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SUMMARY 47 

Anomalous ultra-low frequency electromagnetic (ULFEM) pulses occurring before the 48 

M5.4 2007 and M4.0 2010 Alum Rock earthquakes have been claimed to increase in number 49 

days to weeks prior to each earthquake. We re-examine the previously reported ultra-low 50 

frequency (ULF: 0.01-10 Hz) magnetic data recorded at a QuakeFinder site located 9 km from the 51 

earthquake hypocenter, as well as data from a nearby Stanford-USGS site located 42 km from the 52 

hypocenter, to analyze the characteristics of the pulses and assess their origin. Using pulse 53 

definitions and pulse-counting algorithms analogous to those previously reported, we corroborate 54 

the increase in pulse counts before the 2007 Alum Rock earthquake at the QuakeFinder station, 55 

but we note that the number of pulses depends greatly on chosen temporal and amplitude 56 

detection thresholds. These thresholds are necessarily arbitrary because we lack a clear physical 57 

model or basis for their selection. We do not see the same increase in pulse counts before the 58 

2010 Alum Rock earthquake at the QuakeFinder or Stanford-USGS station. In addition, when 59 

comparing specific pulses in the QuakeFinder data and Stanford-USGS data, we find that the 60 

majority of pulses do not match temporally, indicating the pulses are not from solar-driven 61 

ionospheric/magnetospheric disturbances or from atmospheric lightning, and lack a common 62 

origin. Notably, however, our assessment of the temporal distribution of pulse counts throughout 63 

the day shows pulse counts increase during peak human activity hours, strongly suggesting these 64 

pulses result from local cultural noise and are not tectonic in origin. The many unknowns about 65 

the character and even existence of precursory earthquake pulses means that otherwise standard 66 

numerical and statistical test cannot be applied. Yet here we show that exhaustive investigation of 67 

many different aspects of ULFEM signals can be used to properly characterize their origin. 68 

 69 

Keywords: earthquake precursor, ultra-low frequency, time-series analysis, probabilistic 70 

forecasting, magnetic field, Earthquake early warning 71 
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 3 

1 INTRODUCTION 73 

 Numerous papers have reported anomalous signals occurring in ultra-low frequency 74 

electromagnetic (ULFEM: 0.01-10 Hz) data prior to earthquakes. The most highly cited 75 

observations were made prior to the 1989 M7.1 Loma Prieta earthquake (Fraser-Smith et al., 76 

1990), ranging from a narrow-band signal (0.05 – 0.2 Hz) starting about a month before the 77 

earthquake to a dramatic enhancement of broadband activity (0.01 – 0.5 Hz) approximately three 78 

hours before the earthquake. Fraser-Smith et al. (1990) concluded that these anomalous signals 79 

were most likely magnetic precursors to the Loma Prieta earthquake, an assertion that has been 80 

controversial (Campbell, 2009 vs. Fraser-Smith et al., 2011; Thomas et al., 2007 vs. Culp et al., 81 

2007; Thomas et al., 2009a; Thomas et al. 2013 vs. Fraser-Smith et al., 2013). The claimed 82 

ULFEM precursors to the Loma Prieta earthquake largely inspired recent global efforts to 83 

monitor telluric ULFEM fields, including our own Stanford-USGS array in California (Wang et 84 

al., 2018). Other notable results include reports – and rebuttals – of anomalous signals months to 85 

hours before the M6.9 Spitak 1998 earthquake (Kopytenko et al., 1993), the M7.1 Guam 1993 86 

earthquake (Hayakawa et al., 1996; Thomas et al., 2009b), the M8.0 Wenchuan 2008 earthquake 87 

(Li et al., 2013), the M7.6 Chi Chi Taiwan 1999 earthquake (Liu et al., 2006; Tsai et al., 2006; 88 

Masci, 2011), and the M9.0 Tohoku 2011 earthquake (Xu et al., 2013). Furthermore, there are a 89 

number of clear failures of this technique to detect precursors to well-instrumented earthquakes 90 

such as the M6.0 Parkfield 2004 earthquake (Johnston et al., 2006), the M7.1 Hector Mine 1999 91 

earthquake (Karakelian et al., 2002) and the M8.8 Chilean 2010 earthquake (Romanova, et al., 92 

2015). A review of earthquake precursors (Cicerone et al., 2009) shows fewer claimed precursors 93 

associated with smaller earthquakes, M≤5, but suggestions of precursory ULFEM signals have 94 

been made related to aftershock sequences (e.g., Fenoglio et al., 1993), isolated small earthquakes 95 

(Masci et al., 2009) and swarm activity (e.g., Kolar, 2010), as well as to the Alum Rock 96 

earthquakes (Bleier et al., 2009; Dunson et al., 2011) further discussed here. A continuing issue in 97 

the field is the problem of recognizing ionospheric and magnetospheric disturbance signals and 98 
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 4 

removing these from the data (e.g., Masci, 2011; Wang et al., 2018) or distinguishing them from 99 

potential tectonic signals. Reduction of both ionospheric and magnetospheric disturbance noise in 100 

magnetic array data has been a research field for the last 50 years. The basic techniques were 101 

developed in the USGS 80-station magnetometer network installed along the San Andreas Fault 102 

system from 1972 to 2002 (Mueller & Johnston, 1997; Johnston, 1998; Johnston et al., 1984; 103 

Ware et al., 1985; Davis et al., 1980, 1983). With these techniques, external disturbance fields can 104 

be reduced by a factor of about 100. Using the 80-station USGS array, just one apparent magnetic 105 

precursor (~3nT) was observed (on three independent stations) in 30 years of monitoring (Davis 106 

et al., 1980) but co-seismic changes (0.1-3 nT) were routinely observed for earthquakes with M>6 107 

that are consistent with the earthquake source mechanism, stress drop and distance (e.g. Johnston 108 

et al., 2006, M6 Parkfield earthquake in 2004). Without noise reduction, the very existence of 109 

ULFEM precursors to earthquakes remains open to question.  110 

 We categorize the signals that appear in ULFEM data into four general types, 1) 111 

atmospheric signals, which we use to mean from all atmospheric, ionospheric, and 112 

magnetospheric sources; 2) tectonic signals, representing any natural signal that comes from 113 

inside the earth, including those generated from tectonic or water movement; 3) cultural signals, 114 

referring to all anthropogenic or animal-related signals, such as cars, water pumps, animals, etc.; 115 

and 4) instrumental signals, or those generated internally by the system, such as responses to 116 

power spikes.   117 

 In this paper we focus on the observation that anomalous tectonically-sourced magnetic 118 

pulsations occurred prior to the Oct 31, 2007 Alum Rock M5.4 earthquake near San Jose, 119 

California (hereafter “AR2007”; Table 1, Fig. 1), with an increase in pulse counts peaking two 120 

weeks before the earthquake and then a dip in pulse counts about one day before the event (Bleier 121 

et al., 2009). Bleier et al. (2009) counted pulses that exceeded a threshold determined by a site-122 

specific background noise and saw increased numbers of pulses on a single QuakeFinder site 123 

(East Milpitas / QF609), 2 km distant from the epicenter (Table 2, Fig. 1). Although QuakeFinder 124 
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 5 

Inc. maintains a relatively large and dense array of ULFEM stations (CalMagNet, Cutler et al., 125 

2008), the next closest QuakeFinder site to the Alum Rock earthquake, in Portola Valley 38 km 126 

west of the epicenter (Fig. 1), did not detect any increase in pulses (Bleier et al., 2009). This is an 127 

example of one of the challenges of this field described above: ensuring stations in arrays are 128 

close enough for at least two stations to record possible signals related to earthquake events. An 129 

analogous increase in pulse activity prior to the Jan 07, 2010 Alum Rock M4.0 earthquake 130 

(hereafter “AR2010”; Table 1, Fig. 1) has been reported at the same QF609 site (Dunson et al., 131 

2011).   132 

Table 1: Parameters of earthquakes studied 133 
 AR2007 AR2010 

Date October 31, 2007 January 7, 2010 

Location 37.432°N, 121.776°W 37.4765°N, 121.797°W 

Depth 9.2 km 9 km 

Magnitude 5.4 4.0 

All values adopted from Bleier et al. (2009) and Dunson et al. (2011) 134 
 135 

 136 

Figure 1: Shaded-relief topographic map of the San Francisco Bay Area, California.  JRSC, 137 
QF609 and QF Portola Valley ULFEM sites are shown by blue squares.  The 2007 and 2010 138 
Alum Rock earthquakes (red stars) occurred along the Calaveras Fault.  Black and grey lines: 139 
major and minor faults. Red lines: BART electric train. 140 

 141 
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 6 

Stanford, USGS and UC Berkeley have collaborated to maintain five ULFEM recording 142 

sites along strands of the San Andreas Fault system in the San Francisco Bay Area (e.g., Bijoor et 143 

al., 2005; Neumann et al., 2008; Wang et al., 2018). The closest Stanford-USGS site to the Alum 144 

Rock earthquake is JRSC, at the Jasper Ridge Biological Preserve, 41 km from the AR2007 145 

epicenter (Table 2, Fig. 1). We examined data from this site, JRSC, and re-examined the data 146 

from QF609 presented by Bleier et al. (2009) for AR2007 and Dunson et al. (2011) for AR2010. 147 

Although JRSC and QF609 utilize different magnetometers and digitizers, a comparison of the 148 

two systems shows they have similar signal responses.   149 

Table 2: Parameters of ULF stations utilized 150 
 JRSC QF609 FRN 

Latitude °N, 

longitude °E 
37.403, -122.239 37.416, -121.780 37.091, -119.719 

Effective bandwidth 1000s-15 Hz 1000s-12 Hz 1000s-0.5 Hz 

Magnetometer type 

BF-4 magnetic field 

induction coil, 

Schlumberger 

Ant/4 magnetic field 

induction coil, Zonge 

International 

Narod fluxgate 

magnetometer 

Sample rate 40 Hz 32 Hz 1 Hz 

Digitizer 
24-bit Quanterra data-

logger 

24-bit A/D Symmetric 

Research Inc. 
N/A 

Additional data 

channels, not studied 

in this paper 

• Total-field 

magnetometer sampled 

at 10 Hz (Geometrics) 

• Orthogonal 100-m 

electrodes 

• Broadband 

seismometer (Northern 

California Seismic 

Network) 

• 4 Hz geophone 

• Air conductivity 

sensor 

-Temperature and 

humidity 

N/A 

Distance to AR2007 

hypocenter (epicenter) 
42 km (41 km) 9 km (2 km) 185 km (185 km) 

Distance to AR2010 

hypocenter (epicenter) 
41 km (40 km) 11 km (7 km) 188 km (188 km) 

 151 

In this paper, we present a pulse analysis of ultra-low frequency (ULF) magnetic data 152 

before and after the 2007 and 2010 Alum Rock earthquakes. We aim to assess the data and pulse 153 

counting methods of Bleier et al. (2009), attempt to reproduce their results and those of Dunson et 154 

al. (2011), and analyze pulse statistics. A listing of the times of the >104 pulses counted by 155 
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 7 

Bleier et al. (2009) is no longer available for study, but instead the raw data were generously 156 

provided by QuakeFinder Inc. for our re-evaluation. We apply a similar analysis matching the 157 

criteria used by Bleier et al. (2009), and then compare our pulse count results with those of Bleier 158 

et al. (2009). We show that the number of pulses and the time-variation of the rate of pulse 159 

occurrence are very sensitive to the precise parameters of the pulse-counting algorithm. With an 160 

appropriate choice of parameters we can confirm the existence of the increased pulse counts at 161 

QF609 shown by Bleier et al. (2009), but find no changes in pulse counts at JRSC for either the 162 

2007 and the 2010 earthquakes. The difference in these two records suggests that either the pulses 163 

are attenuated below background noise levels before reaching the Stanford-USGS site, or they are 164 

not earthquake related.  The latter seems likely since 1) no signals were observed at the time of 165 

the earthquake when the major energy and stress release occurs and 2) nothing in earthquake 166 

physics or observations indicates large signals should occur before earthquakes if no signals 167 

occur during earthquakes. 168 

 169 

2 MEASUREMENT SYSTEMS AND RESOLUTION  170 

The Stanford-USGS ultra-low frequency electromagnetic sites have three orthogonal 171 

induction coil magnetometers, aligned geomagnetically east-west, north-south and vertically, as 172 

well as two orthogonal horizontal electrode pairs in the east-west and north-south directions 173 

(Table 2). The Stanford-USGS stations are collocated with broadband seismometers to separate 174 

telluric signals from signals induced by seismic shaking (Karakelian et al., 2000; 2002). 175 

QuakeFinder stations consist of three orthogonal magnetometers, aligned geomagnetically east-176 

west, north-south and vertically, but no electrodes. QuakeFinder stations, including QF609, also 177 

record the output of 4 Hz geophones (to monitor high-frequency ground motion), ion density, and 178 

basic weather information (Table 2) (Cutler et al., 2008; Bleier et al., 2009). A major source of 179 

ULF electromagnetic noise in the San Francisco Bay Area is the Bay Area Rapid Transit system, 180 

BART, a direct-current system with a ground return (e.g., Fraser-Smith & Coates, 1978; Liu & 181 

Page 7 of 53 Geophysical Journal International

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 8 

Fraser-Smith, 1996), shown in Fig. 1. At JRSC, background signal levels during the hours of 182 

BART operation are an order-of-magnitude greater than when the system is not in operation, 183 

typically 02:00-04:00 clock time (CT, clock time in the San Francisco Bay Area is ~20 minutes 184 

ahead of local (solar) time in winter, and ~80 minutes early during summer ‘Daylight Savings 185 

Time’) (Karakelian et al., 2000; Bijoor et al., 2005). We therefore also use USGS magnetic 186 

observatory station FRN (Fresno, Table 2) as a remote reference station to corroborate results 187 

from within the San Francisco Bay Area (QF609 and JRSC), and whenever possible show data 188 

examples recorded during the ‘quiet time’ (BART off). 189 

 190 

3 QUAKEFINDER CLAIMED EARTHQUAKE PRECURSOR 191 

 Bleier et al. (2009) reported an increase in long duration (1-30 seconds), high-amplitude 192 

(3–20 nT) pulses in their ULF magnetic data starting one to two months before the AR2007 193 

earthquake. Pulse counts (number of qualifying pulses per unit time) peaked 13 days before the 194 

earthquake and then decreased slightly in the remaining days before the earthquake. The 195 

amplitudes of these pulses were 10–1000 times larger than the average ambient site noise.   196 

 Bleier et al. (2009) found these increases in the rate of occurrence of pulses using their 197 

own customized pulse-counting algorithm. They set an amplitude “threshold level” of “twice the 198 

largest noise signatures typically observed each day at each site”, a value that in practice counted 199 

typically 0–15 pulses a day. Bleier et al. (2009) counted pulses that exceeded this threshold level, 200 

and monitored their duration polarity (positive unipolar, negative unipolar, or bi-polar with both 201 

positive and negative excursions exceeding the threshold). Bleier et al. (2009) discarded time 202 

periods contaminated by calibration signals (twice per day) and known man-made interference 203 

(including 6.5 hours during the period of increased pulse rate in October prior to the earthquake). 204 

Bleier et al. (2009) were also able to discount several possible causes for the increase in rates of 205 

pulse occurrence before the earthquake: solar-generated ULF sources were excluded because 206 
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 9 

pulse counts were not consistent across multiple widely spaced network stations. We note, 207 

however, that disturbances will not be exactly the same at different sites because of induced 208 

signals that are locally generated by local magnetic structure and electrical conductivity, though 209 

they will occur at the same time across the network.Local lightning sources were excluded based 210 

on comparison with commercial lightning catalogs, and additionally mitigated against by only 211 

counting pulses longer than 1 second; and internal instrument noise was excluded by detecting 212 

identical pulses on a nearby station deployed temporarily after the AR2007 earthquake. A total of 213 

11623 pulses were counted by Bleier et al. (2009) at QF609 from 5–31 October 2007 (430 per 214 

day), a rate 10 times the average rate over the entire 2006–2007 two-year period, and a rate 15 215 

times the average rate excluding the pre-earthquake period of 5–31 October.   216 

 Dunson et al. (2011) extended the Bleier et al. (2009) analysis to include “direction-217 

finding” (amplitude ratios of different orthogonal components of the magnetic field variations), 218 

and also reported increased pulse counts (with a slightly modified counting algorithm) both prior 219 

to the AR2007 magnitude 5.4 earthquake and also prior to the AR2010 magnitude 4.0 earthquake.  220 

In this analysis we attempt to reproduce the Bleier et al. (2009) results using a pulse-counting 221 

algorithm based on their reported methodology, and we apply the same methodology to our own 222 

JRSC dataset, and to both the 2007 and 2010 earthquakes. For simplicity we focus only on the 223 

west-east-oriented magnetometer channel that has the most continuous data record. 224 

 225 

4 DATA ANALYSIS at QF609 and JRSC 226 

4.1 Network Comparison Test 227 

Before attempting to compare the historical (2007-2010) data from QuakeFinder and 228 

USGS-Stanford systems that use different coils, digitizers and telemetry (Table 2), we first 229 

collocated a temporary QuakeFinder installation at the JRSC station for two months. Analysis of 230 

the resultant data and contemporaneous records from remote reference FRN shows good 231 

coherence between the systems over long time periods, for ionospheric magnetic signals 232 
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 10 

(continuous Pc and irregular Pi geomagnetic pulsations) that are expected to be regionally 233 

uniform, and most important for specific pulses similar to those counted in this study (Wang et al., 234 

2018). However, occasional pulses that only occur on a single component sensor or single system 235 

(either QuakeFinder or JRSC) indicate that some anomalies are artifacts of system noise (e.g., 236 

power, digitizer, amplifier in the case of system-wide signals), or local ground disturbances (e.g., 237 

we suspect rodent burrowing in the case of single-sensor signals) (Wang et al., 2018). 238 

 239 

4.2 Pulse Comparison between stations 240 

In addition to the well-understood ionospheric signals, both JRSC and QF609 record 241 

examples of all the types of pulses that Bleier et al. (2009) described as unexplained by 242 

“contamination sources”: amplitude excursions of 1 to 30 seconds duration, unipolar positive, 243 

negative and bipolar, that clearly exceed the average noise levels (Fig. 2). If two recording sites 244 

are close enough to one another and to the source of the pulses, the pulses should appear on both 245 

systems. However, because we lack a physical mechanism for the observed pulses, we are 246 

uncertain how their amplitudes might scale with distance from their source. We expect the 247 

amplitude of the magnetic field to decrease with distance from its source (r) due to geometric 248 

spreading, and due to propagation through the Earth. This latter effect is often characterized by 249 

the skin depth zs of the medium, or distance over which a signal is attenuated by a factor e. zs
2 is 250 

proportional to the resistivity of the medium and to the period of the electromagnetic signal.  251 
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 11 

 252 

Figure 2: Examples of typical pulses at QF609 and JRSC, all on the east-west magnetometer.  (a) 253 
Unipolar positive pulse on QF609, October 28, 2007. (b) Bipolar pulse on QF609, April 25, 2008.  254 
(c) Unipolar negative pulse on JRSC, April 17, 2008.  (d) Bipolar pulse on JRSC, March 20, 2008.  255 
In all cases, the peaks of the pulses exceed a 10 threshold (dashed lines), calculated separately 256 
for each station.  All times are given in clock time (CT) after correction, if needed, for daylight 257 
savings time. 258 

 259 

Page 11 of 53 Geophysical Journal International

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 12 

We assume the simplest likely source of the pulsations is a dipole, for which the 260 

amplitude decreases as r3. More complex sources have more rapid decay rates, e.g., the amplitude 261 

of a quadrupole decreases as r4. Attenuation is negligible in the atmosphere, but the Earth’s skin 262 

depth is of the order of 1–10 km for 1 s periods assuming resistivities of ~4-400 ohm-m, realistic 263 

shallow crustal resistivities for this area (Eberhart-Phillips et al., 1990; Bedrosian et al., 2002). 264 

Our simplest model ignores any preferential directivity of the source and any signal loss at the 265 

earth-atmosphere interface.  266 

If we assume a dipole source at the Alum Rock hypocenter (Fig. 3) and ignore 267 

attenuation (i.e., assume infinite skin depth) the ratio of signals at QF609 and at JRSC would be 268 

(9km/42km)-3 ≈ 102. With a skin depth of ~10 km (appropriate for conductivities of 10–100 mS/m 269 

and frequencies of 0.1–1 Hz), the ratio of signals at QF609 and at JRSC would be      270 

(9km/42km)-3(e-1/e-4) ≈ 103 assuming lossy transmission along direct pathways through the earth; 271 

or {(9+2)/(9+41)}-3 ≈ 102 assuming lossy vertical transmission in the earth and loss-free radial 272 

transmission in the atmosphere (Fig. 3). These ratios would decrease if the dipole source were 273 

placed further from QF609 and closer to JRSC than the Alum Rock hypocenter (“hypothetical 274 

alternate source” in Fig. 3). FRN is ~180 km from QF609, and ~225 km from JRSC, and pulses 275 

originating close to the Alum Rock hypocenter should be reduced by a factor of ~104–108 from 276 

their amplitude at QF609.   277 

 278 

Figure 3: Simplified geometry of the relationship of JRSC, QF609 and the hypocenter and 279 
epicenter of the 2007 Alum Rock earthquake. 280 
 281 
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We tested whether any of the largest pulses reported in QF609 data were visible in JRSC 282 

data (or FRN data). For example, a large pulse recorded at QF609 (Fig. 4a) has no equivalent 283 

corresponding pulse at JRSC or at FRN at the same time as the QF609 pulse (Fig. 4c) so cannot 284 

have an ionospheric or magnetospheric source (Wang et al., 2018). Additionally, because the 285 

pulse is not present at JRSC even at an amplitude reduced from the QF609 amplitude by 103 (our 286 

estimated maximum attenuation) (Fig. 4c), this pulse is probably not generated at the Alum Rock 287 

hypocenter. Hence this pulse is likely either an artifact of instrument noise, or a local cultural 288 

source, or generated within the earth much closer to QF609 than the eventual AR2007 hypocenter.   289 

 290 

Figure 4: (a) Three pulses in QF609 east-west magnetometer data from October 30, 2007 291 
(modified from Fig. 2d of Bleier et al., 2009).  Dot-dashed and solid gray lines represent the 292 
threshold (10and20) used to count pulses at QF609. (b) The middle pulse shown in more 293 
detail, and also reduced by a factor of 100 (dot-dashed green line) to represent possible scaling 294 
relationships at JRSC.  (c) JRSC data (red solid line) and Fresno data (black solid line) for the 295 
same time period overlain by QF609 data scaled by 100 (green dot-dash lines) and by 1000 (pink 296 
dot-dash lines).   297 
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 298 

4.3 Pulse Counting 299 

Even if individual pulses cannot be reliably identified on both JRSC and QF609, it is 300 

possible that a statistical test – comparing pulse counts over different time intervals – might show 301 

evidence of a coherent signal at JRSC. In this section we first show how we approximate the 302 

pulse-counting algorithm of Bleier et al. (2009) and then apply our algorithm to the two Alum 303 

Rock earthquakes. 304 

 305 

4.3.1 Design of and parameter selection for pulse-counting algorithm 306 

We counted pulses in QF609 and JRSC data both before and after the Oct 31 AR2007 307 

earthquake, from Jan 1, 2007 through April 30, 2008. We analyzed all available channels but all 308 

plots in this paper are from the east-west magnetometer of each site, as reported by Bleier et al. 309 

(2009). We first designed a pulse-counting algorithm as similar as possible to the published 310 

description of Bleier et al. (2009) to test whether there was any increase in pulses at JRSC prior to 311 

the Alum Rock earthquake, and then we explored how changing the algorithm can give different 312 

results.  313 

Bleier et al. (2009) noted the presence of some cultural noise (e.g., tractors working 314 

around site QF609), and manually removed these artifacts, as well as their calibration signals at 315 

noon and midnight. The list of times of known noise corrupting the QF609 data-set is given in 316 

Table 2 of Dunson et al. (2011), and we followed Bleier et al. (2009) in excluding these times 317 

from our pulse counting (Fig. 5a). There were nearly 100 days when one or the other site was 318 

malfunctioning or not recording data, reflecting the challenges of maintaining such a network in 319 

an urban setting; those full days were not examined in either data set in order to keep the datasets 320 

comparable (Table S1; Fig. 5b, Fig. S1).  321 
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 322 

Figure 5: Timeline of data showing data analyzed in this study.  Gray (bad QF609 data) and black 323 
(bad JRSC data) segments show data not analyzed.  (a) Dunson et al. (2011) reported periods of 324 
data that were removed due to known site contamination (their Table 2), ranging from 1 minute to 325 
8 hours, shown in gray.  (b) Whole days removed by us due to large segments (>12 hours) of 326 
missing data from that day.  327 
  328 

It is noteworthy that the incidence of even short periods of contaminated data due to 329 

cultural noise increases in the months before the earthquake. This increase in the number of 330 

contaminated periods may be real, or may represent the ability of Bleier et al. (2009) and Dunson 331 

et al. (2011) to retrospectively identify cultural events after the earthquake; it is easier to confirm 332 

specific hours of cultural activity, such as farm work or construction, that occurred a week ago 333 

compared to a year ago.   334 

Our pulse definition parallels that described in Bleier et al. (2009). We bandpassed the 335 

QF609 and JRSC data using a Butterworth filter from 0.01 Hz to the cutoff of the anti-alias filter 336 

for QF609, 12 Hz, then removed the instrument responses (Fig. S2) to convert units of instrument 337 

counts in which the data are archived to units of nanotesla, nT. Next, we estimated the 338 

background noise at each station, to enable us to set an amplitude threshold above which we 339 

identify pulses. Our pulse-counting algorithm considered and distinguished unipolar positive, 340 

unipolar negative, and bipolar spikes. We examined 24 hours of data each day (00:01 to 23:59 341 

clock time), and the total number of pulses counted each day is our reported pulse count. In the 342 

387 days we pulse-counted for AR2007, the longest segment of data removed from QF609 was 343 

45 minutes (Fig. 5a; Dunson et al., 2011), or only 3% of one day, so we did not bother to correct 344 

our reported pulse counts per day for this effect. 345 
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Our pulse counts are then defined by (1) the background noise based on an estimate of 346 

the standard deviation (calculated assuming the data are normally distributed); (2) the multiple 347 

of the standard deviation (M) we use as our amplitude threshold; and (3) the minimum duration T 348 

for which the amplitude must exceed the threshold M to be counted as a pulse (to discriminate 349 

against much shorter-duration features such as local lightning in the data). Bleier et al. (2009) 350 

used an on-site test at QF609 to measure the effects of near-by equipment (pumps, welders, etc.) 351 

on signal levels, and set their threshold at twice the largest signal they observed due to these 352 

cultural sources of noise. We approximate this approach by a judicious choice of M. All pulses 353 

counted by Bleier et al. (2009) exceed the threshold for at least one sample (1/32 of a second, T ~ 354 

0.03 s), and up to about 30 s. Bleier et al. (2009) discussed whether lightning might cause some 355 

short-period (< 1 s) pulses, and so although Beier et al. (2009) used no minimum duration T, we 356 

explore the effect on pulse counts of minimum T as high as 4 s. Note that for computational 357 

simplicity we follow Dunson et al. (2011, their Fig. 5) (and hence, we assume, also the method of 358 

Bleier et al. (2009)) in measuring pulse duration as the length of time for which the pulse 359 

amplitude exceeds the amplitude threshold. The dominant period of the pulse might be two to 360 

four times its measured duration, depending on the pulse shape and whether its amplitude barely 361 

or significantly exceeds the threshold.    362 

In this study we define a pulse as that which exceeds M We estimated  in two ways: 363 

first as the deviation of the entire data set under consideration; and second by calculating the 364 

deviation of each day (or each 2-hour quiet period, while BART is non-operational) individually 365 

and then averaging the individual deviations over all days (or quiet times) being considered. The 366 

second approach gives a lower estimate of  as it averages over quiet time periods with little 367 

anthropogenic noise. For constant values of M and minimum duration T = 0.03 s, the number of 368 

pulses counted using either approach is different (Fig. S3) but the two methods show almost 369 

identical patterns across days. For the remainder of our analysis we chose the second method, 370 
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averaging  values obtained on different days or quiet periods, because it was computationally 371 

simpler when changing the analysis period over which we counted pulses (Table S2, Fig. S3).  372 

For QF609 we tested different values of M (Fig. 6a); as expected, lower values of M 373 

increase the number of pulses detected. We tested different values of T (Figs. 6b and c); as 374 

expected lower values of T increase the number of pulses detected. Equivalent tests for JRSC are 375 

shown in Fig. S4. Table 3 reports the average apparent pulse rates at QF609 and JRSC for each 376 

combination of temporal threshold T and amplitude threshold M that we tested. Setting M = 10 377 

corresponds to a threshold of 1.9 nT for our full QF609 dataset associated with AR2007, very 378 

close to the threshold of 1.7 nT used by Bleier et al. (2009). Setting M = 10 and T = 0 s (i.e., no 379 

minimum duration) yielded pulse counts on QF609 with similar background numbers per day 380 

(zero to 15) as reported by Bleier et al. (2009). Absolute pulse counts are very dependent on the 381 

details of the algorithm (temporal threshold T and amplitude threshold M), but in a very non-382 

linear way (Table 3), so changes in pulse rate are also likely sensitive to the precise details of the 383 

algorithm. We explore this sensitivity more in section 6 below. For the rest of this paper we 384 

report pulse counts using “M=10, T=0 s” (Figs. 7-11) and for comparison purposes report and 385 

show pulse counts using “M=20, T=0 s” in Supplementary Materials. 386 

 387 

4.3.2 Alum Rock 10/31/2007 earthquake (AR2007) 388 

We see an increase in pulse counts and a peak in pulse counts 13 days before the AR2007 389 

earthquake as reported by Bleier et al. (2009) both for M=10 , T=0 s (Fig. 7a) and for M=20 , 390 

T=0 s (Fig. S5a). We examined the pulse counts for 9 months before and 6 months following 391 

AR2007 (excluding data gaps and known noise, Table S1; Fig. 5), to check for long-term changes 392 

and to confirm that this is an isolated event for QF609 near the time of the earthquake. Within the 393 

15-month period examined, the increase in pulse counts prior to the Alum Rock earthquake is the 394 
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most notable event: most days range from 5 to 25 pulses per day but the days before the 395 

earthquake increase to 70 to 150 pulses per day.     396 

In contrast to QF609, pulse counts at JRSC and FRN do not show any visible features or 397 

trends related to the Alum Rock earthquake (Figs. 7b and c, S5b and c). This is consistent either 398 

with tectonic (earthquake-related) pulses occurring near QF609 but attenuated beyond detection 399 

at JRSC and FRN, or with the pulses at QF609 being non-tectonic from an as yet unknown cause 400 

(e.g., geomagnetic; or lightning; or cultural or instrumental artifacts). We also applied the same 401 

pulse-counting methodology to the vertical and north-south magnetometers at QF609 (Fig. S6). 402 

 403 

 404 

Table 3: Average pulse counts per day for the 387 days around AR2007 (Table S1), and for the 405 
two weeks prior to AR2007 (10/15–10/30/2007), for different amplitude (M) and temporal (T) 406 
thresholds.   407 
 408 

  All 387 days Two weeks prior to AR2007 

T 

(s) 

M 

() 

QF609 JRSC QF609 - 

JRSC 

QF609 JRSC QF609 - 

JRSC 

0 20 4 1 3 26 0 26 
1 20 3 0 3 17 0 17 
2 20 2 0 2 15 0 15 
4 20 2 0 2 11 0 11 

        
0 10 8 2 6 49 1 48 
1 10 5 1 4 29 1 28 
2 10 5 1 4 26 1 25 
4 10 4 1 3 21 1 20 

        
0 2 350 3000 -2650 650 1500 -850 
0 6 24 23 1 69 19 50 

*   0 10 8 2 6 49 1 48 
0 14 6 1 5 36 0 36 

*   0 20 4 1 3 26 0 26 
*These two lines in the table are repeated from earlier in the Table to allow easier comparison of 409 
results. 410 
 411 
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 412 

Figure 6: Effects of varying parameters on pulse counts for QF609 east-west magnetic coil for 413 
2007–2008.  (a) Pulse counts for different thresholds M, with T=0 s.  (b) Pulse counts for varying 414 
duration parameter T, with M=10.  (c) Pulse counts for varying T, with M=20. 415 

 416 
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 417 

Figure 7: Pulse counts on east-west magnetic channels before and after AR2007, January 1, 2007 418 
to April 30, 2008, made with M=10 , T=0 s.  (a) QF609; (b) JRSC; (c) FRN. Dashed green lines 419 
in part a is the pulse counts for QF609 reported by Bleier et al. (2009). Gray dashed line: Ap 420 
index.  Red line and star: AR2007 earthquake. (For equivalent Figs. with M=20 , T=0 s see Fig. 421 
S5). 422 
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 423 

4.3.3 Alum Rock 01/07/2010 earthquake (AR2010) 424 

 Dunson et al. (2011) reported pulse-count increases before the smaller (M4.0) 2010 Alum 425 

Rock earthquake, noting, however, that the increase in counts leading up to the smaller 426 

earthquake is smaller than in the larger (M5.4) AR2007 event. Using the same pulse-counting 427 

algorithm described in Section 4.3.1, we attempt to reproduce Dunson et al. (2011) results for 428 

pulse counts before and after the AR2010 earthquake (their Fig. 6), from March 19, 2009 through 429 

September 23, 2010 (as with AR2007 some days could not be examined, Table S1, Fig. S1).  430 

Our pulse counts of QF609 data around AR2010 show the pulse count increase before the 431 

earthquake reported by Dunson et al. (2011) both for M=10, T=0 s (Fig. 8a) and for M=20, 432 

T=0 s (Fig. S7a). However, we do not consider this increase anomalous, as we find another, 433 

larger, pulse count increase in March 2010, 2.5 months after AR2010, that is not associated with 434 

any large earthquake event in the area, nor with anomalous geomagnetic activity (no increase in 435 

Ap index) (Fig. 8a), and a similar but smaller increased pulse count using M=20, T=0 s 436 

thresholds (Fig. S7a). In contrast, Dunson et al. (2011, their Fig. 6) show no daily pulse counts 437 

that are larger than 50% of their pre-earthquake spike in the months after AR2010, though they 438 

do show (their Fig. 17) at least one day on which the average pulse amplitude exceeded the pre-439 

earthquake average pulse amplitude. The difference between our pulse counts and those of 440 

Dunson et al. (2011) strongly suggests an excessive sensitivity of these pulse counts to the pulse 441 

counting algorithm in use.   442 

At JRSC all the days with the highest pulse counts are for dates after AR2010 (Fig. 8b, 443 

Fig. S7b), and we cannot discern any visible increases or other identifiable patterns related to 444 

AR2010, as expected from our results from the significantly larger event AR2007. 445 

 446 
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 447 

Figure 8: Pulse counts on east-west magnetic channels before and after AR2010, March 19, 2009 448 
to September 24, 2010, made with M=10 , T=0 s.   (a) QF609; (b) JRSC. Gray dashed line: Ap 449 
index.  Red line and star: AR2010 earthquake.  (For equivalent figures with M=20 , T=0 s see 450 
Fig. S7). 451 

 452 

4.3.4 Statistical Analysis 453 

We next briefly examine the statistics of the time variability of the pulse counts. To test 454 

the statistical significance of the increase in pulse counts before the AR2007 event we initially 455 

assume that the temporal distribution of pulses is a random, Poisson process (a distribution often 456 
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used to model earthquake main-shock occurrence, e.g., Gardner & Knopoff (1974)), although we 457 

cannot exclude other distributions (e.g., Dunson et al. (2011) speculate that pulses may follow a 458 

Weibull distribution). We compare the average pulse rate over the entire period studied (Table 3) 459 

to the rate of occurrence of pulses at times close to or long separated from the Alum Rock 460 

earthquakes, and the Poisson probability of such increased or diminished rates (Table 4).  461 

 Poisson distribution probability tells us that if we expect some independent event to occur 462 

λ times over a specified time interval then the probability P of exactly x occurrences is equal to,  463 

     𝑃(𝑥, 𝜆) =  
𝜆𝑥 𝑒−𝜆

𝑥!
   (e.g., Boas, 1983)                     (1) 464 

where λ, our expected number of pulse counts for each time period considered, is based on the 465 

average over the entire period studied (387 days around AR2007, Table 4, and 502 days around 466 

AR2010, Table S4).  x is the observed number of pulses over the shorter period in question, e.g., 467 

the 7 days in the week preceding the earthquake. Occurrence of pulse counts with probabilities 468 

lower than 0.05 are regarded as statistically significant if the underlying assumptions are correct 469 

(McKillup, 2006).   470 

We see that the increase in average pulse counts starting two months before the 2007 471 

Alum Rock earthquake on QF609 data, is statistically very significant when pulse counting both 472 

with M=10, T=0 s (Table 4) and also for M=20, T=0 s (Table S3). In contrast, there is no 473 

statistically significant change in average pulse counts on JRSC data before or after the 2007 474 

Alum Rock earthquake. The statistically significant increases in pulse counts at QF609 before the 475 

AR2007 earthquake (and AR2010 earthquake, Table S4) could be indicative of a relationship 476 

between the increased pulse counts and the impending earthquake, or of some unknown 477 

anthropogenic effect.   478 

However, caution is required, both because different patterns are seen around each 479 

earthquake, and because statistically improbable pulse counts are seen at times far removed from 480 

the earthquakes. Although in both 2007 and 2010 statistically significant increases in pulse counts 481 
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were seen two months prior to the earthquake, for AR2007 the significant increases continue until 482 

the day of the earthquake itself, whereas for AR2010 there were statistically significant decreases 483 

in pulse rate the week before and on the day of the earthquake (Table 4, Table S4). Perhaps the 484 

simplest explanation is that the pulses – whether earthquake-related or anthropogenic – represent 485 

a highly clustered, non-Poissonian, distribution, as is the case for earthquake catalogues before 486 

removal of aftershock sequences (Gardner & Knopoff, 1974). This would explain how we could 487 

observe the occurrence of “one-in-a-million” event (≥22 pulses/day) on 32 out of 387 days 488 

around AR2007.   489 

Without knowing the statistical characteristics of the pulse process, we cannot know 490 

whether the clear increase in pulse counts before the AR2007 earthquake (and on other specific 491 

days in the data) has any statistical significance.  492 

Table 4: Pulses/day (counted with M=10, T=0 s) for various time periods associated with 493 
AR2007, for QF609 and JRSC. 494 
 495 

Time period # of 

days 

QF609, 

pulses/day 

Probability 

of QF609 

JRSC, 

pulses/day 

Probability 

of JRSC 

All days (λ) 387 8  2  

EQ-8 months to EQ-2 

months 
147         6 0.12 2 0.27 

EQ-2 months to EQ 60       23 7.66×10-6 1 0.27 
EQ-1 month to EQ 31 33 2.45×10-11 1 0.27 
EQ-1 week to EQ 8 31 4.04×10-10 2 0.27 
EQ day 1 68 3.48×10-39 1 0.27 
EQ+1 month to 

EQ+6 months 149 5 0.09 4 0.09 
 496 

5 Testing alternate causes for pulses 497 

 We have shown that there is an apparent increase in the number of pulses before the 498 

AR2007 earthquake (Section 4.3.2) but that statistical tests of its relationship to the earthquake 499 

cannot be conclusive (Section 4.3.4). We have also shown that even with two stations, the 500 

amplitudes of the pulses do not conclusively discriminate between tectonic and non-tectonic 501 
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origin (Section 4.2). Next, we consider other characteristics of the pulse series (temporal 502 

distribution) and the pulses (pulse length) that may help us to understand their causes.    503 

 504 

5.1 Short-term temporal variation of pulse rate  505 

To assess whether the pulses could be of external (ionospheric/magnetospheric) origin, 506 

we compared our pulse counts to the Ap geomagnetic index, a standard quantification of daily 507 

global geomagnetic activity on a scale from 0 to 400 (NOAA, 2014). Although a few pulse peaks 508 

coincide with increased Ap index (e,g, Fig. 8b, JRSC, April 5th 2010) these may be coincidental 509 

and the lack of consistent visual correlation at either QF609 or JRSC (Figs. 7 and 8) suggests that 510 

geomagnetic storms are not a significant cause of the pulses at QF609. We note that if the pulses 511 

were external in origin then we would expect the same pulse pattern to appear at QF609 and 512 

JRSC (which is not the case for the April 5th example flagged above, compare Figs. 8a and b, 513 

April 5th 2010).   514 

We next studied the daily distribution of pulses. Our null hypothesis is that tectonic 515 

pulses associated with earthquake activity are distributed randomly across the day, because tidal 516 

modulation of seismicity rates is very weak (a few %: Hao et al., 2018) and often hard to 517 

distinguish from periodic variation in signal detectability due to cyclical noise levels (Atef et al., 518 

2009) except in the special case of magmatic earthquakes (e.g., Petrosino et al., 2018). 519 

Anthropogenic magnetic noise presumably peaks during working hours, while the BART electric 520 

train produces noise throughout the day except during approximately 02:00-04:00 clock time. In 521 

contrast, the local geomagnetic field is enhanced during daylight hours, showing a distinct 522 

increase in the two hours following local sunrise (e.g., Saka et al., 1982; Sentman & Fraser, 1991; 523 

Zomer et al., 2008), leading to increased noise activity. Similarly, lightning is not uniformly 524 

distributed through the day, but is concentrated in the late afternoon local time (solar time) in 525 

equatorial regions that host the majority of global lightning activity (Sentman & Fraser, 1991; 526 

Pan et al., 2013), largely corresponding to daylight hours in California. Over North America, 527 
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more local to our array, the largest maximum of lightning activity is at about 18:00 local time, 528 

with a broader secondary peak between 11:00 and 12:00 local time (Pan et al., 2013). 529 

Instrumental noise is harder to assess: it could be equally distributed across all hours, or it could 530 

be triggered by thermal transients due, for example, to direct sunshine.   531 

To assess the daily distribution of pulses, we repeated our pulse counting by counting 532 

pulses in each 1-hr window, now using an amplitude threshold calculated for the entire data 533 

ensemble rather than for each hour separately (using clock time CT, i.e., Pacific Standard Time 534 

(PST) in winter months, and Daylight Savings Time (DST) in summer months), and summing the 535 

total number of pulses in that hour over the entire 387 days studied around the AR2007 536 

earthquake (Fig. 9a, Fig. S8a). Clearly at both QF609 and JRSC pulse activity peaks during 537 

normal daylight and working hours (8am–5pm clock time) and there is a clear minimum when 538 

BART is inactive (2am–4am clock time), that is absent in FRN. Over the 387 days counted, a 539 

very significant proportion of pulses must be cultural, due to BART and other anthropogenic 540 

noise that is strongest during normal working hours, and/or the geomagnetic field enhancement 541 

well-known to occur at sunrise, remain somewhat elevated during daylight hours, and decrease at 542 

sunset (e.g. Saka et al., 1982; Zomer et al., 2008).    543 

At QF609 we see the same effect measured only over the two weeks immediately 544 

preceding AR2007 (Fig. 9b). We also examined the 27 other two-week periods before and after 545 

AR2007 (Jan 7, 2007–April 8, 2008) and calculated their mean and standard deviation pulse 546 

counts by hour (Fig. 9b). All two-week periods show the BART signature (few or zero pulses 547 

from ~02:00–04:00), and it is clear that the large increase in pulse rates prior to AR2007 (Fig. 7a) 548 

is dominated by activity in daylight hours.   549 

 550 
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 551 

Figure 9: Pulse counts for QF609 from Fig. 7a (using M=10 , T=0 s) by hour of occurrence 552 
(clock time). (a) aggregated over all 387 days;(b) aggregated over just the two weeks immediately 553 
preceding AR2007 (red line) compared to average of pulse counts aggregated over all other two-554 
week periods (blue line) and the standard deviation of these two-week aggregations (gray dashed 555 
line). 556 

 557 

It is possible that there is a tectonic (precursory) increase in local conductivity that acts to 558 

amplify other external signals (cf. Merzer & Klemperer, 1997) so that the known diurnal behavior 559 

of BART is amplified, producing the excess of pulses in daylight hours. Additionally, other 560 
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unknown and yet-to-be-recognized forces of precursory tectonic activity could lead to the 561 

increase in pulses during the day. However, if a significant proportion of the pulse increase 562 

preceding the AR2007 earthquake was tectonic, most hypotheses about precursory 563 

electromagnetic behavior would predict an increase in pulse counts at all hours of the day for 564 

these two weeks of enhanced activity, rather than having a clear minimum in the very early 565 

morning.   566 

To emphasize this point, Fig. 10 compares the daily pulse count (made over a full 24 567 

hours, as in Fig. 7) with the pulse count by day during the year only for pulses from 02:00-04:00 568 

clock time. From 02:00–04:00: 1) BART is not running, 2) cultural activity should be minimized, 569 

3) the sun has not risen with its consequent increase in magnetic activity, and 4) regional North 570 

American and global tropical lightning intensity is low. In Fig. 7 we made all pulse counts using a 571 

threshold based on the average of each daily standard deviation, irrespective of the hour at which 572 

each pulse occurred. In contrast, in Fig. 10 we used amplitude thresholds calculated separately 573 

either from the average of the standard deviations for each 24-hour period (for the total count 574 

each day over 24 hours, as in Figs. 7 and 9), or from the average of the standard deviations for 575 

just the two-hour quiet periods (for the total count within the quiet period per calendar day). 576 

Because pulses during this quiet time are counted above thresholds that are lower by a factor of 577 

~3 compared to the average daily threshold (Table S2) there can be far higher pulse counts for a 578 

02:00–04:00 two-hour period than for the whole day containing that two-hour period. Since, as 579 

we have shown, many pulses at both QF609 and JRSC are either cultural or related to diurnal 580 

variation in geomagnetic field or lightning, any changes in rates of occurrence of tectonic pulses 581 

should be more dramatic during the quiet period than when averaged over the whole day. For 582 

both QF609 and JRSC, we found the pulse count patterns before and after the AR2007 583 

earthquake for the quiet hours were very different than for all hours of the day (Fig. 10). The 584 

increase in QF609 pulse counts leading up to the earthquake, measured during quiet hours, is only 585 
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present for a week before the earthquake, rather than a month when estimated across all 24 hours 586 

(Fig. 10a), and a much larger increase in pulse rate is visible a week after AR2007.  587 

We conclude that most, if not all, the pulses counted at QF609 and JRSC were unrelated 588 

to tectonic sources.  589 

 590 

Figure 10: Pulse counts (using M=10 , T=0 s) by date for only 02:00–04:00 clock time (solid 591 
lines) for (a) QF609 and (b) JRSC compared to 24-hour pulse counts (gray dashed lines) repeated 592 
from Fig. 7a, b. For M=20 , T=0 s, see Fig. S10. 593 
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 594 

5.2 Distribution of pulse lengths 595 

 Because it is well known that lightning can induce magnetic pulses (e.g., Sentman & 596 

Fraser, 1991; Fraser-Smith & Kjono, 2014), Bleier et al. (2009) attempted to correlate pulse 597 

occurrence at QF609 with local commercial lightning detections within California. Bleier et al. 598 

(2009) found that pulses generated by local (within a few hundred km of QF609) lightning are 599 

characteristically short, < 0.5 s. However, in principle, QuakeFinder and Stanford-USGS 600 

magnetometers are capable of recording electromagnetic signals produced by lightning that occur 601 

anywhere in the world (e.g., Inan et al., 2010), and these signals can have periods exceeding 1 602 

second (Rakov et al., 2007), although such long pulses are much less common than higher-603 

frequency pulses (e.g., Fraser-Smith & Kjono, 2014).   604 

 Bleier et al. (2009) plotted the distribution of pulses of different T (the time for which a 605 

pulse exceeds the amplitude threshold) from 1 to 30 s, i.e., durations which exceed the pulse 606 

durations they expect from lightning, and the durations of various signals from cultural sources 607 

they tested. Bleier et al. (2009, their Fig. 10) showed that the rate of pulses decreases dramatically 608 

with increasing pulse duration, but they did not more closely characterize the distribution. We 609 

therefore extended this analysis to shorter T, and in Fig. 11 we plot log number of pulses against 610 

log reciprocal duration. Our number of pulses is a proxy for amplitude of the geomagnetic field, 611 

while our reciprocal duration is a proxy for frequency. Because our method measures a pulse as 612 

short-duration if it very briefly exceeds the amplitude threshold, even if it is actually a very long-613 

period signal, we cannot directly convert our measured durations that span 0.1–20 s to 614 

frequencies of 0.025–5.0 Hz. However, to the extent that our measured pulse durations 615 

correspond to reciprocal frequency f, both QF609 and JRSC show log number of pulses 616 

increasing with ~f+1 over this bandwidth. This positive slope in Fig. 11 is opposite to the well-617 

known amplitude spectrum of the external geomagnetic field that decreases as f–1 to f–1.5 in this 618 

part of the spectrum (Lanzerotti et al., 1990). The positive slope of Fig. 11 is also opposite to the 619 
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expected f–0.5 variation in signal amplitude for electromagnetic signals originating at constant 620 

depth in the earth, due to attenuation (the skin depth effect). Thus – with the caveat that pulse 621 

length may be a poor proxy for pulse frequency – the very large number of short pulses compared 622 

to longer durations seems to rule out both external geomagnetic sources and tectonic signals from 623 

a fixed (hypocentral?) depth as a cause for most counted pulses. The amplitude spectrum of 624 

BART signals also decreases with increasing frequency as ~f–2 (Fraser-Smith & Coates, 1978). 625 

Hence the most likely cause of the counted pulses appears to be local instrumental or cultural 626 

sources, but not BART, at both QF609 and JRSC.  627 

 628 

Figure 11: Log number of pulses of specific duration (counted with M=10 , T=0) aggregated 629 
over all 387 days counted around AR2007 event, plotted against log (reciprocal duration/second), 630 
calculated for 0.1 second durations from 0.1–20 s, plotted at bin centers.  Dashed blue line: 631 
QF609.  Solid red line: JRSC For M=20 , T=0 s see Fig. S12. 632 
 633 
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6 Importance of parameter selection for pulse-counting algorithms   634 

 Any study attempting to recognize tectonic magnetic pulses is greatly hampered by 635 

uncertainty about the physical mechanism that might create magnetic pulses. We lack the 636 

physical basis for selecting the parameters of our pulse-counting algorithm, and we cannot assess 637 

whether the observed variability in pulse rates is statistically significant. Nonetheless, our results 638 

may suggest appropriate strategies for pulse-counting, and also offer insights into possible pulse 639 

mechanisms. We described (above) how changing different parameters of the pulse counting 640 

algorithm affects the results (Table 3, Fig. 6). Changing our amplitude threshold M changes the 641 

number of pulses counted, but varying M within the ranges shown does not affect the observed 642 

increase in pulse count prior to the 2007 Alum Rock earthquake (Fig. 6a). Thus our relatively 643 

simple pulse counter is reasonably robust to parameter choices. Dunson et al. (2011) used a more 644 

complex pulse counter that focuses only on unipolar pulses, so that reducing the amplitude 645 

threshold not only counts more small pulses, but also excludes some larger pulses that are 646 

unipolar when tested against a high threshold, but become bipolar when tested against a low 647 

threshold. Dunson et al. (2011, their Figs. 6 and 7) showed that reducing the amplitude threshold 648 

by a factor of 2.5 removes the increase in pulse counts observed by Bleier et al. (2009) prior to 649 

the AR2007 event. In the absence of an established physical mechanism, we do not consider a 650 

more complex pulse counter to be warranted.  651 

 Although all values of amplitude threshold M for fixed temporal threshold T = 0 s show 652 

the increase in pulse counts prior to the AR2007 earthquake at QF609, and no increase at JRSC, 653 

we do see that the data recorded at the two stations has different characteristics. Table 3 shows 654 

the difference in average pulse counts per day between QF609 and JRSC. For most thresholds 655 

tested, QF609 records more pulses than JRSC; but for the lowest amplitude threshold M = 2, 656 

JRSC records vastly more pulses than QF609. This reinforces our belief that QF609 is recording 657 

(at least in part) a different class of signals from those seen at JRSC, whether anthropogenic or 658 
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otherwise, including a proportionally greater number of the highest amplitude pulses. We next 659 

explore these differences further by looking at the temporal threshold T. 660 

 In our pulse counter, in order for a signal to be counted as a pulse, it must exceed the 661 

amplitude threshold for a time period greater than the minimum duration T. Changing our 662 

temporal threshold T from 0 to 4 s changes the number of pulses counted (Table 3), and the 663 

anomalous increase in pulse counts 13 days before the AR2007 earthquake in QF609 data 664 

gradually decreases as T is increased. For our chosen amplitude threshold M=10, the pulse counts 665 

– whether for all 387 days or just the 13 days before AR2007 –show that QF609 averaged ~2 666 

times as many pulses per day with zero temporal threshold compared to T = 4 s. Thus, even 667 

though Bleier et al. (2009) found numerous pulses with time duration exceeding a few seconds, it 668 

is clear that the rate of these longer period pulses does not increase prior to the earthquake; rather 669 

it is the number of shorter-period pulses that increases slightly prior to the earthquake. Changing 670 

T for the JRSC data gradually decreases the pulse counts each day but does not change the overall 671 

pattern (Fig. S4b). There is no T that results in an increase in pulses before the earthquake on 672 

JRSC.  673 

  674 

7 DISCUSSIONS AND CONCLUSIONS 675 

We corroborate the reported increase in pulsations before the AR2007 earthquake as 676 

reported by Bleier et al. (2009) at QF609 but were unable to identify a precursory signal at the 677 

next-nearest station, JRSC, located four times farther away from the hypocenter. We were unable 678 

to corroborate an increase at QF609 or JRSC before the AR2010 earthquake. To date, no study 679 

has yet confirmed a magnetic earthquake precursor at two separate stations.   680 

If tectonic pulses exist, the simplest model is for their occurrence to be uniformly 681 

distributed throughout the day, with no bearing on cultural activity. However, when we look at 682 

the daily distribution of pulses, we see that the majority of pulses occur during culturally active 683 

times. Looking specifically at quiet times of the day (2am-4am clock time), there was no increase 684 
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in pulse counts before AR2007. This indicates that the pulses are cultural in origin. As yet there is 685 

no reliable indication from observation or theory that tectonic processes generate ULFEM pulses. 686 

We speculate that if tectonic pulses exist, they should have the greatest occurrence or magnitude 687 

during the earthquake, associated with the largest release of energy. However, the largest increase 688 

in pulse counts or magnitude of pulses is not observed during the earthquake. If tectonic pulses do 689 

exist, it is clear from the analyses presented here, identifying them will require availability of an 690 

appropriate regional reference observatory to reduce ionospheric and magnetospheric 691 

disturbances and a network of stations that are not located near sources of cultural noise.   692 

Although in some respects the patterns of pulse counts are robust and do not depend on 693 

the characteristics of the pulse-counting algorithm, in other respects the patterns are sensitive to 694 

arbitrarily chosen conditions and parameters (Fig. 6). This may indicate that at the present state of 695 

knowledge, with speculations but no widely accepted theory for tectonic generation of pulses 696 

(e.g., Bleier et al., 2009), it is premature to focus on pulses as reflecting pre-earthquake anomalies. 697 

Given the clear cultural signal in the pulse distribution, and the lack of a precursory increase in 698 

pulse counts seen during quiet times, we conclude that the pulse increase before the Alum Rock 699 

2007 earthquake has no tectonic significance.   700 

Studies of pulsations potentially associated with earthquakes 1) need to verify the 701 

robustness of the pulse detection algorithm; 2) should attempt to incorporate adaptive filtering to 702 

isolate ionospheric and magnetospheric signals, and 3) must continue to pay careful attention to 703 

the possibility of unrecognized anthropogenic signals. No single test – whether statistical over 704 

months/years, or day/night variation, or frequency content, or relative amplitude at different sites 705 

– is sufficient to identify the origin of the pulses. Multiple tests using multiple stations that are 706 

located within distances sufficient to distinguish tectonic signals are required to be able to 707 

properly assess whether tectonic electromagnetic signals occur, in addition to distinguishing 708 

between anthropogenic contamination and naturally occurring solar/ionospheric/atmospheric 709 
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geomagnetic fluctuations. As a result, we encourage future researchers to take a broader view of 710 

the ULF band.   711 
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Supplementary tables 993 
 994 

 995 

Supplementary Table S1:  996 
Days excluded from pulse counting before and after AR2007 and AR2010 earthquakes 997 

 998 

 999 

 1000 

 1001 

 1002 

 1003 

 1004 

 1005 

 1006 

 1007 

 1008 

 1009 

 1010 

 1011 

 1012 

 1013 

 1014 

 1015 

 1016 

 1017 

 1018 

 1019 

 1020 

 1021 

 1022 

Supplementary Table S2: 1023 
Standard deviation for AR2007 and AR2010 earthquakes, calculated over all days, and 1024 

either all hours or just quiet hours 1025 

 1026 

 QF609 nT JRSC nT 

AR2007 All hours 0.19 0.13 

AR2007 Quiet hours 

(02:00-04:00 clock 

time) 

0.059 0.042 

AR2010 All hours 0.54 0.10 

 1027 

 1028 

 1029 

Alum Rock 2007 Earthquake (10/31/2007): pulses were counted 

on all days January 1, 2007 – April 30, 2008, excluding: 

March 14, 2007 

April 4, 2007 

April 20 - 21, 2007 

April 24, 2007 

May 2 - July 31, 2007 

September 17, 2007 

January 7 - 8, 2008 

Alum Rock 2010 Earthquake (01/07/2007): pulses were counted 

on all days March 19, 2009 – September 24, 2010), excluding: 

April 28 - May 1, 2009 

May 13 - June 24, 2009 

January 19, 2010 

July 8, 2010 

August 30 - 31, 2010 

September 3, 2010 
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Supplementary Table S3: Pulses/day (counted with M=20, T=0 s) for various time 1030 

periods associated with AR2007, for QF609 and JRSC, and probability of that number of 1031 

pulses occurring. 1032 

 1033 

Time period 
# of 

days 

Pulses/day, 

QF609 

Probability, 

QF609 

Pulses/day,  

JRSC 

Probability, 

JRSC 

All days (λ) 387 4 N/A 1 N/A 

EQ-8 to EQ-2 

months 
147 3 0.2 0 0.37 

EQ-2 months to EQ 60 13 1.97×10-4 0 0.37 
EQ-1 month to EQ 31 19 4.14×10-8 0 0.37 
EQ-1 week to EQ 8 31 1.03×10-17 0 0.37 

EQ day 1 68 6.43×10-58 0 0.37 
EQ+1 to EQ+6 

months 
149 2 0.14 1 0.37 

 1034 

 1035 

 1036 

Supplementary Table S4:  1037 

Pulses/day (top, counted with M=10, T=0 s; bottom counted with M=20, T=0 s) for 1038 

various time periods associated with AR2010, for QF609 and JRSC, and probability of 1039 

that number of pulses occurring. 1040 

 1041 

Time period 

M=10, T=0 s 

# of 

days 

Pulses/day, 

QF609 

Probability, 

QF609 

Pulses/day,  

JRSC 

Probability, 

JRSC 

All days  (λ) 502 17 N/A 4 N/A 

EQ-5 to EQ-2 

months 
180 3 3.39×10-5 3 0.19 

EQ-2 months to EQ 62 38 4.52×10-6 1 0.07 

EQ-1 month to EQ 32 27 6.34×10-3 1 0.07 

EQ-1 week to EQ 8 12 5.03×10-2 1 0.07 

EQ day 1 12 5.03×10-2 0 0.02 

EQ+1 to EQ+6 

months 
151 25 1.54×10-2 5 0.16 

      

M=20, T=0 s      

All days  (λ) 502 11 N/A 1 N/A 

EQ-5 to EQ-2 

months 
180 2 1.01×10-3 1 0.36 

EQ-2 months to EQ 62 27 2.01×10-5 0 0.36 

EQ-1 month to EQ 32 17 2.37×10-2 0 0.36 

EQ-1 week to EQ 8 9 1.08×10-1 0 0.36 

EQ day 1 18 1.45×10-2 0 0.36 

EQ+1 to EQ+6 

months 
151 15 5.34×10-2 1 0.36 
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Supplementary figures 1042 

 1043 

 1044 
 1045 

Figure S1: Timeline of data showing data analyzed before and after the 2010 Alum Rock 1046 

earthquake.  Black (bad JRSC data) segments show data not analyzed.   1047 

 1048 

 1049 

 1050 

 1051 
Figure S2: (a) Amplitude spectra and (b) phase spectra of the response function of QF609 1052 

and JRSC coils.  1053 
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 1054 
 1055 

Figure S3: Pulse counts using two different methods to calculate standard deviation, over 1056 

a ~3-month period, for the east-west magnetometer at (a) QF609 and (b) JRSC. Pulse 1057 

counts used T=1 s, 4 threshold.  (Black solid curves: pulse counts based on true  1058 

calculated over the entire time period.  Red dashed curves: pulse counts utilize an 1059 

estimate of  obtained by averaging the true deviation of each day or quiet period.   1060 
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 1061 
 1062 

Figure S4: As Figure 6, but for JRSC. Effects of varying parameters on pulse counts for 1063 

JRSC east-west magnetic coil for 2007–2008.  (a) Pulse counts for different thresholds M, 1064 

with T=0 s.  (b) Pulse counts for varying duration parameter T, with M=10.  (c) Pulse 1065 

counts for varying T, with M=20.   1066 
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 1067 
 1068 

Figure S5: Pulse counts on east-west magnetic channels before and after AR2007, 1069 

January 1, 2007 to April 30, 2008, made with M=20 , T=0 s.  (a) QF609; (b) JRSC; (c) 1070 

FRN. Dashed green lines in part a is the pulse counts for QF609 reported by Bleier et al. 1071 

(2009). Gray dashed line: Ap index.  Red line and star: AR2007 earthquake. (For 1072 

equivalent figures with M=10 , T=0 s, see Figure 7.) 1073 
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 1074 

 1075 

 1076 

 1077 
 1078 

Figure S6: Pulse counts for QF609 north-south and vertical magnetometer channels 1079 

before and after the 2007 Alum Rock earthquake, January 1, 2007 to April 30, 2008, 1080 

equivalent to Figures 7 and S5 for the east-west magnetometer. (a) and (c) vertical 1081 

magnetometer; (b) and (d) north-south magnetometer.  (a) and (b) counted with M=10 , 1082 

T=0 s; ((c) and (d) counted with M=20 , T=0. AR2007 is indicated by the red line and 1083 

star.   1084 

 1085 

 1086 

 1087 

 1088 

 1089 

 1090 

 1091 

 1092 

 1093 
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 1094 

 1095 

 1096 

 1097 

 1098 
 1099 

Figure S7: As Figure 8, but with M=20 , T=0 s. Pulse counts on east-west magnetic 1100 

channels before and after the 2010 Alum Rock earthquake, March 19, 2009 to September 1101 

24, 2010.  (a) QF609; (b) JRSC.  Gray dashed line: Ap index.  Red line and star: AR2010 1102 

earthquake.   1103 

 1104 

 1105 

 1106 

 1107 
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 1108 

 1109 
 1110 

Figure S8: Pulse counts from Fig. S5 (using M = 20 , T=0 s) by hour of occurrence 1111 

(clock time). (a) QF609, JRSC and FRN aggregated over all 387 days; (b) QF609 1112 

aggregated over just the two weeks immediately preceding AR2007 (red line) compared 1113 

to average of pulse counts aggregated over all other two-week periods (blue line) and the 1114 

standard deviation of these two-week aggregations (gray dashed line) (note change of 1115 

scale). 1116 

 1117 
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 1118 

 1119 

 1120 

 1121 
 1122 

Figure S9: Pulse counts for QF609 for AR2010 from Fig. 8a (parts a and b using M = 10 1123 

, T=0 s) and Fig. S7a (parts c and d using M = 20 , T=0 s) by hour of occurrence 1124 

(clock time). (a) and (c) aggregated over all 502 days; (b) and (d) aggregated over just the 1125 

two weeks immediately preceding AR2010. 1126 
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 1130 
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 1143 

 1144 

 1145 
 1146 

Figure S10: Pulse counts (using M=20 , T=0 s) by date for only 02:00–04:00 clock time 1147 

(solid lines) for (a) QF609 and (b) JRSC compared to 24-hour pulse counts (all hours) 1148 

from Fig. 8 (gray dashed line).  For M=10 , T=0 s see Figure 10. 1149 
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 1151 

 1152 

 1153 

 1154 

 1155 
 1156 

Figure S11: Pulse counts for QF609 north-south and vertical magnetometers (using 1157 

M=10 , T=0 s) by hour of occurrence (clock time). (a) and (c) vertical magnetometer; (b) 1158 

and (d) north-south magnetometer. (a) and (b) aggregated over all 387 days; (c) and (d) 1159 

aggregated over just the two weeks immediately preceding AR2007.  Equivalent to 1160 

Figure 9 for QF609 east-west magnetometer. 1161 
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 1176 

 1177 

 1178 
 1179 

Figure S12: Log number of pulses of specific duration (counted with M=20 , T=0) 1180 

aggregated over all 387 days counted around AR2007 event, plotted against log 1181 

(reciprocal duration/second), calculated for 0.1 second durations from 0.1–20 s, plotted at 1182 

bin centers.  Dashed blue line: QF609.  Solid red line: JRSC. For M=10 , T=0 s, see 1183 

Figure 11. 1184 
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