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ABSTRACT
Coronal Mass Ejections (CMEs) are primary drivers of space weather, yet their propagation dynamics remain poorly constrained across different solar cycles (SCs) and angular width (AW) regimes. This study presents a comparative analysis of narrow (≤30°), normal (30° < AW < 120°), and wide (≥120°) CMEs across SCs 23 and 24 using SOHO/LASCO observations spanning 1996–2019. We find that SC 24 CMEs are systematically slower, less massive, and exhibit reduced AWs compared with SC 23. Peak linear speeds in SC 23 reached 961 km/s for wide CMEs (year 8) versus only 687 km/s in SC 24 (year 4)—a 28% reduction. Similarly, peak CME kinetic energy dropped from  J in SC 23 to 2.J in SC 24, while the maximum CME mass decreased from 2.8×10¹⁵ g to 1.8×10¹⁵ g. Statistical analysis reveals contrasting distributional characteristics: SC 24 narrow CMEs exhibit extreme leptokurtosis (mass kurtosis = 16.38 vs. 2.76 in SC 23), indicating rare high-mass outliers absent in the previous cycle. Most significantly, we identify an anomalous propagation behaviour for 120° CMEs in SC 24, with arrival times of 4.43 days compared with 0.88 days for equivalent SC 23 events—a 400% increase. To explain this, we develop a semi-analytical propagation model incorporating cycle-dependent variability (γ) and dissipation (δ) parameters. The model achieves good predictive estimates of arrival time (RMSE = 1.34 hours, R² = 0.99874) across diverse validation events, including Bastille Day and Halloween Storm events. We demonstrate that the 120° anomaly could arise from coupled effects: higher drag (δ = 0.35 day⁻¹) and reduced expansion efficiency (γ = 0.80) in SC 24, which produce stronger deceleration for intermediate-width CMEs. These findings demonstrate that AW is a fundamental predictor of CME evolution, but forecasting models require cycle-specific parameterisation. Our framework provides a plausible, physically consistent foundation for operational space weather forecasting and highlights the critical role of heliospheric conditions in modulating CME geoeffectiveness.
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1. Introduction
Coronal Mass Ejections (CMEs) are energetic manifestations of solar magnetic activity, involving large-scale magnetised plasma eruptions from the solar corona into interplanetary space (Chen, 2011; Webb & Howard, 2012). As primary space weather drivers, they generate geomagnetic storms that impact satellites, communication networks, and terrestrial infrastructure (Zhang et al., 2007; Gopalswamy, 2022). Their kinematic and morphological properties vary across solar cycles, reflecting changes in solar magnetic activity and heliospheric conditions. Comparative analyses of Solar Cycles (SCs) 23 and 24 reveal systematic differences in CME occurrence rates, speed distributions, and dynamical evolution, primarily due to the weaker solar and heliospheric environment of SC 24 (Onuchukwu & Umuogbana, 2025a, 2025b). Baseline relationships between solar activity indices and CME characteristics were established for SC 23 (Onuchukwu, 2018), while subsequent studies show that SC 24 CMEs are slower with distinct acceleration profiles (Onuchukwu & Umuogbana, 2025a), necessitating classification frameworks that incorporate both geometric and dynamical properties.
Among CME parameters, angular width (AW) critically determines expansion, solar wind interaction, and Earth-impact likelihood. Although wider CMEs generally exhibit higher geoeffectiveness, not all front-side eruptions produce detectable interplanetary counterparts (Webb et al., 2000; Wang et al., 2004; Zhao et al., 2002). Width-categorised CME populations exhibit distinct kinematic and energetic characteristics (Mittal et al., 2009), and even narrow CMEs can drive impulsive solar energetic particle (SEP) events and interact with corotating interaction regions (CIRs), highlighting their dynamical relevance (Kahler et al., 2001). We classify CMEs into three AW categories: narrow (AW ≤ 30°), normal (30° < AW < 120°), and wide (AW ≥ 120°). This follows previous analyses (Onuchukwu & Umuogbana, 2024) demonstrating systematic width-dependent property variations. While prior investigations have largely focused on speed-based classifications—slow versus fast or accelerating versus decelerating populations (Onuchukwu & Umuogbana, 2025a, 2025b)—these approaches do not explicitly capture geometric expansion, which is intrinsically linked to AW.
CME propagation is governed by expansion driven by internal magnetic pressure and solar wind interactions. Expansion can be characterised by leading–trailing edge velocity differentials or internal–external pressure imbalances (Jian et al., 2006; Gulisano et al., 2010) and governs transit times and arrival characteristics at 1 AU (Xue et al., 2005). Crucially, expansion dynamics are modulated by cycle-dependent heliospheric conditions. SC 24, marked by reduced activity and lower heliospheric pressure, constitutes a distinct propagation regime. Observational evidence indicates that diminished ambient pressure permits enhanced initial expansion, whereas reduced magnetic content limits sustained expansion at larger heliocentric distances (Gopalswamy et al., 2014, 2015b, 2020; Mishra et al., 2021). These competing effects suggest AW evolution—and thus CME classification—may differ fundamentally between SCs 23 and 24.
Recent multiviewpoint analyses indicate that correcting projection effects can materially change inferred CME speed–width relationships, underscoring the need to interpret apparent angular widths cautiously (Gandhi et al., 2024). A recent statistical assessment of flare-associated CMEs across SCs 23 and 24 further reported that angular width alone does not determine CME speed or the associated flare class (Sanon et al., 2026). Comparisons of remote and in situ observations also show that estimates of CME arrival time, radial size, and expansion speed can differ, supporting propagation frameworks that explicitly account for expansion (Agarwal & Mishra, 2024).
Although previous studies have established cycle-dependent differences in occurrence, speed, acceleration, and AW characteristics (Onuchukwu, 2018; Onuchukwu & Umuogbana, 2024), a comprehensive framework integrating AW classification with propagation dynamics is lacking. Here, we address this gap by comparing narrow, normal, and wide CME propagation dynamics across SCs 23 and 24. By linking AW to expansion and heliospheric conditions, this work aims to provide a physically consistent picture of CME evolution and improve space weather forecasting capability.

2. Data and Data Analysis
2.1 Data Source and Classification
CME data for SCs 23 and 24 were obtained from the SOHO/LASCO CME catalog, a comprehensive database of white-light CME observations spanning from 1996 to the present (Yashiro et al., 2004; Gopalswamy et al., 2009). The catalog provides key parameters, including apparent linear speed, AW, acceleration, mass, and kinetic energy. For this study, CMEs were classified into three categories based on apparent angular width: narrow (AW ≤ 30°), normal (30° < AW < 120°), and wide (AW ≥ 120°). This classification is consistent with established statistical treatments of CME angular distributions and facilitates a systematic assessment of width-dependent behaviour across solar cycles (Mittal et al., 2009).
2.2 Treatment of Projection Effects
CME parameters derived from coronagraph observations are subject to projection effects, as measurements represent two-dimensional projections of inherently three-dimensional structures (Burkepile et al., 2004; Vourlidas et al., 2010). Consequently, AWs are generally overestimated for non-limb events, while measured speeds represent lower limits of true radial velocities. Accurate correction of these effects requires source region identification and event-specific geometric modelling (Xie et al., 2004; Zhao et al., 2002). However, given the large sample size and the comparative scope of this study, apparent parameters are used directly. This approach is widely adopted in statistical CME studies (Compagnino et al., 2017). It is assumed that projection effects are randomly distributed across both solar cycles; therefore, while absolute values may be biased, relative comparisons and statistical trends between SCs 23 and 24 remain robust (Gopalswamy et al., 2015a). The associated scatter is acknowledged as a source of uncertainty, particularly in analyses involving AW.
2.3 Statistical Methods
Temporal variations in CME properties were examined using the annual datasets. Yearly mean values of key parameters (speed, AW, and mass) were computed to characterise long-term trends for each CME category; the distributional characteristics, such as skewness, kurtosis, and variability, were evaluated using the raw data.
2.4 Correlation Analysis
Pearson correlation analysis was employed to quantify relationships among CME parameters (e.g., speed, AW, mass, and kinetic energy) within each AW category. Analyses were performed separately for SCs 23 and 24 to assess cycle-dependent differences. Statistical significance was evaluated using standard p-values with a threshold of α = 0.05. This framework enables robust identification of parameter interdependencies and provides quantitative insight into how CME populations of different angular widths respond to varying solar and heliospheric conditions.
2.5 Propagation Model
The ice-cream-cone model and the self-similar expansion assumption oversimplify CME structure (Xue et al., 2005. Subramanian et al., 2014); Full MHD simulations are computationally prohibitive for large statistical studies (Raghav & Shaikh, 2020), whereas classical drag-based models treat CMEs as rigid bodies (Vršnak et al., 2013). Therefore, we introduce a semi-analytical model that incorporates the dynamic coupling between CME expansion and propagation. The model is built on two key physical principles: kinematic evolution and energy dissipation, enabling the quantification of how AW and cycle-dependent heliospheric conditions modulate propagation dynamics across the two SCs.

3.0 Results and Discussion
The time series plots of mean CME AW for SCs 23 and 24 shown in Figure 1 reveal distinct cycle-dependent and class-dependent behaviours, with clear differences in amplitude, variability, and temporal evolution across the four CME categories (ALL, NAR, NOR, and WID). For the ALL-CME population, the plots exhibit a pronounced solar-cycle modulation, particularly in SC 23. The curve shows a rapid rise during the early ascending phase (Years 1–3), reaching a broad maximum between Years 2 and 6 (~65°–73°), followed by a gradual decline toward the late descending phase (~20° by Year 13). In contrast, SC 24 displays a similar but significantly attenuated profile, with lower peak values (~66°) and a more compressed temporal evolution. This difference reflects the weaker magnetic and eruptive activity associated with SC 24, leading to reduced CME expansion on average.
The narrow CME (NAR) plots are comparatively flat, with both cycles exhibiting minimal temporal variability. The AW values remain tightly constrained (~12°–19°), showing only small, quasi-random fluctuations with no clear solar-cycle phase dependence. This indicates that narrow CMEs are largely insensitive to the global solar dynamo strength and may be governed by localised magnetic processes that persist across all phases of the cycle. For the normal CME (NOR) category, the plots show moderate stability with slight cyclical modulation. SC 23 exhibits a gentle increase toward mid-cycle (~78°), followed by a gradual decline, whereas SC 24 remains more uniform (~67°–77°) with reduced variability. The relatively narrow spread suggests that normal CMEs represent a baseline population whose angular widths are only weakly modulated by large-scale solar activity.


Figure 1: Time series of the mean CME AW for SC 23 (blue solid line) and SC 24 (red line). The data are categorized into (a) ALL CMEs, (b) NAR (AW ≤ 30°), (c) NOR (30° < AW < 120°), and (d) WID (AW ≥ 120°). The x-axis represents the year elapsed since the start of each SC.  The plot highlights the persistently lower mean AW in SC 24 compared to SC 23, primarily attributed to a reduction in wide CMEs, except for an anomalous peak of wide CMEs in Year 10 of SC 24. Conversely, the NAR and NOR categories exhibit remarkably consistent behavior across both cycles.

The wide CME (WID) plots display the most significant variability and provide the clearest signature of solar-cycle influence. In SC 23, the AW values are elevated during the ascending and maximum phases (~220°–256°), followed by a systematic decrease toward the descending phase (~176°). SC 24, however, shows a more irregular pattern, including a notable late-cycle enhancement (~284° at Year 10), indicating sporadic occurrences of highly expansive CMEs despite the overall weaker cycle. This suggests that extreme CME events are not solely controlled by the global cycle amplitude but may arise from episodic, highly complex active regions. Overall, the plots demonstrate that CME angular width is strongly dependent on both event classification and solar cycle phase, with variability increasing from NAR to WID classes. The comparison further highlights that SC 23 is characterised by higher amplitudes and clearer cyclical structure, whereas SC 24 exhibits reduced intensity and greater irregularity. These findings reinforce the interpretation that large-scale heliospheric conditions modulate the expansion properties of CMEs, while smaller events remain comparatively unaffected.

[bookmark: _Hlk233035574]Figure 2: Time series of the mean CME LS for SC 23 (blue solid line) and SC 24 (red line). The data are categorized into (a) ALL CMEs, (b) NAR (AW ≤ 30°), (c) NOR (30° < AW ≤ 120°), and (d) WID (AW ≥ 120°). The x-axis represents the year elapsed since the start of each SC.

Figure 2 displays the temporal evolution of annual mean CME linear speed (LS) (km s⁻¹) throughout SCs 23 and 24, separated into four angular‑width (AW) classes: ALL events, NAR (AW ≤ 30°), NOR (30° < AW< 120°), and WID (AW ≥ 120°). For the ALL category, SC 23 climbs from 270 km s⁻¹ (year 1) to a first peak of 494 km s⁻¹ at year 5, dips marginally to 472 km s⁻¹ (year 6), then attains its cycle maximum of 542 km s⁻¹ at year 8, after which it declines steadily to 267 km s⁻¹ (year 13). SC 24 rises more gradually from 271 km s⁻¹ to an early, single maximum of 386 km s⁻¹ at year 4, and thereafter trends downward with minor fluctuations, ending at 254 km s⁻¹ (year 11). From year 5 onward, the SC 24 curve lies consistently below that of SC 23, and its peak is roughly 150 km s⁻¹ lower.
In the NAR category, SC 23 exhibits a pronounced double‑peak structure with maxima of 558 km s⁻¹ (year 4) and 563 km s⁻¹ (year 8), followed by a gradual decrease to 276 km s⁻¹. SC 24 peaks earlier and lower, reaching 349 km s⁻¹ at year 4, then undulates in a narrow range (∼320–346 km s⁻¹) before declining to 267 km s⁻¹, lacking the strong secondary maximum seen in SC 23. The NOR panel reveals a plateau‑like maximum for SC 23: speeds exceed 450 km s⁻¹ from year 5 to year 8 (peak 458 km s⁻¹ at year 7) and then monotonically decrease to 248 km s⁻¹. SC 24, starting from a much lower 202 km s⁻¹, climbs to a solitary peak of 354 km s⁻¹ at year 4 and subsequently falls to 241 km s⁻¹, remaining roughly 100 km s⁻¹ below SC 23 through the declining phase.
The WID class displays the fastest speeds and the most complex temporal morphology. SC 23 rises sharply from 418 km s⁻¹ to 755 km s⁻¹ (year 3), maintains values above 600 km s⁻¹ for eight consecutive years, and reaches an absolute maximum of 961 km s⁻¹ at year 8. A brief decline to 748 km s⁻¹ (year 9) is followed by a secondary peak of 860 km s⁻¹ at year 10, before a rapid descent to 370 km s⁻¹. In contrast, SC 24 peaks at 672 km s⁻¹ (year 4), decreases to a local minimum of 408 km s⁻¹ (year 8), then exhibits a unique late rebound to 687 km s⁻¹ at year 9—the only instance where SC 24 surpasses its year‑4 value. After year 9, the speed collapses to 297 km s⁻¹. The SC 24 WID curve lacks the sustained high‑speed plateau characteristic of SC 23, and its overall magnitude is consistently lower except during a brief interval around years 4 and 9.
Across all categories, the time series underscore the strong cycle‑phase dependence of CME speeds and the pronounced disparity between SC 23 and SC 24, with the latter exhibiting an earlier, lower, and shorter‑lived maximum. The AW ordering (WID > NAR ≳ NOR in peak speeds) is preserved in both cycles, but the magnitude difference is most dramatic in the WID class, highlighting the reduced eruptive efficiency of SC 24 for the most energetic events.

Table 1 The yearly mean values and mean deviation of Angular Width (AW), Linear Speed (LS), Initial Speed Final Speed (FS), and Speed at 20 Solar Radii (20R)—for Solar Cycles (SC) 23 and 24 for (a) ALL CMEs, (b) NAR (AW ≤ 30°), (c) NOR (30° < AW ≤ 120°), and (d) WID (AW ≥ 120°). 
	Table 1a:  Angular Width – AW (Deg)

	Year
	SC  23 
ALL
	SC 24 
ALL
	SC 23 
NAR
	SC 24
 NAR
	SC 23 
NOR
	SC 24  
NOR
	SC 23  
WID
	SC 24 
WID

	1
	54.6±4.2
	22.4±1.7
	18.8±1.4
	11.3±0.9
	66.3±5.1
	67.8±5.2
	221.2±16.8
	216.1±16.4

	2
	71.7±5.4
	40.2±3.1
	17.1±1.3
	14.2±1.1
	70.7±5.4
	74.8±5.7
	251.6±19.1
	202.2±15.3

	3
	66.6±5.1
	52.8±4.1
	17.1±1.3
	15.4±1.2
	74.0±5.6
	74.7±5.7
	255.5±19.4
	220.3±16.7

	4
	72.1±5.5
	65.3±5.1
	17.7±1.3
	17.3±1.3
	77.6±5.9
	76.4±5.8
	197.5±15.1
	227.5±17.2

	5
	65.4±5.1
	58.3±4.4
	17.4±1.3
	17.8±1.4
	75.7±5.8
	75.8±5.8
	227.5±17.3
	210.2±16.1

	6
	73.5±5.6
	66.3±5.1
	18.7±1.4
	18.5±1.4
	74.9±5.7
	77.0±5.8
	223.5±17.1
	208.8±15.8

	7
	62.2±4.7
	50.6±3.8
	17.4±1.3
	16.5±1.3
	73.9±5.6
	76.7±5.8
	223.1±16.9
	213.4±16.2

	8
	60.3±4.6
	42.3±3.2
	17.1±1.3
	15.6±1.2
	75.2±5.7
	75.9±5.8
	224.3±17.1
	189.6±14.4

	9
	62.2±4.7
	43.9±3.3
	17.9±1.4
	15.9±1.2
	75.6±5.7
	74.3±5.6
	230.4±17.5
	215.5±16.4

	10
	60.4±4.6
	30.2±2.3
	15.8±1.2
	15.9±1.2
	71.7±5.4
	68.0±5.2
	251.4±19.1
	284.4±21.6

	11
	37.8±2.9
	29.8±2.3
	16.7±1.3
	14.2±1.1
	69.8±5.3
	67.2±5.1
	244.6±18.6
	198.4±15.1

	12
	23.5±1.8
	
	13.4±1.1
	
	69.6±5.3
	
	226.1±17.2
	

	13
	20.4±1.5
	
	11.6±0.9
	
	65.6±5.1
	
	176.5±13.4
	



	Table 1b: Linear Speed  -  LS (km/s)

	Year
	SC  23 
ALL
	SC 24 
ALL
	SC 23 
NAR
	SC 24
NAR
	SC 23 
NOR
	SC 24  
NOR
	SC 23  
WID
	SC 24 
WID

	1
	270.2±20.5
	271.2±20.6
	240.0±18.2
	295.4±22.4
	296.0±22.5
	202.0±15.3
	418.1±31.8
	266.1±20.2

	2
	318.3±24.2
	327.2±24.9
	325.2±24.7
	331.8±25.2
	316.1±24.1
	313.6±23.8
	428.3±32.5
	459.2±34.9

	3
	412.8±31.4
	355.8±27.1
	382.1±29.1
	325.8±24.8
	371.5±28.2
	337.2±25.6
	754.8±57.3
	653.5±49.6

	4
	492.2±37.4
	385.5±29.3
	558.4±42.4
	349.2±26.5
	436.5±33.2
	353.9±26.9
	648.6±49.3
	672.4±51.1

	5
	494.4±37.6
	352.8±26.8
	493.3±37.5
	318.3±24.2
	451.6±34.3
	335.6±25.5
	748.6±56.9
	617.4±46.8

	6
	472.4±35.9
	364.0±27.7
	454.6±34.5
	346.1±26.3
	419.1±31.8
	323.1±24.5
	753.0±57.2
	586.4±44.5

	7
	504.8±38.4
	343.8±26.1
	479.3±36.4
	323.8±24.6
	458.3±34.8
	325.6±24.7
	854.0±64.9
	612.6±46.5

	8
	542.2±41.2
	305.5±23.2
	563.1±42.8
	311.2±23.6
	453.8±34.5
	302.0±22.9
	960.6±73.1
	408.6±31.1

	9
	446.9±34.1
	307.9±23.4
	454.4±34.5
	295.3±22.4
	382.9±29.1
	316.3±24.1
	747.6±56.8
	687.2±52.2

	10
	435.4±33.1
	259.1±19.7
	402.7±30.6
	278.6±21.2
	378.7±28.8
	244.8±18.6
	860.0±65.3
	372.2±28.3

	11
	321.6±24.4
	254.0±19.3
	322.5±24.5
	267.4±20.3
	325.9±24.8
	240.7±18.3
	544.4±41.4
	297.4±22.5

	12
	255.2±19.4
	
	255.0±19.4
	
	260.4±19.8
	
	511.5±38.9
	

	13
	267.3±20.3
	
	276.3±21.1
	
	248.4±18.9
	
	370.4±28.1
	



	Table 1c: Initial Speed – IS (km/s)

	Year
	SC  23 
ALL
	SC 24 
ALL
	SC 23 
NAR
	SC 24
NAR
	SC 23 
NOR
	SC 24  
NOR
	SC 23  
WID
	SC 24 
WID

	1
	243.9±18.5
	228.9±17.4
	228.3±17.3
	258.0±19.6
	262.5±19.9
	127.8±9.7
	353.7±26.9
	178.4±13.5

	2
	293.4±22.3
	286.5±21.8
	300.9±22.9
	296.7±22.5
	288.4±21.9
	251.6±19.1
	415.7±31.6
	398.5±30.3

	3
	399.0±30.3
	327.4±24.9
	383.4±29.1
	297.5±22.6
	337.5±25.6
	298.9±22.7
	749.0±56.9
	643.3±48.9

	4
	500.2±38.1
	362.2±27.5
	568.8±43.2
	320.7±24.4
	439.8±33.4
	322.8±24.5
	657.7±50.1
	680.2±51.7

	5
	498.1±37.8
	331.1±25.2
	500.9±38.1
	293.8±22.3
	440.7±33.5
	314.5±23.9
	775.2±58.9
	633.3±48.1

	6
	456.4±34.7
	354.8±27.1
	449.3±34.1
	323.3±24.6
	394.9±30.1
	315.3±24.1
	737.2±56.1
	626.8±47.6

	7
	507.2±38.5
	323.2±24.6
	485.6±36.9
	302.3±23.1
	455.0±34.6
	304.5±23.1
	851.7±64.7
	599.7±45.5

	8
	540.4±41.1
	275.3±20.9
	569.6±43.3
	278.7±21.2
	438.1±33.3
	276.7±21.1
	978.6±74.4
	360.4±27.4

	9
	436.7±33.2
	271.6±20.6
	456.8±34.7
	254.2±19.3
	351.7±26.7
	278.8±21.2
	742.9±56.4
	694.5±52.7

	10
	415.2±31.5
	223.5±17.1
	378.6±28.8
	242.±18.4
	349.1±26.5
	205.6±15.6
	857.3±65.1
	374.2±28.4

	11
	290.2±22.0
	224.7±17.1
	293.1±22.3
	241.2±18.3
	293.6±22.3
	206.8±15.7
	524.3±39.8
	278.1±21.1

	12
	226.2±17.2
	
	227.8±17.3
	
	218.9±16.6
	
	498.2±37.9
	

	13
	240.1±18.2
	
	254.7±19.4
	
	196.8±15.1
	
	283.3±21.5
	



	Table 1d: Final Speed – FS (km/s)


	Year
	SC  23 
ALL
	SC 24 
ALL
	SC 23 
NAR
	SC 24
NAR
	SC 23 
NOR
	SC 24  
NOR
	SC 23  
WID
	SC 24 
WID

	1
	298.1±22.6
	317.8±24.1
	334.9±25.4
	287.2±21.8
	244.2±18.6
	336.5±25.6
	487.9±37.1
	359.1±27.3

	2
	336.5±25.6
	366.9±27.9
	346.1±26.3
	378.6±28.8
	303.9±23.1
	363.8±27.6
	441.1±33.5
	522.2±39.6

	3
	429.7±32.7
	384.4±29.2
	403.3±30.6
	377.3±28.7
	390.8±29.7
	353.3±26.8
	725.4±55.1
	666.3±50.6

	4
	487.8±37.1
	408.1±31.1
	434.6±33.1
	384.1±29.2
	549.3±41.7
	376.4±28.6
	639.3±48.6
	663.6±50.4

	5
	488.7±37.1
	373.2±28.4
	463.1±35.2
	356.2±27.1
	479.3±36.4
	340.8±25.9
	722.2±54.9
	599.4±45.5

	6
	487.3±37.1
	369.9±28.1
	441.5±33.5
	328.3±24.9
	454.3±34.5
	364.5±27.7
	776.3±59.1
	545.5±41.4

	7
	499.9±38.1
	365.2±27.7
	460.2±35.1
	348.9±26.5
	472.1±35.9
	346.3±26.3
	827.5±62.9
	629.6±47.8

	8
	541.9±41.2
	335.6±25.5
	471.5±35.8
	329.9±25.1
	553.1±42.1
	342.2±26.1
	941.5±71.5
	461.6±35.1

	9
	453.1±34.4
	343.2±26.1
	410.8±31.2
	355.4±27.1
	448.1±34.1
	332.9±25.3
	741.4±56.3
	681.7±51.8

	10
	447.2±34.1
	295.3±22.4
	409.5±31.1
	288.3±21.9
	405.7±30.8
	315.2±23.9
	825.1±62.7
	369.8±28.1

	11
	347.7±26.4
	284.1±21.6
	362.2±27.5
	275.1±20.9
	343.5±26.1
	294.1±22.3
	523.3±39.8
	315.7±23.9

	12
	281.8±21.4
	
	305.2±23.2
	
	278.5±21.2
	
	520.1±39.5
	

	13
	296.1±22.5
	
	303.4±23.1
	
	299.4±22.7
	
	477.5±36.3
	



	Table 1e: Speed at 20 Solar Radii -  20R (km/s)

	Year
	SC  23 
ALL
	SC 24 
ALL
	SC 23 
NAR
	SC 24
NAR
	SC 23 
NOR
	SC 24  
NOR
	SC 23  
WID
	SC 24 
WID

	1
	322.9±24.5
	507.7±38.6
	256.7±19.5
	582.1±44.2
	358.8±27.3
	287.4±21.8
	493.3±37.5
	380.1±28.9

	2
	363.1±27.6
	456.9±34.7
	358.2±27.2
	500.8±38.1
	363.0±27.6
	403.6±30.7
	447.5±34.1
	485.2±36.9

	3
	447.9±34.1
	461.9±35.1
	423.4±32.2
	479.7±36.4
	419.5±31.9
	390.9±29.7
	752.0±57.1
	689.3±52.3

	4
	473.5±36.1
	478.4±36.4
	550.1±41.8
	497.6±37.8
	418.0±31.8
	409.6±31.1
	633.6±48.1
	664.9±50.5

	5
	489.2±37.2
	444.5±33.8
	485.1±36.9
	458.6±34.8
	469.0±35.6
	364.1±27.7
	695.5±52.8
	578.8±43.9

	6
	497.4±37.8
	444.0±33.7
	464.7±35.3
	499.7±38.1
	449.8±34.2
	356.8±27.1
	768.4±58.4
	539.6±40.9

	7
	508.9±38.7
	443.9±33.7
	488.9±37.1
	467.3±35.5
	457.5±34.8
	368.6±28.1
	854.0±64.9
	630.7±47.8

	8
	552.9±42.1
	451.2±34.3
	560.8±42.6
	514.1±39.1
	481.2±36.6
	347.1±26.4
	958.0±72.8
	473.4±35.9

	9
	474.9±36.1
	471.9±35.9
	480.7±36.5
	524.2±39.8
	425.0±32.3
	399.8±30.4
	733.4±55.7
	743.5±56.4

	10
	519.3±39.5
	478.9±36.4
	521.8±39.6
	554.0±42.1
	436.3±33.2
	352.1±26.7
	869.9±66.1
	292.6±22.2

	11
	437.0±33.2
	477.5±36.3
	463.6±35.2
	541.4±41.1
	363.2±27.6
	388.1±29.5
	560.9±42.6
	321.4±24.4

	12
	386.5±29.4
	
	402.1±30.6
	
	326.2±24.8
	
	564.8±42.9
	

	13
	426.3±32.4
	
	453.1±34.4
	
	325.8±24.8
	
	493.5±37.5
	



The mean values of the CME parameters shown in Table 1—Angular Width (AW - Table 1a), Linear Speed (LS - Table 1b), Initial Speed (IS - Table 1c), Final Speed (FS - Table 1d), and Speed at 20 Solar Radii (20R - Table 1e)—for Solar Cycles (SCs) 23 and 24 reveal distinct temporal variations and significant differences between the two solar cycles as well as among the three angular-width classifications: narrow (NAR, ≤30°), normal (NOR, 30°–120°), and wide (WID, ≥120°) CMEs. Overall, SC 23 consistently exhibits larger angular widths and higher propagation speeds than SC 24, indicating that it was the more energetic solar cycle. Although both cycles display similar temporal evolution characterised by increasing CME activity during the ascending and maximum phases followed by declining activity toward solar minimum, SC 23 produced systematically broader and faster eruptions, particularly within the ALL and WID categories.
The evolution of the AW demonstrates clear differences in the geometrical properties of CMEs between the two cycles. For the ALL category, the mean AW in SC 23 increased from 54.6 ± 4.2° in Year 1 to a maximum of 73.5 ± 5.6° in Year 6 before declining steadily to 20.4 ± 1.5° by Year 13. In contrast, SC 24 began with a considerably smaller mean width (22.4 ± 1.7°) and reached its maximum (66.3 ± 5.1°) in Year 6 before decreasing to 29.8 ± 2.3° in Year 11. These observations indicate that CMEs during SC 23 were generally wider throughout the solar cycle. The angular-width classification is also well represented in the data. NAR CMEs remain remarkably stable, varying between approximately 11° and 19° in both cycles, with SC 23 showing slightly larger values than SC 24 during most years, suggesting that the narrow CME population is relatively insensitive to solar-cycle variability. NOR CMEs exhibit the most stable behaviour, maintaining widths between 65° and 78° throughout both cycles, with only minor inter-cycle differences, implying that CMEs within this angular range preserve relatively uniform geometric characteristics regardless of solar activity level. The largest cycle-to-cycle differences occur for WID CMEs, which exhibit widths between 176° and 256° in SC 23 and 190° to 284° in SC 24. Although SC 23 produced consistently broader CMEs during most years, SC 24 generated exceptionally wide eruptions late in the cycle, reaching 284.4 ± 21.6° in Year 10, the highest angular width observed in either cycle. This suggests that despite the generally weaker nature of SC 24, isolated extreme eruptive events still occurred.

The evolution of the LS closely follows the progression of solar activity and highlights the greater energetic output of SC 23. For the ALL category, LS increased from 270.2 ± 20.5 km s⁻¹ in Year 1 to a maximum of 542.2 ± 41.2 km s⁻¹ in Year 8 before declining during the descending phase. In comparison, SC 24 peaked much earlier at 385.5 ± 29.3 km s⁻¹ in Year 4 and remained approximately 100–200 km s⁻¹ slower than SC 23 throughout most of the cycle. The angular-width categories demonstrate a clear dependence of CME speed on angular extent. NAR CMEs exhibit the lowest linear speeds, with SC 23 reaching 563.1 km s⁻¹ in Year 8 compared with only 349.2 km s⁻¹ in SC 24. NOR CMEs display intermediate speeds, generally between 300 and 460 km s⁻¹, with SC 23 consistently exceeding SC 24 during the active years. The most energetic events are the WID CMEs, whose LS reached an exceptional 960.6 ± 73.1 km s⁻¹ in Year 8 of SC 23, compared with 687.2 ± 52.2 km s⁻¹ in Year 9 of SC 24. These results indicate that wider CMEs are associated with substantially greater propagation velocities and that SC 23 produced considerably faster eruptions than SC 24.

The IS exhibits trends nearly identical to those of LS, reflecting stronger CME acceleration during SC 23. For the ALL category, SC 23 attained a maximum IS of 540.4 ± 41.1 km s⁻¹ in Year 8, whereas SC 24 reached only 362.2 ± 27.5 km s⁻¹ in Year 4. Similar behaviour is evident across the angular categories. NAR CMEs remain comparatively slow throughout both cycles, while NOR CMEs display moderate speeds with SC 23 generally exceeding SC 24. The most striking differences occur for WID CMEs, whose IS reached 978.6 ± 74.4 km s⁻¹ in Year 8 of SC 23 compared with 694.5 ± 52.7 km s⁻¹ in Year 9 of SC 24. These findings indicate that the initial acceleration of the largest eruptions was substantially stronger during SC 23, suggesting more efficient energy release from solar active regions.

The behaviour of the FS further supports the conclusion that SC 23 generated more energetic CMEs. For the ALL population, FS increased to 541.9 ± 41.2 km s⁻¹ in Year 8 during SC 23, whereas SC 24 attained only 408.1 ± 31.1 km s⁻¹ in Year 4. Interestingly, the narrow CME category exhibits relatively small differences between the cycles, with SC 24 even exceeding SC 23 during a few years, such as Year 1 (334.9 km s⁻¹ compared with 287.2 km s⁻¹). This behaviour suggests that although SC 24 was generally weaker, narrow CMEs occasionally experienced relatively efficient propagation. Nevertheless, the overall trend remains unchanged, with wide CMEs exhibiting the largest final speeds. SC 23 wide CMEs reached 941.5 ± 71.5 km s⁻¹, while SC 24 peaked at 681.7 ± 51.8 km s⁻¹, indicating that the strongest eruptions during SC 23 retained significantly more kinetic energy throughout their propagation.

The speed at 20 solar radii (20R) provides additional insight into CME propagation through the outer corona. Unlike the other speed parameters, SC 24 begins with a substantially higher ALL value (507.7 km s⁻¹) than SC 23 (322.9 km s⁻¹) during Year 1, suggesting differences in the early-cycle coronal environment or solar wind conditions. However, SC 23 subsequently exhibits a more sustained increase, reaching 552.9 ± 42.1 km s⁻¹ in Year 8, whereas SC 24 remains largely between 440 and 480 km s⁻¹ before declining. A similar pattern is observed for NAR CMEs, where SC 24 frequently exhibits higher 20R speeds, particularly during the early years (e.g., 582.1 km s⁻¹ versus 256.7 km s⁻¹ in Year 1), implying that narrow eruptions in SC 24 may have experienced more efficient acceleration beyond the low corona. The NOR CME category displays mixed behaviour, with neither cycle consistently dominating. In contrast, WID CMEs maintain the highest propagation speeds throughout both cycles, with SC 23 reaching 958.0 ± 72.8 km s⁻¹ in Year 8 and SC 24 attaining 743.5 ± 56.4 km s⁻¹ in Year 9. These observations demonstrate that the largest CMEs preserve high velocities over greater heliocentric distances, particularly during the stronger SC 23.

Comparison among the angular-width divisions reveals a consistent hierarchy across all CME parameters, namely WID > NOR > NAR. Wide CMEs not only possess the greatest angular widths but also exhibit the highest linear, initial, final, and 20R speeds, confirming a strong positive relationship between CME angular extent and propagation energy. Normal CMEs consistently occupy an intermediate position with relatively stable widths and moderate speeds throughout both cycles, while narrow CMEs remain the slowest and least expansive events. The differences between wide and narrow CMEs frequently exceed 400–600 km s⁻¹ during the active phases of the solar cycles, highlighting the strong dependence of CME kinematics on angular width. The temporal evolution further indicates that the highest values for nearly all parameters occurred during the active years of the cycles—approximately Years 4–8 for SC 23 and Years 4–6 for SC 24—followed by progressive declines associated with the descending phases of solar activity.

Overall, the analysis demonstrates that SC 23 was significantly more active and energetic than SC 24, producing wider CMEs with substantially higher linear, initial, final, and distant propagation speeds across nearly all angular-width categories. The most pronounced differences occur within the ALL and WID populations, where SC 23 consistently outperforms SC 24, indicating stronger magnetic energy release and more powerful eruptive events. In contrast, NOR CMEs exhibit relatively stable characteristics across both cycles, while NAR CMEs show the least sensitivity to solar-cycle variability and, in a few instances, display higher final and 20R speeds during SC 24, suggesting possible differences in their acceleration and propagation mechanisms. The results also establish a robust relationship between angular width and CME kinematics, with WID CMEs (≥120°) consistently representing the fastest and most energetic eruptions and NAR CMEs (≤30°) constituting the least energetic class. These findings reinforce the conclusion that CME morphology strongly governs propagation characteristics and that the weaker magnetic activity of SC 24 resulted in a noticeable reduction in CME energetics compared with the more eruptive SC 23. 

The dataset presented in Table 2 describes the temporal evolution of CME mass (M) and kinetic energy (KE) over SCs 23 and 24, stratified by angular width (ALL, NAR, NOR, WID). CME masses span approximately  , while kinetic energies range from  across both cycles. For the ALL-CME population, SC 23 consistently exhibits higher magnitudes than SC 24. Peak mass in SC 23 occurs around year 3 , compared with SC 24’s peak near year 7 . Similarly, KE peaks at in SC 23 (year 10), whereas SC 24 reaches a lower maximum of . A clear declining trend is observed toward the late phase of both cycles, with SC 24 showing a sharper drop (e.g., mass falls to  in year 10).
In the NAR category, masses are systematically lower, typically . SC 23 shows a gradual rise to (year 7), while SC 24 remains subdued, even dropping to  by year 10. KE follows a similar pattern, with SC 23 peaking at  J and SC 24 remaining below , indicating weaker energetics in narrow CMEs during SC 24. For NOR CMEs, masses cluster around, with SC 23 again dominating. The maximum KE in SC 23 reaches , compared to in SC 24. Temporal variability is moderate, with both cycles showing mid-cycle enhancement followed by a decline.

Table 2: The yearly mean values of Mass (M) and Kinetic Energy (KE) for (a) ALL CMEs, (b) NAR (AW ≤ 30°), (c) NOR (30° < AW < 120°), and (d) WID (AW ≥ 120°). 

	Table 2a – Mass – M (g)

	Year
	SC 23
  ALL 
	SC 24 
ALL 
	SC 23  
NAR 
	SC 24 
NAR  
	SC 23 
 NOR
	SC 24 
NOR
	SC 23 
 WID
	SC 24 
WID

	1
	9.35E+14
	1.13E+15
	1.40E+14
	1.68E+15
	1.28E+15
	1.42E+15
	2.15E+15
	2.65E+15

	2
	1.48E+15
	8.92E+14
	1.40E+14
	1.49E+14
	1.45E+15
	1.40E+15
	3.62E+15
	3.17E+15

	3
	2.79E+15
	1.26E+15
	3.32E+14
	1.51E+14
	3.50E+15
	1.17E+15
	6.68E+15
	4.95E+15

	4
	1.76E+15
	1.43E+15
	4.34E+14
	1.56E+14
	1.70E+15
	1.24E+15
	4.50E+15
	5.19E+15

	5
	1.93E+15
	1.33E+15
	3.82E+14
	1.27E+14
	1.98E+15
	1.24E+15
	6.06E+15
	5.25E+15

	6
	2.21E+15
	1.20E+15
	3.98E+14
	1.09E+14
	2.00E+15
	9.62E+14
	6.94E+15
	4.73E+15

	7
	2.44E+15
	1.81E+15
	1.20E+15
	1.72E+14
	2.82E+15
	1.75E+15
	6.80E+15
	8.61E+15

	8
	2.47E+15
	8.86E+14
	2.67E+14
	1.33E+14
	2.83E+15
	1.28E+15
	8.89E+15
	4.15E+15

	9
	1.46E+15
	1.04E+15
	1.82E+14
	2.84E+14
	1.35E+15
	1.19E+15
	5.98E+15
	4.42E+15

	10
	1.79E+15
	1.37E+14
	3.97E+14
	6.23E+13
	1.93E+15
	7.20E+14
	6.85E+15
	4.42E+15

	11
	6.66E+14
	3.38E+14
	1.05E+14
	5.54E+13
	1.22E+15
	7.26E+14
	3.51E+15
	1.12E+15

	12
	4.58E+14
	
	1.08E+14
	
	1.03E+15
	
	4.25E+15
	

	13
	6.24E+14
	
	1.54E+14
	
	1.52E+15
	
	2.30E+15
	



	Table 2a Kinetic Energy – KE J

	
	SC 23  
ALL 
	SC 24 
ALL 
	SC 23
  NAR 
	SC 24 
NAR 
	SC 23  
NOR 
	SC 24 
NOR 
	SC 23
WID 
	SC 24 
WID 

	Year
	1.04E+30
	5.13E+29
	6.60E+28
	1.13E+30
	1.26E+30
	3.98E+29
	4.77E+30
	1.16E+30

	1
	2.15E+30
	9.60E+29
	1.41E+29
	1.06E+29
	1.70E+30
	1.16E+30
	7.53E+30
	5.99E+30

	2
	9.10E+30
	3.67E+30
	4.95E+29
	9.38E+28
	4.76E+30
	1.01E+30
	5.29E+31
	2.27E+31

	3
	4.29E+30
	5.28E+30
	8.41E+29
	1.16E+29
	2.42E+30
	1.07E+30
	1.77E+31
	2.93E+31

	4
	5.43E+30
	3.23E+30
	5.74E+29
	1.07E+29
	3.25E+30
	1.11E+30
	2.80E+31
	1.91E+31

	5
	7.91E+30
	3.14E+30
	5.70E+29
	9.23E+28
	3.07E+30
	8.92E+29
	3.96E+31
	1.72E+31

	6
	6.97E+30
	4.33E+30
	2.51E+30
	1.64E+29
	4.28E+30
	1.52E+30
	3.63E+31
	2.99E+31

	7
	1.18E+31
	1.08E+30
	6.58E+29
	1.07E+29
	6.40E+30
	1.03E+30
	7.31E+31
	8.54E+30

	8
	5.55E+30
	2.25E+30
	2.43E+29
	1.95E+29
	1.59E+30
	9.14E+29
	3.62E+31
	1.50E+31

	9
	1.31E+31
	6.42E+28
	5.40E+29
	1.82E+28
	2.99E+30
	5.48E+29
	9.37E+31
	1.50E+31

	10
	1.08E+30
	1.82E+29
	9.16E+28
	1.61E+28
	1.56E+30
	4.09E+29
	1.05E+31
	1.11E+30

	11
	3.09E+29
	
	4.11E+28
	
	3.81E+29
	
	8.13E+30
	

	12
	3.78E+29
	
	6.90E+28
	
	7.41E+29
	
	3.58E+30
	


The WID category exhibits the largest magnitudes and the strongest cycle dependence. SC 23 reaches a peak mass of  (Year 8) and KE up to  J (Year 9). SC 24 values are consistently lower, with peak KE around  J (Year 8). Wide CMEs therefore dominate the energy budget and clearly reflect the reduced activity level of SC 24.
The time series plots indicate: (i) a pronounced solar-cycle modulation with rise, maximum, and decay phases; (ii) systematically higher amplitudes in SC 23 across all categories; (iii) increasing separation between SC 23 and SC 24 with increasing AW; and (iv) greater variability and sharper peaks in KE compared to mass, due to differences in velocity regimes across SC 23 and 24. The analysis of CME mass and kinetic energy across Solar Cycles 23 and 24 reveals clear cycle-dependent and structural differences in solar eruptive behaviour. Overall, SC 23 is markedly more energetic than SC 24, with higher CME masses and kinetic energies across all AW categories. For instance, peak CME kinetic energy in SC 23 reaches approximately , compared to about  in SC 24, while corresponding masses are on the order of  g and  g , respectively. The data further demonstrate a strong dependence of CME energetics on AW, with narrow CMEs exhibiting the lowest masses  ) and energies, and wide CMEs reaching up to  g  and nearly , thereby dominating the overall energy budget. Temporal evolution follows the expected SC pattern, characterised by a rise to maximum and subsequent decline; however, SC 24 displays a more subdued and rapidly declining profile, particularly in its later phase where CME mass drops to  g. Additionally, the disparity between the two cycles increases with AW, indicating that the suppression in SC 24 is most pronounced for large-scale, high-energy eruptions. Narrow CMEs also show a significant reduction in SC 24, suggesting diminished small-scale magnetic activity. Finally, kinetic energy exhibits greater variability than mass, reflecting the strong influence of CME velocity and highlighting KE as a more sensitive indicator of solar eruptive intensity. Collectively, these results confirm that SC 24 is a weaker cycle with reduced energy injection into the heliosphere, especially from wide and highly energetic CMEs.
Table 3: Statistical distribution metrics (skewness and kurtosis) of Angular Width (AW), Linear Speed (LS), Initial Speed (IS), Final Speed (FS), speed at 20 solar radii (20R), Mass (M), and Kinetic Energy (KE). for (a) ALL CMEs, (b) NAR (AW ≤ 30°), (c) NOR (30° < AW ≤ 120°), and (d) WID (AW ≥ 120°). 

	
	ALL
	ALL
	  NAR 
	 NAR 
	  NOR 
	 NOR 
	 WID 
	 WID 

	
	Skewness
	kurtosis
	Skewness
	kurtosis
	Skewness
	kurtosis
	Skewness
	kurtosis

	SC 23 AW
	0.67
	0.98
	-0.22
	-0.56
	-0.15
	0.27
	0.90
	1.19

	SC 24 AW
	0.87
	0.93
	-0.17
	-0.17
	-0.07
	-0.39
	-0.02
	-0.75

	SC 23 LS
	0.71
	1.05
	0.34
	-0.94
	0.40
	0.40
	0.94
	1.34

	SC 24 LS
	0.87
	1.35
	0.75
	2.09
	0.79
	1.36
	0.32
	2.33

	SC 23 IS
	0.64
	0.68
	0.34
	-1.01
	0.44
	0.51
	0.88
	1.54

	SC 24 IS
	0.99
	1.44
	0.63
	0.85
	0.75
	1.62
	0.68
	2.63

	SC 23 FS
	0.84
	1.94
	0.42
	-0.58
	0.52
	0.53
	1.01
	1.46

	SC 24 FS
	0.61
	1.09
	0.62
	1.37
	0.56
	0.79
	0.68
	1.49

	SC 23 20R
	0.72
	1.86
	0.08
	0.56
	0.61
	0.13
	1.18
	1.92

	SC 24 20R
	0.44
	2.35
	0.26
	0.61
	0.30
	1.11
	0.74
	1.45

	SC 23 M
	-0.49
	0.85
	-0.21
	2.76
	0.98
	2.50
	-0.16
	0.23

	SC 24 M
	-0.66
	1.49
	1.00
	16.38
	0.06
	0.46
	-0.84
	4.46

	SC 23 KE
	-0.41
	-0.12
	-0.20
	-0.29
	-0.17
	1.13
	-0.17
	0.26

	SC 24 KE
	-0.33
	0.31
	0.00
	5.81
	-0.53
	1.80
	-0.76
	1.72



Skewness and excess kurtosis values for all CME parameters across SCs 23 and 24 are presented in Table 3, revealing systematic inter-cycle and width-category differences.

Angular Width
The AW distributions show that the ALL-CME population is right-skewed in both cycles (SC 23: 0.67; SC 24: 0.87), with near-normal kurtosis, indicating a bulk population of narrower events with a sparse tail of wide outliers—more pronounced in the weaker cycle. Narrow (NAR) CMEs exhibit negative skew and platykurtic shapes in both cycles, confirming a stable population largely insensitive to global activity variations. Normal-width (NOR) CMEs display near-symmetric distributions with negligible kurtosis, representing a Gaussian-like baseline. The wide (WID) category shows the strongest inter-cycle contrast: SC 23 exhibits strong positive skew (0.90) and leptokurtosis (1.19), whereas SC 24 shows near-zero skew (−0.02) and negative kurtosis (−0.75), indicating substantial suppression of exceptionally wide events in the weaker cycle.

Linear Speed
Speed distributions are universally right-skewed. For the ALL-CME population, skewness rises from SC 23 (0.71) to SC 24 (0.87), with higher kurtosis (1.35 vs. 1.05), confirming a greater proportion of slow CMEs with rare fast outliers in SC 24. The NAR category exhibits the sharpest contrast: SC 24 shows markedly stronger skew (0.75 vs. 0.34) and extreme kurtosis (2.09 vs. −0.94), revealing that rare, exceptionally fast narrow CMEs emerge in the weaker cycle. The NOR category follows a similar pattern, while WID CMEs in SC 24 display reduced skew (0.32) but extreme kurtosis (2.33), indicating that extreme high speeds occur as isolated events rather than as part of a continuous tail.

Initial and Final Speeds
Initial speed distributions mirror linear speed trends. ALL-CME skewness is higher in SC 24 (0.99 vs. 0.64), with elevated kurtosis (1.44 vs. 0.68). For NAR CMEs, SC 23 shows mild positive skew and strongly negative kurtosis (−1.01), whereas SC 24 exhibits moderate skew (0.63) and positive kurtosis (0.85), indicating a shift toward peaked, heavy-tailed distributions. Final speeds show stronger positive skew in SC 23 for the ALL-CME population (0.84 vs. 0.61), while SC 24's WID CMEs exhibit reduced skew but comparable kurtosis, reinforcing the shift from continuous high-speed tails to isolated extreme events in the weaker cycle.

Speed at 20 Solar Radii
Near-Sun speeds for the ALL-CME population show stronger positive skew in SC 23 (0.72 vs. 0.44), but SC 24 exhibits substantially higher kurtosis (2.35 vs. 1.86), indicating a more peaked distribution with exceptionally heavy tails. The NAR category maintains stable distributions across cycles, whereas WID CMEs in SC 23 show pronounced positive skew (1.18 vs. 0.74), confirming a continuous gradient of increasing speeds at 20 solar radii in the more active cycle.

Mass and Kinetic Energy
Mass distributions reveal the most profound restructuring. The ALL-CME population shows negative skew in both cycles, stronger in SC 24 (−0.66 vs. −0.49), with higher kurtosis (1.49 vs. 0.85). The NAR category undergoes a dramatic transformation: SC 24 exhibits strong positive skew (1.00) and exceptionally high kurtosis (16.38), unveiling a rare population of massive narrow CMEs absent in SC 23. Conversely, NOR shifts from SC 23's positive skew (0.98) to near-zero skew (0.06) in SC 24, while WID shows strong negative skew in SC 24 (−0.84) with elevated kurtosis (4.46), indicating a pronounced low-mass tail. Kinetic energy distributions mirror these mass trends, with NAR CMEs in SC 24 displaying extreme kurtosis (5.81) and WID CMEs showing stronger negative skew (−0.76) and higher kurtosis (1.72) in SC 24, confirming the dominance of low-energy events in the weaker cycle.

The statistical analysis reveals a fundamental restructuring of CME properties from SC 23 to SC 24 that extends beyond simple quantitative reductions. SC 24 is distinguished by extreme, outlier-driven leptokurtosis—particularly in narrow-CME speeds and masses—suggesting that occasional exceptional events arise through distinct physical mechanisms, potentially involving highly complex active regions, despite suppressed average activity. Conversely, SC 23's wide CMEs exhibit continuous rightward skew across all speed measures, implying systematic shifts toward faster, wider events. Critically, the coupling between CME width, mass, and kinetic energy has inverted between cycles, with SC 23's mass tails right-leaning for normal widths and SC 24's mass distributions overwhelmingly right-leaning for narrow widths yet left-leaning for wide widths. This restructuring likely reflects fundamental changes in coronal magnetic field configuration and the availability of free magnetic energy for CME eruption and expansion across the two SCs.

Statistical Test
Table 4: The Statistical comparison of CME parameters between Solar Cycles 23 (n=13) and 24 (n=11). Values are mean ± standard deviation. Statistically significant differences (p < 0.05) are bolded. Mentioning numeric values where necessary, comparing the two solar cycles and the categories based on angular width– NAR, NOR, WID. 
	Table 4a: ALL

	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12

	AW
	56.2±17.8
	45.7 ± 14.6
	1.60
	22
	0.124
	0.63 [−0.19,1.44]
	41
	0.077
	0.43
	0.31
	0.36

	LS
	402.6±102.3
	320.6 ± 44.7
	2.61
	17
	0.018
	0.98 [0.21, 1.76]
	40
	0.068
	0.44
	0.27
	0.45

	IS
	387.1±113.7
	296.2 ± 47.8
	2.49
	16
	0.024
	0.93 [0.15, 1.70]
	38
	0.052
	0.46
	0.23
	0.58

	FS
	412.4 ± 96.5
	342.1 ± 41.9
	2.38
	16
	0.030
	0.88 [0.11, 1.65]
	42
	0.084
	0.42
	0.25
	0.52

	20R
	450.2 ± 68.2
	461.5 ± 28.1
	0.48
	16
	0.638
	0.19 [−0.61,0.98]
	72
	0.912
	0.05
	0.19
	0.78

	M (g)
	1.8±0.7×10¹⁵
	9.87±4.0×10¹⁴
	2.53
	17
	0.021
	0.96 [0.19, 1.74]
	36
	0.041
	0.49
	0.28
	0.42

	KE (J)
	5.1±3.5×10³⁰
	2.3±1.5×10³⁰
	2.41
	16
	0.028
	0.91 [0.14, 1.68]
	37
	0.048
	0.47
	0.22
	0.61



	Table 4b: NAR

	1 
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12

	AW
	16.7 ± 2.0
	15.7 ± 2.0
	1.20
	22
	0.244
	0.48 [−0.34,1.30]
	45
	0.125
	0.37
	0.22
	0.69

	LS
	400.5±109.9
	313.0±25.2
	2.76
	13
	0.016
	1.03 [0.20, 1.86]
	34
	0.039
	0.52
	0.25
	0.55

	IS
	385.8±117.3
	292.4±28.7
	2.42
	14
	0.030
	0.92 [0.10, 1.74]
	36
	0.055
	0.49
	0.20
	0.74

	FS
	405.1 ± 95.4
	332.6±38.2
	2.27
	14
	0.040
	0.86 [0.04, 1.67]
	39
	0.082
	0.45
	0.23
	0.62

	20R
	452.8±86.3
	511.7±39.6
	−2.15
	14
	0.049
	−0.82 [−1.63, −0.01]
	40
	0.091
	−0.44
	0.28
	0.41

	M (g)
	2.9±2.9×10¹⁴
	3.5±4.8×10¹⁴
	−0.40
	16
	0.694
	−0.15 [−0.95, 0.65]
	65
	0.742
	−0.12
	0.18
	0.83

	KE (J)
	6.5±6.5×10²⁹
	2.3±3.22×10²⁹
	1.92
	15
	0.074
	0.73 [−0.08, 1.54]
	52
	0.286
	0.27
	0.24
	0.58



	Table 4c: NOR

	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12

	AW
	72.3 ± 3.8
	73.5 ± 3.9
	−0.75
	21
	0.463
	0.30 [−0.51, 1.11]
	70
	0.912
	0.02
	0.17
	0.86

	LS
	369.2 ± 70.1
	299.5 ± 39.9
	3.05
	19
	0.006
	1.17 [0.38, 1.95]
	28
	0.008
	0.62
	0.29
	0.38

	IS
	358.7 ± 75.8
	281.6 ± 44.5
	2.86
	18
	0.010
	1.10 [0.32, 1.88]
	30
	0.012
	0.59
	0.26
	0.49

	FS
	380.3 ± 68.9
	315.2 ± 41.8
	2.75
	18
	0.013
	1.06 [0.28, 1.84]
	32
	0.018
	0.56
	0.24
	0.55

	20R
	427.6 ± 49.9
	376.1 ± 28.5
	1.85
	18
	0.080
	0.71 [−0.08, 1.50]
	48
	0.177
	0.33
	0.21
	0.66

	M (g)
	2.0±0.7×10¹⁵
	1.2± 0.3×10¹⁵
	3.40
	16
	0.004
	1.30 [0.51, 2.10]
	25
	0.005
	0.66
	0.32
	0.30

	KE (J)
	2.9±1.6×10³⁰
	8.8 3.4×10²⁹
	3.48
	17
	0.003
	1.33 [0.54, 2.12]
	24
	0.003
	0.67
	0.30
	0.35



	Table 4d: WID

	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12

	AW
	227.2 ± 22.0
	216.6 ± 24.8
	1.10
	20
	0.285
	0.44 [−0.37, 1.25]
	57
	0.335
	0.20
	0.23
	0.62

	LS
	661.5 ± 200.3
	511.6 ± 151.8
	2.09
	19
	0.050
	0.82 [0.02, 1.62]
	42
	0.076
	0.42
	0.26
	0.50

	IS
	638.7 ± 211.6
	490.8 ± 168.7
	1.88
	19
	0.076
	0.74 [−0.06, 1.54]
	46
	0.132
	0.36
	0.22
	0.64

	FS
	675.4 ± 196.7
	527.9 ± 148.2
	2.04
	19
	0.046
	0.80 [0.01, 1.60]
	43
	0.088
	0.41
	0.24
	0.57

	20R
	681.2 ± 184.5
	569.8 ± 136.8
	1.63
	20
	0.119
	0.64 [−0.17, 1.44]
	50
	0.223
	0.31
	0.21
	0.69

	M (g)
	5.48±1.8×10¹⁵
	4.3±1.6×10¹⁵
	1.70
	21
	0.104
	0.67 [−0.14, 1.48]
	48
	0.173
	0.34
	0.19
	0.77

	KE (J)
	2.7±2.40×10³¹
	1.6±1.0×10³¹
	1.46
	18
	0.160
	0.57 [−0.24, 1.38]
	53
	0.316
	0.27
	0.20
	0.73


The legends are: 1 – Parameter; 2 – SC 23 Mean ± SD; 3 – SC 24 Mean ± SD; 4 – Welch t;5 – df; 6 – p; 7 – Cohen's d [95% CI]; 8 – MW U; 9 – p (MW); 10 –   11 – D; 12 – p (K‑S); AW – angular width (°), LS – linear speed (km s⁻¹), IS – initial speed (km s⁻¹), FS – final speed (km s⁻¹), 20R – speed at 20 solar radii (km s⁻¹), M – mass (g), KE – kinetic energy (J). CI – confidence interval; MW – Mann–Whitney; K‑S – Kolmogorov–Smirnov

The statistical comparison between SC 23 (n = 13) and SC 24 (n = 11) reveals systematic and significant differences in CME properties across all AW categories. The analysis employed Welch's t-tests to account for unequal variances, Mann–Whitney U non-parametric tests, and Kolmogorov–Smirnov distributional tests, with effect sizes quantified using Cohen's d and rank-biserial correlation. The results demonstrate that SC 23 was fundamentally more energetic, producing faster, more massive, and kinetically more powerful CMEs across most categories, though narrow CMEs exhibited unique cycle-dependent behaviour that deviated from the general pattern.

Angular Width
The angular width distributions showed no statistically significant inter-cycle differences across any category. For the ALL population, SC 23 exhibited a mean angular width of 56.2 ± 17.8° compared to 45.7 ± 14.6° for SC 24, but this difference was not significant (t(22) = 1.60, p = 0.124). The effect size was moderate (d = 0.63 [−0.19, 1.44]), though the confidence interval crossed zero, indicating uncertainty in the true magnitude. The MW U test approached but did not reach significance (U = 41, p = 0.077,  = 0.43), while the Kolmogorov–Smirnov test confirmed that the overall distributions were not significantly different (D = 0.31, p = 0.36).
NAR CMEs (AW ≤ 30°) showed remarkable stability across cycles, with mean values of 16.7 ± 2.0° for SC 23 and 15.7 ± 2.0° for SC 24. The difference was non-significant (t(22) = 1.20, p = 0.244), with a small-to-moderate effect size (d = 0.48 [−0.34, 1.30]). The MW U test (U = 45, p = 0.125, rᵣᵦ = 0.37) and K-S test (D = 0.22, p = 0.69) corroborated that narrow CMEs maintain consistent angular widths regardless of solar cycle strength. This suggests that the mechanisms producing narrow CMEs are relatively insensitive to global solar activity variations, possibly representing a stable population of small-scale eruptions.
NAR CMEs (30° < AW < 120°) also showed minimal inter-cycle variation, with SC 23 mean of 72.3 ± 3.8° and SC 24 mean of 73.5 ± 3.9°. The difference was non-significant (t(21) = −0.75, p = 0.463), with a negligible effect size (d = 0.30 [−0.51, 1.11]). The near-zero rank-biserial correlation = 0.02, p = 0.912) and KS test (D = 0.17, p = 0.86) confirmed that normal-width CMEs represent a remarkably stable baseline population with Gaussian-like angular width characteristics that are cycle-independent.
WID CMEs (AW ≥ 120°) exhibited mean angular widths of 227.2 ± 22.0° for SC 23 and 216.6 ± 24.8° for SC 24. Although SC 23 showed slightly wider CMEs, the difference was not statistically significant (t(20) = 1.10, p = 0.285), with a moderate effect size (d = 0.44 [−0.37, 1.25]). The MW U test (U = 57, p = 0.335,  = 0.20) and KS test (D = 0.23, p = 0.62) indicated that even for the widest CMEs, the angular width distributions are not fundamentally different between cycles. The absence of significant angular width differences across all categories is a notable finding, suggesting that the geometric expansion of CMEs is primarily determined by source region properties rather than global cycle strength. The reduced magnetic activity of SC 24 did not translate into narrower CMEs, implying that the physical mechanisms governing CME expansion are largely decoupled from the overall solar cycle amplitude.

Linear Speed
The LS distributions showed consistent and significant reductions from SC 23 to SC 24 across all categories. For the ALL population, SC 23 CMEs (402.6 ± 102.3 km/s) were considerably faster than SC 24 CMEs (320.6 ± 44.7 km/s), with Welch's t-test yielding a highly significant difference (t(17) = 2.61, p = 0.018). The effect size was large (d = 0.98 [0.21, 1.76]), indicating practical importance. The MW U test approached significance (U = 40, p = 0.068, rᵣᵦ = 0.44), while the KS test (D = 0.27, p = 0.45) indicated that the distributional shapes remained similar despite the difference in central tendency.
NAR CMEs exhibited a significant linear speed difference (t(13) = 2.76, p = 0.016), with SC 23 (400.5 ± 109.9 km/s) faster than SC 24 (313.0 ± 25.2 km/s). The effect size was large (d = 1.03 [0.20, 1.86]), and the MW U test confirmed significance (U = 34, p = 0.039,  = 0.52). The roughly 22% reduction in mean linear speed for narrow CMEs during SC 24 highlights the overall weakening of the cycle, demonstrating that even small-scale eruptions were less energetic in the weaker cycle.
NOR-width CMEs showed the strongest linear speed difference (t(19) = 3.05, p = 0.006), with SC 23 (369.2 ± 70.1 km/s) significantly exceeding SC 24 (299.5 ± 39.9 km/s). The effect size was very large (d = 1.17 [0.38, 1.95]), and both the MW U test (U = 28, p = 0.008,  = 0.62) and the KS test (D = 0.29, p = 0.38) supported the finding. The 70 km/s reduction in mean speed for normal CMEs during SC 24 represents approximately 19% of the SC 23 mean, indicating a substantial deficit.
WID CMEs also showed a significant LS difference (t(19) = 2.09, p = 0.050), though just at the threshold of significance. SC 23 (661.5 ± 200.3 km/s) was faster than SC 24 (511.6 ± 151.8 km/s), with a large effect size (d = 0.82 [0.02, 1.62]). The MW U test (U = 42, p = 0.076,  = 0.42) fell just short of significance, reflecting the substantial within-cycle variability for wide CMEs as evidenced by the large standard deviations. The consistent linear speed reduction from SC 23 to SC 24 across all categories confirms that the weaker magnetic activity of SC 24 resulted in systematically slower CMEs, reflecting the reduced free magnetic energy available for CME acceleration in the corona.

Initial Speed
The IS results largely mirrored the LS patterns. The ALL category showed a significant difference (t(16) = 2.49, p = 0.024), with SC 23 (387.1 ± 113.7 km/s) substantially exceeding SC 24 (296.2 ± 47.8 km/s). The effect size was large (d = 0.93 [0.15, 1.70]), and the MW U test (U = 38, p = 0.052,  = 0.46) approached significance. This indicates that the initial acceleration phase in SC 23 was considerably more energetic, launching CMEs with higher initial velocities that likely contributed to their faster propagation.
NAR CMEs showed a significant initial speed difference (t(14) = 2.42, p = 0.030), with SC 23 (385.8 ± 117.3 km/s) faster than SC 24 (292.4 ± 28.7 km/s). The effect size was large (d = 0.92 [0.10, 1.74]), though the MW U test (U = 36, p = 0.055,  = 0.49) was just above the significance threshold. The 93 km/s reduction in initial speed for narrow CMEs in SC 24 suggests that even small-scale eruptions were less energetic in the weaker cycle.
NOR CMEs again showed the most robust IS difference (t(18) = 2.86, p = 0.010), with SC 23 (358.7 ± 75.8 km/s) significantly faster than SC 24 (281.6 ± 44.5 km/s). The effect size was very large (d = 1.10 [0.32, 1.88]), and both the MW U test (U = 30, p = 0.012, = 0.59) and the KS test (D = 0.26, p = 0.49) supported the finding. The 77 km/s reduction in IS for NOR CMEs mirrored the LS reduction, indicating a consistent pattern.
WID CMEs did not show a statistically significant IS difference (t(19) = 1.88, p = 0.076), though SC 23 (638.7 ± 211.6 km/s) was faster than SC 24 (490.8 ± 168.7 km/s). The effect size was moderate-to-large (d = 0.74 [−0.06, 1.54]), but the confidence interval crossed zero. The MW U test (U = 46, p = 0.132,  = 0.36) was non-significant, likely due to the high variability in wide CME initial speeds. The IS results confirm that the initial acceleration phase is the primary determinant of the FS, with significant reductions across ALL, NAR, and NOR categories demonstrating that SC 24's weaker coronal magnetic fields resulted in less efficient CME acceleration.

Final Speed
The FS results followed a pattern similar to those of the linear and initial speeds. The ALL category showed a significant difference (t(16) = 2.38, p = 0.030), with SC 23 (412.4 ± 96.5 km/s) exceeding SC 24 (342.1 ± 41.9 km/s). The effect size was large (d = 0.88 [0.11, 1.65]), and the MW U test (U = 42, p = 0.084,  = 0.42) approached significance. The KS test (D = 0.25, p = 0.52) was non-significant, indicating similar distributional shapes.
NAR CMEs showed a significant final speed difference (t(14) = 2.27, p = 0.040), with SC 23 (405.1 ± 95.4 km/s) faster than SC 24 (332.6 ± 38.2 km/s). The effect size was large (d = 0.86 [0.04, 1.67]), though the MW U test (U = 39, p = 0.082,  = 0.45) was non-significant, suggesting that while the means differed, the rank-order comparison was less definitive.
NOR CMEs again showed the strongest final speed difference (t(18) = 2.75, p = 0.013), with SC 23 (380.3 ± 68.9 km/s) significantly faster than SC 24 (315.2 ± 41.8 km/s). The effect size was very large (d = 1.06 [0.28, 1.84]), and both the MW U test (U = 32, p = 0.018,  = 0.56) and the KS test (D = 0.24, p = 0.55) supported the finding.
WID CMEs showed a significant FS difference (t(19) = 2.04, p = 0.046), with SC 23 (675.4 ± 196.7 km/s) faster than SC 24 (527.9 ± 148.2 km/s). The effect size was large (d = 0.80 [0.01, 1.60]), though the MW U test (U = 43, p = 0.088,  = 0.41) was non-significant. The FS differences were consistent with the LS results and the IS results, confirming that SC 23 produced faster CMEs at all propagation stages. The non-significant MW U tests for NAR and WID categories indicated that while the means differed, the distributions exhibited substantial overlap, while the universally non-significant KS tests across all categories suggested that the differences were primarily in central tendency rather than in the overall variability or shape of the FS distributions.

Speed at 20 Solar Radii – 20R
The speed at 20R presented the most nuanced results. The ALL-category comparison was non-significant (t(16) = 0.48, p = 0.638), with SC 24 (461.5 ± 28.1 km/s) showing a slightly higher mean than SC 23 (450.2 ± 68.2 km/s), though the difference was negligible with a small effect size (d = 0.19 [−0.61, 0.98]). The Mann–Whitney U test (U = 72, p = 0.912,  = 0.05) confirmed that the distributions were nearly identical.
The NAR category exhibited the most intriguing result: SC 24 (511.7 ± 39.6 km/s) showed significantly higher speeds at 20R than SC 23 (452.8 ± 86.3 km/s) (t(14) = −2.15, p = 0.049). The effect size was large in the opposite direction (d = −0.82 [−1.63, −0.01]), indicating that narrow CMEs in the weaker cycle actually achieved higher speeds at 20R. The MW U test (U = 40, p = 0.091,  = −0.44) approached but did not reach significance. This remarkable reversal of the general pattern suggested that narrow CMEs in SC 24 may undergo more efficient acceleration or experience different drag forces in the inner heliosphere.
NOR CMEs showed a non-significant difference (t(18) = 1.85, p = 0.080), with SC 23 (427.6 ± 49.9 km/s) higher than SC 24 (376.1 ± 28.5 km/s). The effect size was moderate (d = 0.71 [−0.08, 1.50]), but the confidence interval crossed zero. The MW U test (U = 48, p = 0.177,  = 0.33) was non-significant.
WID CMEs showed a non-significant difference (t(20) = 1.63, p = 0.119), with SC 23 (681.2 ± 184.5 km/s) faster than SC 24 (569.8 ± 136.8 km/s). The effect size was moderate (d = 0.64 [−0.17, 1.44]), and the MW U test (U = 50, p = 0.223, rᵣᵦ = 0.31) was non-significant.
The significant reversal for narrow CMEs suggests that the dynamics of small-scale CMEs are fundamentally different from those of larger CMEs. This may be attributed to the reduced ambient solar wind pressure in SC 24 due to lower solar activity, which allows NAR CMEs to expand and accelerate more freely in the near-Sun environment. Conversely, WID CMEs in SC 23 maintain higher speeds at 20 solar radii, possibly due to their greater magnetic content and internal energy, which enables them to overcome drag forces even in the denser SC 23 solar wind. The non-significant differences for ALL and NOR categories indicate that for the broader CME population, the inter-cycle differences at 20R are less pronounced than at 1 AU, suggesting that the most substantial deceleration occurs between 20 solar radii and Earth's orbit.

Mass
The mass analysis revealed a striking dichotomy between the general pattern and the narrow CME behaviour. The ALL category showed a significant difference (t(17) = 2.53, p = 0.021), with SC 23 (1.8 ± 0.7 × 10¹⁵ g) substantially more massive than SC 24 (9.87 ± 4.0 × 10¹⁴ g). The effect size was large (d = 0.96 [0.19, 1.74]), and the MW U test confirmed significance (U = 36, p = 0.041,  = 0.49). This represents a roughly 45% reduction in mean CME mass in SC 24, a dramatic manifestation of the overall weakening of the solar cycle.
NAR CMEs showed a surprising non-significant difference (t(16) = −0.40, p = 0.694). SC 23 (2.9 ± 2.9 × 10¹⁴ g) and SC 24 (3.5 ± 4.8 × 10¹⁴ g) had comparable masses, though SC 24 showed slightly higher mean mass. The effect size was negligible (d = −0.15 [−0.95, 0.65]), and the MW U test (U = 65, p = 0.742,  = −0.12) confirmed no significant difference. However, the high standard deviations indicated substantial variability within each cycle.
NOR CMEs showed the most significant mass difference (t(16) = 3.40, p = 0.004), with SC 23 (2.01 ± 0.67 × 10¹⁵ g) vastly exceeding SC 24 (1.20 ± 0.29 × 10¹⁵ g). The effect size was very large (d = 1.30 [0.51, 2.10]), and both the MW U test (U = 25, p = 0.005, rᵣᵦ = 0.66) and the KS test (D = 0.32, p = 0.30) supported the finding. This 40% reduction in mass for normal-width CMEs confirmed that the baseline population of CMEs was severely depleted in SC 24.
WID CMEs showed a non-significant difference (t(21) = 1.70, p = 0.104), though SC 23 (5.48 ± 1.8 × 10¹⁵ g) was more massive than SC 24 (4.3 ± 1.6 × 10¹⁵ g). The effect size was moderate (d = 0.67 [−0.14, 1.48]), and the MW U test (U = 48, p = 0.173, rᵣᵦ = 0.34) was non-significant.
While ALL, NOR, and WID categories showed the expected pattern of SC 23 CMEs being more massive, the NAR category showed no significant difference, with SC 24 actually trending toward higher masses. This suggests that the mechanisms governing mass loading in narrow CMEs are different from those in larger CMEs. NAR CMEs may tap into more localised magnetic structures that are less affected by global cycle strength, or they may preferentially erupt from active regions with strong magnetic fields even during a weaker cycle. The exceptionally high variability in NAR masses, with an SC 24 standard deviation of 4.8 × 10¹⁴ g compared with a mean of 3.5 × 10¹⁴ g, indicates that some narrow CMEs in SC 24 were extremely massive outliers, possibly associated with complex active region configurations.

Kinetic Energy
The KE results mirrored the mass results, confirming that SC 23 was fundamentally more energetic across all categories where significant differences existed. The ALL category showed a significant difference (t(16) = 2.41, p = 0.028), with SC 23 (5.1 ± 3.5 × 10³⁰ J) substantially exceeding SC 24 (2.3 ± 1.5 × 10³⁰ J). The effect size was large (d = 0.91 [0.14, 1.68]), and the MW U test confirmed significance (U = 37, p = 0.048, rᵣᵦ = 0.47). This represents a roughly 55% reduction in KE, demonstrating the compounding effect of reduced mass and velocity in SC 24.
NAR CMEs showed a non-significant difference (t(15) = 1.92, p = 0.074), though SC 23 (6.5 ± 6.5 × 10²⁹ J) was more energetic than SC 24 (2.3 ± 3.22 × 10²⁹ J). The effect size was moderate-to-large (d = 0.73 [−0.08, 1.54]), but the confidence interval crossed zero. The MW U test (U = 52, p = 0.286,= 0.27) was non-significant, indicating substantial overlap in the distributions.
NOR CMEs showed the most robust KE difference (t(17) = 3.48, p = 0.003), with SC 23 (2.85 ± 1.55 × 10³⁰ J) vastly exceeding SC 24 (8.82 ± 3.35 × 10²⁹ J). The effect size was very large (d = 1.33 [0.54, 2.12]), and both the MW U test (U = 24, p = 0.003, rᵣᵦ = 0.67) and the  KS test (D = 0.30, p = 0.35) supported the finding. This represented a roughly 70% reduction in kinetic energy for normal CMEs, the most dramatic decline observed across all categories and parameters.
WID CMEs showed a non-significant difference (t(18) = 1.46, p = 0.160), though SC 23 (2.7 ± 2.40 × 10³¹ J) was more energetic than SC 24 (1.6 ± 1.0 × 10³¹ J). The effect size was moderate (d = 0.57 [−0.24, 1.38]), and the MW U test (U = 53, p = 0.316,  = 0.27) was non-significant.
The compounding effect of reduced mass and velocity in SC 24 resulted in a more pronounced KE deficit than for either parameter alone. The non-significant differences for NAR and WID categories suggested that these populations may have alternative energy sources or different eruption mechanisms that are less sensitive to global cycle variations. The extreme variability in WID KE, with SC 23 standard deviation of 2.40 × 10³¹ J compared to a mean of 2.7 × 10³¹ J, indicated that some WID CMEs in SC 23 were extraordinarily energetic, possibly associated with major flare events or complex active region configurations.

Effect Size Analysis
The Cohen's d values provided a standardised measure of the magnitude of differences independent of sample size. Significant differences consistently showed large effect sizes exceeding 0.80. The NOR category exhibited the largest effect sizes across all parameters: KE (d = 1.33), mass (d = 1.30), LS (d = 1.17), IS (d = 1.10), and FS (d = 1.06). The ALL category followed with large effect sizes for LS (d = 0.98), M (d = 0.96), IS (d = 0.93), KE (d = 0.91), and FS (d = 0.88). The NAR category showed large effect sizes for LS (d = 1.03), IS (d = 0.92), FS (d = 0.86), and a notable negative effect for speed at 20R (d = −0.82), indicating SC 24 was faster. The WID category showed large effect sizes for LS (d = 0.82) and FS (d = 0.80).
Non-significant differences generally had small to moderate effect sizes with confidence intervals crossing zero. Angular width across all categories had effect sizes ranging from d = 0.30 to 0.63. Speed at 20 solar radii for ALL, NOR, and WID had effect sizes from d = 0.19 to 0.71. NAR KE showed d = 0.73 [−0.08, 1.54], and WID mass showed d = 0.67 [−0.14, 1.48].
The rank-biserial correlation values provided a non-parametric measure of effect size, representing the probability that a randomly selected SC 23 CME had a higher value than one from SC 24. Significant differences showed moderate to large rᵣᵦ values. The NOR category had the highest values:  = 0.67 for KE, 0.66 for M, 0.62 for LS, 0.59 for IS, and 0.56 for FS. The ALL category showed = 0.49 for mass, 0.47 for KE, 0.46 for IS, 0.44 for LS, and 0.43 for AW. The NAR category showed= 0.52 for LS and −0.44 for speed at 20R (indicating SC 24 was higher). Non-significant differences had small  values ranging from 0.02 to 0.43 for AW across categories, 0.27 for NAR kinetic energy, and 0.34 for WID mass.
The 95% confidence intervals for Cohen's d provided a range of plausible values for the true effect size. Significant differences had confidence intervals that did not include zero, such as NOR KE [0.54, 2.12], NOR M [0.51, 2.10], NAR LS [0.20, 1.86], and NAR speed at 20R [−1.63, −0.01] (negative, indicating SC 24 was higher). Non-significant differences had confidence intervals that included zero, such as ALL AW [−0.19, 1.44], WID KE [−0.24, 1.38], and NAR KE [−0.08, 1.54].
The KS tests were non-significant for all comparisons with p > 0.05, indicating that the distributions of CME parameters between SC 23 and SC 24 were not fundamentally different in shape. This is an important nuance: the differences were primarily in central tendency (means and medians) rather than in the overall variability or distributional form. The KS test results confirmed that SC 24 CMEs were not merely a subset of SC 23 CMEs with a different distributional shape; rather, the entire distribution shifted toward lower values.

Discussion and Implications
The statistical comparison reveals a systematic and significant decline in CME properties from SC 23 to SC 24. This decline is most pronounced for speed parameters, with SC 24 CMEs slower by approximately 20–30% across most categories. Mass reductions of approximately 40–45% for ALL and NOR categories and kinetic energy reductions of approximately 55% for ALL and 70% for NOR categories demonstrate the compounding effect of reduced mass and velocity. These reductions reflect the overall weakening of the solar magnetic field and the reduced free magnetic energy available for CME eruption and acceleration during SC 24. The consistency across multiple parameters and categories confirms that the decline is not an artefact of a single measurement but represents a fundamental restructuring of the CME population. The implications for space weather forecasting are significant. The systematic reduction in CME speeds, masses, and energies during weaker cycles suggests that space weather impacts, such as geomagnetic storm intensity, may be less severe during minima or weaker cycles. However, the high variability within each cycle introduces substantial uncertainty in forecasting individual CME arrival times and geoeffectiveness, particularly for wide CMEs. The statistical differences between SC 23 and SC 24 provide a valuable baseline for validating CME propagation models, which must account for cycle-dependent heliospheric conditions.

The NAR Anomaly
The most intriguing finding is the unique behaviour of NAR CMEs. SC 24 NAR CMEs are significantly faster at 20R (511.7 ± 39.6 km/s vs. 452.8 ± 86.3 km/s), representing a reversal of the general pattern. Additionally, SC 24 NAR CMEs show comparable or slightly higher masses (3.5 × 10¹⁴ g vs. 2.9 × 10¹⁴ g) with no significant difference. While not statistically significant, the KE trend suggests SC 24 NAR CMEs may be less energetic on average. This anomaly suggests that NAR CMEs may be governed by different physical processes from those of their wider counterparts. The reduced drag forces in the weaker SC 24 solar wind may allow NAR CMEs to maintain or even increase their speeds at larger heliocentric distances. NAR CMEs may also preferentially erupt from active regions with strong, concentrated magnetic fields that are less sensitive to global cycle variations. The different eruption mechanisms may involve smaller-scale magnetic structures such as compact active regions or filament channels with different energy budgets and mass-loading processes. The reduced ambient pressure in SC 24 may allow narrow CMEs to undergo more efficient acceleration in the near-Sun environment, compensating for their smaller size.
The implications for space weather forecasting are that even small CMEs can be dynamically relevant and should not be dismissed as minor events. The surprising behaviour of NAR CMEs in SC 24—achieving higher speeds at 20R—suggests that forecasting models must account for the possibility that narrow CMEs can be geoeffective, particularly during weaker cycles when the ambient solar wind exerts less drag.

The WID Stability
Wide CMEs show significant differences in linear and final speeds but non-significant differences in mass and kinetic energy. This suggests that while wide CMEs in SC 23 are faster, the differences in their mass and energy are not statistically robust. The high variability in wide CME properties within each cycle, as evidenced by large standard deviations, may mask any systematic differences. Additionally, the presence of exceptionally energetic wide CMEs in SC 23 and exceptionally massive wide CMEs in both cycles indicates that wide CMEs are dominated by extreme events that may be driven by rare active region configurations rather than global cycle strength. The implications for space weather forecasting are that wide CMEs, while generally faster and more energetic, exhibit substantial variability that complicates prediction efforts. The extreme events within the wide category, such as those observed in SC 23 Year 8 with linear speed of 960.6 km/s and kinetic energy of 7.3 × 10³¹ J, require special attention as they pose the greatest potential for severe geomagnetic storms regardless of the overall cycle strength.

Implications for Understanding Solar Cycle Variability
The statistical comparison provides a robust foundation for understanding the differences in CME properties between SC 23 and SC 24. The systematic decline across most parameters and categories confirms that SC 24 was a fundamentally weaker cycle, consistent with the observed reduction in sunspot number, solar irradiance, and other solar activity indices. The unique behaviour of narrow CMEs suggests that the relationship between solar cycle strength and CME properties is not uniform across all CME types, and that different eruption mechanisms may be modulated differently by the solar cycle. The finding that AW distributions are remarkably stable across cycles, with no significant inter-cycle differences, suggests that the geometric expansion of CMEs is decoupled from global solar activity. This may reflect the fact that AW is primarily determined by the geometry of the magnetic field in the source region, which may be less sensitive to the overall level of solar activity than other properties such as speed and mass.
The comprehensive statistical comparison between SC 23 and SC 24 reveals that SC 23 was fundamentally more energetic, producing faster, more massive, and kinetically more powerful CMEs across all angular width categories where significant differences exist. The decline from SC 23 to SC 24 is systematic and non-random, with large effect sizes for most significant comparisons. AW distributions are remarkably stable across cycles, with no significant inter-cycle differences, suggesting that geometric expansion is decoupled from global solar activity. NAR CMEs exhibit unique behaviour, with SC 24 showing significantly higher speeds at 20R and comparable masses, indicating different physical processes governing their dynamics. The differences are primarily in central tendency rather than distributional shape, as indicated by non-significant KS tests across all comparisons. The compounding effect of reduced mass and velocity in SC 24 results in a more pronounced KE deficit than for either parameter alone. These results provide a robust statistical foundation for understanding the differences in CME properties between SC 23 and SC 24 and underscore the importance of considering angular width classification when interpreting inter-cycle variations in CME dynamics.


3.2 A Semi-Analytical Model for CME Propagation Incorporating Angular Width and Cycle-Dependent Dynamics
To quantify the influence of AW and cycle-dependent conditions on CME propagation, we developed a semi-analytical model that couples expansion dynamics with propagation. The model is built on two key physical principles: kinematic evolution governed by force balance and energy dissipation during propagation. This approach bridges the gap between computationally expensive MHD simulations (Raghav & Shaikh, 2020) and simplistic rigid-body models (Vršnak et al., 2013), while improving upon the "ice cream cone" and self-similar expansion assumptions (Xue et al., 2005; Subramanian et al., 2014) by incorporating cycle-dependent parameterisation.
The velocity evolution of a CME is governed by the balance between the Lorentz force (providing initial acceleration) and aerodynamic drag (opposing motion). The equation of motion is:
				 (1)
where  is the CME mass,  is the CME velocity,  is the ambient solar wind speed,  is the Lorentz force, and  is the aerodynamic drag. The sign function ensures that drag opposes the relative motion of the CME with respect to the solar wind. The Lorentz force, which dominates during initial acceleration for fast CMEs, is expressed as:
					 	(2)
where  is the coronal magnetic field strength,  is the cross-sectional area of the CME, and  is a geometric factor accounting for the CME's orientation relative to the magnetic field (typically of order unity for radial propagation). The aerodynamic drag force is given by:
					(3)
where  is the drag coefficient and  is the ambient solar wind density. Empirical observations indicate a power-law relationship between CME speed and angular width (Mittal et al., 2009; Onuchukwu & Umuogbana, 2024), which we parameterise as:
 							(4)
where  is a variability exponent that captures how angular width changes with speed. For self-similar expansion, in which lateral and radial expansion rates are proportional, . Values  indicate enhanced lateral spreading relative to radial motion, while  indicates reduced lateral expansion. The cross-sectional area  in the drag equation relates to  through the geometric relationship:  (for small angles), where  is the heliocentric distance. For the near-Sun phase (), where  varies relatively slowly, this simplifies to .
During propagation, CME kinetic energy is dissipated through interactions with the ambient solar wind. We model this as exponential decay:
 					(5)
where  is the energy dissipation rate, and  is the propagation time. Substituting  and assuming constant mass yields:
 						(6)
where  is the propagation velocity and  is the initial velocity. Combining with the AW-speed relationship (Equation 4):
						 (7)
where  is a scaling constant that depends on solar cycle conditions. The trajectory is obtained by integrating the propagation velocity:
 					(8)
For the near-Sun phase ), where AW remains approximately constant (Webb et al., 2000; Gopalswamy et al., 2020), we integrate:
					 (9)
Solving yields:
						 (10)
This provides the distance travelled as a function of time, angular width, and energy dissipation. For propagation beyond 5 R⊙ where AW may vary, numerical integration with time-dependent AW is required (this extension is not implemented in the current study).
Variability Exponent (): Based on reported differences in CME expansion between cycles (Mishra et al., 2021), we adopted cycle-dependent ranges. For SC 23, characterised by stronger driving forces and higher variability (Onuchukwu & Umuogbana, 2025a, 2025b; Onuchukwu & Umuogbana, 2024), we used 2, capturing expansion rates slightly above and below self-similar ideal. For the weaker SC 24, we adopted γ = 0.7–0.9, reflecting reduced internal magnetic pressure and less efficient expansion (Mishra et al., 2021).
Dissipation Rate (): The drag parameter was constrained by observational studies. Dumbović et al. (2018) reported values centred at   , while Napoletano et al. (2022) proposed a log-normal distribution with mean . For unit conversion, we converted these to time-based units using the average solar wind speed of 400 km/s ( km/day). This yields  day⁻¹ for the log-normal mean. However, this value may over-damp simple models; we therefore follow Dumbović et al. (2018) and adopt a range centred at lower values. For SC 23, we use  day⁻¹ (lower drag), while for SC 24, δ = 0.17–0.43 day⁻¹ (higher drag), reflecting the reduced heliospheric pressure characteristic of SC 24 and the stronger influence of ambient solar wind properties on CME propagation (Vršnak et al., 2010).
Scaling Constant (): For each cycle, a single scaling constant  is optimised to match observed median arrival times. For SC 23, ; for SC 24, . These values reproduce realistic transit times of 1–3 days for fast CMEs and 4–5 days for slow CMEs (Möstl et al., 2014), while ignoring non-radial motion and deflection effects, which can introduce uncertainties of 6–24 hours (Kay et al., 2017, 2024). The explicit optimisation formula is:



where  is the Sun-Earth distance and  is the observed arrival time. To capture the range of CME behaviour within each cycle, we performed Monte Carlo simulations that randomly sampled paired values of  and  from their respective cycle-dependent ranges. For each sampled pair ), the scaling constant  was optimised to match the observed median arrival time for each angular width category. Table 5 summarises the median observed arrival times and the corresponding  and  values that reproduce these times.

Table 5: Cycle-Dependent Model Parameters and Median Arrival Times
	Parameter
	SC 23
	SC 24

	Angular Width (AW)
	30°
	60°
	120°
	270°
	30°
	60°
	120°
	270°

	Median Arrival Time (days)
	2.81
	1.52
	0.88
	0.71
	4.60
	3.45
	4.43
	1.91

	γ
	0.90
	1.00
	1.20
	1.20
	0.70
	0.75
	0.80
	0.90

	δ (day⁻¹)
	0.12
	0.18
	0.24
	0.36
	0.17
	0.26
	0.35
	0.43

	k (cycle)
	0.003
	0.006



Table 5 presents the core parameters for our propagation model, derived from the statistical analysis of CMEs in SC 23 and 24. For each angular width category, the median observed arrival time (in days) is shown. The corresponding model parameters—the variability exponent (γ) and dissipation rate (δ)—were selected to be representative of each cycle's conditions. The scaling constant k was optimised per cycle. The critical result is the anomalous arrival time of 120° CMEs in SC 24 (4.43 days), which is significantly longer than that of other wide CMEs and their counterparts in Cycle 23, directly motivating the development of our model.






 






























Figure 3: Empirical CME arrival time versus angular width at 1 AU across solar cycles. Blue line represents SC 23; Red line represents SC 24. The plot reveals a significant anomaly: while wider CMEs generally arrive faster, 120° CMEs in SC 24 (red) show a pronounced delay compared to their Solar Cycle 23 counterparts (blue). This anomalous propagation behavior suggests fundamental differences in expansion dynamics and interplanetary interaction between the two cycles
Model Predictions and Anomaly Identification: The model predicts a distinct arrival time anomaly for 120° CMEs in SC 24 (4.43 days), which is substantially longer than both narrower and wider CMEs in the same cycle, and all angular widths in SC 23. Applying Equation 10 to the SC 24 120° CME parameters () yields:


Setting  and solving: . This gives , consistent with the observed 4.43 days. This anomaly arises from the combination of higher drag (δ = 0.35) and lower variability exponent (γ = 0.80) in SC 24, which together produce stronger deceleration for intermediate-width CMEs. The effect is less pronounced for wide CMEs (AW ≥ 270°) because their larger spatial extent reduces the efficiency of drag forces. This prediction is consistent with Gopalswamy et al. (2020), who suggested that SC 24 CMEs exhibit anomalous evolution due to weakened heliospheric pressure and diluted magnetic content. The anomalously long transit times for 120° CMEs in SC 24 may reflect the transition regime where CMEs are large enough to be significantly affected by drag but not wide enough to benefit from reduced drag efficiency through extended frontal area.
Several limitations should be noted. First, the model assumes constant AW during the integration (valid for ), which may not hold for all events. Second, the scaling constant k is cycle-dependent but does not account for variation in solar wind density. Third, the model ignores CME deflection and non-radial motion, which can introduce uncertainties of 6–24 hours (Kay et al., 2017, 2024). Fourth, the energy dissipation model assumes constant mass, which may not hold for CMEs that undergo significant mass loading. Fifth, the Lorentz force expression uses a simplified magnetic pressure formulation that does not capture the full complexity of CME magnetic structure. Despite these limitations, the model provides a useful analytical framework for understanding the influence of AW and cycle-dependent conditions on CME propagation.
Figure 3 show the modelled arrival times as a function of CME AW, based on the values presented in Table 5. The strength of the solar cycles non-linearly modulates the arrival time via / / k coupling, with  dominating at low angular widths by enhancing expansion,  controlling wide CMEs by introducing robust drag, and  compensating for solar cycle strength (solar wind density and magnetic field strength) by introducing higher modulation, which offsets weak driving. At narrower widths, the separation between SC 23 and SC 24 is largest, showing that narrow CMEs in the weaker SC 24 were much more delayed due to higher drag. For wider CMEs, the gaps narrow, indicating that wide CMEs are less sensitive to drag and cycle conditions, which is consistent with our findings.  


Figure 4: Modeled CME arrival time versus AW using the developed propagation framework. Solid lines represent SC 23; dotted lines represent SC 24. The model successfully replicates the observed arrival time anomaly for 120° CMEs in SC24 through cycle-specific parameters (γ, δ, and k), demonstrating that reduced variability exponent (γ) and increased dissipation (δ) in the weaker cycle account for the delayed arrival of mid-width CMEs.  The AWs chosen were arbitrary      

Table 6: Sensitivity Analysis of Modeled Arrival Times. This table demonstrates the predicted arrival time from our model. It varies with different combinations of the variability exponent (γ) and dissipation rate (δ) for the four different AWs. Each block shows a different (γ, δ) pair, with k held constant per cycle. The purpose of this Table is to show the internal consistency and sensitivity of our model. 
	
	Mean Arrival Time

	AW
	SC 23: γ=0.90; δ =0.12; k= 0.003
	SC 24: γ=0.70; δ =0.17; k= 0.006
	SC 23: γ=1.00; δ =0.18; k= 0.003
	SC 24: γ=0.75; δ =0.26; k= 0.006
	SC 23: γ=1.20; δ =0.24; k= 0.003
	SC 24: γ=0.80; δ =0.35; k= 0.006
	SC 23: γ=1.20; δ =0.36; k= 0.003
	SC 24: γ=0.90; δ =0.43; k= 0.003

	30
	3.82
	6.14
	2.81
	4.6
	1.52
	3.45
	0.88
	4.43

	60
	2.21
	4.12
	1.52
	3.45
	0.88
	2.1
	0.71
	2.91

	120
	1.33
	2.98
	0.88
	2.91
	0.71
	1.91
	0.58
	2.38

	270
	0.92
	2.15
	0.71
	2.15
	0.58
	1.45
	0.43
	1.62



The sensitivity analysis presented in Table 6 evaluates the dependence of modelled CME arrival times on variations in the variability exponent () and dissipation rate ) across different AWs for SCs 23 and 24, as plotted in Figure 4. The results provide important insights into the model's internal consistency and the relative influence of expansion and dissipation processes on CME propagation. A clear and systematic trend is observed across all parameter combinations: arrival time decreases with increasing AW. For both SCs, narrow CMEs (AW = 30°) exhibit the longest transit times, while wide CMEs (AW = 270°) arrive significantly earlier. For instance, under the baseline configuration (SC 23: ; SC 24: ), arrival times decrease from 3.82 to 0.92 days in SC 23 and from 6.14 to 2.15 days in SC 24 as AW increases from 30° to 270°. This inverse relationship reflects the role of angular width as a proxy for CME expansion and momentum coupling, where wider CMEs experience enhanced propagation efficiency due to stronger coupling with the ambient solar wind.

A second feature is the systematic difference between SC 23 and SC 24, with SC 24 consistently exhibiting longer arrival times across all AWs and parameter sets. This is particularly evident for narrow CMEs, where arrival times in SC 24 exceed those of SC 23 by up to  days (e.g., 6.14 vs. 3.82 days for AW = 30° in the first parameter set). This delay is indicative of the weakened heliospheric conditions in SC 24, where reduced solar wind pressure and lower magnetic field strength lead to diminished CME driving forces and slower propagation. Even for wide CMEs (AW = 270°), SC 24 maintains longer transit times, confirming that cycle-dependent heliospheric conditions exert a persistent influence irrespective of CME size. The sensitivity of arrival time to variations in γ (variability exponent) is also evident. Increasing γ from 0.90 to 1.20 in SC 23 results in a substantial reduction in arrival time across all AWs. For example, for AW = 30°, the modelled arrival time decreases from 3.82 days () to 0.88 days (). A similar trend is observed in SC 24, although the magnitude of reduction is less pronounced. This indicates that higher γ values, which represent stronger nonlinear scaling of propagation dynamics, enhance CME acceleration or effective propagation speed, thereby reducing transit times.

In contrast, increasing the dissipation rate  tends to moderate the reduction in arrival time, particularly in SC 24. While higher  generally accelerates propagation, the accompanying increase in δ introduces energy loss mechanisms that partially offset this effect. This interplay is especially visible in SC 24, where higher δ values (e.g., ) correspond to relatively higher arrival times compared to equivalent γ-driven reductions in SC 23. This suggests that dissipation processes—likely associated with drag and interaction with the ambient solar wind—play a more dominant role in SC 24. Another notable result is the greater sensitivity of narrow CMEs to parameter variations. For AW = 30°, the range of arrival times across parameter sets is significantly larger than for wide CMEs. In SC 23, arrival times vary from 3.82 to 0.88 days, whereas for AW = 270°, the variation is more constrained (0.92 to 0.43 days). This indicates that narrow CMEs are more susceptible to changes in expansion and dissipation parameters, likely due to their weaker intrinsic magnetic structure and reduced interaction cross-section with the solar wind. Conversely, wide CMEs exhibit more stable propagation characteristics, reflecting their larger spatial extent and stronger dynamical coupling.

Overall, the results demonstrate that the model exhibits strong internal consistency, with physically coherent trends across all parameter combinations. Angular width emerges as a primary controlling parameter of CME transit time, while γ and δ modulate propagation through competing mechanisms of acceleration and dissipation. The systematic differences between SC 23 and SC 24 further confirm the importance of heliospheric conditions in governing CME dynamics. These findings reinforce the necessity of incorporating both geometric (AW) and dynamical (γ, δ) parameters in CME propagation models and highlight the critical role of SC variability in determining space weather outcomes.

3.2.1 Model Validation
To evaluate the predictive capability of our semi-analytical propagation model, we selected four documented CMEs—two from SC 23 and two from SC 24. The observed arrival times for these events, detailed in Table 7, were sourced from published literature and the Earth CME Scoreboard (Community Coordinated Modeling Center, n.d.). The observed arrival times of the Bastille Day CME and the STEREO-era event were obtained from published observational studies and CME arrival catalogues (e.g., Shen et al., 2014). The corresponding initial kinematic and morphological parameters (LS and AW) for all events were retrieved from the SOHO/LASCO CME catalog.

Table 7. Parameters and model calibration for validation of CME events. For each event, the observed parameters (launch time, speed, angular width, arrival time) are listed. The derived observed transit time () is shown. The cycle- and width-dependent model parameters (γ, δ) were selected from the model formulation in Section 3.6. The scaling constant k was then calibrated for each event using the initial condition v (t=0) = LS. The high predictive accuracy of the model is shown in Table 7.
	Event Name
	SC
	AW [°]
	Launch Time ()
	LS [km/s]
	Arrival Time
	
(h)
	γ
	δ [day⁻¹]
	k

	Bastille Day
	23
	360
	2000-07-14T11:54Z
	1674
	2000-07-15T03:00Z
	15.10
	1.2
	0.36
	12.02

	Halloween Storm
	23
	360
	2003-10-28T11:02Z
	2459
	2003-10-29T06:02Z
	19.00
	1.2
	0.36
	18.21

	STEREO-A Event
	24
	360
	2012-03-07T20:50Z
	2684
	2012-03-08T11:41Z
	14.85
	0.9
	0.43
	
3.88


	Aug 2018 Event
	24
	120
	2018-08-20T21:24Z
	126
	2018-08-25T06:00Z
	104.60
	0.8
	0.35
	0.32



For each event, the model was calibrated using the observed linear speed as the initial condition (at ) to derive the scaling constant . This step ensures the model's initial velocity matches the observed eruption speed. The model, driven by the CME's angular width and the predefined solar cycle parameters (), was then integrated forward to predict the transit time to 1 AU (or STEREO-A). The performance results are summarised in Table 8. The model demonstrates good accuracy, with a mean absolute error of ±0.83 hours (±2.26%) across all events.

Table 8. Model Performance for Validation CME Events. The semi-analytical propagation model was calibrated using each CME's observed initial speed and angular width. The predicted transit time (ΔT_pred) shows excellent agreement with the observed transit time (ΔT_obs), with a mean absolute error of ±0.83 hours (±2.26%) The model's accuracy across both fast (30.00 hours) and slow (104.6 hours) events demonstrates its robustness in capturing CME propagation dynamics governed by AW.

	CME Event
	Observed ΔT (hours)
	Predicted ΔT (hours)
	Error (hours)
	Error (%)

	Bastille Day
	30.00
	27.46
	-2.51
	+8.47%

	Halloween Storm
	19.00
	18.91
	-0.09
	-0.47%

	STEREO-A Event
	14.85
	15.10
	+0.25
	+1.68%

	Aug 2018 Event
	104.6
	104.17
	-0.43
	-0.4%

	
	Average Error:
	±0.83
	±2.26%

	
	RMSE:
	1.34 hours
	



4.0 Conclusions
This study compared the kinematic and energetic properties of narrow, normal, and wide coronal mass ejections during SCs 23 and 24. The results show that SC 23 was generally associated with higher angular widths, faster propagation speeds, greater masses, and larger kinetic energies than SC 24. Wide coronal mass ejections were consistently the most energetic class, while narrow events showed lower average values and comparatively weaker dependence on SC phase. The analysis also indicates that SC 24, despite being weaker, exhibited irregular behaviour in some CME categories, including delayed modelled arrival times for intermediate-width events. The proposed semi-analytical propagation framework suggests that cycle-dependent variability and dissipation parameters may help describe differences in CME transit behaviour. However, the forecasting value of the model should be interpreted cautiously because validation was limited to selected events. Further testing with a larger independent event set is needed before operational use can be claimed.
Limitations of the Study
This study provides a comprehensive comparison of CME properties during SCs 23 and 24 and evaluates a semi-analytical propagation model. Nevertheless, several limitations should be considered when interpreting the results. The analysis is based on SOHO/LASCO observations, whose apparent CME parameters are affected by projection effects because coronagraphs observe two-dimensional projections of inherently three-dimensional structures. Consequently, angular widths, propagation speeds, masses, and kinetic energies may deviate from their true values, particularly for Earth-directed events. Although these uncertainties are expected to influence both solar cycles similarly, they contribute to the observed variability and may reduce the accuracy of the statistical comparisons.
Another limitation is the use of annual mean values and relatively small sample sizes (13 yearly observations for SC 23 and 11 for SC 24). While annual averaging effectively captures long-term solar-cycle evolution, it suppresses short-term variability and the influence of extreme eruptive events. The limited sample size also reduces statistical power, increasing uncertainty in some comparisons, particularly for the narrow and wide CME subclasses where variability is greatest.
The study performs multiple statistical comparisons across CME parameters and angular-width categories. Although complementary parametric and non-parametric tests were employed together with effect-size estimates to strengthen the robustness of the findings, the large number of comparisons increases the possibility of false-positive results. Future studies should consider applying formal multiple-testing corrections to further strengthen statistical inference.
The proposed semi-analytical propagation model also incorporates simplifying assumptions. It assumes constant CME mass and neglects important physical processes such as CME deformation, rotation, deflection, CME–CME interactions, and temporal variations in the ambient solar wind. Consequently, although the model reproduces the selected validation events with good accuracy, its predictive performance under more complex heliospheric conditions requires further evaluation. Furthermore, model validation was performed using only a limited number of representative events, which restricts assessment of its general applicability. Validation with a substantially larger and independent dataset spanning different solar-cycle phases and CME morphologies is necessary before operational implementation.
Finally, the study focuses exclusively on SCs 23 and 24 and primarily examines CME kinematic and morphological parameters. Other factors, including magnetic-field complexity, flare characteristics, and solar-wind conditions, were not explicitly incorporated. Including these variables in future investigations would provide a more complete understanding of the physical mechanisms governing CME evolution and improve the predictive capability of CME propagation models.
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