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Introduction  

This supporting information includes Text S1 on Montecito geomorphology, text S2 on 
evaluation of other sources of seismic energy and deglitching of seismic data, and text S3 on 
estimation of model parameters and uncertainties. Figures S1-S3 are described in text S1, 
Figures S4-S6 are described in text S2, and Figures S7-S8 are described in text S3. 

Text S1. Montecito Geomorphology 
Elevation profiles along Montecito Creek, San Ysidro Creek and Romero Creek are described in 
Fig. S1. Across channel profiles along all three creeks are described in Fig. S2. Observations of 
boulder sizes at various sites are shown in Fig. S3.  
 
Text S2. Evaluation of Other Sources of Seismic Energy and Deglitching of Seismic Data 
In order to have a robust ground-motion based debris flow early warning system, it is 
important to be able to discriminate strong debris flows from other environmental sources of 
ground motion, including strong rain, wind, ocean waves, earthquakes, and anthropogenic 
cultural noise. In the main text, we demonstrate that early warning for a strong debris flow like 
what occurred in Montecito could have been declared based on a ground motion threshold of 
6 x 10-12 (m/s)2/Hz averaged over a 5-10 Hz frequency band and averaged over 60 seconds, or 
equivalently a ground velocity threshold of 5 x 10-6 m/s filtered over the same frequency band 
and with the same averaging time. Here, we demonstrate that other sources of ground motion 
are not expected to meet this threshold, except possibly under extreme conditions that would 
be easily identifiable. 
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Strong rain and wind preceded the debris flows in Montecito, with local precipitation 
exceeding 2 mm/min and wind speeds exceeding 8 m/s. Despite these anomalously large 
values, the ground motion during this pre-debris flow time never exceeded an average of 10-13 
(m/s)2/Hz. These sources of ground motion can therefore be ruled out. Even during hurricane-
force rain and wind, although low-frequency (0.01-0.25 Hz) ground motions can exceed 
ground motions of over 10-7 m/s (with peak values of 3 x 10-7 m/s during Hurricane Isaac) 
(Tanimoto & Lamontagne, 2014; Tanimoto & Valovcin, 2015), 5-10 Hz ground motions never 
exceed 6 x 10-12 (m/s)2/Hz even during the most intense hours of the hurricane (Fig. S4), due to 
the wide area over which this energy is distributed. 
 
Ocean waves cause significant ground motions (Longuet-Higgins, 1950; Ardhuin et al., 2015), 
especially during strong storm events, but again the frequency content is typically much lower 
(<1 Hz), primarily due to the large distances from the locations where waves are significant 
(Ardhuin et al., 2015). Even for very near coastal stations like the Montecito Station (CI.QAD), 
which is only a few hundred meters from the coast, the strongest ocean waves cause ground 
motions of less than -120 dB at 1 Hz, and these ground motions typically decay below 
anthropogenic levels at higher frequencies (Gimbert & Tsai, 2015). 
 
Ground motions often exceed 10-13 (m/s)2/Hz during earthquakes. However, such ground 
motions are confined to limited times and are usually broadband in frequency. In order for 
large ground motions to last more than 60 s, the earthquake must be a magnitude 8.0 or 
greater (Duputel et al., 2013), except under special resonant site conditions, such as in the 
Valley of the City of Mexico (Cruz-Atienza et al., 2016). Earthquakes are also easily 
distinguished from debris flows by their characteristic sudden onsets, with clear P- and S-
waves arriving prior to the main surface waves, as opposed to debris flows which have a 
characteristic gradual onset. Frequencies of earthquake ground motions also include lower 
frequency energy (Burtin et al., 2013). It should thus be possible to discriminate between 
earthquakes and debris flows, even in locations where Earth structure is complex. 
 
Perhaps the most challenging hurdle for early warning is large anthropogenic ambient noise 
sources. Heavy construction and industrial equipment located within a few km of a seismic 
station are well known to be able to cause 5-10 Hz ambient noise in excess of 10-13 (m/s)2/Hz 
(McNamara & Buland, 2004). For example, a seismic station in Santa Barbara, CI.SBC, has 
background noise of this amplitude on weekday work hours between September and 
November 2017, and could not have been used for debris flow early warning during such 
times (Fig. S5). Criteria could be used to reject times with large daily noise fluctuations that are 
likely to be anthropogenic or, alternatively, such times could be flagged as unsuitable for early 
warning by local people who would likely be informed of such seismically loud activity. We 
note that the station CI.QAD in Montecito suffers none of these anthropogenic noise issues 
over the 188 days of data that are available. 
 
One final problem that affects all seismic data is the occasional presence of glitches, which can 
be caused by intermittent power failures, network connectivity, and sensor malfunction 
(McNamara & Buland, 2004). Such glitches can look like a strong signal to the casual observer, 
but are not true signals and must be removed prior to analysis (Fig. S5). Indeed, station CI.QAD 
had a series of glitches for which discontinuities in the time series exist, which would have led 
to false detections had they not been removed (Fig. S6). Fig. 2a shows the deglitched data, for 
which the debris flow detection is robust. Deglitching of the seismic data with a robust 
automatic algorithm would therefore be important to implementing a debris flow early 
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warning system. In this work, we use a deglitching procedure that takes advantage of the fact 
that electronic glitches behave like white noise, amplifying all frequencies, not just the 5-10 Hz 
frequencies that are characteristic of a nearby (<3 km) debris flow event. This deglitching step 
can be done in real-time as part of the early warning detection, and involves (1) calculating the 
power spectra at 1-minute intervals, with an overlap of 50%, (2) rejection of data with 
amplified power above 20 Hz to its Nyquist frequency, and (3) further filtering with a 3-point 
median filter to remove other glitches less than 30 seconds in duration. Selection of the time 
window in step 1 is crucial since shorter time windows allow for longer warning times but 
longer windows result in more robust signal-to-noise criteria. The choice made here may not 
be optimal for all applications, and we suggest that further analyses should be carried out, 
based on criteria such as sampling rate, background noise spectral levels and telemetry 
consistency to select the most suitable time window. In step 2, power exceeding 3 standard 
deviations from the average power over the previous 3-5 hours is used as a threshold and 
glitch times are suppressed from having any detections. Figure S6a shows the result of the 
deglitching routine as compared with the data with glitches (Fig. S6b). 
 
Text S3. Estimates of Distance, Debris Flow Amplitude and Early Warning Timing, Given 
Uncertainties in Model Parameters 
Many of the parameters of Eqs. (3) and (4) are not well constrained, leading to uncertainties in 
the final estimates of both source-station distance and debris flow amplitude (LWD3u3). To 
constrain the seismic velocity parameters 𝜉 and vc in the Montecito region, we use the P wave 
scaling relation proposed by Brankman (2009) that is generally appropriate for the Ventura 
Basin area of southern California. This relation has been used in the Southern California 
Earthquake Center (SCEC) community velocity model (CVM-H 15.1.0) (Shaw et al., 2015) and 
states that 𝑣# = 361𝑧).+,--, where vp is P wave velocity in m/s and z is depth in m. Since 
Montecito is on the edge of the basin, we assume a conservative Poisson’s ratio of 𝜈 = 0.25 so 
that 𝑣2 = 1593𝑧).+,--, where vs is S wave velocity and z has been converted to depth in km. 
This power-law form of vs is precisely the form that produces an exact power law for phase 
velocity as a function of frequency so that applying the formalism of Tsai and Atiganyanun 
(2014) yields 𝑐 = 953𝑓).-67, where c is phase velocity in m/s and f is frequency in Hz. Thus, 𝜉 =
0.417 and vc=953 m/s are our best estimates of the 2 velocity parameters. Given the 
uncertainties shown in Figures 3.3 and 3.6 of Brankman (2009), we estimate plausible ranges 
of 0.35 < 𝜉 < 0.45, 800 < 𝑣< < 1200. Estimates of Q are more challenging, but we bound Q 
by measurements of Q in southern California at a range of relevant depths. On the low end, 
Hauksson et al. (1987) found that Q can be as low as 25 ± 10 at depths down to 1500 m in the 
Newport-Inglewood Fault Zone in the middle of the Los Angeles Basin. On the high end, 
Hauksson and Shearer (2006) found that Q in the Santa Barbara-Montecito-Carpinteria area at 
depths of 1 km have values as low as 53, 98 and 104 interspersed among under-constrained 
(higher) values. Since Montecito is at the edge of the Ventura Basin, it is unlikely to have 
shallow Q’s as low as in the Newport Inglewood Fault Zone nor as high as the 1-km values 
from Hauksson and Shearer (2006). We therefore assume that 30<Q<60, with Q=45 being our 
preferred value. Assuming uncertainties on 𝜉, vc and Q are independent, uncertainties on Q 
dominate and lead to a factor of 2 uncertainty in source-station distance and approximately a 
factor of 20 uncertainty in the product LWD3u3. It is clear that estimates of source-station 
distance and of other debris flow parameters could be significantly improved if estimates of 
the seismic parameters were better. Finally, we note that given estimated parameters, station 
CI.SBC’s distance of 5.5-11 km from the Montecito debris flows implies peak frequencies of 1-3 
Hz, significantly overlapping with other ambient seismic noise sources as described in Text S2, 
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and peak amplitudes that are an order of magnitude lower than those for station CI.QAD in 
Montecito. Observed power at CI.SBC is consistent with these predictions, with clear signal 
peaking below 5 Hz but leaking into the 5-10 Hz frequency band during the earliest times (see 
Fig. S7). Conversely, at late times (4:12-4:15AM) on station CI.QAD, there is significant energy 
above 10 Hz, suggesting very nearby sources of debris flow energy (see Fig. S8). 
 
Early warning time is estimated for the observed data based on a detection distance of 1540 
m. For a location 600 m upstream of the station, and an assumed flow speed of 2.4 m/s, this 
would provide 390 seconds, or 6.5 minutes, of early warning time. For the same detection 
distance, but with a station located at the edge of the city, then this 1540 m would provide 
640 seconds, or 10.7 minutes, of early warning time for the entire city and an extra minute of 
warning for every 144 m farther upstream the station is placed. For a location 1 km 
downstream of this point, there would be 17 minutes of early warning time. Site-specific 
calibration of the parameters of Eq. (1) would reduce uncertainties in both estimated distances 
and estimates of the product LWD3u3, and we suggest that such calibration be done for any 
future debris flow early warning site. We also note that the Montecito seismometer was not 
located with debris flow early warning in mind, and so was not optimally located. Including 
data transmission and processing time (5 s) and an averaging time of 60 s reduces the early 
warning times described above by 65 s. Accounting for this 65 s of reduced early warning 
time, a station would need to be placed 60 m upstream of the city border to provide the entire 
city with 10 minutes of early warning. 
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Figure S1. Elevation profiles along Montecito Creek (top), San Ysidro Creek (middle) and 
Romero Creek (bottom) from the drainage divide in the Santa Ynez Mountains to the Pacific 
Ocean.  Some of the most severe debris flow damage was at the confluence of the main creeks 
and their tributaries (Hot Springs Creek and an unnamed creek, respectively). Montecito, San 
Ysidro and Romero Creeks all have gradients, S, of 12% near the canyon mouths in the 
mountains, and their slopes decrease to 3-7% through the Montecito area.  10-m resolution 
topographic data from the U.S. Geological Survey.  
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Figure S2. Across channel profiles. (a) Map of the Montecito area (same as Fig. 1a) showing 
channel cross section locations.  Cross sections of (b) Montecito Creek, (c) San Ysidro Creek 
and (d) Romero Creek before the debris flows of 2018.  10-m resolution data from US 
Geological Survey. 
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Figure S3. Boulders observed at San Ysidro Creek (a-c) and Montecito Creek (d-f). Non-
emergency responders were not allowed in the area, and size estimations (solid lines) are 
based on estimated sizes of visible structures (dashed lines). Photo credit: Mike Eliason, Santa 
Barbara County Fire. 
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Figure S4. Acceleration PSDs at station TA.544A (near New Orleans, Louisiana) over 2 days 
during the peak winds and rains of Hurricane Isaac (August 30-31, 2012). Colors correspond to 
different hours. The two thick gray lines correspond to the New High Noise Models and New 
Low Noise Models (McNamara & Buland, 2004). Acceleration PSDs of -90 dB in the frequency 
range 5-10 Hz correspond to velocity PSDs of 4 x 10-13 (m/s)2/Hz, whereas acceleration PSDs of 
-85 dB correspond to velocity PSDs of 1.4 x 10-12 (m/s)2/Hz. Hurricane force winds therefore 
never cause ground motions above our threshold of 6 x 10-12 (m/s)2/Hz even for the most 
intense wind of Hurricane Isaac. (Our threshold corresponds to an acceleration PSD of -76 dB 
at 10 Hz, -79 dB at 7.5 Hz, and -82 dB at 5 Hz.) Waves are also anomalously large during these 
times, but primarily cause an increase in longer period (lower frequency) ground motions. 
Figure courtesy of IRIS MUSTANG metrics, https://service.iris.edu/mustang/.  
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Figure S5. Seismic velocity time series and their respective spectrogram highlighting signals 
with various types of sources. (Top panel) Seismic signal from Montecito debris flow recorded 
at the Montecito Station (CI.QAD) has a distinctive waveform characteristic, and its frequency 
content is bounded within a small bandwidth between 3 – 15 Hz, peaking around 7 Hz in this 
particular scenario. (Mid panel) Seismic signal recorded at CI.QAD on November 15, 2017 
showing glitches which behave as white noise and occupy the whole frequency bandwidth up 
to Nyquist frequency at 50 Hz. The inset shows the waveform for glitches which has sharp 
discontinuities and an amplitude increase by 4 orders of magnitude. (Bottom panel) Seismic 
signal recorded at CI.SBC near Old Santa Barbara Mission, ~10 km west of Montecito, on one of 
the work days with strong anthropogenic signals starting around 8AM local time. In this 
particular case, the signal occupies the frequency bandwidth around 3 - 30 Hz and can be 
higher in amplitude depending on the nature of the activity. The signal does not always 
resemble white noise and hence, the simple detection algorithm we used at Montecito would 
be insufficient to completely remove the high anthropogenic noise observed in Santa Barbara. 
The threshold of detection can be adjusted (for instance find anomalous signals in frequency 
band lower than 25 Hz) but it will trade off with the performance of robustly detecting a debris 
flow signal.  
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Figure S6. PSDs measured from deglitched versus raw seismic data. (Top panel) Average PSD 
over 1-minute intervals using seismic data deglitched with the routine discussed in the 
supplementary methods section. (Bottom panel) Average PSD over 1-minute intervals using 
raw seismic data. 
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Figure S7. Mean PSDs averaged over 5-10 Hz observed at station CI.QAD in Montecito and 
station CI.SBC (located at 34.44076°N, 119.71492°W) in Santa Barbara over the 1.25 hours 
surrounding the Montecito debris flows. The time series for QAD is clipped (see Fig. 2b) to 
highlight the lower amplitude signals before and after the peak signal. Despite the peak PSD 
for SBC occurring below 5 Hz, signal leaks into the higher 5-10 Hz frequency band, giving a 
robust signal from 3:48-3:55AM, significantly higher than the short-term background over this 
time range. Primarily due to the farther distance of SBC to the debris flows, the amplitudes are 
an order of magnitude smaller than those for QAD (note difference in y-axis scales). 
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Figure S8. PSD observed at station CI.QAD at 4:13:45AM, showing that the signal includes 
significant power above 10 Hz during the later (4:12-4:15AM) time period. The bimodality of 
the signal may be related to multiple debris flows at different distances relative to the station 
(e.g. in San Ysidro and Romero Creeks). 
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