDC) at Boulder, 
CO, USA (http://www.ngdc.noaa.gov/stp/). Additionally, 
running averages of Ap were considered as well as Ap*-
values provided by NGDC (http://www.ngdc.noaa.gov/stp/ 
GEOMAG/apstar.shtml), but it was found that the differences 
are negligible for the statistics.   

The solar and interplanetary causes of space 
storms in solar cycle 23 
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Figure 1a-c. Each plot shows geomagnetic (ap, DSt) and interplanetary 

(solar wind speed V, Proton Density n, Temperature T, Magnetic Field 
Magnitude B and Cartesian components Bz, Bx, By (dotted)) data for three 
different causes of geomagnetic disturbed days with Ap>20. Top panel: Mild 
activity caused by turbulent slow wind near the HCS, middle panel: CIR 
including compressed Alfvenic fluctuations followed by the CH flow, bottom 
panel: CME/CIR interaction. 
 

     For each disturbed day we have studied the interplanetary 
parameters in GSM (Geocentric Solar Magnetospheric)               
coordinates  as  measured  by  the Wind and ACE satellites  in                       
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1 d-e. Same parameters as in Fig. 1a-c. Top panel: A CME in the 

solar wind at 1 AU causing a geomagnetic storm through draping of the IMF 
ahead of it, bottom panel: Two interacting CMEs in the solar  wind. 

 
correlation with observations from SOHO. The study of the 
solar source regions has been described partially already in 
[15, 16].  

 
The number of Ap-events was 185, being less than the 

number of disturbed days because each event can span time 
periods longer than a day, e.g., in case of shock associated 
CMEs of typical sizes of 0.25 AU at 1 AU (e.g., [12] or times 
spent in high speed coronal hole flows, see examples 
presented). From the inspection of the interplanetary data 
plots (provided at http://dec1.npi.msu.su/apev) we have 
identified the interplanetary characteristics for each Ap-event. 
Note that the data were inspected in detail by using the three-
hourly ap-values for better investigation of the details in each 
event (see Fig. 1a-e). 

 
Basically, the Ap-events, ranging from very minor 

geomagnetic activity levels (e.g., Ap event APEV-097) up to 
major geomagnetic storms (e.g., APEV-106), could be 
classified according to five different types of 
interplanetary/solar causes, shown in Figure 1 a)-e): 
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1. Slow wind near the heliospheric current sheet 
associated with low levels of geomagnetic activity 
(commonly Ap<30, see Figure 1a). 

2. Corotating Interaction Regions (CIRs) followed by 
Coronal hole (CH) plasma flows (commonly Ap<60, 
Figure 1b). 

3. Interplanetary counterparts of CMEs interacting with 
CIRs (Ap<150, Figure 1c). 

4. The draping of the interplanetary magnetic field (IMF) 
ahead of CMEs in the solar wind or its internal 
magnetic field configuration (or both) (Ap<170, 
Figure 1d,e). 

5. Multiple interacting interplanetary counterparts of 
CMEs (Ap<200, Figure 3).   

 

Table 1. Causes of geomagnetic storms during 1997-2001. 
Acronyms: CIR (co-rotating interaction region), CH (coronal 
hole), CME (coronal mass ejection), MCMEs (multiple 
CMEs). 

 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

The frequency for each of the above listed causes as being 
responsible for a geomagnetic event with Ap>20 during 1997-
2001 is listed in Table 1. Most days were disturbed by plasma 
flows from coronal holes and by counterparts of CMEs, 
including multiple CMEs. So far cycle 23 was moderate in 
terms of the sunspot number and with respect to the level of 
individual space storms, but it is well known that major storms 
also often occur in the declining phases of the solar activity 
cycles.  

Figure 2 presents 1-month running (1-month step) number 
of Ap-disturbed days per 3 months (3 month-window) from 
1997 until end of 2001 for the number of disturbed days 
together with the individual sources of the storms. This way of 
averaging was used because to keep seasonal effects visible 
and to apply meaningful statistics. There are no any other 
averages, except for the smoothed sunspot number.  

Most disturbed days occurred in mid 1999, 2000 and 2001. 
Whereas in mid 1999 still many storms, although they were of 
lower activity, were caused by CHs, this picture dramatically 
changed in 2000 when geomagnetic activity was starting to 
become completely CME dominated. It was well known that 
CHs and associated CIRs play a major role for geomagnetic 
storms in the decreasing phase of solar activity, but the role of 
these features in the rising phase of the cycle was so far 
underestimated. 

The time variation of the solar/interplanetary sources of 
activity  will  be  of  importance  when seasonal  variations are 
considered, which is beyond the scope of the present study. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Cause of 
Storm 

Number of 
Ap>20 days 

Number of 
events 

Common 
Ap-Range 

Slow wind          8                      8      <30 
CIR/CH        90      55      <60 
CME/CIR        18      11      <150 
CME      101      81      <170 
MCMEs        38      30      <200 
Total Number      255    185  
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Figure 2. Frequency distribution of the different sources of geomagnetic storms with Ap>20 from 1997-2001 in comparison with the sunspot  number. 
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III. CONCLUSION 

Based on a systematic study of the solar wind data for all 
geomagnetic storms with Ap>20 from 1997 until the end of 
2001 we found that geomagnetic activity (storms) basically 
are caused by a) turbulence in slow wind streams, b) CH flows 
with associated CIRs, c) CME/CIR interactions, d) CMEs, e) 
MCMEs.  

Whereas up to mid 1999 many geomagnetic storms of low 
level were caused by CH flows, from early on in 2000 CMEs 
started completely dominating geomagnetic activity and the 
average level of geomagnetic storms increased. It will be 
interesting to compare these results in more detail in 
subsequent studies with previous results on the long-term 
behaviour of geomagnetic activity [18, 19, 20, 21, 22, 23, 24].   

However it should be pointed out that severe geomagnetic 
storms can generally occur at any time of the cycle.  
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