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In situ measurements of post-fire debris flows in southern
California: Comparisons of the timing and magnitude
of 24 debris-flow events with rainfall and soil moisture conditions
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[11 Debris flows often occur in burned steeplands of southern California, sometimes
causing property damage and loss of life. In an effort to better understand the hydrologic
controls on post-fire debris-flow initiation, timing and magnitude, we measured the flow
stage, rainfall, channel bed pore fluid pressure and hillslope soil-moisture accompanying
24 debris flows recorded in five different watersheds burned in the 2009 Station and
Jesusita Fires (San Gabriel and Santa Ynez Mountains). The measurements show
substantial differences in debris-flow dynamics between sites and between sequential
events at the same site. Despite these differences, the timing and magnitude of all events
were consistently associated with local peaks in short duration (< = 30 min) rainfall
intensity. Overall, debris-flow stage was best cross-correlated with time series of 5-min
rainfall intensity, and lagged the rainfall by an average of just 5 min. An index of
debris-flow volume was also best correlated with short-duration rainfall intensity, but
found to be poorly correlated with storm cumulative rainfall and hillslope soil water
content. Post-event observations of erosion and slope stability modeling suggest that the
debris flows initiated primarily by processes related to surface water runoff, rather than
shallow landslides. By identifying the storm characteristics most closely associated with
post-fire debris flows, these measurements provide valuable guidance for warning
operations and important constraints for developing and testing models of post-fire

debris flows.
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1. Introduction

[2] Insouthern California, the combination of mountainous
terrain, dense population, and high fire-frequency put new
areas at risk to debris flows almost every year. These events
often damage property [e.g., McPhee, 1989; Lin et al., 2010]
and sometimes cause fatalities, such as on Christmas Day
2003, when debris flows from burned areas above San Ber-
nardino killed 16 people [Chong et al., 2004]. A particularly
hazardous aspect of post-fire debris flows is that they can be
triggered by much less rainfall than is required for debris-
flow initiation in unburned areas [Cannon et al., 2008].

[3] Rainfall intensity-duration thresholds are a standard
method to forecast debris flows and landslides [e.g., Guzzetti
et al., 2008; Baum and Godt, 2010]. In southern California,
empirical rainfall intensity-duration thresholds for post-fire
debris flows [Cannon et al., 2008, 2011] are used in a
debris-flow warning system operated by the National Oce-
anic and Atmospheric Association (NOAA) and the U.S.
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Geological Survey (USGS) [NOAA-USGS Debris Flow
Task Force, 2005]. While sufficient data have now been
collected to define reliable post-fire rainfall-intensity
thresholds for parts of southern California, such as the San
Gabriel Mountains [Cannon et al., 2011], the data are not
adequate to identify the rainfall characteristics most closely
associated with these events. Consequently, like most rain-
fall-intensity duration thresholds, the southern California
thresholds are defined for a wide range of durations (5 min
to 24 h) in order to accommodate various combinations of
rainfall intensity and duration that might trigger debris
flows: from short duration, high-intensity rain bursts to long
duration, lower intensity rainfall. The range of combinations
reflects the assumption that triggering conditions may
depend on additional factors, such as basin topographic and
burn characteristics, soil properties and water content, and
debris-flow initiation processes. Understanding these effects
requires a combination of site characterization, field obser-
vations, and direct measurements of the hydrologic condi-
tions leading up to and during debris flows.

[4] Unfortunately, the steep terrain and sporadic nature of
debris-flow occurrence have limited the collection of direct
measurements of natural debris flows to only a few sites
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Figure 1. Study area. (a) Locations of the Station Fire (San Gabriel Mountains, red) and Jesusita Fire
(Santa Ynez Mountains, yellow). (b) Site locations in the San Gabriel Mountains. Basin maps and photos
of San Gabriel sites: (c—d) Big Tujunga, (e—f) Dunsmore 2, (g—h) Arroyo Seco, and (i—j) Dunsmore 1. (k-1)
Site location, basin map, and photo of Jesusita site in the Santa Ynez Mountains. The triangle on the maps
and photos is the location of the stage gage at the outlet of the drainage area. The raindrop is the location
of the soil moisture sensors and/or rain gage. The basins maps for the San Gabriel sites are generated
from a 2-m DEM; the map for the Santa Ynez site is from a 10-m DEM.

worldwide [Zhang, 1993; Berti et al., 2000; Marchi et al., rates of debris-flow activity. The transient aspects of fire
2002; Hiirlimann et al., 2003; McArdell et al, 2007, present two additional difficulties to obtaining measure-
Berger et al., 2011, Suwa et al., 2009; McCoy et al., 2010]. ments in burned areas. First, the time window available to
These sites are all in unburned areas with consistent high install measurement equipment after the fire and before the
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Table 1. Summary of Site Characteristics
Basin Length  Area Burned At 50"/90™ Channel
Latitude/ Basin Area, From Outlet to  Moderate/High Max/Min Percentile Basin Slope at
Site Range Longitude® (UTM) 4, (kmz) Divide®, L, (m)  Severity ¢ (%) Elevation® (m) Slopeb (deg) Station® (deg)
Arroyo Seco San Gabriel  3788964/389956 0.0135 206 99 1040/940 39/46 22
Jesusita Santa Ynez  3817186/251989 0.0224 250 100 540/429 30/36 14
Dunsmore 2 San Gabriel = 3790898/385225 0.0795 734 66 1149/817 39/50 12
Dunsmore 1 San Gabriel ~ 3791625/385649 0.475 1415 43 1548/989 38/51 19
Big Tujunga San Gabriel  3794688/386462 1.37 3030 97 1548/571 38/48 9

#Zone 11, NADS83.
From 2-m DEM at all sites except Jesusita, which is from a 10-m DEM.

“Station and Jesusita Fire Burned Area Emergency Response Teams (written communication).

d0ver 10 m from a total station survey.

first storm is short (typically days to months); and second,
the period for data collection in southern California is rel-
atively brief, because regrowth of vegetation substantially
reduces the likelihood of debris flows after two years
[Cannon et al., 2008]. Consequently, measured time series
of post-fire runoff is scarce and mainly limited to floods,
such as those measured at streamflow gaging stations on
high-order tributaries [e.g., Moody and Martin, 2001a;
Malmon et al., 2007]. Although some information on post-
fire debris-flow timing is available from eyewitness
accounts [e.g., Cannon et al., 2001; Larsen et al., 2006], this
information is often temporally imprecise and rarely
accompanied by detailed hydrologic data.

[5] In the absence of direct measurements of post-fire
debris flows, post-event field observations provide clues to
the triggering conditions. These observations have shown
that post-fire debris flows can be generated by a variety of
processes including entrainment of hillslope and channel
material initiated by surface water runoff [Meyer and Wells,
1997; Cannon et al., 2001; Gabet and Bookter, 2008; Santi
et al., 2008; Nyman et al., 2011], small centimeter-scale soil
slips [Wells, 1987; Gabet, 2003], and meter-scale shallow
landslides [Rice and Foggin, 1971; Scott, 1971; Wondzell
and King, 2003]. Meyer et al. [2001] observed that in the
Idaho batholith region there is a shift in the style of debris-
flow initiation with time following the fire. They suggested
in the first years after the fire, the debris flows were gen-
erated primarily from process related to surface water runoff
from bare, burned hillslopes, whereas several or more years
after the fire, following regrowth of herbaceous vegetation
and loss of root strength, debris-flow initiation by shallow
landslide failure was more likely. With some exceptions
[e.g., Scott, 1971], field observations indicate the style of
initiation of post-fire debris flows in southern California
also shifts from runoff dominated [e.g., Cannon et al., 2008;
Santi et al., 2008] to landslide dominated [e.g., Rice and
Foggin, 1971] in the decade following the fire. Although
the mechanics by which surface water flow transforms into
debris flow are not well understood, direct measurements of
runoff-initiated debris flows at multiple sites in unburned
but sparsely vegetated basins show that the process occurs
extremely rapidly in response to short-duration high-
intensity rainfall [Berti et al., 1999; Suwa et al., 2009;
McCoy et al., 2010, 2011]. In contrast, meter-scale shallow
landslides, which are triggered indirectly by rainfall through
its effect on pore water conditions, can initiate from a much

broader range of combinations of rainfall intensity and
duration [Caine, 1980; Guzzetti et al., 2008; Baum and Godt,
2010].

[6] We hypothesize that in the first year after the fire,
when the probability of debris flow is highest [Cannon et al.,
2008], the timing of post-fire debris flows is consistently tied
to the onset of high intensity rainfall capable of producing
overland flow. To test this hypothesis we established debris-
flow monitoring stations equipped with rain and non-contact
stage gages to measure precisely the timing of flow relative to
rainfall in five different southern California watersheds
burned in 2009. In addition to testing this hypothesis, our
monitoring strategy was designed to examine three more
general questions concerning post-fire debris-flow hazards.
(1) How does the debris-flow response change over the
course of the first storm season following the fire? More
specifically, what are the differences in timing, magnitude,
and flow dynamics between debris flows in the first storm
after the fire, when the channels are most loaded with sedi-
ment from dry ravel [Wells, 1987], and subsequent flows
generated by storms later in the season? (2) How do storm
rainfall accumulations and hillslope soil water contents affect
debris-flow magnitude? More specifically, given similar
triggering rainfall intensities, will debris flows that initiate at
the beginning of a storm be different in magnitude than those
that initiate later in a storm, because of differences in the
water content of the hillslopes and channel bed sediments?
And lastly, (3) how does the debris-flow response vary with
basin scale and geologic material?

[7] During a series of storms in the first winter after the
fires, our monitoring stations recorded measurements of
rainfall, flow stage, hillslope soil water content, and channel
bed pore fluid pressure accompanying 24 post-fire debris
flows. This unique data set, in combination with post-event
field observations and slope stability modeling, clearly
identified the hydrologic triggering conditions of the debris
flows and provided the information needed to test our
hypothesis and begin to answer the above questions. In
addition to providing guidance for warning operations, our
measurements also provide valuable constraints for devel-
oping and testing future models of post-fire debris flow.

2. Study Sites

[8] We selected study sites that span two orders of mag-
nitude in basin area and include two different mountain
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Table 2. Timeline of Fires, Site Installation, and Debris-Flow
Producing Storms

Date Event Affected Sites®

5-18 May 2009 Jesusita Fire JS

25 August — Station Fire AS, BT, D1, D2
16 October 2009

30 September 2009 JS site installed

9 October 2009 D1 site installed

10 November 2009 AS site installed

12 November 2009 Storm 1 AS (1)

D2 site installed
BT site installed
Storm 2
Storm 3

24 November 2009

9 December 2009
12—13 December 2009
18 January 2010

AS (7), D1 (1), BT(1)
AS(2), D1(1), D2 (1),

BT (1)
18 January 2010 stage gage destroyed BT, D1
1 February 2010 stage gage replaced D1; BT stage

discontinued
AS(3), D1(2), D2(2)
IS (1), DI(1)

Storm 4
Storm 5

6 February 2010
27 February 2010

"Number of recorded debris-flow events during storm. Arroyo Seco
(AS), Jesusita (JS), Dunsmore 2 (D2), Dunsmore 1 (D1), Big Tujunga
(BT).

ranges having different geologic materials (Figure 1 and
Table 1). Four sites (Arroyo Seco, Dunsmore 1, Duns-
more 2, and Big Tujunga) were located along a 15-km
portion of the San Gabriel Mountain Front adjacent to
densely populated communities. This area was burned in
the 650 km? Station fire of August and September 2009,
the largest fire recorded in Los Angeles County history. A
fifth site (Jesusita) was located in the Santa Ynez
Mountains. This area was burned in the 35 km?® Jesusita
Fire of May 2009. We installed the monitoring instru-
ments before significant rainfall in the months following
the fires (see timeline in Table 2). At Arroyo Seco and
Big Tujunga, the first debris flow occurred within a few
days of installation. The short time window available for
site selection and installation shown in Table 2 highlights
one of the principal challenges of directly measuring post-
fire debris flows.

[s9] The sites share similar topographic characteristics
(Table 1), climate (Mediterranean), and pre-fire vegetation
(chaparral). The underlying bedrock of the San Gabriel
sites is Cretaceous granitic rock [Yerkes and Campbell,
2005], whereas Eocene Coldwater Formation underlies
the Santa Ynez site [Minor et al., 2009]. Size distributions
of the hillslope sediment at the five sites are shown in
Figure 2a. The textural classification of the hillslope soils
at the four San Gabriel sites is sand; the texture of hillslope
soil at the Santa Ynez site is silty sand. In the months
between the end of the fire and the first storm, there was
substantial transport of hillslope sediment by dry ravel.
This material contributed greatly to the supply of sediment
in the channels.

[10] In the last hundred years, the San Gabriel Mountain
Front has experienced several fires followed by storms that
produced major debris flows [Eaton, 1935; Scott, 1971,
McPhee, 1989]. The most damaging storm occurred on 31
December 1933 through 1 January 1934, prior to the
development of Los Angeles County’s network of debris
basins along the mountain front. Debris flows during this
storm killed at least 30 people and damaged or destroyed
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483 homes in the communities of La Crescenta and Mon-
trose [Chawner, 1934; Eaton, 1935]. Debris flows during
the largest storm following the Station Fire (6 February
2010) overtopped several debris basins and damaged or
destroyed 41 homes in the same area [Lin et al., 2010]. The
Santa Ynez Mountains also have a recent history of post-fire
debris flows [Wells et al., 1987; Florsheim et al., 1991;
Gartner et al., 2008]. However, these debris flows have not
caused as much damage as those in the San Gabriel
Mountains, perhaps because the rainfall threshold for trig-
gering debris flows in the Santa Ynez Mountains is higher
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Figure 2. Size distributions of (a) hillslope sediment and
(b) debris-flow deposits. Size fractions above 2 mm were
determined by sieve analysis. Size fractions below 2 mm
were analyzed by laser diffraction. The size distributions
do not include clasts larger than 64 mm. The dashed line
in Figure 2b is for the debris-flow deposit at Big Tujunga
following the first event at the site on 12 December 2009.
The solid lines in Figure 2b are for debris-flow deposits at
Dunsmore 2, Dunsmore 1, and Big Tujunga following the
debris flows on 18 January 2010. The 18 January 2010
debris flow was the first to occur at Dunsmore 2 and the sec-
ond to occur at Dunsmore 1 and Big Tujunga.
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Table 3. Sensor Specifications
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Measurement Make® and model Sampling Rate Accuracy/Resolution Sites

Stage (laser) SICK DTS50-HI 10 Hz +7 mm/l mm AS, BT, D1

Stage (sonic) Campbell Scientific SRSO0A 2s +1 cm/1 mm D2, JS

Pore pressure Campbell Scientific CS450 2s +5 mm/1 mm (water depth) All sites
Precipitation Texas Electronics TR525 2s +1%/0.2 mm All sites

Soil moisture Decagon EC-5 1 min +3%/0.001 m*/m> All sites except BT
Video Erdman Video Systems MiniBiscuit 4 frames/sec 640x480 pixels D2

#Any use of trade or product names does not constitute endorsement by the U.S. Government.

than in the San Gabriel Mountains, as will be discussed in
section 4.4.

3. Methods

3.1.

[11] Measurements at our monitoring stations include
rainfall (R), flow stage (H), channel bed pore fluid pressure
head (P), and hillslope soil water content (). The site
Dunsmore 2 is also equipped with a rain-triggered video
camera. Each station defined the outlet of the study basin.
Our monitoring stations are similar to stations used at a
long-term debris-flow monitoring site at Chalk Cliffs,
Colorado [McCoy et al., 2010, 2011]. Sensor specifications
and sampling rates are given in Table 3, and a typical
configuration of the sensors is shown in Figure 3. Photos
of each of the monitoring stations are shown in Figure S1 of
the auxiliary material.'

[12] We located the five stations on relatively straight,
stable cross sections (Figure 4) to minimize error in esti-
mates of flow cross-sectional area during an event (see
section 3.2.3). We surveyed the cross sections and local
channel slope at the time of installation with a total station.
Repeat cross sections were surveyed after almost every
debris-flow producing storm. These repeat cross sections
documented the extent of channel change at the station and
provided a new baseline cross section for computing flow
cross-sectional area of subsequent events. Exposed bedrock
made up the bottom of the cross section at Dunsmore 1 and
the right side of the cross section at Big Tujunga. Partially
exposed boulders (~1m in diameter) were present in the
bottom of the Big Tujunga and Dunsmore 2, and a fully
exposed boulder (~Im in diameter) made up part of the
Jesusita cross section (Figure 4b). Colluvium and channel
fill formed the remainder of the cross sections.

3.1.1. Stage and Channel Bed Pore Fluid Pressure

[13] To determine the timing and estimate the magnitude
of the flows, we measured flow stage at each station (basin
outlet) using laser (Arroyo Seco, Dunsmore 1, and Big
Tujunga) and ultrasonic (Dunsmore 2 and Jesusita) distance
meters. We suspended the distance meters above the chan-
nel by either portable bridges or horizontal poles anchored
to one side of the channel. Two different types of sensors
were used because of availability of equipment; however,
the accuracy of both stage sensors is comparable (~1 cm).
The main differences between the two sensors are that the
laser can be sampled at a faster rate than the sonic sensor
(10 Hz vs 2 s), and it has a smaller beam footprint (3 mm

Monitoring Stations

'Auxiliary materials are available in the HTML. doi:10.1029/
2011JF002005.

diameter vs 30 degree cone; equivalent to a 53 cm
diameter at distance of 1 m). The higher frequency and
smaller foot print of the laser make it better suited for
measuring rapid stage changes in narrow channels than the
sonic sensor; however the ultra-sonic meter has been
shown by McCoy et al. [2010] to be adequate for mea-
suring debris-flow stage in channels comparable in width
to our two ultrasonic-equipped sites.

[14] We installed a vented pore pressure transducer in the
channel bed at each site, and sampled them every 2 s during
events. The elevation of the pressure transducer is the datum
for the stage gage. At Dunsmore 1 and Big Tujunga the
pressure transducer was anchored in exposed rock in the
cross section. At the other three sites the pressure sensors
were buried initially beneath 10 to 30 cm of loose bed
material. The pressure transducer served several purposes.
First, measurements of excess pore fluid pressure (pressure
greater than hydrostatic) during a surge were used to help
confirm the flow was a debris flow. Excess pore fluid
pressures were usually only observed when the pressure
transducer was located less than a few centimeters from the
base of the flow. Second, when the pressure transducer was
buried by bed sediment, it measured the level of the pre-

<+— Rain gage
Non-contact
stage

gage

<— Data logger

Hillslope
soil
moisture
sensors

Stage

Channel bed pore
datum

pressure sensor

Figure 3. Diagram of debris-flow monitoring station. Non-
contact stage gages are suspended over the channel. The
datum for the stage gage is the level of a pore pressure sen-
sor mounted in the channel bed. The data logger, rain gage,
and soil moisture sensors are located on an adjacent hill-
slope above the stage gage and away from remaining vege-
tation (if any) in the channel bottom. Photographs of each of
the five stations are shown in the auxiliary material.
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event groundwater table, and thus provided an indication of
the degree of saturation of the bed. Last, the pore pressure
transducer provided a redundant measure of flow timing,
which we used to help interpret timing data from 7 other
basins in the Station Fire that we were monitoring using
small self-contained pressure transducers/data loggers
[Leeper et al., 2010].
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[15] The stage gages and pore pressure sensors at Duns-
more 1 and Big Tujunga were destroyed by debris flows on
18 January 2010. We installed a replacement laser stage
gage at Dunsmore 1, but resources were not available to
replace the Big Tujunga equipment. Only rainfall was
measured at Big Tujunga after 18 January 2010. To avoid
damage from future debris flows, we did not mount the
Dunsmore 1 replacement laser directly over the channel.
Instead, it was mounted on the side of the channel, 7-m
above the bed, at a 36 degree angle from vertical. The
oblique distance measurements were converted to stage by
the cosine of the shot angle. As a result of the oblique
shooting angle, which resulted in frequent missed laser
returns, the effective sampling rate of stage was substan-
tially less than 10 Hz. During good reflective conditions
(typically high flow), the average sampling rate was
approximately 0.5 Hz. At times of low or no flow, the laser
often returned no data because of poor reflective conditions.
3.1.2. Rainfall

[16] We measured rainfall near the outlet of each study
basin using a tipping-bucket rain gage that was sampled
every 2 s. The rain gage was located at the station data
logger, because it was used as a trigger for fast sampling
of the stage and pore pressure sensors (stage and pore
pressure were sampled at slow 1-min rates when it was not
raining). Ideally, auxiliary rain gages would have been
installed in the initiation areas of the study basins to
account for spatial non-uniformity in rainfall. Unfortu-
nately, installation of such gages did not occur at all sites
because of time constraints. A second rain gage was
installed near the ridge top of the Arroyo Seco basin. Data
from this second rain gage are not used here, because it
often (but not always) reported less rainfall than the rain
gage at the station near the valley bottom. The difference
in recorded rainfall between the ridge and station rain
gages may have been due to systematically higher winds at
the ridge, which would decrease the amount of rainfall
intercepted by the rain gage. Given the very small basin
areas (<0.08 km?) of three of the study sites (Arroyo Seco,
Jesusita, and Dunsmore 2), it unlikely that rainfall in the
initiation areas of these basins deviated substantially from
our measurements near the outlet.

Figure 4. Channel cross sections at monitoring stations.
Sites were chosen to be at relatively stable cross sections
in order to minimize uncertainties in estimates of flow
cross-sectional area. Cross sections are drawn looking
downstream and without any vertical exaggeration. The
dashed blue line is the level of the highest stage measured
at each station. The date and event number (Table 4) of
this high flow is shown above the line. The black, red, and
green dates correspond to the survey dates of the cross
sections. The cross section at the time of site installation is
shown with the black line. The cross section after the last
recorded event at each station (or second to last event in the
case of Dunsmore 1) is shown with the red line. The green
line in Figure 4e is a cross section measured after the Big
Tujunga station was discontinued on 18 January 2010. Most
of the channel change between the red and green cross
sections in Figure 4e was likely caused by unmeasured
debris flows on 6 February 2010.
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[17] More substantial spatially non-uniform rainfall was
likely to have occurred within the two largest study basins
(Dunsmore 1 and Big Tujunga) than at the three smallest
basins. To assess rainfall variability in Dunsmore 1 and Big
Tujunga we compared rainfall measured at the two stations
to data from another rain gage (DUN3) that was established
as part of a separate study [Jorgensen et al., 2011]. The
DUN3 gage was located at an elevation of 1326 m in the
upper part of the Dunsmore 1 basin and was 700 m from the
drainage divide to the upper part of Big Tujunga. Jorgensen
et al. [2011] report rainfall data for DUN3 in 5-min intervals
for three debris-flow producing storms on 12 December
2009, 18 January 2010, and 6 February 2010. The timing of
rainfall at the DUN3 gage and the Dunsmore 1 and Big
Tujunga gages was similar, but the rainfall totals differed.
The ratios of storm cumulative rainfall at Dunsmore 1 to
storm cumulative rainfall at DUN3 for the three storms was
0.95, 1.42, and 1.20 (mean = 1.19, i.e., more rainfall was
generally recorded at Dunsmore 1 than DUN3). Less dif-
ference was observed in the ratios of storm cumulative
rainfall between Big Tujunga and DUN3 for the three
storms (0.91, 1.17, 0.91; mean = 1.00). Based on these
comparisons, we conclude that the rainfall measured at our
Dunsmore 1 and Big Tujunga stations are sufficiently rep-
resentative of the rainfall in the upper part of the basins for
the purposes of comparing trends in debris-flow timing and
magnitude relative to rainfall.

3.1.3. Hillslope Soil Water Content

[18] To determine the relation between hillslope soil water
content and debris-flow magnitude, we measured the soil
water content of the hillslope near the rain gage using two
sensors placed 5 cm below the surface. We sampled soil
moisture continuously at 1-min intervals and took the
average of the two sensors. No soil moisture measurements
were made at Big Tujunga.

3.1.4. Video

[19] To obtain a visual record of flow conditions and to
compute debris-flow front velocities, we installed a rain-
triggered video camera at Dunsmore 2. The camera recorded
images at a rate of 4 frames per second. We measured
debris-flow front velocities by noting the front travel time
between pixels with known spatial coordinates, which were
determined from a total station survey. Although rain-
triggered floodlights were installed to observe nighttime
flows, the illumination was not sufficient to measure front
velocities at night. Consequently, front velocities were only
determined from several surges during a daytime debris-
flow event on 18 January 2010.

3.1.5. Field Visits and Event Identification

[20] We made site visits following each storm to down-
load data, check instruments, resurvey cross sections, and
examine flow deposits and erosion features. In addition to
ground observations, aerial observations of the erosion
response of the Station Fire sites were made by helicopter
following the most intense storm on 6 February 2010.

[21] Both debris flows and debris floods (hyperconcen-
trated flows) were recorded during the monitoring period.
Some debris-flow events contained multiple surges in rapid
succession (less than one minute apart) others consisted of
only a single surge. Distinct flow events within a single
storm were distinguished by periods of at least 20 min of
negligible flow. Flow events were classified as debris flows
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if unsorted and unstratified, matrix-supported debris-flow
deposits or mud veneers were observed in the vicinity of
the station or if the stage record had the large-amplitude
front characteristics of debris-flow surges [Pierson, 1986;
Iverson, 1997; Hungr, 2000]. The latter criterion was
necessary, because there were often multiple debris flows
at a site during a single storm. Only the 24 events
identified as being debris flows are used in this analysis.
The 5 flow events not meeting the above criteria were
likely debris floods. Video observations at Dunsmore 2
show that periods of flood flow were also present in the
recessional flow of debris-flow events. Ideally, the type of
flow at all sites would have been quantified precisely by
measuring time series of flow density using force plates,
such as that of McArdell et al. [2007]. However, instal-
lation of these sensors was not feasible because of the
high cost, limited access, and short time window available
to install equipment.

3.2. Data Processing

3.2.1. Stage Data

[22] To remove anomalous stage data points, we lightly
filtered the laser and sonic distance measurements. The
10-Hz laser stage data were processed using a median
filter with a window size of 5 data points (0.5 s). The filter
replaces each data point with the median of neighboring
points contained in the window. This filter preserved the
complex structure of the time series, but removed anoma-
lously high and low readings, such as those caused by missed
laser returns and returns from large splashes. The ultrasonic
stage data was filtered based on a measure of the quality of the
returned sonic signal as described by McCoy et al. [2010].
3.2.2. Stage—Rainfall Intensity Correlation

[23] To determine the timing of the events relative to
rainfall, continuous time series of rainfall intensities (/p) for
different durations (D = 2, 5, 10, 15, 30, 60, and 180 min)
were calculated from the cumulative rainfall data using a
backward difference equation (Ip = [R(f) — R(t — D) | /D,
where R is cumulative rainfall and ¢ is time). The peak
rainfall intensity for each event was identified as the local
maximum in [, within + 30 min of the time of peak stage.
The time difference between peak stage and the peak I is
one simple measure of the timing of debris flows relative to
rainfall. This measure, however, can be difficult to interpret
because in some cases the peak rainfall intensity occurs after
the time of peak flow. A second, more informative, measure
of the timing of the debris flows relative to rainfall was
determined from an analysis of the cross correlation between
stage and Ip. The cross correlation coefficient (Cy,) between
two time series x and y (here, stage and Ip) is given by

] ,1<0
Z:—o (xi=%) (i1 =)
= AA

where [ is the lag, s, = Zf:_ol (x; — 2)27sy = E:—’:—Ol (vi — )%,
n is the number of data points in the series, and X and  are the
means of the two time series. The lag was applied in 1-min
increments both forward and backward in time. The maxi-
mum cross correlation coefficient ((Cyy)max) and corre-
sponding time lag at this maximum (/ = #,,,) were noted for

ny(l) = (1)

>0
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each event and duration. This time lag corresponds to the time
shift that produced the best match in shape between the time
series of stage and Ip. A negative f,, means most of the
rainfall preceded the flow; a positive #,,, indicates most of the
rainfall came after the flow.

3.2.3. Volume index

[24] To identify relations between debris-flow magnitude
and both measured rainfall characteristics and hillslope soil
water content, we calculated an index of the total volume
(sediment and water) of each event from the station data.
Unfortunately, debris-flow volumes could not be measured
directly, because flow velocity was not measured at all
stations, and because the stations were not all located
immediately above fans or debris basins that would permit
volume to be computed from topographic surveys. In
addition, most of the recorded debris flows mixed with
flows from adjacent basins shortly downstream from the
stations. In the absence of direct volume measurements, the
volume index described below provided an objective way to
make comparisons between the relative magnitudes of the
events. A discussion of how the volume index compares to
actual debris-flow volumes is presented in section 4.5.

[25] The volume index (V) was computed from the
product of a characteristic velocity of the flow and the
summation of flow cross-sectional area during the event as
given by the equation

V =uy iA_m(z)At (2)

t=to

where, ¢, and ¢, are the start and end times of the event, At is
the time between stage measurements, A,(¢) is flow cross-
sectional at the station at time ¢, and u, is a characteristic
velocity of the flow. Our definition for the characteristic
velocity is based on our hypothesis that, in the first year
after the fire, most debris flows (or their watery precursors)
initiate almost immediately after the start of intense rainfall.
We define u;, at the basin scale as u;, = L,/t;,, where L, is the
length scale for the basin (distance along the main channel
from the station to the divide), and ¢, is a measure of the
time between the start of intense rainfall and an observed
debris flow at the station. An objective measure of this time
scale is given by #, = D-t,, for the 5-min rainfall intensity,
which is the rainfall intensity found to have the highest cross
correlation with stage as will be shown in section 4.3. For a
debris flow that initiates both at the start of intense rainfall
and at the top of the basin, u; is nearly equivalent to the
mean travel velocity from the top of the basin to the outlet.
The degree to which u, is a surrogate for actual flow
velocity at the station cross section (u,) is assessed in
section 4.3 using measurements of debris-flow velocity
made at Dunsmore 2 with spatially referenced video.

[26] Flow cross-sectional area (4,,) in equation (2) was
estimated by computing the area bounded by the measured
flow surface, the surveyed cross section, and an estimate of
the base of the flow during the event. Despite an effort to
locate stations on relatively stable cross sections, some
channel change usually took place between the time of the
pre-storm survey and the end of the event. Prior to an event
the bottom of the cross section was sometimes altered by
accumulation of dry ravel or erosion/deposition from pre-
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vious debris flows during the same storm. To account for
these changes, we adjusted the bottom of the pre-storm
surveyed cross section to match the pre-event bed level
measured by the stage gage. During an event we estimated
the base of the cross section in two ways depending on
erosion characteristics. At the site that experienced the most
substantial channel change (Jesusita, event 23), we com-
puted A, using the pre-event cross section until the time of
peak flow, at which time it was assumed that the 1-m
diameter boulder on the left side of the channel was incor-
porated into the debris flow (Figure 4b). We used the post-
event surveyed cross section to compute A, for the
remainder of the flow. For all of the other events, which
experienced less dramatic channel change than Jesusita, we
estimated the bottom of the cross section during the flow by
linearly interpolating the base of the channel with time from
the pre- and post-event bed surface measured by the stage
gage. Multiple linear segments were used in cases where the
stage readings likely matched the bed surface during brief
periods of negligible flow between surges. It is unlikely that
the true base of the flow followed our simple linear inter-
polation. For example, recent field measurements of debris-
flow erosion rates show that erosion is punctuated by the
passage of debris-flow fronts [Berger et al., 2010, 2011].
While many of the debris-flow surges recorded in our study
likely caused erosion, others resulted in deposition at the
cross section. Given the complexity of the flow history, and
the absence of timing information on erosion/deposition,
simple linear interpolation of the flow base level is the best
objective approximation available. The error in integrated
flow cross-sectional area is probably greatest for the first
event at the smallest site, which experienced the greatest
percentage change in base level relative to peak stage. If all
of the erosion for this event occurred with the first surge,
rather than by the linearly interpolated base level, the vol-
ume index would be 1.8 times greater than the volume index
based on a linear erosion rate with time.

[27] Two things should be noted about equation (2). First,
the volume index does not account for variability in flow
velocity during a debris flow, such as has been measured by
Suwa et al. [1993] and Arattano and Marchi [2000]. And
second, the velocity scale u;, would not yield a meaningful
volume index for debris flows that initiate considerably after
the start of intense rainfall. This situation could occur for a
debris flow mobilized from a shallow landside that failed
well after the peak rainfall upon adequate wetting of the
failure surface from infiltration. A velocity scale more
appropriate the latter situation would be \/gR,,, where R,
is the hydraulic radius at the station cross section. This
velocity scaling was used by Iverson et al. [1998] to esti-
mate lahar inundation area.

[28] As mentioned above, the peak surges of 18 January
2010 destroyed the stage equipment at Dunsmore 1 and Big
Tujunga. We estimated the unmeasured post-peak volume
for these two events from a polynomial fit of the peak depth

(peak flow thickness, /,,) and the summation of flow cross-
sectional after the peak ( (A_m)pw) from 5 events with
complete stage records at the two sites ((A) poss = 887, +
12004,,; #* = 0.83). This estimate was added to the calcu-

lated pre-peak summation of flow cross-sectional area and
multiplied by u, to obtain a total volume index.

8 of 21



F04019

Dunsmore 1

KEAN ET AL.: MEASUREMENTS OF POST-FIRE DEBRIS FLOW

F04019

#Dunsmore 1
“8'Feb*2010
5 AP'ost_$torm 4

Figure 5. Paired photographs of post-event erosion at (a and b) Arroyo Seco and (c and d) Dunsmore 1.
The hillslope and channel erosion characteristics shown in the photographs are representative of the erosion
we observed at the other study sites. Photos were taken on the dates listed in the figure, which were less
than one week after a debris-flow. Common reference points in the two pairs of photos are shown with the
white arrows. In Figure 5a hillslope rilling was very pronounced after the first storm and debris flow at
Arroyo Seco. Post-event dry ravel can be seen beginning to refill the steep channel. In Figure 5b the second
storm at Arroyo Seco substantially eroded the well-developed rill network shown in Figure 5a. Figures 5S¢
and 5d show channel erosion 290 m downstream of the Dunsmore 1 station (upstream area = 1.45 km?)
caused by the 18 January 2010 and 6 February 2010 debris flows. The white brackets in Figures 5c¢ and
5d show the height of a person standing in the photos.

3.3. Slope Stability

[29] To provide some insight into the rainfall conditions
and slope characteristics required to initiate shallow land-
slides, we conducted a one-dimensional, infinite slope sta-
bility analysis of a section of hillslope at the site that
received the highest and most intense rainfall (Arroyo Seco).
This analysis complements our post-event field observations
of erosion characteristics. We determined slope stability by
calculating the ratio of basal Coulomb friction to gravita-
tionally induced downslope basal driving stress. This ratio,
or factor of safety (F;), is given by the equation

F :tan(;S c— W(Z,t)'ywtan(ﬁ 3)
tan « YsZ sin o cos &

where Z is the vertical coordinate direction, 7 is time, « is the
slope angle, c is the soil cohesion, ¢ is the soil friction angle,
v, 1s the soil unit weight, ~,, is the unit weight of ground-
water, and y (Z.f) is the groundwater pressure head, which
is a function of depth and time. Slope failure occurs when F
is less than one. We used the model TRIGRS [Baum et
al., 2008, 2010] to calculate y (Z,¢) in response to a mea-
sured time series of rainfall from the most severe storm of the
monitoring period. TRIGRS extends the transient rainfall
infiltration model by Iverson [2000] to accommodate

unsaturated conditions and an impermeable basal boundary
at depth Z = d,. We measured the parameters ¢, ¢, and sat-
urated hydraulic conductivity, K, needed for these calcula-
tions by conducting drained direct shear and hydraulic
permeability laboratory tests of undisturbed samples of
hillslope material.

4. Results

[30] In the first year after the fires, five storms with
recurrence intervals of two years or less produced debris
flows at the study sites (see timeline in Table 3). The first
storm was an isolated convective storm that affected only
the Arroyo Seco site. The subsequent storms were long
duration frontal storms that affected multiple sites. No
debris flows were observed in the second year after the fire.
To provide context for describing the results from our
monitoring stations, we first present an overview of field
observations of runoff and post-event erosion. We then
present examples of the monitoring data followed by anal-
yses of debris-flow timing, magnitude, and slope stability.

4.1.

[31] Field observations of runoff during storms and ero-
sion characteristics after storms indicate the debris flows

Field Observations of Runoff and Erosion
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Figure 6. Representative examples of debris-flow events. Time series of stage (black line) and 5-min
rainfall intensity (thick blue line). Time is in Pacific Standard Time. The values #,, R,, and 6, correspond
to the storm duration, storm cumulative rainfall, and hillslope water content at the time of the peak flow.
The number in parentheses corresponds to the event number listed in Table 4. The stage time series in
Figure 6f ends at 12:08, because the stage sensor was destroyed by the flow. The dotted line in Figure 6h
indicates a period of no stage data. Debris-flow events often contain multiple surges, and the timing of all
events closely matches the timing of local peaks in rainfall intensity.

were initiated primarily by processes related to surface water
runoff rather than by shallow landsliding. During storms,
both eyewitness and video camera observations in the Sta-
tion Fire documented widespread overland flow within
minutes of intense rain bursts (/s = 20-26 mm/hr). Post-
event aerial and ground-based visual observations of erosion
documented that channel erosion and hillslope rilling were
the dominant erosion features at all of the sites. Examples of

these features are shown in Figure 5. These erosion char-
acteristics are similar to erosion features documented by
others in the first year after the fire [Wells, 1987; Meyer and
Wells, 1997; Shakesby and Doerr, 2006; Cannon et al.,
2001; Santi et al., 2008]. With the exception of some
channel bank failures, very few meter-scale shallow land-
slide scars were observed, and these were outside of the
study basins. However, sub-meter-scale soil failures of the
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Table 4. Summary of Rainfall and Flow Characteristics for 24 Recorded Debris-Flow Events
Time of
tlag Time 1]51, - Flow
Event H, I;sp tp R, 0, 0, Time of H,, for ;5 ofl;5, Time of Duration u, V

Number Date Storm Site (m) (mm/hr) (hr) (mm) (m*m’) (m*m®) (hh:mm:ss) (min) (hh:mm) H, (min)  (min) (m/s) (m?)
1 12Nov 2009 1 AS 0.73 304 025 6 0.03 0.03 22:28:08 6 22:37 9 50 0.6 240
2 12 Dec 2009 2 AS 059 256 428 091 0.22 0.13 14:47:57 -5 14:51 3 30 0.3 30
3 12 Dec 2009 2 AS 051 20.8 438 104 0.22 0.13 15:50:28 -1 15:59 9 20 0.5 30
4 12 Dec 2009 2 AS 047 192 447 114 0.22 0.13 16:42:03 —-14 16:35 -7 60 0.2 10
5 12 Dec 2009 2 AS 043 160 463 131 0.22 0.13 18:19:13 -11 18:04 -15 15 0.2 4
6 12 Dec 2009 2 AS 050 192 472 139 0.22 0.13 19:10:43 -1 19:08 -3 25 0.5 20
7 12 Dec 2009 2 AS 050 24.0 518 155 0.21 0.13 23:50:02 1 23:37 -13 25 0.4 10
8 13 Dec 2009 2 AS 056 272 528 167 0.22 0.13 00:45:31 0 0:52 6 25 0.7 70
9 13 Dec2009 2 DI 1.0 128 530 99 0.15 0.02 01:57:23 =5 1:55 -2 15 24 630
10 13 Dec 2009 2 BT 1.1 182 521 91 - - 02:05:11 -5 1:55 -10 25 34 5600
11 18Jan 2010 3 AS 056 120 178 37 0.21 0.09 09:48:29 =5 9:23 -25 45 02 120
12 18 Jan2010 3 AS 0.56 304 200 52 0.2 0.09 11:59:37 6 12:13 13 110 09 210
13 18 Jan 2010 3 D2 1.0 274 200 38 0.24 0.07 12:04:22 6 12:10 6 40 20 710
14 18Jan 2010 3 DI 28 352 200 52 0.2 0.08 12:03:39 0 11:50 -14 40 2.6 16000
15 18 Jan2010 3 BT 3.1 206 20.1 48 - - 12:08:34 0 12:13 4 40 4.6 36000
16 6 Feb 2010 4 AS 079 312 173 37 0.21 0.11 03:17:47 4 3:28 10 20 0.6 190
17 6 Feb 2010 4 AS 089 688 193 69 0.26 0.11 05:19:16 5 5:25 6 30 0.9 460
18 6 Feb 2010 4 AS 0.61 408 244 97 0.28 0.11 07:23:57 5 7:34 10 20 0.7 130
19 6 Feb 2010 4 D2 14 244 175 34 0.23 0.09 03:27:10 6 3:33 6 10 2.0 210
20 6 Feb 2010 4 D2 1.1 467 190 56 0.24 0.09 04:58:06 4 5:01 3 25 3.1 1000
21 6 Feb 2010 4 DI 43 472 190 65 0.19 0.13 04:58:04 3 5:03 5 30 3.9 35000
22 6 Feb 2010 4 DI 093 216 214 92 0.19 0.13 07:22:56 -4 7:19 -4 20 2.0 2200
23 27 Feb 2010 5 JS 13 560 133 71 0.29 0.14 12:14:56 1 12:17 2 20 1.0 380
24 27 Feb 2010 5 DI 1.8 32.8 62 43 0.05 0.05 07:14:24 -2 7:15 1 40 2.4 14000

type described by Wells [1987] and Gabet [2003] were
observed by Schmidt et al. [2011] at the Arroyo Seco site
following the first storm.

[32] In general, the station cross sections (Figure 4)
experienced less channel change than parts of the channel
elsewhere in the study basins. The lesser extent of change
was due to our preference for locating cross sections at
relatively stable sections in order to minimize errors in
estimates of flow cross-sectional area. Figure 4 shows the
cross section at the time of installation (black line), the cross
section after the last recorded debris flow at the site (or
second to last event in the case of Dunsmore 1) (red line),
and the level of the highest stage recorded at the site during
the monitoring period (blue dashed line). The green line in
Figure 4e is for a cross section surveyed after the Big
Tujunga station was discontinued. Most of the channel
change between the red and green cross sections in Figure 4¢
is associated with unmeasured debris flows on 6 February
2010. Dunsmore 1 was the only site with exposed bedrock
at the bottom of the cross section at the time of installation.
Note the lack of cross-sectional change in the bedrock
cross section of Dunsmore | is in stark contrast to the
channel erosion shown in the photos in Figures 5c¢ and 5d,
which were taken 290 m downstream of the Dunsmore 1
station.

4.2. Monitoring Data and Event Variability

[33] Representative examples of debris-flow events from
each of the five sites and each of the five storms are shown
in Figure 6. The events are numbered with respect to the
complete set of 24 recorded debris-flow events, which are
summarized in Table 4 and shown in Figure S2 of the
auxiliary material. Each plot shows time series of stage (H)
and 5-min rainfall intensity (/5). Figure 6 also lists, at the

time of peak stage, the storm cumulative rainfall (R,), hill-
slope soil water content (6,,), and elapsed time since the start
of the storm (#,). Rainfall intensity is plotted for the 5-min
duration, because it is the intensity measure that has the
highest cross correlation with stage. Peaks in short-duration
rainfall intensity associated with all events at the San
Gabriel sites were at or above the previously published
regional threshold of Cannon et al. [2008].

[34] In general, there is considerable variability and
complexity to the measured stage time series. Estimates of
peak flow depth range from 10 cm at Arroyo Seco (event 5,
Figure S2 of the auxiliary material) to 4.3 m at Dunsmore 1
(event 21, Figure 6h). Events at many of the sites consist of
multiple surges that occur at a higher frequency than fluc-
tuations in 5-min rainfall intensity (e.g., event 8, Figure 6b).
Other events, in contrast, consist of a single surge, such as
the only debris-flow event recorded at Jesusita (event 23,
Figure 6i). This event has stage characteristics similar to a
flood hydrograph; however we confirmed the flow was a
debris flow based on field evidence of matrix supported
debris-flow deposits near the station. It should also be noted
that the shape of the Jesusita stage time series may be
affected by the removal of a 1-m diameter boulder from the
cross section during the event (Figure 4b).

[35] In several cases the stage characteristics change sub-
stantially over the course of the event. Event 12 (Figure 6¢)
at Arroyo Seco is a good example of this aspect of the flow
record. The first half of the event contains a series of small,
short duration surges that are similar in appearance to those
in (Figure 6b). At about 11:50 the flow changes dramatically
with the appearance of relatively high frequency (~0.5 Hz),
small amplitude stage fluctuations about a more gradually
varying flow. The shift to a more agitated flow surface,
which coincides with an increase in the rainfall intensity,
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indicates there was an increase in the volume fraction of water
in the flow. Since our sites were not equipped with force
plates to measure flow density and quantify the water/
sediment concentrations during these times, we do not know
if the flow during such periods of high frequency stage
fluctuations was a debris flow or debris flood. Similar com-
binations of distinct surges and periods of high frequency,
small amplitude stage fluctuations are present in other events
shown in Figure 6 (events 1, 15, and 16).

[36] At some sites, the stage characteristics also change
over the course of the winter storm season. The seasonal
change is most pronounced at the smallest site (Arroyo
Seco) and is discussed in detail by Kean and Staley [2011].
The seasonal change coincides with the abrupt change in
stage characteristics that occurs at about 11:50 during event
12 (Figure 6e), as described above. Prior events at Arroyo
Seco have stage characteristics similar to those in the first
half of event 12 (e.g., event 8, Figure 6b), whereas events
after event 12 at Arroyo Seco are characterized by a single
surge followed by periods of flow with high frequency stage
fluctuations similar to those recorded in the second half of
event 12 (e.g., event 16, Figure 6g). The change in stage
characteristics is presumably related to the evolution of the
drainage network and sediment supply during the winter
storm season. The beginning of this evolution can be seen in
the paired Arroyo Seco photographs in Figure 5. The first
photo (Figure 5a) was taken after the first storm and debris
flow at the site (event 1, Figure 6a). This storm created an
extensive network of rills on the hillslopes. The second
photograph (Figure 5b) was taken after the second storm,
which produced a series of 7 events at Arroyo Seco ending
with event 8 (Figure 6b). Close inspection of the second
photograph shows that runoff during the second storm
eroded much of the hillslope material that defined the rill
boundaries formed during the first storm. The third storm at
the site produced the transitional event 12 (Figure 6e).
During a site visit after the third storm we observed that,
while an ample supply of loose sediment remained on the
hillslopes, there was a substantial increase in the amount of
saprolite exposed on the hillslopes and bedrock exposed in
the channels. Based on these observations, we suspect this
exposure lead to an increase in the water content of the flow,
which changed the stage characteristics from the surge
dominated patterns recorded in the first half of the season to
the rapid stage fluctuations often observed in the second half
of the season.

[37] The largest site (Big Tujunga) also exhibited a dis-
tinct change in the stage characteristics between the first and
second events at the site (events 10 and 15, Figures 6¢ and
6f). Both events had comparable rainfall intensity, and the
first 30 min of the 18 January 2010 event is remarkably
similar to the 13 December 2009 flow. The key difference
between the two events is peak flow stage (/). The 18
January 2010 record ended with a 3.1-m high surge front
that destroyed the stage and pressure gages, whereas the
peak flow stage during the previous event was only 1.1 m.
The large difference in H, between these two events may be
explained by the differences in both the grain-size dis-
tributions of the flow deposits and erosion characteristics
near the station. Although both events transported boulders
as large as 1 m, the debris-flow deposits of the first event
were much finer grained than the deposits from the second
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event, as shown by the grain size distributions in Figure 2b.
The sandy textured debris-flow deposits of the first event
were deposited as a veneer along the channel margins near
the station. The grain-size distribution of these deposits was
very similar to the hillslope sediment (Figure 2a). This
similarity indicates that the material likely came from hill-
slope rilling and erosion of channels loaded with dry ravel.
The deposits from the second event, in contrast, were
dominated by pebbles and cobbles (the cobble and larger
size fractions are not represented in the grain-size analysis in
Figure 2b). We also observed much greater channel bed and
bank erosion in the vicinity of the station after the 18 Jan-
uary 2010 event than after the 13 December 2009 debris
flow. Channel erosion after the 18 January 2010 event was
similar in character to the erosion shown in Figure 5c at
Dunsmore 1. Based on these observations, we conclude the
shift to larger grain size of the deposits between the first and
second events at Big Tujunga was caused by the addition of
large clasts from erosion of the channel bed and banks.

[38] The formation of the 3.1-m deep surge front toward
the end of the 18 January 2010 event was likely caused by
the addition of these larger clasts to the flow. Grain-size
segregation processes tend to sort larger clasts to the front of
debris flows [e.g., Pierson, 1986]. The higher hydraulic
diffusivity of the coarse particles results in lower fluid
pressures at the front of the debris flow relative to tail
[fverson, 1997]. The longitudinal distribution of grain size
and fluid pressures creates a gradient in flow resistance that
decreases from the front to the tail. This gradient in flow
resistance promotes the formation of steep surge fronts
[Hungr, 2000], such as the one shown in Figure 6f. It is
possible that the 13 December 2009 event did not produce
such a high surge front, because it lacked enough large
clasts to create a substantial gradient in flow resistance.

[39] The substantial shift to larger grain size deposits
between the first and second event at Big Tujunga was
observed in other unmonitored basins nearby, but not at all of
the study sites. For example, the first event recorded at
Dunsmore 2 on 18 January 2010 had a measured grain-size
distribution similar to the second events at Big Tujunga and
Dunsmore 1, as shown in Figure 2b. At Dunsmore 1, the
unsampled flow deposit from the first event on 12 December
2009, which occurred within minutes of the first Big Tujunga
event, was visually intermediate in texture to measured
deposits of the first Big Tujunga event and the second 18
January 2010 event at Dunsmore 1. The control of grain size
on flow dynamics and the observed variability in deposit
grain size between sites and storms highlights a major chal-
lenge for predicting the peak depth of post-fire debris flows.

[40] Another aspect of variability in the data set is that the
events took place over a wide range of times into the storm
(0.25 < t, < 52 h) and over a range of hillslope soil water
contents (0.03 < ¢, < 0.31). For example at Arroyo Seco,
one event (Figure 6a) occurred just 15 min into a short
thunderstorm after only 6mm of rainfall was recorded at
both the station gage and the auxiliary rain gage at the top of
the basin. At this time, the measured hillslope soil water
content was nearly dry (6, = 0.03) and equal to the pre-storm
residual soil water content, 6,. The hydrologic and erosion
response of the upper part of the basin during this event is
described in detail by Schmidt et al. [2011]. In contrast, at
same site during the next storm, which lasted more than 2
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Figure 7. Example measurements of pore pressure head (P, thick orange line) and stage (H, black line)
at (a) Arroyo Seco, (b) Dunsmore 1, and (c) Big Tujunga during storm 2. Excess pore pressures were
measured in Figures 7b and 7c by sensors that were in direct contact with the flow. The pressure signal
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parentheses corresponds to the event number listed in Table 4.
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days, the last of a series of 7 debris-flow events took place
after 167 mm of rainfall (Figure 6b). Hillslope volumetric
water content during this event was elevated (6, = 0.22), but
less than field saturation (6; ~ 0.4). In fact, none of the hill-
slope 6 measurements ever reached field saturation.

[41] Representative examples of pore fluid pressure
measurements are shown in Figure 7. The pressure response
differed depending on whether the sensor was buried
beneath bed sediment or exposed to the flow. When exposed
to the flow, the pressure transducer often recorded excess
pore fluid pressures (pressures greater than hydrostatic)
during debris-flow events (e.g., Figures 7b and 7c¢). Such
high pore fluid pressures greatly contribute to the mobility
of debris flows [Iverson, 1997; Major and Iverson, 1999],
and have been measured previously in a large-scale flume
[Iverson et al., 2010] and in unburned field sites [Berti et al.,
2000; McArdell et al., 2007; McCoy et al., 2010]. Some-
times, however, anomalous pressure readings were recorded
by pressure transducers exposed to the flow. This situation
occurred in the middle of event 9 at Dunsmore 1 (Figure 7b).

At about 00:58, the pressure dropped unexpectedly during
the passage of the tail of the debris flow. Such anomalous
readings are likely due to sediment clogging the sensor
orifice. When the pressure transducer was buried beneath a
layer of partially saturated bed sediment, the pressure signal
usually tracked the stage series, but the response was
damped due to unsaturated pore spaces. This type of
response often occurred at Arroyo Seco as shown in Figure
7a, where the pre-event water table was approximately 4 cm
below the bed surface. Similar pressure responses in unsat-
urated bed sediment have been observed by McCoy et al.
[2010] and Berger et al. [2011]. A more detailed discus-
sion of the pore pressure measurements at Arroyo Seco is
given by Kean and Staley [2011].

4.3. Debris-Flow Timing

[42] The most consistent feature of the plots in Figure 6
(and the complete set in Figure S2) is the close temporal
relation between stage and short-duration rainfall intensity.
A quantitative measure of the temporal relation between
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Figure 8. Comparison of debris-flow timing of 24 events relative to rainfall intensity. (a) Maximum
cross-correlation coefficient ((Cyy)max) between stage and rainfall intensity (/) as a function of the dura-
tion (D) over which rainfall intensity was computed. The mean of all 24 events is shown with the solid
line; + one standard deviation is shown with the dashed line. (b) Corresponding time lag (,4) at (Cxy)max
between I, and stage. A negative time lag means the peak 7, preceded the debris flow; a positive time lag
means most intense rainfall came after the flow. The time lag for each event is shown with a color-coded
symbol representing the site and storm. The mean time lag is shown with the solid line. For comparison,
the mean time difference between peak stage and the local peak in /j, is shown with the dashed line. Stage
is best correlated with /s (¢, = —5 min), but most closely in phase with /;5 (#,4 = 0).
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Figure 9. Comparison of basin response time (¢,) and velocity (u, = L,/t;) scales for each event relative
to (a and b) basin area and (¢ and d) 5-min peak rainfall intensity (/5,). The mean trends with basin area
are shown with the dotted lines in Figures 9a and 9b. With the exception of the smallest site, ¢, increases
with basin area. The velocity scale also tends to increase with basin area. Basin response times tend to
decrease with increases in /s, as shown by the black dotted line in Figure 9c. The form of the regression
equation implies u;, should increase linearly with /5, and this trend is confirmed at three of the five sites,
as shown by the dotted regression lines in Figure 9d. For reference, the range of debris-flow front veloc-
ities (2.0 to 2.6 m/s) measured at Dunsmore 2 on 18 January 2010 with spatially referenced video is
shown by the black bracket in Figure 9b. Note these velocities compare favorably with the value of u,
for that event (blue diamond), and this similarity provides support for use of u; as a velocity scale for

computing the volume index.

stage and rainfall intensity for different durations is shown
in Figure 8. This figure shows the maximum average stage-
rainfall intensity cross-correlation coefficient ((Cyy)max)
(Figure 8a) and the corresponding time lags (#,,) between I
and stage at this maximum (Figure 8b). A negative time lag
means the peak /p preceded the debris flow; a positive time
lag means most intense rainfall came after the flow. The
correlation is greatest for short durations (D < = 30 min)
reaching a maximum at 5 min. The corresponding time lags
for these durations are tightly clustered within a sub-hour
range. Some of the variability within this narrow range may
be related to unmeasured spatial non-uniformity in rainfall
in each basin. Additional variability is related to basin size
and rainfall intensity, as discussed below.

[43] The 15-min duration timescale is significant, because
it is the duration where the average trend in #,, goes from
negative to positive (Figure 8b, solid line). In other words, at
D = 15 min, stage and I, are, on average, almost completely
in phase (#,, = 0). Peak rainfall intensities measured for
durations shorter than 15 min generally precede the event,
whereas peak rainfall intensities measured at durations
longer than 15 min generally come after the peak flow. This
result has major implications for debris-flow warning and is
discussed in section 5. For comparison with the average
trend in 7,4, Figure 8b also shows the average time differ-
ence between the peak stage and peak I, (dashed line). The

latter measure of flow timing relative to rainfall is more
variable than the cross-correlation time lag; however, the
average trend in the two is quite similar. The peak stage for
all 24 events occurred within = 25 min of the local peak in
I;5, and for 79% of the events this time difference was
within + 10 min.

[44] Both basin area and rainfall intensity affect the timing
of debris flows. Figure 9 shows trends in the basin response
time and velocity scales (#, and u;) with respect to basin area
(45) and event peak 5-min rainfall intensity (/5,). Recall 7, is
a measure of the time between the start of intense rainfall
and a debris flow at the station, and u;, (L,/t,) is a measure of
the average travel velocity of the flow through the basin.
With the exception of the smallest site (Arroyo Seco), ?,
follows an increasing trend with basin area, as shown by the
dotted line in Figure 9a. The velocity u; also tends to
increase with basin area (Figure 9b). The Arroyo Seco site
has a much wider range of response times than the other
sites. Events with long response times at this site (¢, >
8 min) are associated with relatively low rainfall intensities.
While it is possible these events simply initiated later in the
storm than other events at the site, we suspect it is more
likely these debris flows began with intense rainfall but
traveled very slowly as a result of insufficient fluid to
overcome the flow resistance of the granular fronts. The
existence of highly resistive, slow moving debris flows at
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Figure 10. Comparison of debris-flow magnitude of 24 events relative to rainfall intensity, cumulative
rainfall, and hillslope water content. (a) Correlations (r) between local peaks in rainfall intensity measured
over different durations and both the event volume index (¥, solid line) and peak flow depth (4, dashed
line). The volume index is normalized by basin area (4,). Peak flow depth is normalized by maximum
observed flow-cross-sectional area ((4,s)max)- The normalized volume index is best correlated with the
15 and 30 min durations, whereas /,/(As)max 15 best correlated with the 10-min duration. (b—d) Scatter-
plots of V/4, relative to the peak 15-min rainfall intensity for the event (/;5,), and the cumulative rainfall
and hillslope water content at the time of peak flow (R,, and 6,). Debris-flow magnitude is reasonably
correlated with /;5,, but poorly correlated with R, and 6,. The color coded symbols represent the site

and storm as described in Figure 9.

the site is supported by field observations of Schmidt et al.
[2011]. After the first 12 November 2009 storm, they
observed terminal snouts of several small debris flows
deposited on the 30-35 degree hillslopes upstream of the
Arroyo Seco stage gage.

[45] Figure 9¢ shows that basins respond more rapidly to
higher intensity rainfall. This trend reflects both the control
of the water/sediment concentrations on debris-flow
dynamics and the scaling of flow velocity with discharge.
Although it is not surprising that more intense rainfall
decreases the response time, the trend in the data for the 24
events is remarkably consistent. The trend is described by
the regression equation ¢, = 272/(I5, — 6.5). This equation
implies a linear dependence of u;, on rainfall intensity (u, =
(sp — 6.5) Ly/272). Linearity is evident at the three sites
having more than two events, as shown by the regression
lines in Figure 9d. For comparison, water flow velocity at a
cross section at the outlet of a hypothetical concrete catch-
ment under constant rainfall (i.e., no infiltration or erosion)
scales similarly with rainfall intensity: u,, = O/As = (I 4p)/
Ay, where O and [ are the steady discharge and rainfall
intensity.

[46] While the velocity, u,, is not a direct measure of flow
velocity, its range of values is similar in magnitude to
expected debris-flow velocities. At Dunsmore 2, it is pos-
sible to compare u, to measured debris-flow front velocities
at the station. As seen in Figure 9b, the value of u;, for the 18
January 2010 debris flow at Dunsmore 2 (storm 3), is within
the range of front velocities measured by the video camera

during the event. This similarity provides support for using
u, as a velocity scale in the volume index (equation (2)).

4.4. Debris-Flow Magnitude

[47] In this section we examine the question: How does
rainfall intensity, storm cumulative rainfall, and hillslope
soil water content affect debris-flow magnitude? A com-
parison of the volume index (V) and peak flow depth (4,,) of
the events relative to Ip, R, and 6 is shown in Figure 10. The
volume index is normalized by basin area (4,) in order
facilitate comparison between sites that span two orders of
magnitude in size. Similarly, peak flow depth is normalized
by the maximum flow cross-sectional area observed at the
station ((Ay)max).- This area is approximately the area
between the red cross section and blue flow surface shown
in Figure 4. As with debris-flow timing, it is instructive to
first see how V and #h, correlate with rainfall intensity
measured over different durations (Figure 10a). Both vari-
ables are best correlated with short duration (D <= 30 min)
rainfall intensity. The normalized peak depth is best corre-
lated with ;) (r = 0.51), whereas the normalized volume
index is better correlated with the slightly longer durations
of 15 min (» = 0.60) and 30 min (» = 0.67). While debris-
flow volume and peak depth are related, the slight differ-
ences in the correlations of these variables with rainfall
intensity suggest these two variables are at least partially
controlled by different rainfall characteristics. A possible
explanation is that a burst of high intensity rainfall could
generate enough runoff to trigger a relatively large ampli-

15 of 21



F04019

KEAN ET AL.: MEASUREMENTS OF POST-FIRE DEBRIS FLOW

F04019

80 T T T ]
o /ﬁ Scale E Site Storm
B \ ¥~ V/A, = 0.02 (m*/m’ 7
60| santaYnez \ b m/m) ] ® Arroyo Seco X 1
. F-~"~"~"~~=~~~7-~"~""Q_%) "\~ —— h,=2m e
< B Ry R b ® Jesusita + 2
= L i
€
g 40 L4 7 Dunsmore 2 o 3
£ L ) ]
& 1 a il 1
— @ d@ “C) 2 af| Dunsmore 1 A 4
B Jr12 22 v 7
20~ U T a2 & $ = i
L San Gabriel @ 10]g + - BigTujunga O 5
ol . . . )
0 50 100 150
R, (mm)
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tude debris-flow surge, but without sustained high-intensity
rainfall, the volume of this event may be small.

[48] The three scatterplots in Figures 10b—10d show that
the normalized volume index (¥7/4,) is reasonably correlated
with peak 15-min rainfall intensity (/;s,), but poorly cor-
related with both storm cumulative rainfall (R,) and hillsope
soil water content (6,) at the time of peak flow. The trends
of R, and 6, with respect to peak depth (not shown) are
similarly poor. While it is intuitive that debris-flow mag-
nitude should increase with rainfall intensity, the observed
lack of a correlation between the volume index and both R,
and 0, was not entirely expected. On one hand, field
observations of debris flows by Coe et al. [2008] at Chalk
Cliffs, Colorado have shown that, given sufficient rainfall
intensity, debris flows can occur after very little cumulative
rainfall when the hillslope soil is relatively dry. Event 1
from our data set (red asterisk, Figures 10c and 10d) is
another example of this situation. On the other hand, how-
ever, recent work by Iverson et al. [2011] demonstrated that
debris-flow volume (and momentum) in a large-scale flume
increased dramatically as the bed water content increased
above a value of 0.22. The increase in volume was shown to
be caused by the development of positive pore pressures in
wet bed sediments by the overriding debris flow, which
promoted progressive bed scour and reduced basal friction.
They suggested that bed sediment with water contents below
0.22 could not transmit the destabilizing positive pore fluid
pressures into the bed, because the pore fluid was discon-
nected by air bubbles. Although we did not measure bed soil
water content, one might expect it would increase as hill-
slope soil water content and storm cumulative rainfall also
increased.

[49] We hypothesize that the discrepancy between the
findings of Iverson et al. [2011] and our observed lack of
relation between the volume index and both R and hill-
slope # may be because the bed sediment at our sites was
sufficiently porous that it drained to relatively low water
contents in between rainfall bursts. This hypothesis is
partially supported by our measurements of channel bed
pore fluid pressure accompanying the series of 7 events
during the 12—13 December 2009 storm at Arroyo Seco.
These 7 events each had similar small volume indexes,
despite a relatively broad range in storm cumulative rain-

fall from 91 mm to 167 mm (hillslope 6, was consistent
for these events at about 0.22). Although the bed pore fluid
pressure (and water table) rose in response to each rainfall
burst and flow event, it dropped to unsaturated levels
before the next event began. Hillslope water content also
dropped rapidly after each rain burst. This cycle continued
even after 167 mm of storm cumulative rainfall, which fell
prior to the last event of the storm (Figure 7a; see also
Kean and Staley [2011] for a complete time series of the
pore fluid pressure at Arroyo Seco). Had the rain bursts
come in faster succession, and the bed had less time to
drain between bursts, there likely would have been a
systematic increase in the bed water content and event
volume throughout the storm.

[s0] An alternative way to visualize the interrelations
between V, h,, I;5, and R,, is given in Figure 11. This figure
illustrates two important aspects of the data regarding sed-
iment supply and geologic material. The vertical lines for
each event represent /,,; the radius of the circle for an event
is scaled by V/A4,. For many events /4, is too small to see a
circle. In regards to sediment supply, some of the largest
debris flows at the sites occurred toward the end of the
winter storm season (e.g., 17, 20, 21, and 23) and, in most
cases, after multiple debris-flow events had already taken
place. The late season timing of the large events is opposite
of the trend observed after other southern California fires
[e.g., Wells, 1987]; however, it is largely due to the fact that
the late winter storms happened to have the most intense
rainfall. The fact that these late season events were still
large, despite substantial erosion from previous events,
provides yet another example of the tremendous amount
sediment available for transport after wildfire [e.g.,
Doehring, 1968; Wells, 1985; Moody and Martin, 2001b].
Although, there is some evidence that the smallest site
(Arroyo Seco) was reaching supply limited conditions
toward the end of the season as mentioned in section 4.2,
supply limited conditions were not reached in the larger
basins. For example at Dunsmore 1, despite following four
debris flows at the site earlier that winter, event 24 on 27
February 2010 (the last storm of the season) produced long,
well-developed debris-flow levees indicating the flow had a
high volume fraction of solids. The contrast in late season
sediment supply between the small Arroyo Seco site and the
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much larger Dunsmore 1 site suggests that flows early in the
season drew sediment primarily from dry ravel loaded
channels and hillslopes, whereas subsequent flows drew
more sediment from erosion of older bed and bank material.
This trend is also supported by the observed shift in erosion
characteristics and deposit grain size distribution between
the first and second event at Big Tujunga, as discussed in
section 4.2.

[51] Regarding geologic materials, Figure 11 shows an
important difference between the debris flows recorded in
the San Gabriel Mountains (granitic bedrock) and the Santa
Ynez Mountains (sandstone bedrock). Although the debris
flows in both areas occurred in response to short duration
bursts of rainfall resulting in similar hillslope and channel
erosion characteristics, there is a substantial difference in the
threshold triggering rainfall intensity for the two areas. The
lowest peak rainfall intensity associated with a debris flow
in the San Gabriel sites was /;5, = 12 mm/hr (event 11,
Arroyo Seco), whereas the peak rainfall intensity accom-
panying the only debris flow recorded at the Santa Ynez site
on 27 February 2010 was I;5, = 56 mm/hr (event 23,
Jesusita). The second highest rainfall intensity measured at
Jesusita was I;5, = 40 mm/hr and resulted in a minor 15 cm
deep water flood. Storms of lesser rainfall intensity at
Jesusita resulted in negligible flow. The measurements at
Jesusita, which are consistent with the observed flow
response elsewhere in the burned area, constrain the 15-min
rainfall intensity threshold for the Santa Ynez Mountains to
be between 40 and 56 mm/hr, which is about 4 times higher
than the San Gabriel Mountain threshold.

[52] Unfortunately, our measurements do not clearly
identify the physical reason for the different rainfall inten-
sity thresholds between the San Gabriel and Santa Ynez
Mountains. One simple explanation for the higher debris-
flow threshold at Jesusita could be that the site is slightly
less steep than the San Gabriel sites (see Table 1). This
explanation, however, is unlikely to be the reason for the
difference in thresholds, because the surrounding burn area
in the Santa Ynez Mountains, which included basins as
steep as the San Gabriel sites, only produced debris flows
during the 27 February 2010 storm. A second explanation
could be related to differences in the effective infiltration
rates between the two areas, which control the rainfall
intensity required to produce overland flow. The effective
infiltration is controlled by a number of factors including:
extent of exposed rock, depth to bedrock, and spatial and
temporal variability in local infiltration rates, which are
influenced by soil composition, and fire-related ash content
and water repellency [e.g., Shakesby and Doerr, 2006;
Kinner and Moody, 2010]. Although the effective infiltra-
tion rate for a burned basin is particularly difficult to char-
acterize, our field observations do not suggest there is a
substantial difference in this property between the San
Gabriel sites and the Santa Ynez site, because both areas are
predominately soil mantled, and measurements of local
infiltration rates were similar. A third explanation could be
related to sediment transport and the grain-size distribution
of sediments at the study sites. The grain size distribution of
the hillslope sediment is the only basin characteristic that is
substantially different between the two areas (Table 2), and
the Jesusita hillslope sediment contains a higher fraction of
silt and clay than the San Gabriel sites. It is possible that
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intermediate rainfall intensities (above the San Gabriel
threshold, but below the Santa Ynez threshold) do not result
in debris flows in the Santa Ynez Mountains, because the
sediment is sufficiently fine to be completely transported as
ordinary bed and suspended load without bulking into a
debris flow. Debris flows may form with the addition of
larger clasts mobilized from the increased runoff generated
by higher rainfall intensities. This third explanation is the
most consistent with our observations; however, additional
measurements and work to understand the transition of
surface water flow to debris flow are needed to test this
hypothesis.

4.5. Volume Index Versus True Volume

[53] Although the primary purpose of the volume index is
to make relative comparisons between events in the data set,
it is worthwhile to assess how the volume index compares to
actual debris-flow volumes. A crude comparison is possible
for the 6 February 2010 storm using volume data from a Los
Angeles County debris basin (Dunsmuir debris basin) that is
located downstream of both Dunsmore 1 and Dunsmore 2.
This storm conveniently filled the previously empty debris
basin to capacity (95000 m®). To make a comparison with
the volume indexes from Dunsmore 1 and Dunsmore 2,
which represent a fraction of the total drainage area of the
Dunsmuir debris basin, we weight the debris basin capacity
by the percent of area that was monitored (27%). The total
of the volume indexes of the 4 events recorded at Dunsmore
1 and Dunsmore 2 during the 6 February 2010 storm (events
19-22) is 38000 m>. This volume is 1.5 times greater than
the area-weighted volume of the debris basin (26000 m?>).
Based on this comparison, we conclude the volume index is
at least the same order of magnitude as a conventional
volume estimate from a debris basin, and may be a con-
servative over estimate of actual debris-flow volume.

4.6. Slope Stability

[54] Results from slope stability calculations for a rep-
resentative section of Arroyo Seco hillsope provide
insight into why meter-scale shallow landslides were not
widely observed and estimate the conditions in which
they might be expected. The measured parameters for this
hillslope were, o = 40°, d;z = 0.8/cos(a) = 1.04 m, ¢ =
9600 Pa, ¢ = 41°, v, = 19000 kg/m>, ~,, = 9800 kg/m’,
and K; = 0.0002 m/s. We estimated the specific storage
and Gardner’s [1958] soil-water characteristic curve
parameter to be 0.1 m ' and 5.4 m ', respectively, based on
soils with the same textural classification. Under conditions
of complete saturation (y = Zcos’a) and assuming no
additional strength from root cohesion, equation (3) shows
the slope is stable to a vertical depth of 2.05 m. This depth
is almost twice the observed depths to bedrock d;, < 1 m.
Equation (3) shows that failure at Z= 1 m could occur for a
saturated slope having slightly less than half of the mea-
sured soil cohesion (¢ = 4700 Pa).

[55] The model TRIGRS [Baum et al., 2008, 2010] was
used to investigate if the most intense storm of the moni-
toring period (6 February 2010) was sufficient to saturate
and destabilize this slope with lower cohesion. At Arroyo
Seco, this storm had three major peaks in rainfall intensity,
which each produced debris flows (events 16, 17, 18; I5, =
43,103, and 58 mm/hr; R, = 37, 69, and 97 mm; 7, = 17, 19,

17 of 21



F04019

and 21 h). Like the other storms, this storm began with
relatively dry initial conditions (6, = 0.1), and there was no
pre-existing hillslope water table. TRIGRS computes v (Z,7)
relative to an initial water table, and we assumed this to be at
the bedrock surface to provide a lower bound on time to
failure. Using this assumption and neglecting near-surface
hydrophobic layers, which would limit infiltration and delay
time to failure, the modeled slope remained unsaturated and
the lowest factor of safety calculated during the storm was
1.5.

[56] For comparison, we examined two other scenarios
where landslide failure would occur: (1) a slope with soils of
zero cohesion and (2) a slope with soils having modest
cohesion (¢ = 1000 Pa) during a hypothetical storm with
twice the measured rainfall intensity. In the first case, the
matric suction in the unsaturated zone is sufficient to keep
the cohesionless slope stable until the time of the second
rain burst and debris flow. In the second case, failure would
occur 19 min after the second recorded debris flow, which is
almost four times longer than the observed timescale of
response. Based on these calculations, shallow landslides
would be expected for conditions of much less cohesion
and/or greater rainfall than measured.

5. Discussion

[57] The results from our post-fire debris flow monitoring
stations have important implications for debris-flow warn-
ing and prediction. The observed rapid debris-flow response
to rainfall means that real-time data from monitoring sta-
tions in burn areas cannot provide sufficient warning of
impending debris flows for communities downstream.
Instead, warnings with practical lead times of hours must
come from weather forecasts, real-time rainfall measure-
ments of advancing storms before they impact burned areas,
and debris-flow thresholds, such as the regional thresholds
of Cannon et al. [2011]. Thus, advancement in post-fire
debris-flow warning rests largely on improving short-
duration high-intensity rainfall prediction and specification
of more precise rainfall thresholds. Forecasting the location
and magnitude of high intensity rainfall is among the most
challenging problems in weather prediction; however,
advanced radar technologies, such as portable dual-polar-
ized radar, show promise in helping to better identify
localized high intensity cells [Jorgensen et al., 2011]. In
areas of southern California with relatively limited data,
such as the Santa Ynez Mountains, more precise empirical
rainfall thresholds can be developed with additional basic
data on rainfall and debris-flow occurrence. However, in
better studied areas, such as the San Gabriel Mountains,
collection of additional data will not likely result in major
improvements to the regional thresholds. Improvements in
these areas will require development of more refined basin
specific thresholds.

[s8] Detailed data, such as that presented here, provides
valuable constraints for development of physically based
models of post-fire debris flows, which may aid in the
specification of basin specific rainfall thresholds. The high
correlation between short-duration high-intensity rainfall
and debris flows suggests that a simple rainfall-runoff
model [e.g., Berti and Simoni, 2005; Coe et al., 2008;
Gregoretti and Fontana, 2008] may be a useful tool to help
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predict the timing of post-fire debris-flows. However,
without the addition of debris-flow mechanics for initiation,
entrainment [[verson et al., 2011] and flow dynamics [e.g.,
Iverson and Denlinger, 2001; Denlinger and Iverson, 2001],
rainfall-runoff models will not reproduce the complex stage
changes of the debris-flow surges shown in Figure 6, nor
predict accurately the volume or peak stage of debris flows,
which can be much higher than flood peaks [VanDine,
1985]. A particular challenge for prediction is that the
water/sediment mixture concentrations, which control the
flow dynamics, can vary considerably during an event and
over the course of the storm season.

[s9] Further attention needs to be given to the mechanics
by which post-fire debris flows initiate in order to better
understand why the rainfall thresholds vary for different
regions. Although field observations of erosion features,
slope stability modeling, and the observed time scale for
debris-flow response all suggest that the recorded events
were initiated primarily by surface water flow rather than by
failure of discrete meter-scale landslides, our measurements
do not identify the mechanics by which the transition of
surface water to debris flow takes place. Such a transition
may occur by several mechanisms including the “firechose
effect” [Johnson and Rodine, 1984], failure of the channel
bed by sliding [Takahashi, 1981] or hydrodynamic forces
[Tognacca et al., 2000; Armanini and Gregoretti, 2000],
sediment bulking from erosion of bank material, and for-
mation and failure of sediment dams created by local
deposition of bed load. It is possible that several of these
mechanisms operate during a single event. Additional
observations using a series of stations and cameras that
bracket the transition of surface water flow to debris flow
could provide valuable constraints on the mechanics by
which this transformation occurs.

6. Summary and Conclusions

[60] Using direct measurements of rainfall, flow stage,
hillslope soil water content and channel bed pore fluid
pressure at five sites, this study identified the hydrologic
triggering conditions associated with 24 post-fire debris
flows in southern California. The data show that both the
timing and magnitude of the recorded debris flows were
controlled consistently by short duration (< = 30 min), high
intensity rainfall. These results confirm our hypothesis that,
in the first year after the fire, the timing of post-fire debris
flows is consistently tied to the onset of high intensity
rainfall capable of producing overland flow. Storm cumu-
lative rainfall and hillslope soil water content, two other
variables we suspected could influence debris-flow magni-
tude, were found to be poorly correlated with an index of
debris-flow volume. The lack of correlation may be because
the rainfall intensities prior to triggering rain bursts were too
low to sustain high water contents in the relatively porous
hillslope soil and bed material.

[61] While the temporal coincidence of the debris flows
with high intensity rainfall is remarkably consistent across
sites of different size and geologic material, distinct differ-
ences in the flow dynamics were observed during the winter
storm season. At the smallest site (0.014 km?), a decrease in
the hillslope and channel sediment supply over the winter
likely caused a shift in flow dynamics from multiple surges
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in the first half of the season to single surge flows having
higher volume fractions of water than the earlier flows. The
larger sites were not supply limited; however there is some
evidence for a shift in source material over the winter, from
finer material eroded from the hillslopes and ravel loaded
channels early in the season, to coarse material eroded from
older bed and bank deposits later in the season. At the
largest site (1.4 km?), the addition of coarse material from
erosion of the bed and banks during the second event at the
site likely caused the almost tripling of peak stage from that
of the first storm, which had comparable rainfall intensity.

[62] The most important aspects of this study for post-fire
debris-flow warning and prediction are that it (1) identified
the rainfall characteristics that deserve the most attention for
monitoring and forecasting, (2) showed the timescale for
post-fire debris-flow generation is exceedingly short (min-
utes), so warning must come before a storm is over a burn
area, and (3) showed that the potential for dangerous debris
flows does not diminish after one or more debris flows have
occurred. Although post-fire debris-flow monitoring is not
practical for providing advanced warning because of the
short timescale of response, it is invaluable for providing the
constraints necessary to advance physical understanding of
debris flows. This first set of direct measurements of post-
fire debris flows represents an important step in this direc-
tion; however additional work is needed. Our measurements
have helped frame an important next question: What are the
dominant mechanics controlling the transition of surface-
water flow to debris flow in a burn area, and how do these
do these mechanics control the threshold for debris-flow
initiation? Definitively answering this question will likely
require additional direct measurements of post-fire runoff in
future burn areas.

Notation

A}, basin area above station, L.
A,, flow cross-sectional area at station, L*.
(4,s)max maximum flow cross-sectional area observed at
- station, L2,
(AXS) post Summation of flow cross-sectional area after peak
¢ soil cohesion, M/(LT?) .

flow, L*T.

C,, cross-correlation coefficient between stage and ra-
infall intensity for a given time lag, dimensionless.
maximum cross-correlation coefficient,
dimensionless.

D rainfall duration, T.

dy vertical depth to bedrock on a hillslope, L.

Fs factor of safety, dimensionless.

H flow stage time series, L.
H, event peak flow stage, L.

h, event peak flow depth, L.
Ip rainfall intensity for a given duration, L/T.
I5; 5-min rainfall intensity time series, L/T.
Is, event peak 5-min rainfall intensity, L/T.

I;5 15-min rainfall intensity time series, L/T.
1;s5, event peak 15-min rainfall intensity, L/T.

K, saturated hydraulic conductivity, L/T.

[ cross-correlation time lag, 7.
L, length of basin along main channel from outlet to
drainage divide, L.

(ny)max
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channel bed pore fluid pressure head, L.
correlation coefficient, dimensionless.
storm cumulative rainfall time series, L.
storm cumulative rainfall at time of peak flow, L.
time, T.
t, time scale for basin response, T.
tiag time lag corresponding to the maximum stage-
rainfall intensity cross-correlation coefficient, T.
elapsed time from start of storm to peak flow, T.
up basin travel velocity scale used in computing the
volume index, L/T.
u,, flow velocity at station cross section, L/T.
V volume index, L*.
Z vertical coordinate direction (positive downward),
L.
a slope angle, dimensionless.
7, unit weight of soil, M/L*T?.
7, unit weight of water, M/L*T?.
6 volumetric soil water content time series,
dimensionless.
event peak volumetric soil water content,
dimensionless.
0, pre-storm residual soil water content,
dimensionless.
. soil water content at saturation, dimensionless.
¢ soil friction angle, dimensionless.
v groundwater pressure head, L.
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