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ABSTRACT

A debris-flow hazard assessment was conducted for the Medano Creek

Watershed, at Great Sand Dunes National Park and Preserve, in response to the 2010

Medano Fire that burned approximately 6,000 acres in and around the preserve. Debris-

flow probability and volume predictions were made based on implementation of

empirical regression models using GIS. The models integrate data for burn severity,

rainfall intensity, topographic characteristics, and soil properties into a hazard assessment

for the burned basins ofMedano Creek Watershed in response to short duration, high-

intensity storm events. Model output provided park resource managers with information

on potential basin-specific hazards to roads, campsites, and park visitors. Monitoring

equipment installed in several basins provided information on the first significant rainfall

events following the fire, and the resulting debris-flow and sediment-laden flood

responses, throughout the spring, summer, and fall of 20 II. Measurements of rainfall,

observations of debris flow response, and field surveys of deposits provided the basis for

model validation. Differences in responses between basins were evaluated in the context

of grain-size distributions and lithology of samples, and comparisons of basin

morphology. Of the three probability models utilized, two predicted high probability of

debris flow occurrence for all basins that produced debris flows with numerous false

positives, while the other failed to predict high probability in any of the basins. The

volume model predicted volumes an order of magnitude higher than those measured.

Comparison of rainfall data with pressure head recorded in channels provided insight into

the relative timing of debris flows and floods to peak rainfall. Flow arrivals were

recorded 5 to 9 minutes after the beginning of periods of maximum 5-minute rainfall

intensity (37.9 to 68.9 mm/hr), and as soon as six minutes after the first rainfall of a storm

event was recorded, suggesting that short periods of intense rainfall were responsible for

initiation. Comparison of sample grain-size distributions and debris flow response with

other Colorado bumed areas with similar geology suggests that an abundance of fine

eolian sand at the Medano Fire encouraged debris flow activity.
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INTRODUCTION

Debris flows are often observed in mountainous burned areas in response to

rainstorms shortly after wildfires. Their increase in frequency can be attributed to

increases in runoff and erosion of material affected by the fire, which are most dramatic

in the year or two following the fire (Cannon and Gartner, 2005). The destructive power

of debris flows poses hazards to roads and structures, and can endanger human life.

Rapid assessment of debris-flow hazards before the first large rainfall events following a

wildfire is important for planning efforts to avoid or mitigate potential hazards.

The Medano Fire occurred in June and July of20l0 in Medano Creek Watershed,

burning approximately 6000 acres, mainly within the Great Sand Dunes National

Preserve in the Sangre de Cristo Range of south-central Colorado (Figure I). The

wildfire occurred near the end of the summer rainfall season, and the unmonitored

rainstorms that followed triggered minor ashy sediment-laden floods of primarily fine

sand (as mapped by Kirkham, 2010). An early thaw of the thin winter snowpack in the

watershed, before March 2011, was followed a dry spring. In July 2011, approximately

one year after the fire, a series of short-duration and high-intensity convective

thunderstorms delivered rain to the watershed, triggering debris flows and ashy, sandy

hyper-concentrated floods. Flow events occurred in response to several rainstorms

during July and August, before storm intensity weakened in the fall. The spring, summer,

and fall of2011 provided an ideal opportunity to assess the debris-flow hazard in the

burned area, and monitor flood and debris-flow activity in response to the first intense

storms since the fire.

This research includes assessment, monitoring, and analysis of the debris-flow

hazard in the Medano Creek Watershed in response to the fire. Debris-flow probability

and volume predictions are made based on implementation of several empirical

regression models developed by Cannon et al. (2009) for the intermountain western U.S.

in a GIS platform. The models integrate measures of bum severity, storm rainfall

conditions, topographic characteristics, and soil properties to provide hazard estimates for

the burned sub-basins of Medano Creek in response to short duration storm events.
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Model results provided park resource managers with information on potential basin-

specific hazards to roads, campsites, facilities, and park visitors, and aided in selection of

basins for installation of debris-flow monitoring equipment.

Instrumented monitoring and field mapping of geomorphic response to rainfall

events in the bum area provided a means for evaluating model validity in this setting, as

well as documenting the hydrologic response of each basin. Monitoring multiple basins

allowed examination of hydrologic response as a function of basin morphology, size,

aspect, geologic characteristics, and grain-size distribution of source materials. Sampling

of potential debris-flow source material and deposits allowed for analysis of debris

sources and behavior within basins, comparison of material properties between basins, as

well as comparison with other studies of debris-flow response to wildfire in Colorado.
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Figure I - Location map of the Medano Fire in the Sangre de Cristo Range at Great Sand
Dunes National Park and Preserve, Colorado.
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BACKGROUND

Debris flows are transient mass movement events that involve the fluid movement

of a large volume of highly concentrated viscous water-debris mixture down stream

channels, generally in response to intense rainfall. These events are intermediate

phenomenon between more fluid floods and drier landslides, and are generally classified

by the concentration and the grain-size distribution of their solid material fraction

(Coussot and Meunier, 1996).

Debris flows and floods are often triggered by short-duration convective

thunderstorms in basins burned by wildfire in the intermountain western US (Cannon,

2001; Cannon et al., 2003b; Cannon and Gartner, 2005; Cannon et al., 2008). Debris

flows pose a greater hazard than other flows because of their unique destructive power

(Cannon et al., 2003b). The large volumes of material generated from these flows can

exert great impulsive loads (Cannon et al., 2003b) and can inundate areas downstream

with sediment, damaging structures and endangering human life.

The effects of wildfire on runoff and erosion response have been evaluated in

previous studies (e.g., Cannon, 2000; Cannon et al., 200 I; Moody and Martin, 200 I;

Cannon et al., 2003a; Cannon et al., 2003b; Cipra et al., 2003; Moody et al., 2008; Parise

and Cannon, 20 II). Wildfires change the infiltration characteristics and erodibility of

soils through alteration of physical properties and enhancement of water repellency

(Cipra et al., 2003; Parise and Cannon, 2011). Removal of vegetation and consumption

of organic litter and duff by severe wildfire reduces rainfall interception and

transpiration, exposes bare soil to raindrop impact, and reduces storage capacity (Cipra et

al., 2003; Parise and Cannon, 2011). Benavides-Solorio and MacDonald (2005) reported

that 77% of variability iu sediment production from burned area plots on the Colorado

Front Range could be explain by a five-parameter empirical model including percentage

of bare soil, rainfall erosivity, fire severity, soil water repellency at Icm, and DS4 of soils,

while a model including the first two parameters alone explained 62% of variability. The

dominant factor in their models was the percentage of bare soil. Effects of these fire-

induced changes include decreased infiltration, and increased overland flow, runoff in
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channels, and movement of soil (Parise and Cannon, 20 II). These changes in hydrologic

response are generally accompanied by a lowering of the intrinsic threshold of erosion

(Moody and Martin, 200 I; Schumm, 1973) that changes the geomorphic response of a

burned watershed. Morris and Moses (1987) found that sediment flux rates in recently

burned areas were elevated by three orders of magnitude compared to undisturbed control

plots in ponderosa pine forest catchments along the Colorado Front Range. Moody and

Martin (2001) reported an increase in hillslope erosion rates of 150 to 240-fold, and an

increase in sediment transport from the watershed of 7.2 to 20-fold for areas burned by

wildfire in the Colorado Front Range. They also found that approximately 70% of

channel erosion came from third and fourth-order channels, while only 10% came from

first-order channels and 20% from second-order channels.

The generation of debris flows can be attributed either to runoff and erosion

processes, or slope failures that mobilize sediment to a channel (Cannon, 2001; Cannon

et aI., 2003; Parise and Cannon, 2011). Studies have shown that the majority of debris

flows in burned areas are initiated by progressive bulking of storm runoff with eroded

material as opposed to slope failure (Cannon, 2001; Cannon et aI., 2003b; Santi et aI.,

2008). Santi et al. (2008) found, in a study of 46 debris flows in nine burned areas in the

intermonntain western U.S., the majority of material in a debris flow comes from channel

erosion and incision, with an average of only 3% from hillslope erosion. A study by

Cannon et al. (2003b) found that debris flows in three surveyed burned areas were

initiated in incised channel reaches through excavation of stepped plunge pools that

contribute episodic fluxes of sediment, and they concluded that this process appears

necessary to entrain sufficient material, relative to runoff, to impart debris-flow

characteristics.

Much previous research has been focused on predicting the probability and

potential volume of debris flows from both burned and unburned watersheds. Some of

these approaches have relied on classical hydrologic modeling and fluid mechanics

principles (Chen and Jan, 2000; Laigle and Marchi, 2000), while others employ statistical

analyses to establish relationships between basin and rainfall characteristics and debris-

flow occurrence (Lin et aI., 2000; Rupert et al., 2008; Cannon et al., 2009) and/or volume

4



(Bianco and Franzi, 2000; Gartner et al., 2008; Cannon et al., 2009). Relationships

between rainfall, soil physical properties, and basin morphology, and the occurrence and

magnitude of debris flows have been defined by several studies (e.g., Gartner et al., 2008;

Rupert et al., 2008; Cannon et al., 2009), in wildfire burn areas throughout the Western

United States. The aforementioned research resulted in the development of several

multiple regression models that can be used to predict the probability and potential

volume of debris flows from burned areas, on the basin scale, using GIS tools and readily

available data. In this study, debris-flow probability and volume models for burned areas

in the intermountain western U.S., presented by Cannon et al. (2009), will be used to

assess the hazards at a location with geology and morphologic characteristics unlike those

used to develop and test the model previously. Comparison of observed response with

model results will provide feedback on the predictive ability of the models in this specific

environment, and provide data for future development of regional or local scale models.

Many methods have been employed for instrumented monitoring of debris flows

over the last 30 or more years (ltakura et aI., 2005; Arratano and Marchi, 2008). Much

work has focused on the recording and analysis of rainfall events that trigger debris

flows. This research is important for predicting debris-flow occurrence and developing

advanced warning systems to avoid casualties and mitigate hazards. The relative timing

between precipitation events and debris-flow response has been measured in Colorado

and elsewhere (Deganutti et aI., 2000; Cannon et al., 2008; McCoy et al., 2011), at

burned and unburned sites with different geologic and morphologic character than the

Medano Creek Watershed. Debris-flow occurrence has been recorded with various

instruments, each with its own strengths and weaknesses in terms of measured

parameters, sensitivity, reliability, and cost. One type of instrument, the pressure

transducer, has been successfully used as a low cost and reliable method to detect debris-

flow occurrence (McCoy et aI., 2011; Kean et al., 2011; Kean et al., in press). In this

study, unvented pressure transducers and rain gauges were used to measure the timing of

debris flows relative to peak rainfall in the unique conditions ofMedano Creek

Watershed.
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The geologic character of source materials for debris flows, particularly the grain-

size distribution, can largely control the occurrence, type, and rheological behavior of

debris flows (Znamesky and Gramani, 2000). The Medano Creek Watershed has the

unique influence of significant eolian sand deposition concurrent with other geomorphic

processes, dominantly colluvial, that distinguishes it from study areas in previous

literature. Bardou et al. (2007) concludes that debris-flow deposit samples should not be

considered as representative of source or flow materials, as they undergo changes in

physical properties, such as grain-size distribution, during transport and deposition.

Thus, it is important to characterize both source and deposit materials in order to

investigate debris-flow dynamics and compare events at different locations. Therefore, in

this study samples were collected from both debris-flow source areas and deposits, and

tested for grain-size distribution and lithology. Grain-size analysis and lithologic data

from other burned areas in Colorado (Cannon et aI., 2003; and Cipra et aI., 2003; Martin

and Moody, 2001; Moody and Martin, 2001) will provide background for comparison of

debris-flow and sediment-laden flood response.

Previous studies have used some aspects of the approach presented in this

research in other settings. The geomorphic response of burned basins in Colorado has

been studied over the last two decades (Cannon et aI., 1998; Moody and Martin, 2001;

Cipra et aI., 2003). Rainfall threshold relationships for debris-flow occurrence have been

defined for unburned settings (Deganutti et aI., 2000; Coe et aI., 2008), as well as burned

settings (Cannon et aI., 2003a; Cannon et aI., 2008). Temporal relationships between

peaks of rainfall intensity and debris-flow occurrence have been established (McCoy et

aI., 2011; Kean et aI., 2011; Kean et aI., in press). The research presented here is unique

in that it combines evaluations of geomorphic response, rainfall threshold for debris-flow

occurrence, and temporal relationships between peak rainfall intensity and debris-flow

response, in the context of sample grain-size distribution, lithology, and basin

morphology. Grain-size analysis allowed comparison of source materials with debris-

flow deposits to provide insight into the dominant erosional, transport, and depositional

processes. This is a unique geologic setting for this type of study, due to the influence of

abundant eolian sand on the soil morphology. Comparison of geomorphic response and

relationships between storm rainfall and debris flows between this site and others
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provides insight into the influence of the eolian sand on debris-flow processes. The study

site is also a pristine natural watershed in a wilderness area, within a mountain range that

has not yet been studied for debris-flow characteristics. This research also presents an

opportunity to test regression models used for hazard assessment against a sample of

basins outside the population used to develop the models, providing insight into their

predictive accuracy and potential improvements.

Geologic Setting

The Medano Fire occurred almost entirely within the Medano Creek Watershed

on the west side of the northern Sangre de Cristo Range. The Great Sand Dunes and

Medano Watershed are in an embayment in the range front created by an almost 90

degree bend in the Quaternary normal Sangre de Cristo Fault between the Crestone and

Zapata sections controlled by older structures in the footwall of the fault (Ruleman and

Machctte, 2007).

Medano Creek flows from headwaters on the east side of Mount Herard (13,350

ft. elev.), north of the main portion of the watershed. The headwaters are cut into

Proterozoic leucocratic gneiss composed mainly of roughly equal parts quartz,

microcline, and plagioclase (Johnson et al., 1989). The creek initially flows northeast

from Medano Lake through recent rockfall deposits in the gneiss, then crosses over the

Little Sand Creek Thrust Fault after less than a mile and onto Pleistocene glacial till

deposits (Pinedale Age). These glacial deposits overly the Crestone Conglomerate

Member of the Permian and Pennsylvanian Sangre de Cristo Formation, which is

exposed east of the Little Sand Creek Thrust (Johnson et al., 1989). The creek turns to

the south after being joined by the Hudson Branch from the north in the vicinity of

Medano Pass, a low saddle (9950 ft. elev.) in the crest of the range, which forms the

eastern watershed divide. The creek transitions onto Quaternary alluvium and becomes

more sinuous as the valley opens up slightly into a relatively broad floodplain between

low gently sloped ridges, and continues to turn to the southwest. At approximately 5 to 6

miles from its head waters the creek crosses back over the Little Sand Creek Thrust,

where the Crestone Conglomerate is thrust onto Proterozoic mixed gneiss of both mafic
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and felsic composition. The Proterozoic gneiss is intruded by granites, diorites, and dikes

and sills ranging in composition from aplite and pegmatite to basalt (Johnson et al.,

1989). This mixed gneiss is extensively altered to chlorite, epidote, and sericite,

especially in the vicinity of range bounding faults (Johnson et al., 1989). The creek

continues downstream on the broad, alluvial floodplain for approximately one mile

beyond the fault before becoming entrenched in a narrow canyon between Mount Herard

to the north and Mount Zwischen (12,006 ft. elev.) to the south. It continues southwest

through the canyon, over and around various alluvial and debris-flow fan deposits, and

short alluvial floodplain reaches (Kirkham, 2010), for approximately four more miles

before crossing the range bounding Sangre de Cristo Fault. There it emerges onto a

pediment surface consisting of coalesced fan deposits mantled with recent sand dune

deposits. After being joined by Little Medano Creek from the north, the creek turns

south and runs between the pediment to the east and the high dunes of the Great Sand

Dunes complex to the west. Several miles further downstream, depending on the

seasonal flow, the creek disappears into the eolian sand and thick basin sediments of the

eastern San Luis Valley.

The large deposit of eolian sand at the Great Sand Dunes complex plays a

significant role in the morphology and sediment transport processes of the Medano Creek

Watershed. The same prevailing westerly winds that deposited the eolian sand at the

embayment in the Sangre de Cristo Range, also transport sand up the valley of Medano

Creek and over basin divides. The sand mantles the lee hills lopes of the watershed and

collects in its drainage network, especially on the western end near the dune field. The

transport of sand throughout the watershed has been accelerated since the June-July 20 I0

Medano fire due to the lack of vegetation on slopes.
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PURPOSE AND SCOPE

The purpose of this study is to integrate rainfall data, debris-flow timing

information, observations of geomorphic response, grain-size distribution testing,

lithologic analysis, and measures of basin morphology to characterize the hydrologic

response in the first year following a wildfire, and assess the predictive strength of

models for post-fire debris-flow susceptibility. Rain gauges and pressure transducers

installed in several basins of the Medano Creek Watershed provided rainfall and flood or

debris-flow timing data to characterize the response of the burned area to the first

summer's rainfall since the fire. This data was used to define a rainfall intensity

threshold for debris-flow response, and to compare the timing of peak rainfall intensity to

that of debris-flow occurrence. Field observation of the hydrologic response, including

debris flows, and other erosional and depositional processes provide the basis for model

validation and analysis of the effects of basin characteristics on erosion. Grain-size

distribution analysis of debris-flow deposits and source materials from hillslopes and

channels in burned basins provided insight into the relationship between sediment

characteristics and erosive response, and allowed for comparison of these relationships at

the Medano Fire with those at other burned areas in the state in terms of material

properties and lithology. Monitoring and testing data was compared to analyses of GIS

based regression models for predicting probability and volume of debris flows in burned

areas.

The presence of abundant fine eolian sand blown throughout the watershed from

the sand dunes by prevailing winds was suspected to have some influence on the

hydrologic and erosive responses compared to other burned areas in similar Front Range

environments. For this reason, it was anticipated that logistic regression equations for

post-fire debris-flow probability prediction that incorporate broadly generalized soils data

may not perform as well here as in other burned areas due to the localized effects of

eolian sand on soil morphology. Variations in sand content between basins as a result of

aspect and proximity to the dunes was suspected to be a significant factor in debris-flow
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occurrence, in addition to the variables identified as significant by logistic regression

analysis.

Itwas also suspected that the variable quantifying average storm intensity in

debris-flow probability models (defined as the total storm rainfall divided by the storm

duration, in mmlhr) would not accurately represent the critical threshold rainfall intensity

for debris-flow initiation by runoff. Significant rainfall may occur after a debris flow

initiates, and this rainfall is figured into the average intensity, even though it did not

contribute to debris-flow initiation. It is likely that peaks of more intense rainfall within a

storm are responsible for triggering debris flows, and that these peaks are not adequately

characterized by an average of rainfall intensity throughout the entire storm. By this

logic, short -duration peak intensity values should correlate better with debris-flow

occurrence, even though the previous regression analysis did not identify any of the

short-duration peak intensity values as significant variables in successful debris-flow

probability models (Cannon et al., 2009). It is possible that the duration of high intensity

rainfall needed to trigger a debris flow by runoff in a particular burned basin may be a

factor of basin size, or more particularly the length of time it takes for runoff to

concentrate to a critical discharge, and thus average storm intensity provided the best

overall predictor of debris-flow occurrence for a large population of basins of all sizes.

The analyses completed for this study will aid in understanding these relationships.
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METHODS

Debris-Flow Probability and Volume Models

Regression models developed by Cannon et al. (2009) were used to predict the

probability of debris-flow occurrence and potential debris-flow volumes for each of the

57 severely burned sub-basins of the Medano Creek Watershed. The probability models

used were created using multivariable logistic regression analysis of relevant data from

recently burned basins in the U.S. intermountain west (California, Colorado, Idaho,

Montana, and Utah) that did and did not produce debris flows, to identify the most

significant variables for prediction of debris-flow occurrence. Five probability models,

each using a combination of different parameters, were found to be statistically

significant. The three models used for this analysis (A, B, and C) were the strongest

predictors of debris-flow occurrence in recently burned basins, (Cannon et al., 2009).

They are as follows [where Probability = eX/(l+eX)]:

Model A: x = -0.7 + 0.03a - 1.6b + 0.06c + O.2d - OAe + 0.07f
a =% basin area wi slope >30%
b = Ruggedness (change in basin elev/sq. root of basin area)

c =% basin area burned at moderate and high severity

d = Clay content (%)

e = Liquid limit (%)

f~ Avg. storm intensity (mm/hr)

Model B: x = -7.6 - l.la + 0.06b + 0.09c - lAd + 0.06e
a = Ruggedness (change in basin elev./sq. root of basin area)

b =% basin area burned at moderate and high severity

c = Clay content (%)

d = Organic matter (%)

e ~ Avg. storm intensity (mm/hr)
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Model C: x = 4.8 + 0.05a + 0.2b - O.4c - 1.5d + 0.07e
a = % basin area burned at moderate and high severity

b = Clay content (%)

c = Liquid limit (%)

d = Hydrologic group (soil infiltration rate and depth to confining layer)

e =Average storm intensity (mmlhr)

Volume models were developed using multi variable regression analysis of

relevant data for recently burned basins in the intermountain western U.S., where volume

of debris was quantified, to identify the most significant variables for prediction of

debris-flow volume. The volume prediction model used for this analysis, from Cannon et

al. (2009), is as follows:

Ln V = 7.2 + 0.6(Ln A) + 0.7(B)1/2+ 0.2(T)1I2+ 0.3
3

V = volume (m )
2

A = area of basin wi slopes> 30% (km )
2

B = area of basin burned at moderate and high severity (km )

T = total storm rainfall (mm)

For the initial hazard assessment, data for each of the variables above was

collected for each basin burned by the Medano Fire using GIS tools on various input

datasets, as described in the following section. Since no recent, detailed summer rainfall

data was available prior to the monitoring period, design values of average storm

intensity and total rainfall were calculated from NOAA Atlas 2, Volume 3 for the area

(Miller et aI., 1973), to be used for hazard assessment. Short duration (less than I-hour),

intense convective storms were found to be the most common triggering events for debris

flows in the intermountain U.S., based on precipitation data collected at debris-flow sites

(Cannon et aI., 2009). Design storms of I-hour duration, and 2-year (18.9 mm) and 10-

year (31.8 mm) return intervals, and were selected for to provide storm rainfall conditions

that represented likely magnitudes of summer thunderstorms. These return intervals

equate to 50% and 10% annual exceedance probability, respectively.
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GIS Data Acquisition

Basins of Medano Creek with areas between 0.01 and 10 km" (the range validated

by Cannon et al., 2009) that were burned in the 2010 Medano Fire, were delineated above

their confluence with Medano Creek, or above trail crossings in the case of the lower

drainages near the park facilities, using GIS hydrology tools to extract data from the 10-

meter DEM. Model input data for 57 basins in Medano Creek Watershed that had greater

than 1% of their area burned at medium and high severity (Figure 2) was extracted using

GIS Spatial Analyst Tools. Bum severity was calculated from imagery of burn severity

(USDA Forest Service, 2010) generated by the Burned Area Emergency Response

(BAER) team using normalized bum ratio (NBR) from Landsat mapping (Key and

Benson, 2006). Basin morphological characteristics were calculated from the 10-meter

DEM. Soils data were acquired from the NRCS STATSGO U.S. Soils Database (Soil

Survey Staff, 2011). The range of values for representative soil types within each map

unit was averaged, and weighted averages were calculated for basins that contained more

than one soil unit. This data was manually input into regression equations described in

the previous section.

Debris-Flow Monitoring

Rain gages and pressure transducers installed in several basins of Medano Creek

Watershed recorded the first major rainfall events of the summer following the fire, and

any resulting runoff responses. Monitoring of rainfall and debris-flow activity provided

validation of model results, and identified the relative timing of debris flows to peak

rainfall and threshold rain intensity range for debris-flow occurrence. Basins were

selected for instrumentation based on the results of the initial probability model output,

surface mapping by Kirkham (2010), field observation of debris-flow deposits, and

accessibility of exposed channel bedrock in which to install pressure transducers. Three

basins were initially chosen for instrumentation based on these criteria. A fourth basin

was later instrumented.

13



Figure 2 ~ BAER burn severity map of the Medano Fire from NBR Landsat data (USDA
Forest Service, 2010), showing boundaries of significantly burned basins of Medano
Creek Watershed.
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Data logging, unvented pressure transducers were installed in the bedrock channel

bottoms with the intent of recording the timing of debris-flows occurrence. The

transducers were recessed into l-inch diameter holes in the bedrock channel bottom,

drilled using a cordless rotary hammer drill. They were set on continuous recording, with

a l O-second logging interval and overwriting enabled. Transducer locations were marked

with handheld GPS coordinates and surveyed to rebar stakes on either side of the

channel, and are shown in Figure 3.

Data logging, tipping bucket rain gages were installed near the pressure

transducers, on stable ground outside of stream channels. The gages were mounted on 5-

foot tall, light duty fence posts hammered into the ground and secured with bailing-wire

and rebar stakes, and were positioned in open areas clear of any overhanging trees. The

rain gages were set to record bucket tips in real time and temperature on 5-minute

intervals. Locations were marked with handheld GPS coordinates, and are shown in

Figure 3.

The SNOTEL weather station on Medano Pass, the NWS weather station at the

park visitor center, and the Colorado DWR stream gaging station on lower Medano Creek

were monitored remotely to identify significant rainfall events. Data from rain gauges

and pressure transducers was downloaded periodically after these significant rainfall

events. Field observations of erosion and deposition, including any debris flows, in the

instrumented basins and other pertinent basins was documented and surveyed after

significant rainfall events as well. Zones of debris-flow initiation were identified by the

uppermost extent of significant channel scour in first order drainages. In instances where

debris-flow deposits were observed but not recorded on pressure transducers, the

approximate timing was inferred where possible from the rainfall record, geomorphic

evidence, and accounts relayed by park resource managers and maintenance crew.

Debris-flow volume estimates were made by measuring deposit area using handheld GPS

surveys and estimating average deposit thickness. Measurements of thickness were made

from hand dug pits in debris-flow deposits, and included newly deposited debris above

the obvious burned upper layer of soils. Several representative thickness measurements

for each deposit were averaged, and the resulting thickness value multiplied by the area

15



Figure 3 - Locations of monitoring equipment and instrumented sub-basins (58, 59, 60,
and 61) above pressure transducers, within basins 7, 24,16, and 32, respectively.
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of the deposit. The accuracy of these volume estimates is likely poor due to variable

thickness and subsequent erosion of material. More accurate methods of debris-flow

volume prediction are beyond the scope of this study.

Sampling and Testing

Twenty-seven samples of surficial materials were collected throughout the bum

area, and tested for grain-size distribution and categorized by dominant lithology of

gravel-sized rocks. The intent was to identify characteristic differences between debris-

flow deposits and source materials that may help to identify dominant source areas and

processes, to compare debris-flow responses of different basins in the context of material

properties, and also to compare responses at the Medano Fire with those at other bum

areas in Colorado in the same context.

The samples were collected from representative debris-flow source materials,

such as colluvial deposits on hills lopes and in channels, and from debris-flow and alluvial

deposits on younger and older fans. Potential debris-flow source materials from slopes

were collected from the upper six inches of soils on steep hills lopes above drainages,

especially where rills were observed that led into the main channel. Potential debris-flow

source materials from channels were sampled from the lower portions of the main

channels after scour had occurred, exposing a stream cut profile of sandy dry ravel and

eolian materials over coarser fan materials. Samples were taken from the full vertical

extent of the stream cut profile. Potential debris-flow source materials were also sampled

from dry ravel and eolian deposits on the surface in side channels that had not

experienced significant scour, just above the confluence with the main channel. New

post-fire debris-flow deposits, as well as older pre-fire deposits, were sampled from hand

dug pits less than 2 feet deep or stream cut exposures throughout the exposed deposit

profile. Sediment-laden flood deposits were sampled from depositional areas on young

fans at the base of drainages. Alluvial deposits were sampled from gravel bars in low

flow channels on fan deposits, or from sandy bed materials in low flow channels.

Interpretations of the dominant depositional processes responsible for the various

deposits observed and sampled involved grain-size distribution analysis, observations of

17



sediment depositional character (e.g. stratification, sorting, etc.), and evaluation of

pressure transduce records from corresponding events.

A single one-gallon Ziploc bag was collected from each sample location. Coarse

materials (with rock greater than 3-inch diameter) were sampled in larger volumes,

screened on the 3-inch, 1.5-inch, and l-inch sieves, and weighed in the field to quantify

oversized rock and reduce the size of samples carried to the laboratory. Sample locations

were photographed and marked with GPS coordinates.

Samples were coarse-sieved in the laboratory using a Gilson machine with screen

sizes ranging from 2-inch (50.8 mm) to #4 (4.76 mm), and the weights retained on each

sieve recorded. The minus #4 fraction was split, weighed, and washed over the #200

(0.075) sieve. The sand samples were then oven-dried and sieved on a set of#8 through

#200 sized screens, and the weights retained on each sieve recorded. The cumulative

percent passing each sieve size for both the coarse and fine tests were calculated and

plotted as curves. A portion of each sample finer than the # I0 sieve (2.00 mm) was

tested using a 152H hydrometer to find the percentages of silt and clay. The percentages

of silt and clay were added to the combined sieve gradation, referenced to the #10 sieve.

Gravel-sized rock from each sample was used to visually identify dominant lithology of

samples.
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RESULTS

Hazard Assessment

The initial hazard assessment was performed in in the spring of 20 II, prior to the

summer storm season. The results of probability and volume models for each basin in

response to the I-hour, 2- and 10-year design storms are presented in this section. The

overall hazard rankings for basins, calculated as the sum of probability and volume

rankings, are also shown.

Model Results

Each of the three probability models resulted in a different range of values for the

burned sub-basins ofMedano Creek. Model A resulted in the highest probabilities (1-

96%), Model C the next highest probabilities (1-95%), and Model B the lowest

probabilities (0-43%). Figure 4 shows the distributions of probability values among the

basins for the three models, for both 2-year and IO-year return interval storms. Despite

differences in the ranges of probabilities for the three models, they all tended to agree

somewhat on the relative ranking of each sub-basin. The probability values from all three

models were averaged for each of the two storms, respectively, and the resulting values

were divided in to three probability categories: 0-33.3%,33.4-66.6%, and 66.7-100%.

Figure 5 shows the distribution of probability values for the average of the three models.

The predicted volumes for each rainfall input were also divided into three categories: 0-

1000m3
, 1001-1O,000m3

, and 1O,001-100,000m3 Figure 6 shows the distribution of the

volume model results.

Individual maps were created showing the spatial distribution of the probability

and volume categories for I-hour, 2- and 10-year return interval storms, respectively.

Figures 7 through 10 show color-classified rankings for each basin based on the

previously described categories and rainfall scenarios.
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Hazard Ranking

Integer rankings were assigned to each probability and volume grouping,

respectively, from I (lowest) to 3 (highest). The probability and volume rankings were

then summed to give an overall hazard rank for each basin. The rankings were divided

into three categories: low (2-3), moderate (4), and high (5-6). Figures II and 12 show

the spatial distribution of overall hazard ranking for each burned basin, given I-hour, 2-

and 10-year recurrence interval storms, respectively. This hazard ranking, being the sum

ofthe probability and volume rankings, is representative of the overall debris-flow hazard

posed by each basin in response to the given rainfall event. These maps are the most

significant product of the GIS-based hazard assessment in terms of resource management

or policy decisions. The basins identified as high hazard, in red, can be prioritized for

mitigation efforts, or in this case avoidance by closing campsites in the lower reaches of

the basin.

Monitoring

The rainfall and debris-flow monitoring was broken down into five monitoring

periods, between site visits, during the spring, summer, and fall of 20 II: (I) March 14 -

May 25, (2) May 25 - June 15, (3) June 15 - August 15, (4) August 15 - August 27, and

(5) August 27 - October 17. During monitoring period I the SNOTEL rain gauge on

Medano Pass was monitored remotely and recorded no significant precipitation. Site

visits bounding the period consisted of field reconnaissance for installation of monitoring

equipment and observations of initial geomorphic conditions of the post-fire landscape.

Installation of monitoring equipment and recording of data began during the 5/25/11

visit, at the start of monitoring period 2. Data collection from rain gauges and pressure

transducers, observations of geomorphic response, and sampling of materials was

conducted during monitoring periods 2 through 5.
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Figure 7 - Map showing spatial distributions by basin of debris-flow probability
categories for a 2-year return interval storm.
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Figure 8 - Map showing spatial distributions by basin of debris-flow volume categories
for a 2-year return interval storm,
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Figure 9 - Map showing spatial distributions by basin of debris- flow probability
categories for a IO-year return interval storm,
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Figure 10 - Map showing spatial distributions by basin of debris-flow volume categories
for a Itl-ycar return interval storm.
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Figure 3 - Map showing spatial distributions by basin of debris-flow hazard categories for
a 2-year return interval storm.
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Figure 4 - Map showing spatial distributions by basin of debris-flow hazard categories for
a 1O-year return interval storm.
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Rainfall Data and Debris-Flow Response

Two rain gauges were recording throughout monitoring period 2, in basins 7 and

24. For monitoring period 3 a third rain gauge was added to basin 16 on 6/15/11 (the

original gauge was not functional upon delivery and had to be exchanged). Shortly after

installation of this gauge, on 6/22/11, it recorded one tip and the data logger became

dislodged by unknown circumstances, interfering with the tipping bucket mechanism.

No further rainfall data was collected from basin 16 during monitoring period 3. On

7/22/11, the lid and funnel portion of the rain gauge in basin 7 was removed by unknown

circumstances (evidenced by abrupt increase in daily peak temperature by approximately

10° C, that persisted for the remainder of the period). The tipping bucket mechanism was

still functional, and recorded several storm events, but bucket tip records were not

calibrated accurately due to the absence of the lid and funnel. For monitoring period 4

the rain gauge in basin 16 was moved to basin 32 on 8/28/11, and all three rain gauges

were functional and recording throughout monitoring periods 4 and 5.

Forty-seven individual storms were recorded in the instrumented basins during the

monitoring period. Defining criteria for a storm included a minimum of 0.5 mm rainfall

and no more than one hour between rain gauge bucket tips. Hydrographs in Figure 13

show the distribution of rainfall by day throughout the monitoring period for each rain

gauge, and the dates of flood and debris-flow events, as well as data lapses. Table I

contains statistical summaries of all storms recorded throughout the monitoring period, as

well as the sub-set of storms that triggered debris flows. Figure 14 shows peak intensities

of rainfall for various time periods, and average intensity, plotted against the storm

durations. Figure IS shows the distribution of basins in which debris flows occurred

during the monitoring period.

During at least two storm events, on 8/22/11 and 8/28/11, the peak hourly rainfall

intensity exceeded the magnitude of the 2-year, I-hour design storm (18.9 mm; Miller et

aI., 1973) in the majority of the Medano Creek watershed, and during the 8/28/11 storm

event the peak hourly rainfall was approximately equal to the 5-year, I-hour storm (26.0

mm; Miller et aI., 1973). These two storm events produced the greatest total rainfall and

average rainfall intensity of any recorded storms. During the 8/22/11 storm debris flows
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and hyper-concentrated flows occurred in basins 7, 24, 25, and 32. During the 8/28/11

storm debris flows and hyper-concentrated flows occurred in basins 7, 15,23,24, and 25.

Debris flows also occurred in basin 7 during at least one other storm event on 7/11/11

and/or 7/29/11. One additional debris flow occurred in basin 32 during a storm event on

7/11/11,7/28/11,7/29/11 or 8/14/11.

Observations of Geomorphic Response

Erosional and depositional processes observed throughout burned area during the

monitoring period are described in this section.

Erosion, Scour, and Debris-Flow Initiation The hills lopes and channels

of many basins were mantled with eolian sand, up to 1-2 feet thick in some channels,

during the spring and early summer of2011 (Figure 16). Initial intense rainfall events in

July and August washed the upper inch or more of burnt soil and ash off slopes in many

locations, and triggered sediment-laden floods and debris flows that scoured eolian sand

out of channels.

Rill and sheet erosion continued to remove a significant amount of sand and ash

off the slopes of burned basins in Medano Creek Watershed throughout the summer of

20 II. By the end of the summer, slopes that had been mantled with fine eolian sand in

the spring were armored with coarse sand and gravel, and rills were apparent on many

steep slopes (Figure 17). Rills developed mainly in the upper source areas of basins on

steep slopes, especially below rock outcrops, and connected to first order drainages where

debris-flow initiation began. In most cases debris-flow initiation appeared to have

occurred by converging rills or concentration of sheet flooding in steep, concave zero

order drainages, and subsequent development of a series of stepped plunge pools in the

upper reaches of the first order drainages below, as previously by observed by Cannon et

a1. (2003b). In basins 7 and 32, initiation did not occur in the highest elevation or longest

first order drainage, but in adjacent first order drainages.
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Figure 15 - Map showing the most significant geomorphic response of each basin in the
Medano Fire burned area, in response to all storms throughout the monitoring period.
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Figure 16 - Fine sand accumulation in channels and on slopes throughout Medano Creek
Watershed. Photos above were taken in basins 7, 24, 6, and 25 (clockwise from top left).

Figure 17 - Rill erosion on steep colluvial hillslopes in upper basin 7 on 8/28/11. Note
the beginning of armoring by coarse material as fine surface sand, ash, and soil is washed
away. Levees lining rills resemble levees that persisted along debris-flow channels
below.
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Significant channel scour (approximately 1-4 ft. deep) was observed in basins that

produced sediment-laden floods and debris flows. Channel runoff initially scoured

through layered fine sand and ash up to two feet thick in some channels, and then into

unconsolidated colluvium and alluvium below, several of which experienced debris flows

(Figure 18). Debris-flow and sediment-laden flood deposits from before and during the

August 22 storm appeared to contain much more fine sand and ash than those from the

August 28 storm. By late August many channels were scoured deeply into coarser fan

materials, and in some cases reaches of channels were scoured to bedrock. In basin 7, for

example, upper channel reaches where debris-flow initiation appeared to have begun

during July events were scoured to bedrock and large boulders that prevented deeper

scour (Figure 18). Consequently, debris-flow initiation appears to have progressed

downstream due to limited available sediment in these armored upper reaches. Supply of

readily scoured material, be it eolian sand, alluvium, or colluvium, in channels appears to

control the location of debris-flow initiation to some extent. In basins 2, 6, and 13

shallow bedrock was observed along mid to upper channel reaches after initial scour.

None of these three basins produced debris flows, despite model prediction of high

probability of occurrence. Shallow bedrock and limited debris supply in reaches of

critical stream power may have prevented debris-flow initiation in these basins.

Debris-flow material sources appear to be mainly from channel scour, in

agreement with Santi et al. (2008), though rill erosion appears to contribute significantly

to sediment content in runoff above debris-flow initiation zones. In two separate basins

(7 and 13), individual side channels showed evidence of scour and appeared to have

contributed sediment to the main channel. Several bank failures in basin 7 appeared to·

have contributed approximately 1-2 cubic yards of material each to the main channel

(Figure 19). Rills, side channels, and bank failures contribute and estimated less than 5%

each of the total debris volume to any debris flow.

Deposition Debris flows and sediment-laden flows were generally

deposited on alluvial fans or roads, above or at their confluences with Medano Creek.

Deposits at or near basin outlets were generally comprised of sand, gravel, cobbles, and
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Figure 18 - Channel scour to fan materials in a lower channel reach on 8/17/11 (left) and
to bedrock and boulders in an upper channel reach 8/28/11 (right).

boulders in varying amounts. The sampled portion of debris flow deposits (particles

smaller than 76 mm) were clean gravelly sands or sandy gravels, while smaller

sediment-laden flood deposits were almost entirely clean fine sand (0.297 mm to 0.075

mm) and ash. Debris-flow deposits in mid to upper channel reaches of basin 7 consisted

of sandy gravels with cobbles and small boulders. Fine sand and ash left a veneer on the

walls of deeply incised channels and extensive run-out deposits in low gradient areas

where flows lost energy and deposited coarse materials. Beyond these areas, finer

sediments were spread out in sheet like deposits. This deposition of fine sand and ash

was most notable after the first intense storms in a given basin when fine sand contents of

hills lopes and channels were high, and especially lower in the watershed (closer to the

sand dune source of the fine sand). Much of this fine sand and ash was transported to the

channel of Medano Creek from various basins during the August rainfall events, leaving

the channel choked with sandy sediment in many locations (Figure 20). Coarser materials

(> 4.76 mrn) were generally deposited on young fans (Kirkham, 2010) above Medano
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Creek. Multiple lobes of deposition and divergent channels were often present on fans

where avulsion occurred from accumulation of coarse debris diverting flow.

Figure 19 - Progressive growth of bank failure in basin 7 from 8/17/11 (A and B), to
8/28/11 (c), to 10/18/11 (D). Small shovel in A and B for scale, and tree to left offailure
provides relative scale for C and D.

In several cases throughout the burned area, relatively smaller and often coarser,

debris-flow deposits were left higher up in mid-channel reaches where channel gradient

was low, and often behind logjams ofbumed woody debris. In particular, debris flows

in basin 7 left three sizeable deposits in the mid to upper channel reaches. These in-

channel debris-flow deposits in basin 7 increase in particle size with increasing elevation,

and had mainly cobble and boulder sized material in the uppermost deposits (Figure 21).

Observations over time suggest that debris-flow deposition propagated downstream over

successive debris flow events in basin 7, and possibly within individual events, as debris-

38



flow initiation and scour progressed downstream into finer source materials lower on the

fan.

Figure 20 - Fine sand accumulation in Medano Creek on 8/28/11 (left) and 10/18111
(right) after debris flows and sediment-laden floods had occurred throughout the
watershed.

Figure 21 - Coarse debris-flow deposits in mid to upper channel reaches in basin 7 on
8117111(left) and 10118/11 (right). Note the abundant fine sand coating on debris in the
earlier deposit.

Pressure Transducer Data

Due to difficulties with pressure transducer installation in hard bedrock, the

remote locations of monitoring sites, equipment malfunction, and the limited memory
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capacity of transducers, it proved difficult to capture the occurrence of short, transient

debris- flow events over long monitoring periods between site visits. Pressure transducers

recorded data in basin 7 from 6/16 to 6/19, 8/23 to 8/28, and 10/13 to 10/18, but did not

capture debris flows. Pressure transducers recorded data in basin 24 from 8/19 to 8/24

and 10/13 to 10/18, capturing one debris flow on 8/22. Pressure transducers recorded

data in basin 32 from 8/20 to 8/25, and 10/13 to 10/18, capturing two debris flows on

8/22. The relatively short periods of record can be attributed to the memory capacity of

pressure transducers, which allows only three to five days of data storage with the

settings used in this study. Figure 22 shows the relative timing of debris flows with

respect to peak rainfall for the recorded events. The precipitation data for the basin 32

debris flow is from the nearest rain gauge at that time, located in basin 16 approximately

1.1 km away, at an elevation within the range of basin 32.

Sampling and Testing

Twenty seven samples of soils and deposits were collected during site visits on

August 15-20, and October 17-18, 2011, from basins 1,6,7,16,24, and 32. Sample

lithology, based on inspection of gravels from these basins, was consistent with geologic

mapping by Johnson et al. (1989). Lithology consisted of mafic and felsic gneiss, with

pink granite, diorite, and weakly-foliated leucocratic gneiss or leucocratic granite in

varying amounts depending on basin location. Samples from basin I contained mainly

gneiss and non- foliated pink granite. Samples from basin 7 contained a mix of gneiss and

foliated diorite, with some non-foliated pink granite. Extensive alteration to epidote and

ductile deformation structures in mixed diorite and gneiss foliation were noted in field

observations of talus and bedrock in basin 7 and neighboring basins. Samples from

basins 16 and 24 contained mainly granite gneiss, with some foliated diorite in basin 24.

Samples from basin 32 contained mainly weakly- to non-foliated leucocratic granite

gneiss, and appeared more chemically weathered than those from other basins. Medium

and coarse sand-sized particles in samples from throughout the watershed appear to be

weathered from the various granitic textured rocks identified from gravels. The abundant
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fine sand component of samples, however, appears to contain darker minerals and

resembles the eolian sand of the Great Sand Dunes complex in the valley to the west.

The percentages by weight of gravel, sand, silt, and clay (USCS size ranges)

averaged for each sample type (deposit or source sampled) are summarized in Table 2.

The complete grain-size distribution curves for all samples collected, as well as average

values of various materials sampled from other burned areas in Colorado during previous

debris-flow research (Cannon et aI., 1998; Cipra et aI., 2003; and Moody and Martin,

2001), are plotted in Figure 23. Grain-size distributions of the sand sized fraction (4.76-

0.075 mm) of those samples are plotted in Figure 24. Grain-size distributions of the fine

fraction (smaller than 0.075 mm), as a percentage of the material finer than 2.00 mm

(used for hydrometer analysis), are plotted in Figure 25.

Table 2 - Percentage by mass of gravel (76.2-4.76 mm), sand (4.76-0.075 mm), silt
(0.075-0.002 mm), and clay «0.002 mm) sized particles, averaged by basin, for each
sample type. Percentages of gravel and sand determined by sieving, samples of silt and
clay determined by hydrometer analysis. SLF = sediment-laden flood deposit, HS =

hillslope source material, CH ~ channel source material, DF = debris-flow deposit, AL 1
= gravelly flood alluvial deposit, AL 2 = sandy low flow channel alluvial deposit, PFF =

pre-fire fan deposit, SC = un-scoured side channel source material.

Mean Values of All Basins by Source
Sample % Gravel %Sand % Silt %Clay
SLF 0.8 88.2 6.1 4.2
HS 25.4 68.0 4.8 3.6
CH 44.6 51.8 2.8 2.6
DF 50.9 47.4 1.1 1.2
ALl 61.3 36.9 0.8 0.8
AL2 0.0 96.5 2.4 1.7
PFF 64.9 33.0 0.7 1.2
SC 0.7 92.0 5.0 3.5

42



og~
ooN

o
0

o
0

....
os

og
os

~8osoo~8~

8"0u

43



44

Pe
rc
en
t
Fi
ne
r

~
~

w
,.

~
'"

"
cc

co
~

0
0

0
p

p
p

p
p

p
g

~
'"

"
"

0
0

0
0

0
0

~ 0 .. • a- n .- 52 •
0

3
...

• i "3 .!

o "~ 0 8 ~ II
II

I I
0
It
If

ff
•
ff

ft
tf

tt
If

fI
t I

II
~
~
~
~
I
~
~
~
~
~
~
~
~
e
~

Ie
~
~
~
~
~
~
~
~
~
~
~
~
~
e
~
~
~

".
~
§
~

<
w
w
w
w

w
w
w

~
~
~
~
~
"
"
"
~
"
"
"
"
'"

3
"~

~
~

N
~
~
~
~
~
~
~
'"
c,
'"
'"
'":

r
~

:?
:?
n
n

:r
:r
n
n

n
3

~
~
,,

0
n
n
n
~
"0

n
n
n
n
c
,
c
,

.-.-
.-.

-.-
~
~
~
~

..
€
"•

~
~

.-
•

.-.-
.-.-

•
•
'"~

~
~

c
,
e
,

,
~

~
;;;:
~

i
,. ~
,
,
~
.
~
.
,
,
,

..~
3·
"
~

'"0
~

a·
,
'"0

a-
,
,
,
,
9
9

•
i!.

i!.
i!.

i!.
i!.

~
~
~
~

,
,
,
,
,

~
•
~

!!
.
!!
.

!!
.
•
~

!!
.
!!
.
!!
.
!!
.
0
0
~
•
~

~
"

'"
'"
'I
~
~

!£
<l

<l
,
,

0
0

g'
~

~
""

~
~

01
g'
~

~
~
~

01
g'

~
"~

~
,
,
.-t

••
0
.-.-

0
~
~
"~
,

<
•

,
•
[

!!
.

!!
.
!

0
<
c

<
[
[

-"
~
.

0
0

0
~

0
0

Ii-
:?

e
il

Ii-
Ii-
il

~
iii'
~

~
~

iii'
~

~
~
~
c
~

•
•

<
<

~
&'
0
•

•
•

•
c

~
,

•
•

,
,

3
3

~
~
,

•
:;
~

•
~

3
~

~
0

0
~

~
~
~

,
,
~
~

0
c

0
W

N
0

~
c
:;
~
~

~
~
~

S-
o
~

,
,
,
g

"-
~
•
~
~

~
~

~
•

i<-
,
,
g

•
~

n
~
~

g
g

~
0

~
~

iii'
0

~
iii'
0

!?
~
j
..

,
"-

~
2'

•
•~

"-
•

•
~
•

~
0

•
0

0

!'-
"-

is
is

~
~

"
~
~

is
is

?"
•

!B
!B

~
.2

:1
$

~



-+J

i
I

I

-~t+~
,

I
I

i

o"'

l,
o"

§ci

45



DISCUSSION

Debris-Flow Response

Discussion of debris flow response to rainstorms throughout the monitoring

period is broken into several sub-sections: Debris Flow Triggering Storms, Debris-Flow

Initiation by Runoff, Timing of Rainfall and Debris Flows, and Basin Morphology and

Debris-Flow Occurrence.

Debris Flow Triggering Storms

Intensity of rainstorms often varied between basins during the same event. In

some cases significant rain events recorded on one gauge were not recorded at all on

another gauge, as was the case during several July storms. This indicates that some

intense storm cells that trigger debris flows in this area are small enough to affect only

portions of the watershed. Field observations and data suggest that many storms tend to

be centered either over Mt. Zwischen to the south ofMedano Creek or Mt. Herard to the

north. The large storm on August 22, however, had similar intensity and duration on all

three rain gauges. The storm on August 28 had similar intensity on two of the rain

gauges, but much lower intensity in basin 32, in the upper watershed.

The total rainfall amounts of the largest recorded storm events in the watershed,

on August 22 and 28, were both 26.0 mm, recorded in basin 24 for both events. The

storm of August 22 had a total duration of 159 minutes, while the storm of August 28

lasted 74 minutes. The maximum I-hour rainfall intensity within the August 28 storm

was 25.6 mrnlhr, approximately equal to the magnitude of the 5-year return interval, 1-

hour storm for the area (26.0 mm; Miller et aI., 1973). Debris-flow responses in the

vicinity ofthe basin 24 rain gauge included events in two basins during the August 22

storm and in four basins during the August 28 storm. Average rainfall intensity was

greater during the August 28 storm than the August 22 storm, as were peak I-hr, 3D-min,
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IS-min, lO-min, and instantaneous rainfall intensities (Table 3). The I-hr peak intensity

values for these two storms are between the magnitude of the 2- and 5-year return

intervals for the area, while the 30-, 15-, and 10-min peak intensities for the storms are all

approximately equal to or less than the 2-year return interval (Miller et al., 1973; Arkell

and Richards, 1986).

Table 3 - Total duration and various measures of rainfall intensity for August 22 and 28,
20 II storms recorded in basin 24.

Average Peak Hourly Peak 30-min Peak is-min Peak 10-min Peak

Storm Date Duration
Storm

Intensity Intensity Intensity Intensity
Instantaneous

Intensity (mm/hr) (mm/hr) (mm/hr) (mm{hr) Intensity
Imm/hrl Imm/hrl

8/22/12 159 9.8 20.2 28.8 36.0 39.6 72.0

8/28/12 76 20.5 25.6 41.6 46.4 62.4 144.0

Logistic regression analysis by Cannon, et al. (20 I0) indicated that average storm

intensity (the total storm rainfall divided by the duration, in mmlhr) was the most

significant rainfall variable in debris-flow probability prediction for a large sample of

post-wildfire debris flows in the intermountain western U.S. It is a parameter in all three

of the debris-flow probability models used in this hazard assessment. Comparison of

plots of the various intensity measures for storms recorded in Medano Watershed (Figure

14) suggests, on the contrary, that short duration (lO-min to I-hr) peak rainfall intensity

values tend to distinguish between storms with positive and negative debris-flow

responses better than do average storm intensity values in this setting. There is

significant overlap in average intensity values of storms that trigger debris flows and

those that don't, while there is no overlap in the peak rainfall intensity values for any

period of measurement. Tests for equality of variances (F-test) and means (t-test)

between sample sets of storms with positive and negative debris-flow response for

logarithmic transformations of all measures of intensity indicated that average storm

intensity is the only measure for which the two data sets are equal at a ~ 0.05. The lower

right graph in Figure 14 shows the relationship between peak IO-minute rainfall intensity

and average storm intensity. It is apparent from this plot that less than half ofthe storms

above a minimum threshold value of average storm intensity (8.9 mmlhr) triggered debris

47



flows, whereas all of the storms above a minimum threshold value of peak 10-minute

rainfall intensity (25.2 mm/hr) triggered debris flows. The spread between values for

storms that triggered debris flows and those that did not is increasingly large with

increasingly shorter period measurements of peak rainfall intensity, with the exception of

peak I-hour intensity (Table 4). Following this trend, the difference in peak

instantaneous intensity values between storms with positive and negative debris-flow

responses is much larger than that of any other measure. The minimum magnitude of

peak instantaneous rainfall intensity for storms known to have triggered debris flows was

approximately 72.0 mmlhr (Table 4), with maximum values up to 144.0 mmlhr. The

maximum magnitude peak of instantaneous rainfall intensity for storms that did not

trigger debris flows was approximately 40.0 mmlhr.

Table 4 - The minimum magnitude of storm that triggered debris flow(s), the maximum
magnitude of storms that did not trigger debris flow( s), and the difference between the
two for various measures ofrainfall intensity.

Average
Peak Hourly Peak 30-min Peak lS-min Peak lO-min

Peak
Storm Instantaneous

Intensity
Intensity Intensity Intensity Intensity

Intensity
tmm/hrl

(mm/hr) (mm/hr) (mm/hr) (mm/hr)
Imm/hrl

Minimum of Debris Flow Storms 9.1 16.8 20.4 26.4 31.2 72.0

Maximum of No Debris Flow Storms 16.5 9.2 15.6 20.8 25.2 40.0

Difference -7.4 7.6 4.8 5.6 6.0 32.0

A rainfall intensity-duration threshold for Medano Creek Watershed in the first

year following the Medano Fire is presented in Figure 26. Each storm event recorded is

represented by several data points for peak intensities of different durations within the

storm. The Medano Fire threshold (1 = 12.0D-os) is plotted with a variety of thresholds

for debris-flow and shallow landslide initiation from other research throughout the

western U.S. and worldwide. Note that the Medano Fire threshold has a slope similar to

the thresholds from southern California burned areas, and is particularly similar to the

Piru Fire (light blue and violet - Figure 26) (Cannon et aI., 2008), but converges with

those of Colorado burned and unburned areas at short durations (approximately 5 to 20

minutes).
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Figure 26 - Rainfall intensity-duration threshold for debris-flow initiation at the Medano
Fire (above) drawn between intensity values of storm events that triggered debris flows
and those that did not, calculated at various durations of rainfall within the storms,
Medano Fire threshold (black) plotted (below) with intensity duration thresholds for
debris-flow and/or shallow landslide initiation from burned areas in Southern California-
dark blue, light blue, and violet; and Colorado - red and orange (Cannon et al., 2008);
unburned areas in central Colorado - green (Coe et al., 2008); compilation of worldwide,
regional, and local thresholds - gray (Guzzeti et al., 2008); as well as thresholds for
increased runoff from burned basins in Colorado, New Mexico, and South Dakota-
purple square (Moody and Martin, 2001); and for increased sediment movement from
burned volcanic terrain in New Mexico - pink square (Cannon et al., 2003a,b),
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Debris-Flow Initiation by Runoff

Severe burning of soils and vegetation tends to increase the runoff rate during

rainfall events due mainly to development of hydrophobic layers in the soil and decreased

interception, resulting in a decrease in the time of concentration for a given basin area.

Based on field observations of geomorphic evidence for debris-flow initiation by runoff,

it appears that hyper-concentrated flow generally starts high up in convex zero order

basin headwalls, where contributing drainage area is relatively small. Scour and

progressive sediment bulking increase downstream, in the upper reach of the first order

stream, as drainage area increases, to the zone of debris-flow initiation. With relatively

small contributing drainage area above debris-flow initiation sites and decreased time of

concentration due to the effects of burning, short periods of high intensity are expected to

be sufficient for debris-flow initiation in post-wildfire settings. This assumption is

supported by the monitoring data for this study, discussed in the following section.

Assuming that debris flows in severely burned areas are triggered by bursts of

intense rainfall over the contributing basin area above the location of debris-flow

initiation, the lag time between peak rainfall intensity and debris-flow initiation may

depend on the morphologic and hydrologic character of the basin area above initiation.

Important parameters may include basin area, gradient, ruggedness, and elongation ratio

of the contributing basins above initiation locations. Theoretically, smaller basins, with

steeper slopes, higher ruggedness, and less elongation will have shorter times of

concentration. Thus it follows that debris-flow initiation would occur more quickly after

peak rainfall intensity, and require shorter periods of intense rainfall than for larger, less

steep, less rugged, and more elongated basins. This relationship between basin

morphology and the duration of intense rainfall required to trigger debris flows may

explain why previous logistic regression analyses (Cannon et aI., 2010) did not identify

any specific peak rainfall intensity periods as significant variables for prediction of

debris- flow occurrence. Analysis of this relationship would require a larger data set than

was collected in this research, but Table 5 compares basin morphological characteristics

to the timing between debris flows and onset of intensity peaks that appear to have

triggered them.
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Table 5 - Timing of debris flows or floods recorded during the August 22, 20 II storm
event in basins 24 and 32, and morphological variables for those basins. Two debris
flows occurred in basin 32 during the same storm, separated by approximately 36
minutes. The variable "tr" is the time lag between instantaneous "10" or 5-minute "Is"
rainfall intensity peaks and debris-flow or flood arrival times at pressure transducers.

Sub-basin Basin Area (km') Rellet(m) Ruggedness Mean Slope Length (m) Elongation tl for 15 (m:s) tl for 10 (m:s)
59 24 0.160 376 0.940 75.6 730.3 0.62 8:56 5:24
61 32 0.107 230 0.705 54.9 367.6 1.00 5:10 3:46
61 32 0.107 230 0.705 54.9 367.6 1.00 5:21 2:09

Timing of Rainfall and Debris Flows

Comparison of rainfall hydrographs with plots of pressure transducer recordings

(Figure 22) from two debris-flow events, in basins 24 and 32, during the 8/22/11 storm

shows the relative timing of rainfall to debris flows for these basins. In basin 24, the

storm began at approximately 4:16 pm, and the peak 10-minute intensity (39.6 mm/br)

period of the storm began at approximately 4:59 pm. Rainfall intensity peaked at

approximately 5:05 pm, at an instantaneous value of 72.0 mm/hr, calculated as the

amount of rainfall per bucket tip, divided by the time between bucket tips. An abrupt

spike pressure recorded on the transducer, characteristic of the steep debris-flow front

(Kean, lW., personal communication, 4/19/2011), indicated arrival of the debris flow

near the bottom of the basin at approximately 5: I0 pm, which lasted approximately 5-10

minutes. The rain gauge and pressure transducer were approximately 30 meters apart.

The debris flow was recorded near the end of the peak IO-minute rainfall intensity period

of the storm, after approximately 17.8 mm of total rainfall over the previous 54 minutes

(an average intensity of 19.8 mm/hr). Of that total, approximately 6.6 mm (38.8%) had

fallen during the previous 10 minutes (an average intensity of 39.6 mm/hr). The average

intensity for the entire I 59-minute storm duration was 9.8 mm/hr. The average storm

intensity would theoretically be used for validation of probability models, but clearly

does not accurately reflect the intensity of rainfall that triggered the debris flow. In this

context it becomes apparent that peak intensity values for shorter duration periods within

the storm, which are presumably responsible for debris-flow initiation in small burned

basins, are diluted when intensity is averaged over the entire duration of the storm.
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In basin 16, rainfall began at approximately 4:12 pm on 8/22 and the peak 10-

minute intensity (40.8 mm/hr) period coincided with the start of the storm. Rainfall

intensity peaked at approximately 4: 15 pm, at an instantaneous value of 144.0 mm/br. At

approximately 4: 18 pm, and abrupt spike in pressure was recorded on the pressure

transducer in basin 32, signaling the passing of a debris flow near the outlet of basin 32

that consisted of two pulses lasting a total of approximately 6-10 minutes. The rain

gauge in basin 16 and the pressure transducer in basin 32 were approximately 1.2 km

apart, with an elevation difference of approximately 65 m, which may have contributed to

the lag time between recorded rainfall intensity peak and debris flow arrival. The debris

flow was initiated during the peak 10-minute intensity period, after a total of

approximately 5.2 mm of rainfall over the first 5 minutes of the storm (an average

intensity of 62.4 mm/br). The average intensity for the entire 164-minute storm duration

was 9.1 mm/br. Again, the average storm intensity value does not reflect the rainfall

intensity that actually triggered the debris flow.

Another smaller spike in pressure was recorded on the same transducer later in the

storm, indicating the passing of another debris flow at approximately 4:55 pm that lasted

approximately 4-10 minutes. This flow was initiated approximately 43 minutes into the

storm, after a total of approximately 15 mm of rainfall (an average intensity of20.9

mm/br). This second debris flow occurred immediately following another peak in

rainfall intensity during which approximately 3.0 mm of rain fell in within a 5-minute

period (an average intensity of37.9 mm/br).

These examples support the concept that short periods (as little as 5 minutes) of

high intensity rainfall are responsible for debris-flow initiation in severely burned areas.

This agrees with findings of Kean et al. (in press) that the peak 5-minute intensity was the

rainfall intensity measurement found to best cross-correlate temporally with peak flow

stage. The average intensity for the entire storm is not as accurate an approximation of

this critical debris-flow initiation threshold. The average rainfall intensity up to the time

of debris-flow occurrence is a slightly better approximation, though still an

underestimate, and could be used for model validation.
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Comparing instantaneous rainfall intensity graphs with those of pressure

transducer measurements of debris flows during the same storm event (Figure 22),

indicates that the shape of maximum local peaks in instantaneous rainfall intensity are

reflected in the shape of transducer records of the flows that follow. This suggests that

the debris flows are a direct response to peaks in instantaneous rainfall intensity that

exceed some threshold intensity value for debris-flow initiation. Data from Medano

Creek during the monitoring period indicates that this threshold instantaneous intensity

value is between 40.0 and 72.0 mmlhr, and may vary by basin.

The relative timing between peaks in rainfall intensity and the onset of spikes in

pressure head associated with debris flows has been measured previously by Kean et al.

(in press), in terms of time lag (tL) of debris flow after the onset of peak 5-minute rainfall

intensity (Is). Kean et al. (in press) reports the representative time lag between onset of

peak 5-minute rainfall intensity and debris flows at 4 to 7 minutes for basins between

0.012 and 12 km", depending on basin size. Measurements of time lag from peak 5-

minute intensity (Is) and from local peaks in instantaneous intensity (10) preceding debris

flows recorded at the Medano Fire are presented in Table 5 for comparison. These

measurements reflect not only the timing of debris-flow initiation relative to peak rainfall

intensity, but also the travel time of the debris flows to the location of the pressure

transducers from the upstream points of initiation.

It appears from the data in Table 5 that basin area has some relationship to the

time lag between peak rainfall intensity and debris flow, as suggested by Kean et al. (in

press), who found that time lag increases with larger basin area. In that research the scale

velocity of the flow, calculated as the square root of the basin area divided by the time lag

from Is, was used to provide a comparative measure ofthe longitudinal velocity of flows

from basins of different sizes. They calculated representative scale velocities of2.4 mls

in relatively larger basins, and 0.5 mls in relatively smaller basins. A non-monotonic

relationship of time lag to basin area was observed in that study and attributed to lower

pore pressures in small basins, relative to inter-particle frictional resistance that limits

flow velocity. The scale velocities calculated from time lag between peak 5-minute

intensity and debris flows for Medano Creek basins are 0.75, 1.06, and 1.02 mis,
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respectively. These basins have areas (0.16 km" and 0.11 krrr') an order ofmagnitnde

larger than the smallest basins (0.012 krrr') from Kean et al. (in press), and scale

velocities are in the range between small and large basins in that research.

Here, I consider the possibility that the maximum length of the channel above

pressure transducers, as represented by the elongation ratio of the basin, may also be

related to time lag. Elongation ratio is the diameter of a circle with equal area to that of a

given basin, divided by the length of the basin parallel to its longest drainage. Elongation

ratio is equal to one for perfectly round basins, and lower for more elongated basins.

Since time lag reflects travel time of the flow from the initiation location down the

channel, and debris flows in burned settings appear to commonly be initiated in upper

basins, the length of the drainage in which a debris flow initiates may be related to time

lag. The scale velocity ofKean et al. (in press) is calculated as the square root of the

basin area divided by the lag time, which does not account for variability in elongation of

basins. Concentration time is longer for elongated basins having longer maximum

drainage distances than for more round shaped basins of the same area. Elongation ratio

is a factor of both the length of a basin parallel to the longest stream and the area of the

basin, and thus may be a relevant parameter in describing the relationship between time

lag and basin morphology. Thus a scale velocity calculated as the square root ofthe

product of basin area and elongation ratio, divided by the time lag could be useful in

describing this relationship.

Based on the relationship between shorter period peak intensity values and debris-

flow responses throughout the watershed, as well as the recorded timing between peak

rainfall intensity and debris flows in basins 24 and 32, it appears that peak intensity of

rainfall for short periods during a storm would be a better predictor of debris- flow

occurrence in this setting. There may, however, be difficulties with using these values

for debris-flow probability prediction during hazard assessment since acquisition of

design storm inputs would require historic monitoring and processing of data from rain

gauges near a burned area, if available. Precipitation atlases with calculated magnitndes

of storm events for various retnm intervals and durations are widely available for most

areas, and they provide a means of determining average intensities over entire storm
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durations. Although these atlases include data for short-duration storms, this data may

not be appropriate for short periods of intense rainfall within storms. Little published

data is available for estimation of peak rainfall intensity values for shorter periods within

storms.

Basin Morphology and Debris-Flow Occurrence

Field observations of debris-flow response and basin morphology suggest that

some factors not represented in models may contribute to the debris-flow responses of

basins. For example, shallow bedrock along critical scour reaches in the mid to upper

channels appears to inhibit debris-flow initiation by runoff. Basins 6 and 13 both had

relatively high probabilities of debris-flow occurrence in response to relatively intense

storm events (13.0 mmlhr) according to models A and C (Table 6), but neither produced

debris flows. Both of these basins, as well as basins I and 16 (low to moderate

probabilities at 13.0 mm/hr), had significant reaches of shallow bedrock in mid to upper

channels and associated springs that provided perennial flow to channel reaches

throughout the monitoring period. This illustrates the importance of availability of easily

scoured material in critical reaches for debris-flow initiation.

This concept was also apparent in basin 7, where old fan deposits extend

relatively high up into steep upper reaches of the basin, incised by the main drainage.

This was the one of the first basins to produce debris flows, and had the most debris

flows of any basin. It was the largest basin to produce debris flows, and has extensive

debris-flow levee deposits on the surface of its fans indicating prior debris-flow activity.

Initial debris flows in the upper part of basin 7 during the summer of 20 II scoured deeply

into proximal fan materials, down to bedrock and large boulders. In later debris-flow

events, initiation and scour appear to have occurred lower in the basin due to the lack of

available debris along the upper drainage.

Basin 32 was the only other basin, besides basin 7, to produce a debris flow

during the July storms. The differences between these two basins in terms of geomorphic

character are striking (Table 6). Basin 32 has a much smaller area than basin 7, with
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much less relief, it has a small alluvial/debris fan deposit on the floodplain in a low

energy reach ofMedano Creek entirely below the basin outlet, it has more deeply

weathered soils and less bedrock outcrops and talus, and has generally finer grained soils

throughout. In terms of debris supply, neither of the basins is supply limited, but the

material available for scour in basin 32 appears to be mainly deeply weathered residual

and colluvial soils, as opposed to the mainly colluvial and fan sources in basin 7. As a

result, debris flows in basin 32 were generally finer grained than those from basin 7, with

more coarse sand and fine gravel than coarse gravel and cobbles (Figure 27). There is

very little bedrock exposed in the channel of basin 44 to inhibit scour and debris-flow

initiation. A commonality between these two basins is that they both have lower

ruggedness than the majority of debris flow producing basins (Table 6), as well as the

majority of those that had high probability but did not produce debris flows.

Comparison of probability model parameter data for relatively high probability

basins (Table 6) shows very little difference between average values for basins with

positive versus negative debris-flow responses. Other basin morphology variables not

included in debris-flow probability models, shown on the right side of Table 6, do

suggest some differences between these two populations of basins, so these parameters

are discussed in more detail below.

The average area of high probability basins that produced debris flows appears to

be significantly greater than average area of those that did not (Table 6). An F-test for

equality of variances and a t-test for equality of means between logarithmic

transformations of basin area values for the two sample sets at u=0.05 indicated that they

represent different populations. This contradicts the hazard assessment, in which several

basins with relatively small areas and undeveloped drainages were assigned high

probabilities of debris flow by models A and C. The high probability rankings appear to

be mainly the result of these basins being burned at moderate to high severity over their

entire areas. No basins smaller than 0.11 km2 produced debris flows throughout the
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monitoring period. Of the twelve high probability basins that did not have debris flows in

Table 6, nine had smaller areas ranging from 0.03 to 0.10 km'. This may reflect some

critical contributing area for debris-flow initiation in this setting under the given

conditions during the monitoring period, or it may be related to some other coincidental

factor present in these small basins.

Figure 27 - Comparison of debris-flow (or potentially hyper-concentrated flow in basin
32) deposits in basins 32 (above) and 7 (below) after initial July debris flows. Sample
bags are labeled with basin numbers from original numbering scheme, prior to
eliminating unburned basins from the hazard assessment. One inch sieve screen included
for scale.

The influence of basin area on debris-flow initiation may be further clarified by

looking at the contributing area above the pressure transducers in basins that produced

flows. The area of sub-basins above pressure transducers in basins 24 and 32 are 0.160

and 0.107 km", respectively. The transducer plots of debris flows in these basins are
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slightly different: the plot from basin 32 is smaller in height and has a rounded shape

before and after the characteristic spike in level associated with a debris flow (Figure 22).

It is possible that the pressure transducer record in basin 32 represents the transition from

hyper-concentrated flow (a phase of sediment-laden flow approaching the critical

sediment density to be classified as a debris flow) to debris flow, near the location of a

threshold of contributing drainage area.

The average of mean slope values for high probability basins that produced debris

flows appears to be significantly higher than the average for those that did not (Table 6).

An F-test for equality of variances, and a t-test for equality of means between mean slope

values for the two sample sets at a=O.05 indicated that they represent different

populations. The three basins with the greatest mean slope values in Table 6 all produced

debris flows. These basins were among the steepest of all basins in the watershed, and

had extensive rock outcrops and cliff faces in upper basin areas (Figure 28). Field

observations suggest that runoff from steep rock outcrops had significant erosive power,

leaving deep rills leading into drainages where debris flows had occurred. In upper basin

7, debris-flow initiation appeared to begin in a rock outcrop zone in the upper basin

adjacent to the main channel, below which significant scour was observed that led into

the main channel. These steep rocky areas tend to concentrate flow and allow it to build

kinetic energy before funneling it onto erodible material. Basin 32, on the other hand,

has little steep rocky area, with the fourth lowest mean slope of the eighteen high

probability basins in Table 6, and the lowest mean slope of basins that produced debris

flows. It has some rock outcrops, especially along its divide, but is mainly comprised of

rounded hillslopes of weathered residual and colluvial soils. Scour and sediment bulking

that led to debris-flow initiation in basin 32 appeared to begin with concentrated rill and

sheet erosion on steep soil slopes in a convex zero order drainage, with relatively little

runoff contribution from rock outcrops. It is possible that the more deeply weathered and

relatively finer grained hillslope soils of upper basin 32 were more easily eroded than

talus slopes of more rocky basins, allowing sediment bulking of runoff without the

influence of rock outcrops.
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Figure 28 - Steep slopes and rock outcrops in upper basin 24 on 8/19/11.

The average values ofrelieffor high probability basins that produced debris flows

appears to be significantly greater than for those that did not (Table 6). An F-test for

equality of variances and a t-test for equality of means between relief values for the two

sample sets at u=0.05 indicated that they represent different populations. Again, this is

biased by the nine relatively small basins, which had inherently little elevation change

and undeveloped drainages, resulting in low relief values. Even though they were

assigned high probability of debris-flow occurrence, they did not have debris flows. This

may reflect the observation that drainages with greater relief commonly extend up from

Medano Creek to headwalls and outcrops below high rocky peaks, which tend to

concentrate runoff efficiently onto debris sources below. Basin 7 has the greatest relief

of debris flow producing basins at 848 feet (Table 6), and has significant rock outcrops

on its upper slopes near 11,000 feet elevation, on the ridge below the peak of Mt,

Zwischen. Basin 6 had the highest relief of high probability basins, and extends up to

rocky headwalls below Mt. Zwischen, but debris-flow occurrence there appeared to be

supply limited as a result of shallow bedrock in the channel. Basin 32 has the fourth

lowest relief of high probability basins at 254 feet, and the lowest among basins that

produced debris flows.

It is apparent that a wide range of basin morphological characteristics can produce

debris flows under recently burned conditions. Very steep upper basin slopes with
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significant rock outcrops appear to be associated with debris-flow initiation in some

basins, but as illustrated by basin 32, this morphological characteristic is not necessary

for debris-flow occurrence. This suggests that an abundance of easily erodible material is

one of the main controlling factors for debris flow initiation, regardless of other basin

morphological characteristics. Data from this study suggests that basins with areas less

than approximately 0.1 km2 are below a minimum size threshold for debris-flow

initiation given the intensity of rainfall during 2011.

Model Validation

In this section, actual rainfall conditions that resulted in debris flow occurrence

recorded at the site during the monitoring period are input into debris-flow probability

and volume models and compared to the observed basin responses in order to validate the

models. The timing of debris-flow events on August 22, 2011 is known from pressure

transducer records in basins 24 and 32, as is the rainfall intensity throughout the storm

from rain gauges in basins 16 and 24. This enables calculation of average intensity

values up to the time of debris-flow initiation, which were between 19.7 to 54.8 mmlhr,

as discussed in the previous section Timing of Rainfall and Debris Flows. The timing of

debris flows during the August 28, 2011 event is unknown, but average storm intensities

recorded on rain gauges in close proximity to debris flows (gauges in basins 7 and 24)

were 15.6 and 20.5 mmlhr, respectively. Since both of these storms delivered high

intensity rainfall to extensive areas throughout the watershed, and true intensity values

are not known for the majority of the burned basins, the calculated mean of the recorded

intensity values (26.3 mm/hr) from the debris flow triggering storms described above is

used for probability model validation. For comparison, the mean of average storm

intensity values for the full duration of all rain events that triggered debris flows (13.0

mm/hr), recorded on rain gauges in close proximity to debris flows (gauges in basins 7,

16 and, 24) is also used for model validation. The large difference between these two

mean values can be attributed to the fact that the full duration of the August 22 storm

event was significantly greater than the duration before the debris flows.
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Probability Models

Debris flows were observed in six basins in response to the August 22 and 28

storms previously described. The map in Figure 15 shows the spatial distribution of these

basins, as well as those in which sediment-laden flooding occurred, and the map in Figure

29 shows the categorized probability rankings of basins using the mean of the results

from models A, B, and C with an average intensity value of 26.3 mm/hr, for comparison.

Table 6 lists values by basin for the variables in each of the three models. Probability

models A and C both predicted high probability of occurrence in all six of the basins that

produced debris flows, whereas model B did not predict high probability of occurrence in

any basins. Figure 30 presents histograms of probability distributions among all basins

for Models A, B, and C, with dots indicating the number of basins within each probability

range that actually produced debris flows.

It is apparent that Model B severely under-predicted debris-flow probability in

this setting. The highest probability values for the 13.0 mm/hr intensity were less than

20%, and the highest values for the 26.3 mmlhr intensity were less than 40%. Models A

and C both predicted relatively high probability values (greater than 67%, based on the

categories established in the hazard assessment) for all basins that produced debris flows,

using both rainfall intensity values. Both models, however over-predicted the number of

basins with high probability of debris-flow occurrence, compared to those that actually

produced debris flows. At the low rainfall intensity input (13.0 mmlhr), Model A

predicted high probability of debris flows in II basins that did not produce debris flows,

and by this criteria Model C returned 14 false positives. At the high rainfall intensity

input (26.3 mm/hr), Model A returned 14 false positives, while model C returned 22 false

positives. Models A and C both performed well in terms of predicting high probability of

debris- flow occurrence in all basins where debris flows occurred, but Model A performed

slightly better in terms of less over-prediction of high probability of debris flows. Model

C, however, predicted slightly higher probabilities for those basins that did fail than did

Model A (Figure 30 and Table 6).

When averaged, the three models predicted high probability in all but one of the

basins where debris flows occurred using the high intensity value (26.3 mmlhr). The
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Figure 29 - Map showing spatial distributions by basin of debris-flow probability
categories for the averaged results of models A, Band C using an average storm intensity
of 26.3 mrnlhr.
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probability value assigned to the under-predicted basin was 63%, relatively close to the

high probability category minimum (67%). The average of the three models returned

only 7 false positives at the high intensity value, which is fewer than models A and C. At

the low intensity input (l3.0mmlhr), however, the average of the three models did not

predict high probability of debris- flow occurrence in any basins. It appears that

averaging the models improves accuracy in terms of predictive ability and decreases the

number of false positives, but the influence of Model B lowers the probability values too

much. As a result, averaging the three models is only effective when relatively high

intensity rainfall inputs are used. In this case, the 5- or lU-year, I-hour design storms

(26.0 and 31.8 mmlhr, respectively) would have been the most accurate inputs if using

the average of the three models. Using Model C alone appears to be the most

conservative approach in this case, recognizing that it generates a high number of false

positives, even at low levels of rainfall intensity (less than 2-year, I-hour storm). Using

Model A alone is a slightly less conservative approach, with slightly less over-prediction

than Model C, and appears to be the most accurate at intensities less than or equal to the

2-year, one hour design storm in this case.

Volume Model

Measurements of deposit volumes were made after various debris-flow events.

The total rainfall of the storm triggering the debris flow, as recorded in or near the basin

that produced the debris flow was used to calculate a predicted volume for comparison.

Table 7 summarizes volume measurements from debris-flow deposits, predicted debris-

flow volumes based on actual storm events, and volume model variables for the

respective basins.

Table 7 - Characteristics and predicted vs. measured debris-flow volumes in response to
various rainfall events.

Basin Area (km2
) Area Burned M-H (km2

) Area Slope> 30% (km2
) Total Rainfall (mm) Volume Model (m3

) Measured Volume (m3)

7 1.17 1.15 1.06 24.4 9826 908
IS 0.39 0.38 0.38 26.0 4265 759

23 0.13 0.12 0.13 26.0 1900 126

24 0.17 0.16 0.17 26.0 2268 855

25 0.17 0.17 0.15 26.0 2126 290
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Volume measurements were all approximately one order of magnitude lower than

model predictions. It should be noted that the accuracy of volume measurements

themselves is poor due to variable thickness and loss of material onto the road and into

Medano Creek in some cases. It is likely that some sand was washed out of debris-flow

deposits as they drained and was eroded by subsequent rainfall and runoff, which could

contribute significantly to the overall measured volume of debris flows. However, it is

assumed that this discrepancy does not completely account for the order of magnitude

difference based on qualitative comparison of eroded volumes with measured volumes.

Previous comparisons of predicted and measured volumes (Gartner, personal

communication, 3/1/12) suggest that this volume model tends to over-predict volumes of

debris flows from small basins and under-predict volumes from large basins. The basins

in Table 8 have relatively small areas compared to the range of basin areas used to

generate the model, explaining the low predicted volumes.

Sensitivity Analysis

Sensitivity analyses were performed on each of the three debris-flow probability

models used in the hazard assessment. By assigning all other variables in a given model

the mean value for the input data set and plotting the model results over a range of values

for an individual variable, it is possible to gauge the sensitivity of the model to that

variable throughout its range. This process was carried out for all variables in a given

model and the results plotted together to allow comparison of the relative influence of

each variable (Figure 31). The steepness of each curve at each point along the horizontal

axis indicates the sensitivity of the probability outcome to that variable at the associated

value. Standard deviations from the mean value were used in order to plot all variables

together across their respective ranges of values. Table 8 summarizes descriptive

statistical data from burned basins in the Medano Fire perimeter for parameters of all

three probability models. The mean and standard deviation values for each variable in

Table 8 correspond to the scales of horizontal axes of the sensitivity analyses in Figure

31.
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The plots from models A and C (Figure 31) show similar relationships of

variables, as would be expected since these two models performed similarly in terms of

debris-flow probability prediction. The plot from Model B on the other hand returns

lower probability values across the ranges of all variables when compared to models A

and C (Figure 31). This confirms the low probability values returned by Model B in the

hazard assessment. Model B is most sensitive to the variables percentage of basin area

burned at moderate to high severity and average storm intensity, but only at relatively

high ranges of each input. It shows very little sensitivity to any of the other variables.

The sensitivity analysis suggests that Model B the least reliable model for predicting

probability of debris-flow occurrence, and is only capable of returning relatively high

probability results (> 67%) under a coincidental combination of input values [e.g. high

percentage of basin area burned at moderate to high severity (> 95%), high clay content

(> 30%), low organic matter « 0.5%), low ruggedness « 0.7) and high average storm

intensity (> 25 mm/hr)]. Model B may be useful for predicting probability of debris-flow

occurrence in certain circumstances, but is not very useful across a wide range of

conditions, and particularly not for the conditions at the Medano Fire site.

Table 8 - Summary of descriptive statistics of basins in the Medano Fire burn area
data for variables from models A, Band C from Cannon et al. (2009). Variables are
listed in order their respective influence on model results, from high to low.

Variable Maximum Minimium Mean
Standard

Median
Quartiles

Deviation Lower Upper
% Burned M-H 100.0 1.1 54.3 37.8 58.8 12.3 95.2
Liquid Limit 22.5 14.7 21.8 1.5 22.5 21.5 22.5
Hydro Group 3.80 1.65 2.17 0.38 2.00 2.00 2.06
Ruggedness 1.631 0.358 0.891 0.327 0.935 0.630 1.100
Slope 98.9 42.3 85.1 14.6 90.2 81.3 95.8
Rain Intensity 20.5 0.4 4.2 4.0 2.7 1.5 5.8
Clay 15.0 10.5 14.4 1.1 15.0 14.2 15.0
Organic Matter 2.32 0.58 0.90 0.33 0.75 0.75 0.82

The sensitivity oflogistic regression models A and C, will be discussed together,

since they show similar behaviors and share several variables. The relevance ofthose
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Figure 31 - Sensitivity analyses of logistic regression models A, Band C for
predicting the probability of debris-flow occurrence in the intermountain western
U.S. (Cannon et al., 2010), using mean data from the Medano Fire burn area.
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variables to actual physical processes will be discussed in order of model sensitivity (high

too low).

The percent of the basin burned at moderate to high severity (Burned M-H) has a

positive correlation with probability of debris-flow occurrence and is the single most

influential variable in all three of the models throughout most of its input range (0-

100%), with the exception of the low end, less than approximately 40% (Figure 31).

Input values greater than approximately 95% of basin area burned M-H will result in high

probability (> 67%) prediction when all other variables are assigned mean values from

the Medano Fire data. Since the logistic regression models are based on a wide range of

empirical data, this confirms that severe burning throughout a basin tends to promote

debris flows within this population. The possible error in the measurement of this

variable is limited mainly by the quality ofthe Landsat imagery on which the burn

severity map is based. It is a reasonable conclusion that the burn severity map alone

could be used to derive an initial hazard assessment based on visual estimation of the

percentage of basin area burned at moderate to high severity.

The variable liquid limit (LL) has a significant negative correlation to probability

in models A and C, but is more critical to probability outcome at slightly lower values of

LL than the mean from the local soils data (Figure 31). This variable is the second most

influential in both models A and C. The mean LL value from the Medano Fire soils data

is 21.77, and the most critical range ofLL values appears to be approximately 3 to 20. A

value ofLL below approximately 15 results in a high probability (> 67%) of debris flow

if all other variables are assigned mean values. This suggests that soils within this

population tend to flow readily at lower water content (approximately < 15%), especially

in combination with moderate to high bum severity over a large area. The minimum LL

value in this data set is 14.66, which was calculated from a basin with a significant

proportion of its lower area mapped as an eolian and alluvial sand unit in GIS soils data.

Since many hillslopes and channels within the Medano Fire burn area were mantled with

abundant fine eolian sand for an initial period after the fire, it is likely that true LL values

of soils in most basins were significantly lower than those taken from the STATSGO

soils data. Liquid limit tests of representative samples from throughout Medano Creek
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Watershed were inconclusive because the fractions passing the #40 sieve (0.425 mm)

were too granular (non-plastic) to complete the test at sufficiently low water contents.

Incomplete tests did indicate that the liquid limit of some samples would be well below

20% moisture content. One complete test for basin 32 hills lope materials, with the least

fine sand content of tested samples, resulted in a liquid limit of 21.5%. This illustrates

the inherent problem with using broadly generalized, regional soils data that is mapped

mainly from aerial photographs. As described in depth in the following section, there is a

broad range of values in the STATSGO soils data and it does not take into account

unique local influences on soil variability, such as the migration of sand eastward into the

Medano Watershed from the dunefield. This eolian transport process is enhanced by the

absence of vegetation after the fire. The liquid limit test is relatively easy to conduct and

requires a small sample size, thus it would be feasible to acquire actual test values to

validate soils data for mapped units in burned areas during hazard assessment.

Model A is highly sensitive to the variable ruggedness, with a negative

correlation approximately equivalent to that of liquid limit (Figure 31). Probability

values tend to be more sensitive to ruggedness at values lower than the mean of the

Medano Fire data (0.89). The model becomes more sensitive to this variable as it

approaches zero. The effect of ruggedness on probability outcomes is limited, however,

since a minimum value of zero will return only a maximum of 40% probability of debris-

flow occurrence when all other variables in Model A are assigned the mean of data.

Since ruggedness is the total basin relief divided by the square root of the basin area, this

suggests that larger basins with low relief and large areas tend to have a relatively high

probability of debris-flow occurrence in severely burned areas, but only in combination

with other significant variable inputs. This may reflect the accumulation of alluvial or

debris-flow fan deposits within larger and flatter basins, which is readily available for

scour and debris-flow initiation by runoff.

Model C is highly sensitive to the variable hydrologic group (Hydro Group), with

a negative correlation approximately equivalent to that of liquid limit (Figure 31).

Probability values tend to be more sensitive to hydrologic group at values lower than the

mean of the Medano Fire Data. The mean value of hydrologic group in this data set is
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2.17, and the model becomes more sensitive to this variable as it approaches zero. Model

C will return high probability of debris flow for a hydrologic group approximately equal

to I (the lowest potential value) when all other variables are assigned the mean of data.

Lower values of hydrologic group indicate deep, well-drained soils with high infiltration

rates. This may reflect that sufficient supply of deep, granular soils are necessary to

initiate debris flows.

Model A is highly sensitive to the variable percentage of basin area with slope

greater than 30% (Slope), with a positive correlation (Figure 31). Probability values tend

to be most sensitive to slope at values near and above the mean of the Medano Fire Data.

The mean value of slope in this data set is 85.1% of basin area, and the model becomes

more sensitive to this variable as it approaches 100%. The effect of slope on probability

outcomes is limited, however, since a maximum value of 100% of basin area will return a

maximum of approximately 24% probability of debris-flow occurrence when all other

variables in Model A are assigned the mean of data. This suggests that steeper slopes

contribute to increased probability of debris flow, especially when they comprise a large

proportion of the basin, but only when accompanied by other factors that also contribute

to high probability.

Models A and C are both moderately sensitive to the variable average storm

intensity (Rain Intensity), with a positive correlation (Figure 31). The relatively low

sensitivity of these models to rainfall intensity is significant, since rainfall intensity

should be one of the most important factors in determining the probability of debris flow

in burned areas. High-intensity, short-duration rainfall has been strongly correlated with

debris-flow initiation by sediment bulking in burned areas in Colorado (Cannon et aI.,

2008). It is likely that the relatively poor correlation between average storm intensity and

debris-flow occurrence observed in the Medano Fire rainfall data explains the low

sensitivity to this variable. Probability values tend to be most sensitive to average storm

intensity at values above the mean of the Medano Fire Data. The mean value of average

storm intensity in this data set is 4.2 mm/hr, and models A and C are most sensitive to

this variable in the ranges of approximately 20-50 mm/hr and 5-40 mm/hr, respectively.

Average storm intensity values greater than approximately 40 mm/hr for Model A and 30
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mm/hr for Model B will return high probability of debris flows with all other values

assigned the mean ofthe Medano Fire data. These values are very high, and it is likely

that much lower average storm intensity values would trigger debris flows throughout the

burned area. This variable is different than the others in terms of hazard assessment since

input values come from design storms, as opposed to measureable parameters, and since

design storms are likely very similar for all basins within a burned area and as a result do

not affect relative hazard ranking. The person using the models must be careful in

selecting design storms that reflect those likely to trigger debris flows in the

intermountain western U.S. in order to get realistic probability values. The debris-flow

response data from this study suggest that the models would likely be better predictors of,
debris-flow probability if short duration peak intensity values, the ideal time period of

which may be inferred from basin area and elongation, were incorporated to represent

rainfall intensity rather than the average intensity of the entire storms.

Models A and C are both moderately sensitive to the variable clay content (Clay),

with a positive correlation (Figure 31). The effect of clay content on probability is less

than that of other variables throughout the range of potential values. Probability values

tend to be most sensitive to clay content at values above the mean of the Medano Fire

Data. The mean value of clay content in this data set is 14.4%, and the models A and C

are most sensitive to this variable in the range of 20-30%. The sensitivity analyses

suggest that the probability of debris flow increases with increasing clay content, up to

approximately 50% or more. Again, the variability and imprecision inherent in the

regional soils data potential impart a significant source of error. True clay content of

soils from the Medano Creek Watershed, determined by sieve and hydrometer analysis,

are actually in the range of 1-5%, as opposed to the range of 10-15% as suggested by

STATSGO soils data.

Soils Data Variability

Since the logistic regression equations used herein (Cannon et aI., 2009) are based

on the STATSGO U.S. Soils Data, the validity of the results depends somewhat on this

data source. Sensitivity analysis of the effects of varying the soil property data indicated
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that the models are highly sensitive to changes in input values for soil property variables,

and imprecision in these values have the potential of significantly degrading model

reliability. The U.S. Soils Data supplies ranges of values for soil properties mapped

within broad units that include multiple soil types. Therefore, the model results presented

herein represent averages of the ranges of data for clay content, liquid limit, and organic

matter content for representative soil types from each unit. For hydrologic group, ranges

of values were not given so a representative value was chosen for each mapped soil unit

based on field observation, introducing another potential source of error.

A separate sensitivity analysis was conducted to examine the effects of changing

all soil property variables together. Values from the upper and lower extremes of the

ranges listed in STATSGO soils data were input, while holding the other non-soils

variables constant at the mean Medano Fire values, in order to determine the resulting

range of probability values. The resulting probability values varied dramatically based

on concurrent changes in soil property inputs (Figure 32). When soil properties were

averaged, the mean probability value for all basins was 42% for a 10-year design storm

and 32% for a 2-year design storm. When extreme soil properties data were selected to

force low probability results, the mean probability value for all basins was 5% for a 10-

year storm and 2% for a 2-year storm. When extreme soil properties data were selected

to force high probability results, the mean probability value for all basins was 72% for a

10-year storm and 66% for a 2-year storm. This represents a range in average model

output of approximately -88% and +71% for a 10-year storm and approximately -94%

and + 106% for a 2-year storm when compared to values calculated using averaged soils

data, based on the range of soil properties data available from the U.S. Soils Database for

representative soils types in this area.

The results ofthis analysis emphasize the importance of field checking soil

properties within the burned area to calibrate soils data used for hazard assessment.

Average values from the range of STATSGO soils data for mapped units provide a good

starting point, but may not accurately represent the local soil conditions within the bum

area. The un-calibrated data may provide a sufficient assessment of the relative soil

characteristics throughout the site that results in a somewhat accurate assessment of the
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probability of debris-flow occurrence, as was the case in this research. Subtle differences

in soil characteristics on the basin scale that affect debris-flow processes may be missed,

however, without at least field checking soils.

Boxplot of Probability Ranges with Varying Soils Data
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Figure 32 - Boxplot of probability model values for 2-year and IO-year return interval
storms, with varying soil property data from the range ofSTATSGO U.S. Soils data;
boxes are quartile ranges and mean values are indicated by crosshair symbols.

The sensitivity analysis in the previous section identified liquid limit as the most

influential soil parameter among the three models, though hydrologic group and clay

content also had significant influence. Estimates of liquid limit and clay content for

mapped soil units can be made only by sampling soils from within the units and testing

for these parameters. The liquid limit (ASTM D4318-1O) and the hydrometer (to

measure clay content) (ASTM D422-63 (2007)) test methods are relatively quick, require

minimal equipment that is available in most soil laboratories, and require less than 300

grams of soil total for both tests. Hydrologic group is a classification of soils (ranked

from I to 4) based on their hydrologic character. Those assigned a value of I have the

fastest infiltration rates and greatest depth to impervious materials (e.g. deep well-drained
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gravels), and those assigned 4 have the slowest infiltration rates and least depths to

impervious layer (e.g. clayey soils, shallow bedrock, or shallow water table). This can be

estimated in the field relatively easily by an earth scientist or someone with minimal

training through visual observation of the character of soils and amount of rock outcrop

in a mapped unit. In some cases digging a shallow pit to observe the soil profile and

pouring water onto soils below the hydrophobic layer, in order to approximate pre-fire

infiltration rates represented by STATSGO soils data, may assist in assigning a

hydrologic group number. The percent of organic matter in a soil is a parameter included

in Model B only, which was identified as a relatively poor predictor of debris-flow

probability, and resulted in low values throughout the range of organic matter content

inputs. Data for this variable is not as important to calibrate as that of other soils

variables and is significantly altered by the effects of wildfire, thus should not be of

concern when calibrating inputs for hazard assessment.

Ideally future modeling could incorporate more data from site specific test results,

rather than relying on soils data derived from minimal testing of type soils for regional

units. In this way accuracy of models would be improved, and field data could be used

for hazard assessment with better confidence in model parameter correlations.

Materials Analysis and Debris Sources

The analysis of materials in this section is broken into several sub-sections: Fine

Eolian Sand Influence, Sample Grain-Size Distributions, Sand Fraction Grain-Size

Distributions, Hydrometer Grain-Size Distributions, Comparison of GSD between

Basins, and Comparison of GSD with other Burned Areas in Colorado.

Fine Eolian Sand Influence

Grain-size distribution curves for all samples show a significant component of

fine eolian sand, indicated by steep portions of grain-size distribution curves between

approximately 0.3 and 0.075 mm in Figures 23 and 24. This fine sand comprises

between 42% and 87% by mass of the sand fraction of all samples, and is clearly the

75



steepest part of the curves in Figure 24. Table 9 shows the percentage of fine sand (0.297

to 0.075 mm) as a fraction of particles passing the #4 sieve (4.76 mm) by landform

sampled. Eolian and dry ravel deposits in un-scoured side channels (SC) have the highest

proportion of fine sand. This confirms field observations of thick, layered deposits of

fine sand and ash accumulated in channels. Low flow channel alluvium (AL 2) and

sediment-laden flood deposits (SLF) both also have very high proportions of fine sand.

These deposits represent the initial responses of basins to the first relatively intense

rainfall events, when hydrologic responses ranged mainly from low flow channel runoff

to sediment-laden flooding. These initial channel runoff events scoured and transported

mainly the fine sand that had accumulated in channels since the fire, and thus reflect the

gradation of the un-scoured channel deposit (SC). Scour from channel runoff eventually

incised through the 1-2 foot thick layers of fine sand and into coarser colluvial or fan

materials below. The channel source materials (CH) represent the full profile of channel

cuts after significant scour had occurred, and thus still have a relatively high proportion

of fine sand, but lower than the previously mentioned sample types. Debris-flow deposits

(DF) are within one percent of the fine sand content of channel source materials,

suggesting that channel materials are the main source of debris, though some washout of

fine sand may occur. Hillslope source materials (HS) are several percent lower in fine

sand content than channel deposits, reflecting the difference in thickness of the mantle of

eolian materials between these two landforms. Pre-fire fan deposits (PFF) are the next

lowest in fine sand content, with approximately half of their sand fraction being fine

sand. The pre-fire fan deposits are between debris- flow deposits and flood alluvium in

terms of fine sand content. This likely reflects the mixed alluvial and debris-flow

processes responsible for fan building. The samples with the lowest fine sand content

were flood alluvium (AL I) from gravel bars in the main channel oflower basin 1,

reflecting the sorting of sediments by size during alluvial processes.

Averages of fine sand content in hills lope source, channel source, and debris-flow

deposit materials by basin for basins 7, 24, and 32 (Table 9) suggest that the amount of

fine sand decreases significantly with increasing distance from the sand dune complex, as

would be expected. Eolian deposition is most significant in basins close to the dunes, and

decreases further up in the watershed. Still, at over 8 km away from the dunes, close to
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half of the sand content on average in basin 32 OF, CH, and HS samples is comprised of

fine sand. This illustrates the importance of eolian transport and deposition on the

morphology of surface materials and on geomorphic processes in Medano Creek

Watershed.

Table 9 - Fine sand (0.297 to 0.075 mm) as a fraction of particles passing the #4 sieve
(4.76 mm) by landform sampled and by basin. SLF = sediment-laden flood deposit, HS
~ hillslope source material, CH = channel source material, OF = debris-flow deposit, AL
1 = gravelly flood alluvium deposit (basin 1), AL 2 = sandy low flow channel alluvium
deposit (basin 16), PFF = pre-fire fan deposits, SC = un-scoured side channel. Average
fine sand content was calculated for basins 7, 24, and 32 by averaging the mean fine sand
content for CH, HS, and OF samples from each basin.

Landform % Fine Sand
sLF 79.4
Hs 57.7
CH 60.5

OF 59.8
ALl 44.2 Basin % Fine Sand Dist. from Dunes (km)

AL2 82.2 7 74.8 5.0

PFF 50.8 24 58.2 6.5

SC 84.1 32 46.9 8.5

Sample Grain-Size Distributions

All of the samples had between 2 and 12% by mass oftheir combined gradations

finer than the #200 sieve (0.075 mm), an indication of the lack of clay and silt in local

soils. The average of all samples was approximately 3.0% silt (0.75-0.002 mm) and

2.4% clay « 0.002 mm). The majority of samples, with the exception of the clean and

coarse alluvial deposits from basin 1, had more than 5% fines and classify as poorly

graded sand with silt and gravel (SP-SM) or poorly graded gravel with silt and sand (GP-

GW). A small number of the samples including sediment-laden flow deposits, un-

scoured side channel deposits, and low flow alluvium had little to no gravel and would be

classified as poorly graded sands with silt (SP-SM).

Grain-size distribution curves for combined gradations of all samples (Figure 23)

show a wide range of distributions, though some groupings of curves for samples of
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similar origin are apparent. One grouping includes relatively fine-grained materials

(shown in red, light blue, and purple), comprised of mostly fine eolian sand, and

represents poorly graded sand with silt samples taken from ashy sediment-laden flood

deposits (red), from a side channel in Basin 7 that was not scoured (light blue), and from

a sandy low flow channel alluvium deposit prior to scour in basin 16 (purple). The ashy

sediment-laden flood deposits were observed mainly at the outlets of many basins in

response to initial intense rainfall events of the season, sometimes in combination with

debris-flow deposits. The similarity between the curves of sediment-laden flood deposits

and those from the un-scoured channels in basins 7 and 16 suggests that the source of

these deposits is scour and entrainment of the abundant fine sand that had accumulated in

channels through eolian processes and dry ravel. As previously described, this fine sand

mantled hillslopes and channels throughout Medano Creek watershed in the spring, and

was observed up to 2 feet thick in some channels.

The next finest grouping of grain-size distribution curves, in dark blue (Figure

23), represent samples collected from the upper six inches of hills lope source materials in

several basins. The significant component of fine sand in these deposits reflects the

mantle of eolian sand throughout the watershed. These hills lope materials also appear to

have a slightly higher proportion of medium to coarse sand and fine gravel than any of

the other samples, possibly as a result of weathering and degradation of the granitic

textured rock underlying these shallow soils. It would appear that this coarse sand and

fine gravel does not move down slope and gather in channels as readily as does the fine

eolian sand fraction. Basin 7 is an exception, exhibiting gap-grading, with a shortage of

medium to coarse sand and fine gravel and an abundance of fine sand in the hillslope

source materials.

The channel source material curves, in green (Figure 23), are slightly coarser

overall than are the hillslope source material curves. These channel source materials

were sampled from bank cuts in the main channel of each basin after significant scour

had occurred, and include representative amonnts of fine eolian sand and the coarser

underlying alluvial and colluvial bed materials. These channel source material samples

have proportionally more coarse gravel than the hillslope source materials, but are
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slightly more gap-graded comparatively, with a shortage of sand in the medium to coarse

range, especially in basins 7 and 16. The debris-flow deposit curves, in orange (Figure

23), generally coincide with those of channel source materials, though they are generally

lower in fine sand. This suggests that the main source of debris-flow material is scour of

channel materials and progressive sediment bulking, as has been observed by previous

researchers (Santi et al., 2008; Cannon, 2003b; Cannon, 2008). The lower relative

proportion of fine sand is likely the result of washout during deposition, as water drains

from the granular debris. This is supported by observations that debris-flow deposits

were generally surrounded by a sheet-like deposit of ashy fine sand and organics with a

significantly larger areal extent (Figure 33), which often continued down the channel

significantly farther.

Figure 33 - Sheet like ash and sand deposited by washout from debris-flow deposition, or
a recessional tail of the debris flow, in basin 7 (taken 8/17/11).

The debris-flow deposits from basin 7 show significant gap-grading through the

medium to coarse sand range, as did the channel and hills lope source materials. Two

debris- flow deposits were collected from basin 7, and both are sandy gravel. The coarser

of the two, B7 DF Dep, was taken from a depositional area nearly mid-way up the basin

and contains significantly more coarse gravel than B7 DF Dep Confl, which was sampled
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from near the confluence with Medano Creek. This is consistent with field observations

that debris-flow deposits further up in basins contained coarser nominal sizes and greater

proportions of coarse material.

Gravel bar alluvial deposits, in purple (Figure 23), from flooding in basin I

represent the only significant new alluvial deposition found in any of the basins. Basin 1

had springs that produced base flow conditions in portions of the channel throughout the

monitoring period, and likely had significant stream flow at times during rainfall events.

This flow carried sediment down from the basin onto the long, low grade fan surface,

leaving extensive alluvial deposits. The curve shapes for these two samples are very

similar, though B I Ch Aluv 1 is slightly finer overall than B 1 Ch Aluv 2, which is to be

expected since it was sampled from lower on the fan. These alluvial deposits have some

of the lowest proportions of fine sand of any samples, and have a proportionately high

concentration of gravels in narrow size ranges, likely as a result of the sorting

characteristic of alluvial processes. The gravel fractions of the two alluvial deposits

exhibit grading similar to that of the coarsest debris-flow deposit and channel source

material samples from basin 7 (Figure 23). In fact, the curves ofB7 Ch Src Bank Fail

and B 1 Ch Aluv 2 are almost identical through the gravel range. Sample B7 Ch Src Bank

Fail was taken from a bank failure along the channel, in the deeply incised upper portion

of the older fan deposit in basin 7. This suggests that alluvial deposits on the lower fans

of these relatively larger basins are comprised of materials from older debris-flow fan

deposits at relatively high elevations that have been scoured and transported downstream.

The sand fractions of the alluvial deposits, however, have a much lower proportion of

fine sand (Figure 24). This illustrates the difference between the alluvial processes,

which tend to scour out finer grain sizes and sort deposits, and debris- flow processes,

which mobilize coarse material in a matrix of finer materials.

Sand Grain-Size Distributions

When comparing grain-size distribution curves for the sand fractions of the

samples (Figure 24), samples appear to be grouped by basin, as opposed to sample

source. The fine sand component of the curves (0.075 to 0.3 mm) for basins 6 and 7 are
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generally larger than for 24 and 16, which are in tum larger than for basin 32. This

suggests that the fine eolian sand influence decreases to the northeast, away from the

dunes, as illustrated in Table 9. The exceptions to this phenomenon are the alluvial

samples from basin 1, which have the smallest amount of fine sand proportionally. This

likely reflects the well-sorted nature of these alluvial samples, and the scouring of fine

sand during this process. Another possible explanation is that the other basins all have

some lee aspect to the prevailing wind direction, whereas basin 1 is very linear and

oriented directly into the prevailing wind.

Hydrometer Grain-Size Distributions

In the hydrometer grain-size analysis of particles finer than the #10 sieve (2.00

mm) (Figure 25), samples had between 3% and 15% total fines (smaller than 0.075 mm),

with between I% and 9% silt sized particles and between 1% and 7% clay sized particles.

In general, the clay and silt contents are balanced. It appears that channel source

materials, hillslope source materials, and sediment-laden flood deposits generally have

the largest proportions of fines, likely reflecting some residual weathering and ash from

the fire. Alluvial, debris-flow, and pre-fire fan deposits generally had the least fines,

likely as a result of flushing out of fines by water during and after deposition. Again, the

July debris-flow deposit from basin 7 has much higher fines content than any other

debris-flow deposits, possible due to the erosion and entrainment of abundant ash from

hillslopes during the initial high intensity rain events.

Comparison of GSD between Basins

Variability in grain-size distributions of samples between basins is relatively low,

and does not appear to have a significant effect on debris-flow occurrence. Basins 7 and

32 are the least similar in terms of grain-size distribution, and both basins experienced

debris flows in response to storms of similar intensity. The behavior of debris flows, and

the characteristics of deposits, however, were very different between the two basins.

Basin 7 has a bimodal distribution of grain sizes, with relatively high coarse gravel and
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fine sand content and gap-grading through the range between. The debris flows in basin

7 were correspondingly coarse, and commonly deposited abundant coarse material at

lower grade reaches of channel, where inter-particle friction between the coarse solid

fractions inhibited movement. Some of the fine sand component was mobilized as the

coarse deposits drained and continued down the channel as watery slurry that traveled

much further. In basin 32, in contrast, sample grain-size distributions were relatively

consistent throughout the range of particle sizes, much closer to well-graded than basin 7

samples. There was much less coarse material in basin 32 debris flows, and the resulting

deposits were transported out of the basin and down to the floodplain of Medano Creek.

The behavior of these flows appears to be much more slurry-like, and controlled by high

water content relative to solids, than the coarse debris flows of basin 7. This may also be

a factor of the much shorter channel length of basin 32, allowing less scour and bulking

of flows than in basin 7.

Comparison of GSD with other Burned Areas in Colorado

Comparison of grain-size distribution curves with other studies of wildfire and

debris flow in Colorado shows a large degree of variability in debris-flow source

materials between burned areas. Soil gradations from the Buffalo Creek (Moody and

Martin, 2001), Hayman (Cipra et aI., 2003), and South Canyon (Storm King Mountain)

(Cannon et aI., 1998) fires were plotted with those from the Medano fire for comparison

(Figures 23, 24, and 25). The Hayman and Buffalo Creek burned areas are in similar

geologic materials to the Medano Fire, with mainly extrusive igneous and meta-igneous

rock types of felsic to intermediate composition. The Storm King Mountain burned area,

on the other hand is in sedimentary geologic units, which are generally fine-grained.

Grain-size analysis curves indicate that the general range of soil gradations

described by Cipra et al. (2003) for the Hayman fire are similar to those for the Medano

hills lope source materials, which are gravelly sands, with the exception of the eolian sand

component. Average gradations of samples from the Buffalo Creek Fire (Moody and

Martin, 200 I) are sandy gravels, which are coarser than the Medano hills lope source

materials, and are within the range of Medano alluvial channel deposits, fan deposits, and
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coarse channel source material. The Buffalo Creek samples closely match the channel

alluvial deposits from the Medano Fire. Moody and Martin (2001) report that Buffalo

Creek produced high sediment yields from flooding in response to the Buffalo Creek

Fire, with rilling on hillslopes and significant channel erosion, which left a large amount

of sand and gravel on fans and floodplains. This response is similar to the behavior of

Medano Watershed after the Medano Fire in terms of erosion and deposition, though the

deposits at Buffalo Creek were not debris flows (Cannon S.H., personal communication,

3/7/12). Since the geology of these two burned areas is somewhat similar, and rainfall

intensities recorded in Buffalo Creek Watershed (Moody and Martin, 2001) were greater

than those recorded in Medano Creek Watershed in this study, the difference in debris

flow response can likely be attributed to either basin morphological characteristics or the

fine eolian sand influence at the Medano Fire. The lack of debris flow activity at the

Buffalo Fire burn area has been attributed to the weathered and leached character of the

Pikes Peak granite in the area (Cannon, S.H., personal communication, 3/7/12). The soils

in basin 32 at the Medano Fire have a similar deeply-weathered, granitic gruss character,

but with a large fine sand fraction. It is possible that fine sand entrained by runoff at the

Medano Fire burn area contributed to debris flow behavior by increasing the sediment

content and density of floods, resulting in greater scour and transition to hyper-

concentrated flooding and debris flow.

Averaged gradations of Storm King soils from curves presented in Cannon, et al.

(1998) are sandy silt, which is much finer than Medano soils. Averaged gradations of

Storm King dry ravel deposits (essentially channel source materials) are fine to medium

sands with some fines, and are somewhat similar in gradation to the fine eolian sand

cover in the un-scoured channels ofMedano basins and the ashy sediment-laden flood

deposits they produce. Dry ravel deposits from the two locations differ more in fines

content: the Storm King ravel has approximately two to three times the fines (smaller

than 0.075 mm) than do the Medano sands. Slurry gradations presented by Cannon, et al.

(1998) appear to have two distinct populations, which were averaged respectively and the

resulting curves plotted in Figures 23 and 24. Storm King Slurry 1 is much finer than

Medano debris-flow deposits, closer to the sediment-laden flood deposits form Medano

basins, but with less fine sand and considerably more silt. Storm King Slurry 2 is a much
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coarser curve, in the range of the coarsest Medano debris-flow deposits and fan materials.

Storm King Mountain comprised primarily by sandstone and siltstone of the Maroon

Formation (Cannon et aI., 1998). Despite the difference in geologic materials and

hillslope soil gradations, the gradations of sediment laden flood and debris- flow materials

from the Storm King and Medano fires are somewhat similar. Both burned areas have

soils with relatively high fine sand content, which presumably contributes to debris-flow

behavior.
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CONCLUSIONS

Hazard Assessment

• The three empirical debris-flow probability models found to be statistically

significant predictors of event occurrence in previous analyses are not in

agreement on the magnitude of probability estimates, and thus were averaged for

hazard assessment. Relative probability rankings were consistent among all three

models.

Based on averaged model results, conditions in eleven basins (I, 2, 6, 7, 13,22,

23,24,25,32, and 39) burned by the 2010 Medano Fire resulted in relatively high

debris-flow hazard potential estimates in response to a 10-year, I-hour storm, and

three basins (2, 6, and 32) had relatively high debris-flow hazard potential

estimates in response to a 2-year, I-hour storm.

The information from the hazard assessment was taken into consideration by park

resource managers when closing campsites threatened by debris flow and flood

hazards.

•

•

Monitoring

• Debris flows occurred in basins 7, 15,23,24,25, and 32 in response to multiple

storm events throughout July and August of 20 II.

Peak instantaneous rainfall intensity values appear to be the most important

measure of rainfall intensity when distinguishing between positive and negative

debris-flow response to storm events. Debris flows were recorded between 3 and

7 minutes after peaks in instantaneous rainfall intensity of 72.0 mmlhr and

greater, and between 5 and 9 minutes after the onset of peak 5-minute rainfall

intensities of39.7 mmlhr and higher. Debris flows did not occur during recorded

storms with peaks in instantaneous rainfall intensity of less than or equal to 40.0

mm/hr.

•
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• Peak rainfall intensity values for periods of 10, 15, 30, and 60 minutes during

storm events each show distinctions between populations of positive and negative

debris- flow responses in burned basins of Medano Creek Watershed, whereas

average storm intensity values do not.

• The average storm intensity is a less accurate approximation ofthe critical rainfall

intensity necessary for debris-flow initiation as are peak intensity values in this

setting. The average rainfall intensity up to the time of debris-flow occurrence is

a slightly better approximation, though still an underestimate, and was used for

model validation.

• An intensity-duration threshold for debris-flow initiation in the Medano Fire

burned area during 2011 was defined as 1= 12.0D-OS.

• Basin area, relief, and mean slope significantly differentiate between populations

of high debris-flow probability that had positive and negative debris-flow

responses. These variables suggest the contribution of critical basin area and

steep and rocky upper drainages to the initiation of debris flows by runoff in this

setting.

• Shallow bedrock in critical channel reaches of some basins appears to limit scour

and thus prevent subsequent debris-flow initiation in otherwise high probability

basins.

Model Validation

• Of the three probability models used in the hazard assessment for the Medano

Fire, models A and C were the most successful in predicting debris-flow

occurrence, though they tended to over-predict occurrence. Model B severely

under-predicted probability of debris-flow occurrence in this setting. Models A

and C are conservative models that will likely perform well for debris-flow hazard

assessment in similar settings within the intermountain western U.S. with 2-year,

I-hour or possibly lower intensity design storms.

• An average ofthe results from the three probability models was also successful in

predicting relatively high probability values for basins that produced debris flows,
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•

and over-predicted fewer basins than either of models A or C. This averaged

model is advisable for use in hazard assessment only if used with relatively high

intensity design storms (5- to IO-year storm or greater).

The volume model over-predicted volumes of debris-flow deposition, though they

were within an order of magnitude. The discrepancy is consistent with previous

observations of volume over-prediction for relatively small basins using similar

models in other settings.

Sensitivity Analysis

• The percentage of basin area burned at medium and high severity is the single

most influential parameter in each ofthe three debris-flow probability models

analyzed, and can be used as an initial approximation of the likelihood of debris-

flow occurrence in a given basin.

The liquid limit of soils in a given basin is a significant parameter in models that

proved to be good predictors of debris-flow probability. Lower values of liquid

limit tend to produce higher probability of debris flow, especially below a

threshold of approximately LL=15. This is a relatively easy test that requires a

small soil sample, and could be conducted after wildfire in order to calibrate the

GIS soils data for mapped units and improve quality of model input.

Liquid limit and clay content of soils in the Medano Fire burned area were

misrepresented in STATSGO soils data, at least partly due to the influence of fine

eolian sand throughout the watershed. This did not appear to affect the validity of

probability model output, though it may have some indirect effect on volume

model validity results.

Soils variables contribute significantly to probability model output, and may

result in model inaccuracy if representative values are not chosen from the range

of available data.

•

•

•
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Materials Analysis

• Fine eolian sand is a significant component of all materials sampled within the

Medano Fire burned area, and fine sand content decreases with distance from the

dune field.

Characteristic groupings of grain-size distribution curves are apparent for samples

from various source and deposit materials. Grain-size distributions of sand

fractions show groupings of samples by basin, reflecting the variability in fine

sand content with distance from the dunes.

Grain-size distribution characteristics suggest that the main source of debris-flow

materials was from channel source materials that included fine eolian sand,

residual and colluvial soils, and mixed alluvial and debris-flow fan materials.

•

•

Resource Management

88

• There is potential for continued debris-flow activity within the severely burned

basins of Medano Creek Watershed, and for Medano Creek to transport a large

amount of mainly fine sand sediment downstream into the park area in a large

flood event. Beaver dams along Medano Creek are storing a large amount of this

sediment, which could potentially be released with sufficient discharge, resulting

in an event similar to the sandy flows in the adjacent Sand Creek during the

summer of 20 II.
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