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        Overview of the bump SEE events on October 20, 2002 (event 5) and February 20, 2014 (event 10). Panels (a) and (e): Flux time profiles of outward-traveling electrons observed by EESA-L (0.17–1.1 keV, 3 min average), EESA-H (0.92–18.9 keV, 3 min average), and SST (27–310 keV, 90 sec average) for events 5 and 10. Panel (b): Derivative of Δ(lnJ)/Δ(lnE) for event 5 (purple diamonds) and 10 (cyan triangles), where J is the electron background-subtracted peak differential flux. The solid (dashed) line shows the derivative from the MUL (PS) fitting results. Panels (c) and (g): ADD fitting to the observed electron peak flux energy spectrum for events 5 and 10. Panels (d) and (h): MUL fitting. The red lines in panels (c–d) and (g–h) indicate the total fitting results, and the blue (purple) lines represent the Gaussian (PS) portion in fitting. In panels (b–d) and (g–h), the double-ended arrows show the FWHM of the Gaussian portion in the MUL or ADD fittings. Panel (f): Electron pitch-angle distributions normalized at each time bin and 2.8 (108) keV for events 5 and 10, and three components of the IMF vector for event 10. The beamed distributions exhibit higher values (red) in the beaming direction and lower values (indigo) in the other directions, while isotropic distributions exhibit normalized values around one (green) in all directions. The typical peak interval for the ten bump SEE events is about 12 (3) minutes at low energies (high energies).

      

    

  
    
      Fig. 2. 
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        Histograms and scatter diagrams for the spectral parameters of the selected ten bump SEE events. Panels (a–d): Histograms of β, Ebp, Wbp, and Wbp/Ebp estimated from the ADD (red) and MUL (blue) fittings. The arrows with horizontal bars indicate the median values with their first and third quartiles. Panel (a) only plots the nine events (1–9) with a fitted SPL spectral shape for the primary population. Panels (e–h): Scatter plots of β, Ebp, Wbp, and Wbp/Ebp between the ADD and MUL fittings. Panels (i-j): Same format for Nbp and Nbp/Npl at 10–400 keV. In panels (e-j), the dashed lines indicate the 1:1 ratio. Panel (k): Wbp vs. Npl at 1–10 keV. Panel (l): Nbp vs. Npl at 10–400 keV. The dashed lines denote the ratios of 101, 100, and 10−1. The solid red (blue) line denotes the estimated linear regression of [image: equation] ([image: equation]) for the ten bump events. In panels (e-l), the triangles indicate the bump SEE events associated with west limb CMEs and with HXR flares or no available HXR measurements, the squares represent the SEE events with west limb CMEs and no HXR flares (when measurements are available), and the diamonds show the events without west limb CMEs and HXR flares (when measurements are available), or events without available CME and HXR measurements. The solid (open) symbols indicate events associated with (without) type II radio bursts. We used the logarithm of the electron number to calculate the CCs regarding the electron number.

      

    

  
    
      Fig. 3. 
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        Simulated electron spectra at 1 au derived from an SPL spectrum injected at different r, after considering the electron energy loss due to Coulomb collisions with the 0.2-fold, 1-fold and 5-fold electron density models and due to the ambipolar electrostatic potential between the Sun and IPM. The injected spectral index of 2.5 is the median index value of the power-law electron populations in the selected bump SEE events. We applied the 0.2-fold and 5-fold density models to estimate the uncertainties of the source height that are caused by varying the magnitude of density model.

      

    

  
    
      Fig. 5. 
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        Scatter diagrams of the parameters between the ten bump SEE events and the associated solar phenomena, including SXR flares (top), west limb CMEs (middle), and 3He/4He (bottom). Panels (a–c): SXR class vs. β, Npl at 10–400 keV and Nbp at 10–400 keV. Panels (d–e): CME width vs. Wbp/Ebp, Nbp/Npl at 10–400 keV. Panel (f): CME speed vs. Nbp/Npl at 10–400 keV. Panels (g–h): 3He/4He ratio vs. β and Ebp Panel (i): 3He/4He ratio vs. Nbp/Npl at 10–400 keV. The upward (downward) arrows indicate the underestimated (overestimated) 3He/4He ratio. In all panels, blue (red) shows the SEE parameters from the MUL (ADD) fitting. The symbols represent the same as in Figure 2. We used the logarithm of the electron number and of 3He/4He ratio to calculate the corresponding CCs.
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        Correlograms of the parameters between the ten bump SEE events and the associated solar phenomena including SXR flares, west limb CMEs, and 3He/4He. Panel (a): Autocorrelation matrix between the SEE parameters estimated from the ADD fitting. Panel (b): Same format for the MUL fitting. Panel (c): Correlation matrix of SEE parameters between the ADD and MUL fittings. Panel (d): Correlation matrix between the ADD SEE parameters and the parameters of the associated solar phenomena. Panel (e): Same format for the MUL fitting. Panel (f): Autocorrelation matrix between the parameters of the solar phenomena. The CCs are listed in the center of each cell. The cell is color-coded when the CC is statistically significant (p < 0.1). Red (blue) indicates a positive (negative) correlation. For a statistically insignificant CC (p ≥ 0.1), its cell is shown in white. We used the logarithm of the electron number and of 3He/4He ratio to calculate the corresponding CCs.

      

    

  
    
      Fig. 7. 

      
        [image: thumbnail]
      

      
        Variation in the type II burst height r with plasma frequency estimated from the electron density model of Equation (3). The dashed, dotted, and dash-dotted curves represent the 0.2-fold, 1-fold, and 5-fold models, respectively. The colored symbols indicate the lower and upper bounds of the burst frequency range observed by ground-based stations and by Wind/WAVES for different bump SEE events.

      

    

  
    
      Table A.1. 

      The fitted parameters of 10 bump SEE events

      
        

	#
	Date
	Trela
	βADD
	[image: equation]
	[image: equation]
	[image: equation]
	[image: equation]
	[image: equation]
	[image: equation]
	[image: equation]
	βMUL
	[image: equation]
	[image: equation]
	[image: equation]
	[image: equation]
	[image: equation]
	[image: equation]
	[image: equation]



	
	
	
	
	
	
	
	(1-10keV)
	(10-400keV)
	(10-400keV)
	(10-400keV)
	
	
	
	
	(1-10keV)
	(10-400keV)
	(10-400keV)
	(10-400keV)



	
	
	(UT)
	
	(keV)
	(keV)
	(keV)
	(1036)
	(1034)
	(1034)
	
	
	(keV)
	(keV)
	(keV)
	(1036)
	(1034)
	(1034)
	





	1
	1998-08-29
	18:29
	1.94 ± 0.14
	28.3 ± 5.8
	34.7
	[15.9, 50.6]
	[image: equation]
	[image: equation]
	[image: equation]
	[image: equation]
	1.92 ± 0.13
	44.2 ± 7.5
	63.9
	[22.6, 86.5]
	[image: equation]
	[image: equation]
	[image: equation]
	[image: equation]



	2
	2001-10-09
	07:38
	2.65 ± 0.39
	21.6 ± 7.8
	39.8
	[9.5, 49.3]
	[image: equation]
	[image: equation]
	[image: equation]
	[image: equation]
	1.99 ± 0.60
	56.7 ± 12.5
	167.7
	[17.4, 185.1]
	[image: equation]
	[image: equation]
	[image: equation]
	[image: equation]



	3
	2002-02-20
	06:04
	2.45 ± 0.20
	21.2 ± 7.7
	36.7
	[9.7, 46.4]
	[image: equation]
	[image: equation]
	[image: equation]
	[image: equation]
	2.52 ± 0.23
	69.5 ± 16.2
	232.4
	[19.2, 251.6]
	[image: equation]
	[image: equation]
	[image: equation]
	[image: equation]



	4
	2002-10-20
	11:28
	3.50 ± 0.39
	22.7 ± 7.1
	26.8
	[13.0, 39.8]
	[image: equation]
	[image: equation]
	[image: equation]
	[image: equation]
	3.66 ± 0.35
	48.7 ± 19.8
	100.6
	[19.7, 120.3]
	[image: equation]
	[image: equation]
	[image: equation]
	[image: equation]



	5
	2002-10-20
	14:08
	2.29 ± 0.22
	39.2 ± 12.3
	54.7
	[20.5, 75.1]
	[image: equation]
	[image: equation]
	[image: equation]
	[image: equation]
	2.27 ± 0.48
	88.2 ± 47.7
	172.3
	[37.1, 209.4]
	[image: equation]
	[image: equation]
	[image: equation]
	[image: equation]



	6
	2003-03-17
	10:06
	2.77 ± 0.11
	25.0 ± 5.6
	35.7
	[12.9, 48.6]
	[image: equation]
	[image: equation]
	[image: equation]
	[image: equation]
	2.81 ± 0.19
	77.2 ± 27.9
	225.6
	[23.9, 249.5]
	[image: equation]
	[image: equation]
	[image: equation]
	[image: equation]



	7b
	2005-09-04
	15:01
	2.89 ± 0.29
	16.1 ± 19.6
	34.4
	[6.4, 40.8]
	[image: equation]
	[image: equation]
	[image: equation]
	[image: equation]
	3.27 ± 1.25
	170.9 ± 190.1
	587.1
	[46.1, 633.2]
	[image: equation]
	[image: equation]
	[image: equation]
	[image: equation]



	8
	2011-08-08
	17:54
	2.54 ± 0.11
	27.3 ± 4.5
	39.6
	[13.9, 53.6]
	[image: equation]
	[image: equation]
	[image: equation]
	[image: equation]
	2.69 ± 0.40
	56.5 ± 7.6
	127.1
	[21.5, 148.6]
	[image: equation]
	[image: equation]
	[image: equation]
	[image: equation]



	9
	2013-11-12
	21:35
	2.43 ± 0.19
	25.2 ± 7.9
	34.8
	[13.3, 48.0]
	[image: equation]
	[image: equation]
	[image: equation]
	[image: equation]
	2.46 ± 0.57
	61.5 ± 30.7
	176.7
	[19.3, 196.0]
	[image: equation]
	[image: equation]
	[image: equation]
	[image: equation]



	10c
	2014-02-20
	07:45
	3.57 ± 0.48
	42.9 ± 4.4
	41.7
	[26.9, 68.6]
	[image: equation]
	[image: equation]
	[image: equation]
	[image: equation]
	3.58 ± 0.51
	55.9 ± 5.7
	63.1
	[32.6, 95.7]
	[image: equation]
	[image: equation]
	[image: equation]
	[image: equation]



	
	
	
	1.73 ± 0.14
	
	
	
	
	
	
	
	1.72 ± 0.15
	
	
	
	
	
	
	





      

      
Notes.

(a) Subtracted from the onset time in the event's highest energy channel detected in situ by the travel time along a nominal 1.2 AU path length.


(b) Event 7 shows large uncertainties of βMUL, caused by the very limited number of energy channels that are dominated by power-law population.


(c) For event 10, the primary or PS population is fitted to a UDPL with the spectral index β1 (β2) at energies below (above) a break energy Epl in both the MUL and ADD fittings.




    

  
    
      Table A.2. 

      Other solar phenomena associated with 10 bump SEE events

      
        

	
	
	
	SOHO West-Limb CMEc
	
	AIA Jete
	
	GOES SXR Flaref
	
	RHESSI HXR Flareg
	
	Type III
	
	Type IIj
	3He/4He


				
				
		
				
	


	#
	Date
	Trelb
	P.A.
	Width
	V
	K
	
	T
	
	Tstart
	Duration
	Class
	Location
	
	
	Tpeak
	βHPE
	
	
	
	Frequency
	r
	



	
	
	(UT)
	(deg)
	(deg)
	(km/s)
	(erg)
	
	(UT)
	
	(UT)
	(min)
	
	
	
	
	(UT)
	
	
	
	
	(MHz)
	(Rs)
	(%)





	1
	1998-08-29
	18:29
	...d
	...
	...
	...
	
	...
	
	18:22
	10
	C5.3
	...
	
	...
	...
	...
	
	Yes
	
	
	
	2.1 ± 0.2k



	2
	2001-10-09
	07:38
	249
	126
	529
	6.9E+30*
	
	...
	
	
	
	
	
	
	...
	...
	...
	
	Yes
	
	200-50
	1.1-1.4
	...



	3
	2002-02-20
	06:04
	Halo
	360
	963
	9.5E+30*
	
	...
	
	05:43
	24
	M5.1
	N12W72
	
	Yesh
	
	
	Yes
	
	95-57
	1.3-1.4
	1.1 ±0.4



	4
	2002-10-20
	11:28
	248
	15
	918
	...
	
	...
	
	11:12
	25
	C1.0
	...
	
	Noi
	
	
	
	Yes
	
	
	
	22.0±3.5k



	5a
	2002-10-20
	14:08
	247
	20
	1011
	1.7E+30
	
	...
	
	14:02
	11
	C6.6
	S13W63
	
	No
	
	
	Yes
	
	180-25
	1.1-1.7
	171.9 ±7.3k



	6
	2003-03-17
	10:06
	
	
	
	
	
	...
	
	
	
	
	
	
	No
	
	
	Yes
	
	
	
	12.0±1.6



	7
	2005-09-04
	15:01
	286
	86
	1179
	3.8E+31
	
	...
	
	13:59
	133
	C2.0
	N13W72
	
	Yesh
	
	
	Yes
	
	
	
	...



	8
	2011-08-08
	17:54
	269
	33
	757
	3.8E+29
	
	17:51
	
	17:51
	18
	M3.5
	N16W61
	
	Yesh
	
	
	Yes
	
	135-25
	1.2-1.7
	0.8±0.1



	
	
	
	
	
	
	
	
	17:59
	
	
	
	
	
	
	
	
	
	
	
	
	6-0.4
	2.6-13
	



	9
	2013-11-12
	21:35
	259
	35
	302
	1.5E+28
	
	21:31
	
	21:28
	6
	C3.1
	S16W62
	
	Yes
	21:31
	6.7±0.2
	
	Yes
	
	
	
	3.5±1.0k



	
	
	
	
	
	
	
	
	21:33
	
	
	
	
	
	
	
	21:34
	4.0±1.1
	
	
	
	
	
	



	10
	2014-02-20
	07:45
	Halo
	360
	969
	3.9E+31*
	
	07:37
	
	07:15
	59
	M3.0
	S15W73
	
	Yes
	07:36
	4.5±0.1
	
	Yes
	
	180-26
	1.1-1.7
	0.03±0.53l



	
	
	
	
	
	
	
	
	07:42
	
	
	
	
	
	
	
	07:41
	5.5±0.1
	
	
	
	12-7.7
	2.0-2.3
	





      

      
Notes.

(a) Also studied by Pick et al. (2006) and Wang et al. (2011, 2016).


(b) Solar release time of SEEs in the event's highest energy channel, the same as Trel in Table A.1.


(c) Data from the SOHO/LASCO CME catalog (https://cdaw.gsfc.nasa.gov/CME_list/). K represents the CME kinetic energy, and a superscript star marks the values that are not reliable due to large uncertainties.


(d) No available data.


(e) Data from SDO/AIA at 171 Å. T represents the start time of jets at the Sun, estimated by subtracting 500 seconds from the onset time detected at 1 au. Event 9 and 10 are associated with two jets.


(f) Data from the GOES flare list (ftp://ftp.swpc.noaa.gov/pub/warehouse/), confirmed with GOES 1-8 Å   observations. Tstart is the start time of the flare at the Sun. Duration = end time - start time.


(g) Data from RHESSI. Tpeak is the peak time of the flare at the Sun.


(h) HXR flares without (reliable) peak measurements.


(i) Influenced by South Atlantic Anomaly during the considered time inverval.


(j) Data from the Solar Geophysical Data (ftp://ftp.ngdc.noaa.gov/STP/SOLAR_DATA/) and Wind/WAVES observations at <14 MHz. r is the derived heliocentric distance.


(k) Likely underestimated because the


4 He is dominated by a previous large solar energetic particle event (Hart et al. 2024).


(l) An upper-limit estimate.
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