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Understanding and predicting the geoeffectiveness of solar activity on Earth is crucial for space weather. Therefore, predicting the impact of coronal mass ejections (CMEs) and their associated interplanetary (IP) shocks on Earth is essential. Observations of CMEs near the Sun can be used for these prediction and to study their propagation and evolution in IP space. Commonly used international models do not accurately predict whether and when IP shocks would reach Earth, thus failing to meet the demands of space weather forecasting. This study investigated the geoeffectiveness of solar-IP disturbance events, focusing on type II radio bursts from 1996 to 2019 (solar cycles 23 and 24). The study results showed that during this period, Wind/WAVES detected 623 type II bursts and 541 IP shocks at the L1 point, where 181 type II bursts were associated with L1 shocks. Approximately 29% of the IP shocks associated with type II bursts reached Earth, and approximately 34% of the IP shocks at the L1 point were accompanied by these bursts. IP type II radio bursts and their cutoff frequencies can serve as indicators of the geoeffectiveness of CMEs towards Earth. IP shocks accompanied by type II radio bursts cause stronger geomagnetic responses than those without the associated type II radio bursts. Lower cutoff frequencies of type II radio bursts increase the probability that the corresponding shocks reaching Earth, intensifying the geomagnetic response of the shock. Consequently, the presence of IP type II radio bursts and can serve as indicators of geoeffectiveness of the Earth-directed CMEs. Further, they help improve the accuracy of forecasting the geoeffectiveness of CME/shock events towards Earth.
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1 INTRODUCTION
A CME is a phenomenon in which large-scale magnetized plasma is ejected from the solar atmosphere into IP space (Hundhausen, 1987; Gopalswamy et al., 2008a). Additionally, it is a crucial activity in the solar atmosphere and system, closely associated with space weather. It erupts from the closed magnetic field regions on the sun and propagates through the ambient medium. The CME propagates through the solar corona and IP space, generating IP shocks when their velocity exceeds the Alfven speed in the background solar wind. When these IP shocks traverse the surrounding medium, they excite nonthermal electrons, enhancing electromagnetic radiation at frequencies close to the local plasma frequency. This enhancement in electromagnetic radiation is known as “type II radio burst,” and it is characterized by intense narrowband emissions and slow frequency drift (Wild and McCready, 1950; Reiner and Kaiser, 1999; Kong et al., 2014).
IP shocks are disturbances within the solar wind. If the CME is sufficiently strong and propagates toward Earth, the associated IP shock would reach Earth. Therefore, IP shocks are one of the manifestations of solar disturbances in IP spaces because their arrival at Earth’s orbit corresponds to the sudden commencement of geomagnetic storms, marking the onset of corresponding geomagnetic disturbances (Gopalswamy et al., 2008b). Type II radio bursts provide information on the physical characteristics of IP shocks and their behavior because they traverse the solar corona and IP spaces. The IP shocks observed at 1 AU are associated with CME originating from the sun. They propagate into IP spaces at speeds ranging from hundreds to thousands of kilometers per second. When interacting with Earth’s magnetic field, they can cause severe space weather effects and geomagnetic storms (Burlaga et al., 1981; Zhang and Burlaga, 1988; Gosling, 1993; Gonzalez et al., 1994; Schwenn et al., 2005).
The geoeffectiveness of CMEs is crucial in space weather research and forecasting, determining their ability to reach Earth, their arrival time, and their potential impact on Earth. The CME associated with type II radio bursts has greater energy than an ordinary CME (Gopalswamy et al., 2001). Furthermore, type II radio bursts are considered as direct indicators of CME-driven IP shocks (Lara et al., 2003; Gopalswamy et al., 2005; Vasanth et al., 2011). The frequency drift rate of type II radio bursts can be employed to estimate the velocity of CME-driven IP shocks. The occurrence frequency of type II radio bursts can be employed to estimate the height of the solar corona where the CME-driven shock originates. Type II radio bursts exhibit split-band structures that estimate the strength of coronal and IP magnetic fields; thus, it cannot be replaced by other methods. Studies reveal that CMEs associated with decametric type II radio bursts are faster, wider, and have higher energy levels (Gopalswamy et al., 2001; Lara et al., 2003). Therefore, researchers can utilize the characteristics of radio bursts near the sun and in IP spaces to predict the geoeffectiveness of the CMEs/shocks associated with IP type II bursts that are far from the sun (Gopalswamy et al., 2008b). For example (Valach et al., 2014), utilized decimetric type II radio bursts as inputs for their artificial neural network prediction method to forecast strong geomagnetic storms (Kumari et al., 2023). conducted a statistical analysis of type II bursts between 25 and 200 MHz during solar cycles 23 and 24, establishing a temporal correlation between these radio bursts and CME events.
This study investigated the causal relationship between IP radio bursts and the corresponding geomagnetic responses in Earth’s space environment. We utilized existing observational datasets to compile and organize IP shock events detected by satellite instruments during solar cycles 23 and 24 (1996–2009). Additionally, we used lists of CME/IP coronal mass ejection (ICME) and type II IP radio burst events during the same period, forming a comprehensive dataset of solar-IP disturbance events. The remainder of this paper is organized as follows. Section 2 introduces the dataset used for the statistical analysis and method of event selection. Section 3 presents the statistical results regarding the correlations between the CME, type II radio bursts, and IP shocks. Section 4 discusses and summarizes the findings of statistical analyses.
2 DATA AND EVENTS
2.1 Event list
The data sources used in this study are as follows:
1. SOHO/LASCO records CME events in the catalog. https://cdaw.gsfc.nasa.gov/CME_list/
The coronal mass ejection information was obtained using the LASCO CME catalog maintained by the CDAW Data Center (Yashiro et al., 2004). The LASCO onboard the SOHO spacecraft provided the start time and linear initial velocity of CMEs. LASCO observations were employed to determine the CME height and its propagation in IP space. For each event, the catalog provided the appearance time of the CME in the LASCO C2 field of view (FOV), central position angle (CPA), angular width, height-time plots from linear and second-order fits, CME velocity, and other relevant information. The directory contained all CME manually identified from SOHO’s LASCO since 1996. Additionally, it included kinematic characteristics, such as the start and end times, projected velocity, angular width, and mass, and the corresponding links for image and video downloads.
2. List of type II and Type IV Radio Burst Events Recorded by WIND/WAVES. https://spdf.gsfc.nasa.gov/pub/data/stereo/documents/websites/solar-radio/wind/data_products.html.
The catalog provided the start and stop times of II and types IV radio bursts and the upper and lower frequency limits. Most entries also included annotations and dynamic spectra of partial radio emissions.
3. The list of type II radio bursts recorded by Wind/WAVES along with associated flares and CME events. https://cdaw.gsfc.nasa.gov/CME_list/radio/waves_type2.html.
The radio burst catalog compiled in (Gopalswamy et al., 2019) includes information on type II radio bursts recorded by Wind/WAVES and their characteristics. However, this also contains information on associated CME, flares, the source region on the solar disk, and solar energetic particle (SEP) events. The provision of images and spectra for each type II IP radio burst and its related phenomena is also a crucial feature of this catalog. However, this enables users to correlate various events and utilize the tools provided for further online measurements, facilitating further research into potential solar bursts.
4. The list of IP shock events recorded by WIND. https://lweb.cfa.harvard.edu/shocks/wi_data/index.html.
Stevens and Kasper maintained the online database of IP shocks observed by the Wind and ACE spacecraft, which provide information, such as the start and end times of the shock, and type of shock (Wu and Lepping, 2016; Wilson III et al., 2017).
5. The geomagnetic activity Dst index. https://wdc.kugi.kyoto-u.ac.jp/dst_final/index.html.
The Dst index was provided hourly by the Graduate School of Science and the Kyoto University Center for Planetary Magnetic and Space Physics Data Analysis. Additionally, it was employed to identify the presence of geomagnetic storms and determine their intensity levels of geomagnetic storms. The intensity of the geomagnetic storms was classified based on the Dst index. ICMEs that the reach Earth can impact its magnetosphere. The southward magnetic field within the CME can reconnect with Earth’s magnetosphere, leading to responses, such as geomagnetic storms in Earth’s space environment. The Dst index was employed to quantify the severity of the geomagnetic disturbances corresponding to the arrival of IP shocks on Earth.
6. List of ICME Events. https://izw1.caltech.edu/ACE/ASC/DATA/level3/icmetable2.htm.
IP shocks were driven by ICMEs. Based on their velocity and IP characteristics, the ICMEs may reach Earth within 1–5 days after the burst (Lawrance et al., 2016). The ICME list edited by Richardson and Cane(Cane and Richardson, 2003; Richardson and Cane, 2010) provided information on the timing and characteristics of solar-terrestrial disturbances, including CMEs, disturbances (related to the onset of geomagnetic storms and associated with shock arrival), ICMEs, and Dst index (Yashiro et al., 2004; Gopalswamy et al., 2009).
2.2 Event selection
Events from January 1996 to December 2019 were selected based on these websites, covering solar Cycles 23 and 24. After filtering and comparing these database directories, we collated and completed the relevant information for each event. Our statistical results show that 638 type II IP radio burst events and 541 IP shock events at the L1 point were identified (as illustrated in Table 1). In this study, “shock” events refer to shock events at the L1 point without a corresponding type II burst and CME. However, some of them may have corresponding geomagnetic responses. “Type II burst” events refers to cases with only type II radio burst events occurring without corresponding CME and shock events or where type II radio burst and CME events correspond one-to-one, without corresponding IP shock events. “Type II burst-shock” events refers to the type II bursts associated with the shocks reaching Earth, indicating type II burst events effective on Earth. These events are identified based on the following criteria: a frequency drift lasting from several hours to 4–5 days from the beginning of the type II. When the frequency decreases to approximately 30 kHz, the wind spacecraft can detect the density and velocity changes associated with the shock in situ. Based on the above-mentioned criteria, we identified 180 type II burst-shock events, as illustrated in Table 1. Additionally, we listed the occurrence time and type of IP shock. The date and time of first appearance in the LASCO/C2 FOV and the CPA, sky-plane width of CMEs, and each CME has three speeds: 1) linear speed obtained by fitting height-time measurements with a 1st order polynomial fit; 2) quadratic speed obtained by fitting height-time measurements with a 2nd order polynomial fit and evaluating the speed at the last (possible) height measurement; 3) the speed evaluated when the CME is at a height of 20 solar radii, similar to (2). Each CME is also characterized by an acceleration, mass and a kinetic energy. The end time, frequency, and frequency spectrum of type II burst. The Dst index, and peak time of Dst index. The start and end time, average speed, maximum speed, and transient speed of the ICME; and time of sudden onset of the associated geomagnetic storm. However, if a significant peak in the Dst index within 20–100 h after a CME occurs, it is associated with geomagnetic storms. Geomagnetic storms were classified into five categories based on the minimum value of the geomagnetic Dst index: weak (−30 to −50 nT), moderate (−50 to −100 nT), strong (−100 to −200 nT), severe (−200 to −350 nT), and great (<−350 nT). However, if Dst[image: image]-50nT, this event was considered geoeffective (Loewe and Prölss, 1997; Gopalswamy et al., 2007). Figure 1 shows an example of a CME event associated with an intense geomagnetic storm and an IP type II burst.
TABLE 1 | Statistical analysis of geoeffective events during solar cycles 23 and 24.
[image: Table 1][image: Figure 1]FIGURE 1 | Example of CME-type II burst events associated with a major geomagnetic storm. (A) LASCO C2 running difference image of the CME. (B) Corresponding dynamic radio spectrum of the IP type II burst recorded by Wind/WAVES. (C) Relevant Dst profile from the Kyoto geomagnetic database.
3 STATISTICAL RESULTS
This section presents the statistical results of the correlations among CMEs, type II radio bursts, and IP shocks. Subsequently, it discusses the statistical analysis of geoeffective events associated with type II radio bursts.
3.1 Arrival probability of type II burst-shock events
Figure 2 shows the monthly distribution of sunspots from 1996 to 2019 (solar cycles 23 and 24). Solar cycle 23 spanned from the end of 1996 to the end of 2008. However, solar cycle 24 decreased in sunspot numbers compared with solar cycle 23. Figure 3 shows the distribution of type II radio bursts recorded by Wind/WAVES during these two cycles, whereby the orange bars represent the total number of type II radio bursts per year. The green bars indicate the number of type II bursts associated with shocks that reached Earth. Overall, the distribution of type II bursts correlated with sunspot numbers, with fewer events occurring during the solar minima and more events occurring during the solar maxima. However, in 1999 and 2005, the occurrence rates of CMEs were anomalous, leading to a significant decrease in event count.During solar cycles 23 and 24, Wind/WAVES recorded 638 type II bursts, while 541 shocks were observable at the L1 point by the wind. Additionally, 180 type II burst-shock events occurred, as illustrated in Table 1. Approximately 28.21% (type II burst-shock/type II bursts) of the type II burst-associated shocks propagated to Earth. Approximately 33.27% (type II burst-shock/shocks) of the IP shocks on Earth were associated with type II bursts.
[image: Figure 2]FIGURE 2 | Monthly distribution of sunspot numbers from 1996 to 2019 (solar cycles 23 and 24).
[image: Figure 3]FIGURE 3 | The annual distribution of type II bursts (orange) and “type II burst-shock” events (green) for solar cycles 23 and 24 (1996–2019).
3.2 Cutoff frequency of type II radio bursts and their associated shock’s arrival probability
The study aimed to investigate if the cutoff frequency of type II bursts can effectively predict the geo-effectiveness of the CME/shock. Among the “type II burst-shock” events, 19.49% were associated with “type II burst-shock” events with cutoff frequencies of approximately 1 MHz, 29.29% with “type II burst-shock” events with cutoff frequencies of approximately 100 kHz, and 50.96% with “type II burst-shock” events with cutoff frequencies of approximately 10 kHz. Figure 4 shows a histogram of the probability of “type II burst-shock” events reaching Earth for various cutoff frequencies from 1996 to 2019. The x-axis represents the cutoff frequencies of type II bursts, ranging from 10 kHz to [image: image] kHz. The y-axis represents the corresponding probability of reaching Earth. We conducted a regression analysis on the distribution of the histograms, which shows an exponentially decreasing trend, indicating that the corresponding shocks of the type II bursts with lower cutoff frequencies can potentially reach the Earth. The adjusted R square of the fitted equation of the regression curve is 0.9877, which indicates the statistical significance of the fitted result, thus confirming the reliability of the empirical relationship of the fitted curve. Therefore, the presence of type II bursts and their corresponding cutoff frequencies can serve as indicators for the corresponding shock’s arrival on Earth. Lower cutoff frequencies of type II bursts increase the IP shock reaching Earth.
[image: Figure 4]FIGURE 4 | Probability of reaching Earth of the type II burst-shock events for different cuttoff frequencies.
3.3 Distribution of cutoff frequencies of type II radio bursts and the related geomagnetic storm intensity
Because of the rarity of great storms (Dst < −350 nT) occurring between 1996 and 2009, this study categorized geomagnetic storm events into four classes: weak (−30 to −50 nT), moderate (−50 to −100 nT), strong (−100 to −200 nT), severe, and great (<−200 nT). During solar cycles 23 and 24, 426 geomagnetic storms occurred. Approximately 23% of which were associated with type II burst-shock events (99 events).
To demonstrate the impact of type II burst cutoff frequencies on the occurrence and intensity of geomagnetic storms and reveal whether the cutoff frequency of these bursts can serve as an effective indicator for geomagnetic storm forecasting, we computed the number of events associated with type II bursts at various cutoff frequencies. Figure 5 shows the distribution of geomagnetic response events (average Dst index) for each type of shock event. This indicates that the lower the cutoff frequency of a type II burst, the stronger the geomagnetic response of the corresponding shock; additionally, type II burst-shock events have a stronger geomagnetic response than shock events without a corresponding type II burst. This implies that the presence of IP type II radio bursts and their corresponding cutoff frequencies can be used as a measure of the geomagnetic effect of CMEs or shocks on Earth.
[image: Figure 5]FIGURE 5 | Bar chart illustrating the averaged geomagnetic storm intensity caused by the type II radio bursts with different cutoff frequencies.
4 DISCUSSION
This study investigated the geoeffectiveness of solar-IP disturbances associated with type II bursts and IP shocks during solar cycles 23 and 24 (1996–2009). The results showed that approximately 28.21% of the type II radio bursts were associated with IP shocks on Earth, whereas 33.27% of the IP shock events on Earth were associated with type II radio bursts. Regarding the impact of the cutoff frequency of type II radio bursts on the intensity of the geomagnetic response induced by the corresponding CME/shock, IP type II radio bursts and their cutoff frequencies can serve as indicators of the geoeffectiveness of CME/shock on Earth. IP shocks accompanying type II bursts induce a stronger geomagnetic response than shocks not associated with type II bursts. Lower cutoff frequencies of Type II bursts typically indicate that the associated shocks are more energetic and propagating at higher speeds. This increase in energy and velocity can result in stronger emissions in the radio spectrum. As these intensified shocks travel through the solar atmosphere and expand outward, they have a greater likelihood of reaching Earth. Therefore, lower cutoff frequencies of the type II radio bursts increase the probability of the corresponding shock’s reaching Earth, intensifying the geomagnetic response induced by the shocks, the presence of IP type II radio bursts can serve as indicators for predicting the geoeffectiveness of the corresponding IP shocks on Earth. In the future, this research will be expanded to integrate with predictive models of shock arrival time and imaging observations of type II bursts. Leveraging the established white light imaging observation techniques, multiple datasets can be merged to enhance the understanding of the kinematic process and origin of these type II radio bursts. This approach is beneficial for increasing the accuracy of predicting severe space weather impacts associated with solar and interplanetary disturbances.
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