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Conversion Factors

Inch/Pound to SI

Multiply By To obtain
Length
inch (in.) 25.4 millimeter (mm)
foot (ft) 0.3048 meter (m)
mile (mi) 1.609 kilometer (km)
Area
acre 0.4047 hectare (ha)
square mile (mi?) 259.0 hectare (ha)
square mile (mi?) 2.590 square kilometer (km?)
Volume
acre-foot (acre-ft) 0.001233 cubic hectometer (hm?*)
Flow rate
cubic foot per second (ft/s) 0.02832 cubic meter per second (m?*/s)
Mass
ton, short (2,000 Ib) 0.9072 megagram (Mg)
ton per year (ton/yr) 0.9072 megagram per year (Mg/yr)
Pressure
pound per square foot (Ib/ft?) 47.88 newton per square meter (N/m?)
Density
pound per cubic foot (Ib/ft*) 0.01602 gram per cubic centimeter (g/cm?®)
SI to Inch/Pound
Multiply By To obtain
Length
millimeter (mm) 0.03937 inch (in.)
meter (m) 3.281 foot (ft)
kilometer (km) 0.6214 mile (mi)
Area
hectare (ha) 2.471 acre
hectare (ha) 0.003861 square mile (mi?)
square kilometer (km?) 0.3861 square mile (mi?)
Volume
cubic hectometer (hm?) 810.7 acre-foot (acre-ft)
Flow rate
cubic meter per second (m?/s) 35.31 cubic foot per second (ft*/s)
Mass
megagram (Mg) 1.102 ton, short (2,000 1b)
megagram per year (Mg/yr) 1.102 ton per year (ton/yr)
Pressure
newton per square meter (N/m?) 0.02088 pound per square foot (1b/ft?)
Density
gram per cubic centimeter (g/cm?) 62.4220 pound per cubic foot (Ib/ft*)

Vertical coordinate information is referenced to the North American Vertical Datum of 1988

(NAVD 88).

Horizontal coordinate information is referenced to the North American Datum of 1983 (NAD 83).



Estimated Probabilities and Volumes of Postwildfire
Debris Flows—A Prewildfire Evaluation for the Pikes
Peak Area, El Paso and Teller Counties, Colorado

By John G. Elliott, Barbara C. Ruddy, Kristine L. Verdin, and Keelin R. Schaffrath

Abstract

Debris flows are fast-moving, high-density slurries of
water, sediment, and debris that can have enormous destructive
power. Although debris flows, triggered by intense rainfall
or rapid snowmelt on steep hillsides covered with erodible
material, are a common geomorphic process in some unburned
areas, a wildfire can transform conditions in a watershed with
no recent history of debris flows into conditions that pose a
substantial hazard to residents, communities, infrastructure,
aquatic habitats, and water supply. The location, extent, and
severity of wildfire and the subsequent rainfall intensity and
duration cannot be known in advance; however, hypothetical
scenarios based on empirical debris-flow models are useful
planning tools for conceptualizing potential postwildfire
debris flows. A prewildfire study to determine the potential
for postwildfire debris flows in the Pikes Peak area in El Paso
and Teller Counties, Colorado, was initiated in 2010 by the
U.S. Geological Survey, in cooperation with the City of
Colorado Springs, Colorado Springs Utilities. The study
was conducted to provide a relative measure of which
subwatersheds might constitute the most serious potential
debris-flow hazards in the event of a large-scale wildfire and
subsequent rainfall.

Potential postwildfire debris-flow probabilities and
volumes for 14 primary watersheds upstream from critical
municipal-water infrastructure and 170 selected subwatersheds
located within the primary watersheds were estimated by
using empirical debris-flow models. The debris-flow models
assumed that all of the forest and shrub cover in the watershed
would burn at moderate- to high-burn severity. Three
postwildfire precipitation scenarios were used to represent
a range of likely precipitation that could occur within 4
to 6 years after a wildfire: (1) a 2-year recurrence, 1-hour
duration rainfall , referred to as a 2-year storm; (2) a 10-year
recurrence, 1-hour duration rainfall , referred to as a 10-year
storm; and (3) a 25-year recurrence, 1-hour duration rainfall,
referred to as a 25-year storm. Each of the precipitation
scenarios indicated the possibility of debris flows from the
hypothetically burned watersheds.

Estimated probabilities for postwildfire debris flows in
the 170 subwatersheds range from less than 1 to 46 percent
in response to the 2-year storm, from 1 to 67 percent in
response to the 10-year storm, and from 1 to 72 percent in
response to the 25-year storm. Forty of the 170 subwatersheds
have a greater than 60-percent probability of producing a
debris flow in response to the 25-year storm. Subwatersheds
with the lowest postwildfire debris-flow probabilities tend
to have large areas of alpine and subalpine vegetation or
other areas with sparse forest cover that would be minimally
affected by wildfire. Subwatersheds with the highest debris-
flow probabilities tend to have steep slopes and heavy forest
cover. Postwildfire debris-flow probabilities for the 14
primary watersheds range from 4 to 42 percent in response
to the 2-year storm, from 8 to 64 percent in response to the
10-year storm, and from 10 to 70 percent in response to the
25-year storm.

Estimated volumes for postwildfire debris flows in the
170 subwatersheds range from less than 100 m? to greater
than 100,000 m? in response to the 2-year storm, the 10-year
storm, and the 25-year storm. Estimated debris-flow volumes
for each subwatershed increase as the storm recurrence
interval increases. Subwatersheds with the smallest estimated
postwildfire debris-flow volumes tend to have small drainage
areas, have a small percent area of steep hillslopes, and (or)
be located in alpine and subalpine zones. Subwatersheds with
the largest estimated debris-flow volumes are those with the
largest drainage areas. Estimated debris-flow volumes for the
14 primary watersheds range from about 11,000 to greater
than 100,000 m® in response to the 2-year storm, from about
14,000 to greater than 100,000 m? in response to the 10-year
storm, and from about 15,000 to greater than 100,000 m* in
response to the 25-year storm.

The subwatersheds associated with the greatest potential
postwildfire and postprecipitation debris-flow hazards are
those with a combination of a high probability of debris-
flow occurrence and a large estimated volume of debris-flow
material. The ten subwatersheds with the greatest combined
relative debris-flow hazard rankings are in the watersheds of
Cascade, South Ruxton, Ruxton, Gould, East Beaver, North
Cheyenne, and South Cheyenne Creeks.
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Introduction

One of the most devastating potential postwildfire hazards
is a debris flow (Cannon, 2001; Cannon and others, 1998).
Debris flows are fast-moving, high-density slurries of water,
sediment, and debris that can have enormous destructive power
(Costa and Jarrett, 1981; Hungr and others, 1984; Pierson and
Costa, 1987; Costa, 1988). Debris flows typically are triggered
by intense rainfall or rapid snowmelt on steep hillsides covered
with erodible material (Griffiths and others, 1996; Gartner and
others, 2008). Although debris flows are a common geomorphic
process in some unburned areas, a wildfire can transform
conditions in a watershed with no recent history of debris flows
into conditions that pose a substantial hazard to residents,
communities, infrastructure, aquatic habitats, and water supply.
Researchers have developed new techniques to estimate
potential postwildfire debris-flow hazards (Cannon and others,
2010). These techniques can be used in a prewildfire analysis
to estimate debris-flow hazards to life, property, infrastructure,
and water resources before wildfires occur (Stevens and others,
2008; Elliott and others, 2011).

Several watersheds located to the north, east, and south
of Pikes Peak are critical sources of municipal water for the
cities of Colorado Springs and Manitou Springs, Colo. (fig. 1).
Water collection systems located in these watersheds include
reservoirs, tunnels, and diversion intake structures (table 1),
which are all susceptible to damage or reduced operational
efficiency from accelerated erosion and sedimentation that can
occur following a wildfire.

Colorado experienced severe drought conditions in the
late 20th and early 21st centuries (Kuhn, 2005) which, when
combined with the accumulation of forest fuel, can lead to
increased wildfire activity. Widespread Colorado wildfires
in 2002 were associated with a prolonged period of below-
average spring and summer precipitation, high temperatures,
and low humidity (Pielke and others, 2005). In 2010, the
U.S. Geological Survey (USGS), in cooperation with the
City of Colorado Springs, Colorado Springs Utilities (CSU),
initiated a prewildfire study to determine the potential for
postwildfire debris flows in 14 primary watersheds and 170
selected subwatersheds located within the primary watersheds
with infrastructure of concern to CSU (table 1).

The objective of this study was to estimate the probability
of postwildfire debris flows and to estimate the approximate
volumes of debris flows that could be delivered from
watersheds upstream from critical CSU infrastructure in order to
provide a relative measure of which watersheds might constitute
the most serious postwildfire debris-flow hazards. Although the
location, percentage of burned area, severity of wildfire, and
storm intensity and duration after a wildfire cannot be known in
advance, hypothetical or design scenarios, such as those used
in this report, are useful planning tools for conceptualizing
potential postwildfire effects (Elliott and others, 2011). Flooding
and other fluvial erosion processes that could cause substantial
damage also can occur under postwildfire conditions, but were
beyond the scope of this study.

This report provides estimates of probabilities and
volumes of postwildfire debris-flows that could be produced
within a few years after an assumed moderate- to high-severity
wildfire. For each of the 14 primary watersheds (fig. 1) and
170 selected subwatersheds within these primary watersheds
(table 1), it was assumed that the hypothetical wildfire would
burn all forest- and shrub-covered areas. Using information
provided in this report, CSU water-resource managers can
plan prevention and mitigation strategies in advance of the
occurrence of wildfires. Also, in the event of a large wildfire,
this information will help managers identify the watersheds
and subwatersheds with the greatest postwildfire debris-flow
hazards (Ruddy and others, 2010).

Pikes Peak Study Area

The Pikes Peak study area encompasses 229 square
kilometers (km?) (88.4 square miles (mi?)) of rugged, mostly
National Forest land in Teller and El Paso Counties (fig. 1).
Elevation in the study area ranges from about 1,975 meters (m)
(6,480 feet (ft)) at the outflow of the South Cheyenne Creek
primary watershed (SCHOO, table 1) to 4,301 m (14,110 ft) at
the summit of Pikes Peak (U.S. Geological Survey, 2010). The
majority of the study area is above 2,290 m (7,500 ft) elevation,
except for small areas near the outflow of primary watersheds
Ruxton Creek (MANOO, table 1), North Cheyenne Creek
(NCHO0, table 1), and South Cheyenne Creek (SCHO0, table 1).
The majority of the study area is composed of granite of Middle
Proterozoic age with a few isolated areas of glacial drift of
Quaternary age (Green, 1992). The study area is forested below
an elevation of approximately 3,500 m (11,500 ft), and above
this elevation, it is vegetated by alpine tundra.

Mean annual precipitation (1971-2000) varies throughout
the study area and, when extrapolated to the area of the
primary watersheds, ranges from about 570 millimeters (mm)
(22.4 inches (in.)) in the South Catamount Creek watershed
(SCTO00, table 1) to 775 mm (30.5 in.) in the Mason Reservoir
portion of the Boehmer Creek watershed (MASOO, table 1)
(U.S. Geological Survey, 2010). Much of the precipitation
occurs in the summer as afternoon thunderstorms or as
winter snow.

Debris-Flow Regression Models

Equations developed by Cannon and others (2010) were
used to estimate the probability of debris-flow occurrence
and estimate the volumes of debris flows that might occur, if
fires of moderate to high severity consumed all forest- and
shrub-covered areas in the 14 primary watersheds (figure 1
and table 1) and in the 170 selected subwatersheds within
these larger primary watersheds. Primary watersheds and
subwatersheds hereinafter are referred to collectively as
watersheds. The probability and volume equations are based
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Figure 1. Shaded relief map of the Pikes Peak area showing topography, primary watersheds, and drainage networks.
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Table 1.

Infrastructure of concern to Colorado Springs Utilities and primary watersheds.

[D M S, degrees, minutes, seconds; km?, square kilometers; mi?, square miles; No., number]

Basin Basin Mean annual

Infrastructure Primary watershed Watershed - Latitude  Longitude area area precipitation

code (DMS) (DMS) : (1971-2000)

(km?) (mi?)
(mm)
North Slope Collection System
North Catamount Reservoir ~ North Catamount Creek watershed NCT00 385550 1050309 16.31 6.30 568.5
South Catamount Reservoir ~ South Catamount Creek watershed SCT00 385538 1050257 13.43 5.19 656.1
Crystal Creek Reservoir Crystal Creek watershed CRY00 385515 1050129 8.46 3.27 656.1
Cascade Creek Intake Cascade Creek watershed CAS30 385347 1045819 21.64 8.36 637.5
French Creek Intake French Creek watershed FRCOO 385301 1045745 25.66 9.91 683.5
South Slope Collection System
Mason Reservoir Boehmer Creek watershed MASO00 384648 1050046 15.96 6.16 774.2
McReynolds Reservoir Middle Beaver Creek watershed MCRO0O 384638 1050045 3.20 1.24 753.4
Lake Moraine Ruxton Creek watershed headwaters MORO0O0 3848 56 104 59 32 6.22 2.40 752.3
Big Tooth Reservoir South Ruxton Creek watershed BIGOO 384947 1045818 6.30 2.43 696.2
Manitou No. 1 Intake Ruxton Creek watershed MANOO 385110 1045613 42.65 16.47 694.7
Rosement Collection System
Platte Rogers Tunnel Intake ~ Gould Creek watershed PRTO0O 384401 1045937 7.54 291 688.3
Rosemont Reservoir East Beaver Creek watershed ROS00 384339 1045751 8.32 3.21 683.8
South Suburban Collection System

North Cheyenne Creek Intake North Cheyenne Creek watershed NCHO0 384730 1045302 27.36 10.56 653.0
South Cheyenne Creek Intake South Cheyenne Creek watershed SCHO0 384708 1045217 25.78 9.95 573.8

!Cascade Creek Intake was numbered subsequent to the assignment of watershed code CASO00 at a different location; hence the use of CAS30 for this

intake location.

?Lake Moraine and Big Tooth Reservoir are located within the greater Ruxton Creek watershed and upstream from the Manitou No. 1 Intake.

on results from extensive studies of postwildfire debris
flows that occurred in recently burned watersheds in the
intermountain western United States, including Colorado,
Utah, and California (Gartner and others, 2005; Gartner and
others, 2008). The debris-flow equations are applicable only
to areas where confined, channelized runoff is likely to occur
(Cannon and others, 2010). The method of applying these
equations to unburned watersheds to estimate the potential
debris-flow hazards resulting from hypothetical wildfires
was used by Elliott and others (2011) in the upper Blue River
watershed in Summit County, Colorado.

The 14 primary watersheds in this study range in
size from 3.20 to 42.65 km? (1.24 to 16.47 mi?), and the
170 subwatersheds range in size from 0.01 to 26.04 km?
(0.004 to 10.05 mi?) (table 2). The watersheds examined
by Cannon and others (2010) ranged in size from 0.01 to
103 km?; however, they found that postwildfire debris flows
were not observed in watersheds with contributing drainage
areas greater than approximately 30 km? The 14 primary
watersheds include the combined areas of multiple modeled
subwatersheds within them as well as other areas within the
primary watershed, such as large, laterally planar hillslopes,
that were not modeled as a single landform. One primary
watershed, Ruxton Creek (MANOO) has a drainage area that
is greater than the maximum drainage area (30 km?) that
produced a debris flow in Cannon and others (2010) because
it includes the areas upstream from Lake Moraine (MORO00)
and Big Tooth Reservoir (BIG00) (figure 1). Although
greater in area than that observed by Cannon and others
(2010), MANOO is included in this analysis for the purpose
of comparison.

Debris-Flow Probability

The regression equation of debris-flow probability is based
on empirical data described by Cannon and others (2010, their
model A). The equation is

P=e/1+ ¢, 1)
where,
P is the probability of debris-flow occurrence in
fractional form,
and

x =-0.7 + 0.03(%SG30) — 1.6(R) + 0.06(%AB) 2)
+0.07() + 0.2(%C) — 0.4(LL),
where,
%SG30 is the percentage of the watershed area with slopes
equal to or greater than 30 percent;

R is watershed ruggedness, calculated as the change
in watershed elevation (in meters) divided by
the square root of the watershed area (in meters)
(Melton, 1965);

is the percentage of watershed area burned at
moderate to high severity;
I is average storm intensity (in millimeters per hour);

%C s the clay content of the soil (in percent);

LL  is the liquid limit of the soil (percentage of soil
moisture by weight), which is the water content
at which a soil changes from a plastic to a liquid
state (Das, 1983).



The debris-flow probability model of Cannon and others
(2010) was developed using multiple logistic regression
(Hosmer and Lemeshow, 2000) of data from postwildfire debris
flows collected throughout the intermountain west. Logistic
regression calculates McFadden’s rho-squared, which is similar
to the coefficient of determination, or r-squared (%), of linear
regression (SPSS, Inc., 2000), but rho-squared tends to be
smaller than r-squared and also ranges from 0 to 1.0. Values
of rho-squared between 0.20 and 0.40 indicate significant
correlation (SPSS, Inc., 2000). McFadden’s rho-squared
calculated for this debris-flow probability model (Cannon and
others, 2010, their model A) is 0.35.

Cannon and others (2010) evaluated the sensitivity of their
model as the number of watersheds known to have produced
debris flows to the number of watersheds predicted by the
model to have a probability of occurrence greater than 50
percent. The sensitivity of their model A, used in this report,
was 44 percent (Cannon and others, 2010, their table 2).

Debris-Flow Volume

The multivariate regression equation for debris-flow
volume developed by Cannon and others (2010, their
equation 2) was used to estimate a mean volume of debris-
flow material deposited at the outlet of a recently burned
watershed in the upper Blue River watershed (Elliott and
others, 2011), and was used in this study. The equation is

In V=12 +0.6(In SG30) + 0.7(AB)*>+ 0.2(T)°> + 0.3,  (3)

where,
In is the natural logarithm;
V' is the debris-flow volume (including water,
sediment, and debris) in cubic meters;
is the area of watershed with slopes equal to or
greater than 30 percent (in square kilometers);
is the watershed area burned at moderate to high
severity (in square kilometers);
T is the total storm rainfall (in millimeters);

SG30

AB

and
0.3 is a bias correction that changes the predicted

estimate from a median to a mean value (Helsel
and Hirsch, 2002).

The debris-flow volume equation has an 1> of 0.83 and a
standard error of 0.90. In model validation, the volume equation
predicted 87 percent of the debris-flow volumes within the
95-percent prediction interval; all reported volumes were within
one order of magnitude of predicted volumes (Cannon and
others, 2010).

Input Data for Debris-Flow Models
and Assumptions

Input data for postwildfire debris-flow probability
and volume estimates in the Pikes Peak area were
obtained from a variety of sources. The primary input
variables of the debris-flow models used in this study,

Debris-Flow Regression Models 5

developed by Cannon and others (2010), are the extent of
the burned area, rainfall volumes and intensity, and soil and
topographic characteristics.

Forested area was used as a surrogate for the extent of
burned area, and it was assumed that all of the forest and
shrub cover, which was defined from the 1992 Enhanced
National Land Cover Database (Nakagaki and others, 2007),
would burn at moderate- to high-burn severity. Although
this assumption may characterize only extensive and severe
wildfires, it provides a consistent basis for comparison
of debris-flow hazards among watersheds in the Pikes
Peak area as well as providing a worst-case scenario for
debris-flow prediction.

High-burn severity is defined by Lindsey (2002) as the
complete consumption of the forest litter and duff and the
combustion of all fine fuels in the canopy. A deep ash layer
may be present on the forest floor in areas of high-burn
severity, and the top layer of the mineral soil may be changed
in color due to substantial soil heating where large-diameter
fuels were consumed. Moderate-burn severity is defined as the
consumption of forest litter and duff in discontinuous patches.
Leaves or needles, although scorched, may remain on trees.
Foliage and twigs on the forest floor are consumed, and some
heating of the mineral soils may occur if the soil organic layer
is thin.

Rainfall, in terms of both storm recurrence and
precipitation duration, is an essential element in the genera-
tion of postwildfire debris flows. The debris flows studied
by Cannon and others (2010) to develop equations 1 and 2
were generated by short-duration (up to 1-hour) convective
rainstorms with recurrence intervals ranging from less
than 2 years to as many as 10 years. Another researcher
noted that the 25-year recurrence rainfall might be more
representative of storms that generate other debris flows
because a more frequently occurring storm might deliver too
little rainfall runoff to sustain a debris flow, whereas a less
frequently occurring storm might deliver too much rainfall
runoff, creating a sediment-laden water flood rather than
a debris flow (J.S. O’Brien, FLO Engineering, Inc., oral
commun., 2002).

Postwildfire studies of the 2002 Hayman, Coal Seam,
and Missionary Ridge burned areas estimated that burned
watersheds were the most vulnerable to extensive erosion
and potential debris flows for a 4- to 6-year period following
those wildfires (Elliott and others, 2005), whereas Cannon
and others (2010) found that most postwildfire debris-flow
activity occurred within about 2 years after the wildfire.
Therefore, a 2-year recurrence rainfall is likely to occur
while the burned area is most vulnerable to erosion, but
such a storm might not represent a worst-case scenario.

To represent weather conditions that might result in more
severe postwildfire erosion, debris-flow probabilities and
volumes in response to the 10-year and 25-year recurrence
rainfall events also were simulated for the Pikes Peak

area watersheds.
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Table 2. Debris-flow model input variables and estimated debris-flow probabilities and volumes for primary watersheds and
subwatersheds.

[D M S, degrees, minutes, seconds; RI, recurrence interval: km?, square kilometer; m/m, meter per meter; m?, cubic meter; mm, millimeter; na, not applicable;
<, less than; >, greater than]

Input
;:::Z:?:ew?:h Area with Percentage Area of
Watershed . . Watershed slopes greater of watershed medium and  Soil clay Soil
Latitude Longitude slopes greater Ruggedness . i R L
code area than or equal with mediumand  highburn  content liquid limit
(DMS) (DMS) than or equal (m/m) . . .
(km?) to 30 percent high burn severity ~ severity  (percent) (percent)
to 30 percent (km?) (percent) (km?)
(percent)
North Catamount Reservoir Watershed (Primary Watershed Code NCT00).

2-year R, 1-hour rainfall = 19 mm. 10-year Rl, 1-hour rainfall = 30 mm. 25-year Rl, 1-hour rainfall = 38 mm.
NCTO00 385550 1050309 16.31 5.8 0.94 0.17 92.8 15.13 8.4 23.6
NCTO1 385551 1050350 0.36 0.1 0.00 0.13 97.2 0.35 8.4 23.6
NCTO02 385533 10504 21 0.29 0.5 0.00 0.14 100.0 0.29 8.4 23.6
NCTO03 385514 10504 50 0.32 0.1 0.00 0.16 99.7 0.32 8.4 23.6
NCT04 385503 10504 46 0.52 0.1 0.00 0.19 100.0 0.52 8.4 23.6
NCTO05 385456 1050522 0.78 0.2 0.00 0.17 100.0 0.78 8.4 23.6
NCTO06 385458 1050530 0.37 0.1 0.00 0.15 100.0 0.37 8.4 23.6
NCTO07 385446 1050560 1.59 0.8 0.01 0.27 99.9 1.59 8.4 23.5
NCTO08 385442 10506 03 1.08 32 0.03 0.35 99.8 1.08 8.4 23.6
NCT09 385421 1050607 3.49 9.0 0.32 0.24 99.8 3.48 8.4 23.6
NCT10 385418 1050605 1.55 19.4 0.30 0.49 98.5 1.53 8.4 23.6
NCT11 385418 1050605 1.11 19.3 0.22 0.41 99.3 1.10 8.4 23.6
NCTI12 385407 1050624 2.48 12.2 0.30 0.27 99.7 2.47 8.4 23.6
NCT13 385407 1050624 0.78 1.6 0.01 0.26 100.0 0.78 8.4 23.6
NCT30 385455 1050518 0.20 1.3 0.00 0.25 100.0 0.20 8.4 23.6

South Catamount Reservoir Watershed (Primary Watershed Code SCT00).

2-year R, 1-hour rainfall = 22 mm. 10-year Rl, 1-hour rainfall = 34 mm. 25-year RI, 1-hour rainfall = 39 mm.
SCT00 385538 1050257 13.43 8.7 1.17 0.32 82.3 11.05 10.0 24.8
SCTO1 385508 1050322 1.34 2.0 0.03 0.20 99.2 1.33 8.4 23.6
SCT02 385509 1050345 0.49 3.1 0.02 0.32 99.9 0.49 8.4 23.6
SCTO03 385507 1050350 10.74 10.5 1.12 0.36 79.6 8.54 10.4 25.1
SCT04 385425 1050441 3.59 16.6 0.60 0.57 60.5 2.17 11.1 25.7
SCTO05 385346 1050432 2.44 23.4 0.57 0.62 42.1 1.03 12.3 26.6
SCTO06 385416 1050455 2.78 13.5 0.38 0.54 91.0 2.53 9.8 24.7
SCTO07 385344 1050509 1.72 21.7 0.37 0.61 85.5 1.47 10.6 25.3
SCT30 385508 10503 46 10.77 10.4 1.12 0.36 79.7 8.58 10.4 25.1

Crysyal Creek Reservoir Watershed (Primary Watershed Code CRY00).

2-year R, 1-hour rainfall = 24 mm. 10-year R, 1-hour rainfall = 37 mm. 25-year R, 1-hour rainfall = 44 mm.
CRY00 385515 1050129 8.46 6.9 0.59 0.27 96.1 8.12 8.7 23.8
CRYO01 385432 1050243 0.64 7.0 0.04 0.32 99.8 0.64 8.4 23.6
CRY02 385417 1050247 5.00 10.2 0.51 0.34 96.7 4.83 8.9 24.0
CRYO03 385411 1050245 0.01 0.0 0.00 0.54 100.0 0.01 8.4 23.6
CRY04 385318 1050230 0.61 12.0 0.07 0.45 98.8 0.60 8.4 23.6
CRYO05 385319 1050230 1.20 12.6 0.15 0.49 89.5 1.07 10.2 25.0
CRY30 385433 1050242 6.25 9.1 0.57 0.31 97.3 6.08 8.8 23.9

Cascade Creek Watershed (Primary Watershed Code CAS30).

2-year R, 1-hour rainfall = 26 mm. 10-year Rl, 1-hour rainfall = 38 mm. 25-year Rl, 1-hour rainfall = 44 mm.
CAS30 385347 1045819 21.64 13.8 2.99 0.37 95.2 20.60 8.9 24.0
CASO00 385349 1045911 20.10 11.0 2.21 0.32 94.9 19.08 8.9 24.0
CASO01 385346 104 59 08 0.01 24.6 0.00 1.49 100.0 0.01 8.4 23.6
CASO02 385351 1045915 9.04 13.6 1.23 0.47 89.7 8.11 9.5 24.4
CASO03 385344 1045941 1.01 15.6 0.16 0.28 99.6 1.01 8.4 23.6
CAS04 385401 1045926 10.83 8.1 0.88 0.21 99.1 10.74 8.4 23.6
CASO05 385401 1045949 4.97 6.3 0.31 0.26 99.2 4.93 8.4 23.6
CAS06 385321 1050005 1.50 4.7 0.07 0.44 99.7 1.49 8.4 23.6
CAS07 385322 10500 06 5.61 15.3 0.86 0.56 83.6 4.69 10.1 249
CASO08 385350 10500 14 1.05 53 0.06 0.39 98.5 1.04 8.4 23.6
CAS09 385329 1050034 0.82 4.6 0.04 0.44 99.6 0.82 8.4 23.6
CAS10 385320 1050048 2.18 16.9 0.37 0.38 98.9 2.16 8.4 23.6
CAS11 385312 10501 23 0.24 259 0.06 0.84 99.6 0.24 8.4 23.6
CAS12 385313 10501 33 1.24 23.0 0.29 0.45 98.5 1.22 8.4 23.6
CAS13 385412 1050047 2.68 6.0 0.16 0.31 99.8 2.68 8.4 23.6
CAS14 385413 10500 46 1.39 2.0 0.03 0.18 99.6 1.39 8.4 23.6
CASI15 385416 10500 60 0.57 5.6 0.03 0.42 99.8 0.57 8.4 23.6
CAS16 385235 1050222 2.53 16.3 0.41 0.55 66.1 1.67 12.2 26.5

CAS31 385350 1050012 1.05 5.3 0.06 0.39 98.5 1.04 8.4 23.6



Table 2.

Debris-Flow Regression Models

Debris-flow model input variables and estimated debris-flow probabilities and volumes for primary watersheds and
subwatersheds.—Continued

[DMS, degrees, minutes, seconds; RI, recurrence interval: km?, square kilometer; m/m, meter per meter; m?, cubic meter; mm, millimeter; na, not applicable;

<, less than; >, greater than]
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Output
2-year R, 2-year R, 10-year R, 10-year R, 25-year RI, 25-year RI, 25-year RI, 25-vear Rl 25-year RI,
Watershed 1-hour rainfall 1-hour rainfall 1-hour rainfall 1-hour rainfall 1-hour rainfall 1-hour rainfall 1-hour rainfall year s, 1-hour rainfall
. . - . . . . 1-hour rainfall .
code debris-flow  debris-flow  debris-flow  debris-flow  debris-flow  debris-flow  debris-flow . combined
L i~ - - debris-flow .
probability volume probability volume probability volume probability | ank debris-flow
(percent) (m?) (percent) (m?) (percent) (m?) rank volume ran hazard rank
North Catamount Reservoir Watershed (Primary Watershed Code NCT00).
2-year R, 1-hour rainfall = 19 mm. 10-year Rl, 1-hour rainfall = 30 mm. 25-year R, 1-hour rainfall = 38 mm.
NCTO00 16 63,000 29 79,000 42 91,000 na na na
NCTO1 18 <100 32 <100 46 <100 118 167 160
NCTO02 21 100 36 200 50 200 98 162 146
NCTO03 20 <100 35 <100 48 <100 105 168 156
NCT04 19 <100 34 100 47 100 111 164 158
NCTO05 20 200 35 200 48 200 103 157 145
NCTO06 20 <100 36 <100 49 <100 99 166 151
NCTO07 18 800 32 1,000 45 1,100 119 141 143
NCTO8 17 1,200 30 1,500 43 1,700 131 131 149
NCT09 22 8,000 38 10,000 52 11,000 87 35 49
NCT10 19 5,000 34 6,200 48 7,200 108 55 78
NCT11 22 3,600 38 4,500 52 5,100 86 69 69
NCT12 23 6,300 39 7,900 53 9,100 79 47 53
NCT13 18 600 33 700 46 800 117 148 150
NCT30 18 200 33 200 46 200 116 158 157
South Catamount Reservoir Watershed (Primary Watershed Code SCT00).
2-year R, 1-hour rainfall = 22 mm. 10-year Rl, 1-hour rainfall = 34 mm. 25-year RI, 1-hour rainfall = 39 mm.
SCTO00 8 52,000 17 65,000 23 71,000 na na na
SCTO1 23 1,200 41 1,500 49 1,600 100 133 132
SCT02 21 600 38 800 46 800 114 146 144
SCTO03 7 38,000 15 48,000 19 52,000 155 8 77
SCT04 2 9,500 4 12,000 6 13,000 167 33 113
SCTO05 1 6,700 1 8,500 2 9,200 169 46 123
SCT06 11 7,800 23 9,800 29 11,000 144 40 98
SCT07 9 6,000 18 7,500 24 8,100 151 50 114
SCT30 7 39,000 15 48,000 19 53,000 154 7 75
Crysyal Creek Reservoir Watershed (Primary Watershed Code CRY00).
2-year RI, 1-hour rainfall = 24 mm. 10-year RI, 1-hour rainfall = 37 mm. 25-year R, 1-hour rainfall = 44 mm.
CRY00 22 26,000 41 33,000 53 36,000 na na na
CRYO01 25 1,300 45 1,700 58 1,800 58 127 101
CRY02 22 15,000 41 19,000 53 21,000 78 23 30
CRYO03 16 <100 32 <100 44 <100 126 170 167
CRY04 23 1,700 43 2,200 55 2,400 70 113 97
CRYO05 12 3,200 25 4,100 35 4,500 137 74 122
CRY30 23 19,000 43 24,000 55 27,000 69 19 24
Cascade Creek Watershed (Primary Watershed Code CAS30).
2-year R, 1-hour rainfall = 26 mm. 10-year RI, 1-hour rainfall = 38 mm. 25-year Rl, 1-hour rainfall = 44 mm.
CAS30 24 >100,000 42 >100,000 53 >100,000 na na na
CASO00 24 >100,000 42 >100,000 52 >100,000 85 2 21
CASO1 9 100 19 100 27 200 146 163 170
CASO02 15 42,000 29 52,000 39 57,000 134 6 59
CAS03 34 3,300 55 4,100 65 4,500 19 73 27
CAS04 31 46,000 51 57,000 62 63,000 32 4 4
CASO05 29 12,000 48 15,000 58 16,000 53 25 18
CAS06 23 2,400 41 3,000 51 3,300 95 95 105
CAS07 9 21,000 20 26,000 27 28,000 145 17 76
CASO08 23 1,800 41 2,200 51 2,500 92 112 116
CAS09 23 1,300 41 1,600 51 1,800 94 130 129
CAS10 31 7,700 51 9,500 61 10,000 35 41 16
CASI1 23 1,300 40 1,700 51 1,800 96 129 130
CAS12 32 5,100 52 6,300 62 7,000 30 57 22
CAS13 28 5,300 47 6,500 57 7,200 60 54 44
CAS14 29 1,300 49 1,700 59 1,800 47 128 91
CAS15 24 1,100 42 1,300 53 1,500 80 136 125
CAS16 3 7,300 7 9,000 10 9,900 162 43 118
CAS31 23 1,800 41 2,200 51 2,500 91 111 115
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Table 2. Debris-flow model input variables and estimated debris-flow probabilities and volumes for primary watersheds and
subwatersheds.—Continued

[D M S, degrees, minutes, seconds; RI, recurrence interval: km?, square kilometer; m/m, meter per meter; m?, cubic meter; mm, millimeter; na, not applicable;
<, less than; >, greater than]

Input

;:::Z:?:ew?:h Area with Percentage Area of

Watershed . . Watershed slopes greater of watershed medium and Soil clay Soil
Latitude Longitude slopes greater Ruggedness . i R L
code area than or equal with mediumand  highburn  content liquid limit
(DMS) (DMS) than or equal (m/m) . . .
(km?) to 30 percent high burn severity ~ severity  (percent) (percent)
to 30 percent (km?) (percent) (km?)
(percent)
French Creek Watershed (Primary Watershed Code FRC00).

2-year R, 1-hour rainfall = 29 mm. 10-year Rl, 1-hour rainfall = 39 mm. 25-year RI, 1-hour rainfall = 45 mm.
FRCO00 385301 1045745 25.66 25.1 6.45 0.41 79.5 20.40 9.8 24.6
FRCO1 385251 1045747 0.51 46.2 0.24 0.70 100.0 0.51 8.4 23.6
FRCO02 385239 10458 41 0.28 17.3 0.05 0.38 100.0 0.28 8.4 23.6
FRCO03 385234 104 58 56 1.61 13.8 0.22 0.37 99.6 1.60 8.4 23.6
FRCO04 385238 1045905 0.40 32 0.01 0.28 100.0 0.40 8.4 23.6
FRCO05 385237 1045931 0.03 7.6 0.00 0.71 94.9 0.03 8.4 23.6
FRCO06 385115 1050009 0.57 8.8 0.05 0.77 100.0 0.57 11.6 26.0
FRCO7 385116 1050033 5.32 40.9 2.18 0.54 44.0 2.34 11.8 26.3
FRCO08 385215 1050107 5.32 36.6 1.95 0.53 59.5 3.17 11.0 25.6
FRC09 385228 1045820 1.31 4.9 0.06 0.43 99.3 1.30 8.4 23.6
FRC10 385212 1045813 0.71 8.8 0.06 0.33 100.0 0.71 8.4 23.6
FRC11 385202 1045825 1.55 11.6 0.18 0.40 99.5 1.54 8.4 23.6
FRC12 385201 1045825 8.06 31.7 2.56 0.59 62.9 5.07 10.9 25.5
FRC13 385227 1050001 6.36 333 2.12 0.53 65.9 4.19 10.6 253

Mason Reservoir (Middle Beaver Creek) Watershed (Primary Watershed Code MAS00).

2-year R, 1-hour rainfall = 30 mm. 10-year R, 1-hour rainfall = 42 mm. 25-year R, 1-hour rainfall = 44 mm.
MAS00 384648 1050046 15.96 4.5 0.71 0.24 62.2 9.92 11.6 26.0
MASO1 384716 1050048 0.51 2.6 0.01 0.30 95.8 0.49 8.4 23.6
MAS02 384735 1050123 1.75 2.2 0.04 0.37 80.8 1.41 9.8 24.7
MASO03 384738 10501 42 2.49 1.7 0.04 0.26 84.0 2.09 12.6 26.9
MASO04 3848 13 10502 06 1.64 5.2 0.08 0.28 60.1 0.99 12.8 27.0
MASO05 384838 1050233 2.74 33 0.09 0.51 31.7 0.87 12.8 27.0
MAS30 384732 1050122 0.08 7.0 0.01 0.62 100.0 0.08 9.0 24.1

McReynolds Reservoir (Middle Beaver Creek) Watershed (Primary Watershed Code MCR00).

2-year Rl, 1-hour rainfall = 30 mm. 10-year RI, 1-hour rainfall = 42 mm. 25-year Rl, 1-hour rainfall = 46 mm.
MCROO 384638 1050045 3.20 19.8 0.63 0.22 64.7 2.07 8.4 23.6
MCRO1 384633 10500 14 0.45 32.4 0.15 0.65 68.1 0.31 8.4 23.6
MCR30 384627 1050021 0.14 2.4 0.00 0.38 85.6 0.12 8.4 23.6
MCR31 384658 1050007 0.49 19.8 0.10 0.63 55.1 0.27 8.4 23.6

'Lake Moraine (Ruxton Creek) Watershed (Primary Watershed Code MORQ0).

2-year RI, 1-hour rainfall = 29 mm. 10-year R, 1-hour rainfall = 42 mm. 25-year R, 1-hour rainfall = 46 mm.
MORO0O 384856 10459 32 6.22 17.4 1.08 0.28 86.2 5.36 8.8 23.9
MORO1 384833 10500 00 4.55 20.6 0.94 0.33 89.3 4.07 8.7 23.8
MORO02 384823 10500 11 0.98 19.2 0.19 0.55 92.6 0.90 9.0 24.1
MORO03 384848 1045947 0.73 2.7 0.02 0.77 89.0 0.65 9.4 24.4
MOR30 384803 1050027 0.76 20.5 0.16 0.41 98.0 0.75 8.4 23.6

'Big Tooth Reservoir (South Ruxton Creek) Watershed (Primary Watershed Code BIGO00).

2-year R, 1-hour rainfall = 29 mm. 10-year Rl, 1-hour rainfall = 42 mm. 25-year Rl, 1-hour rainfall = 46 mm.
BIG00 384947 1045818 6.30 15.6 0.98 0.36 85.1 5.36 8.4 23.6
BIGO1 384938 1045811 0.49 5.9 0.03 0.57 97.7 0.48 8.4 23.6
BIG02 384938 1045812 2.08 16.1 0.33 0.33 99.9 2.08 8.4 23.6
BIGO03 384935 1045823 6.06 16.2 0.98 0.37 84.9 5.14 8.4 23.6
BIG04 384923 1045822 0.62 26.6 0.16 0.55 100.0 0.62 8.4 23.6
BIG05 384842 104 58 47 1.21 9.9 0.12 0.50 93.4 1.13 8.4 23.6
BIG06 384841 104 58 47 2.66 21.6 0.57 0.47 69.7 1.86 8.4 23.6

“Manitou No. 1 Intake (Ruxton Creek) Watershed (Primary Watershed Code MANOO).

2-year R, 1-hour rainfall = 29 mm. 10-year Rl, 1-hour rainfall = 42 mm. 25-year Rl, 1-hour rainfall = 46 mm.
MANOO 385110 1045613 42.65 20.4 8.70 0.34 85.3 36.38 9.7 24.5
MANOI 385101 1045632 0.94 40.8 0.38 1.00 99.0 0.93 8.8 23.8
MANO2 385105 1045638 0.24 28.9 0.07 1.10 99.0 0.24 20.8 30.8
MANO3 385106 1045655 1.48 19.3 0.28 0.43 100.0 1.48 10.5 24.8
MANO4 385058 1045709 1.15 57.9 0.67 0.78 95.2 1.09 8.4 23.6
MANOS 385057 1045726 0.49 28.9 0.14 0.72 96.2 0.47 8.4 23.6
MANO6 385054 1045743 0.30 20.4 0.06 0.54 98.6 0.29 8.4 23.6

MANO7 385047 1045810 5.08 12.6 0.64 0.73 72.8 3.70 10.6 253



Table 2.

Debris-Flow Regression Models

Debris-flow model input variables and estimated debris-flow probabilities and volumes for primary watersheds and
subwatersheds.—Continued

[DMS, degrees, minutes, seconds; RI, recurrence interval: km?, square kilometer; m/m, meter per meter; m?, cubic meter; mm, millimeter; na, not applicable;

<, less than; >, greater than]

9

Output
2-year RI, 2-year Rl, 10-year R, 10-year R, 25-year RI, 25-year RI, 25-year RI, 25-vear Rl 25-year RI,
Watershed 1-hour rainfall 1-hour rainfall 1-hour rainfall 1-hour rainfall 1-hour rainfall 1-hour rainfall 1-hour rainfall ¥ L 1-hour rainfall
. . . . . . . 1-hour rainfall .
code debris-flow  debris-flow  debris-flow  debris-flow  debris-flow  debris-flow  debris-flow . combined
- L e - debris-flow .
probability volume probability volume probability volume probability volume rank debris-flow
(percent) (m?) (percent) (m®) (percent) (m?) rank hazard rank
French Creek Watershed (Primary Watershed Code FRCO0).
2-year R, 1-hour rainfall = 29 mm. 10-year RI, 1-hour rainfall = 39 mm. 25-year Rl, 1-hour rainfall = 45 mm.
FRCO00 15 >100,000 27 >100,000 36 >100,000 na na na
FRCO1 46 3,700 63 4,400 72 4,800 3 71 13
FRCO02 37 1,300 55 1,500 65 1,600 20 132 66
FRCO3 35 5,200 52 6,200 62 6,800 31 58 26
FRC04 31 600 48 700 58 800 55 151 120
FRCO05 16 100 28 200 37 200 136 161 168
FRCO06 15 1,500 26 1,800 35 1,900 138 124 148
FRCO07 2 25,000 4 29,000 6 32,000 166 13 93
FRCO08 5 28,000 10 33,000 15 36,000 159 11 85
FRCO09 27 2,300 42 2,700 53 3,000 81 101 96
FRC10 33 1,800 50 2,200 61 2,400 39 114 67
FRCI11 32 4,500 49 5,400 59 5,900 50 63 41
FRC12 5 45,000 10 54,000 14 59,000 160 5 79
FRCI13 7 35,000 13 41,000 19 45,000 156 9 80
Mason Reservoir (Middle Beaver Creek) Watershed (Primary Watershed Code MAS00).
2-year R, 1-hour rainfall = 30 mm. 10-year R, 1-hour rainfall = 42 mm. 25-year R, 1-hour rainfall = 44 mm.
MASO00 4 40,000 8 49,000 10 51,000 na na na
MASO1 27 700 46 800 49 800 101 147 139
MASO02 10 1,800 21 2,200 23 2,200 152 116 153
MASO03 11 2,200 21 2,700 24 2,800 148 104 141
MASO04 3 2,500 6 3,000 7 3,100 164 97 147
MASO05 <1 2,500 1 3,000 1 3,100 170 98 152
MAS30 23 300 41 400 44 400 125 153 159
McReynolds Reservoir (Middle Beaver Creek) Watershed (Primary Watershed Code MCR00).
2-year RI, 1-hour rainfall = 30 mm. 10-year RI, 1-hour rainfall = 42 mm. 25-year R, 1-hour rainfall = 46 mm.
MCRO0 10 11,000 20 14,000 25 15,000 na na na
MCRO1 9 2,500 18 3,100 23 3,300 153 94 138
MCR30 15 200 29 300 35 300 140 155 166
MCR31 3 1,900 7 2,400 9 2,500 163 110 154
'Lake Moraine (Ruxton Creek) Watershed (Primary Watershed Code MORO0O).
2-year R, 1-hour rainfall = 29 mm. 10-year R, 1-hour rainfall = 42 mm. 25-year R, 1-hour rainfall = 46 mm.
MORO00 23 28,000 42 35,000 49 37,000 na na na
MORO1 27 21,000 48 26,000 54 28,000 71 18 25
MORO02 22 3,800 42 4,700 49 5,000 102 70 89
MORO03 9 900 19 1,100 24 1,200 149 140 163
MOR30 36 3,200 58 4,000 65 4,200 21 77 29
'Big Tooth Reservoir (South Ruxton Creek) Watershed (Primary Watershed Code BIG0O0).
2-year R, 1-hour rainfall = 29 mm. 10-year RI, 1-hour rainfall = 42 mm. 25-year R, 1-hour rainfall = 46 mm.
BIG00 19 27,000 37 33,000 44 35,000 na na na
BIGO1 21 1,000 40 1,300 47 1,400 112 137 140
BIG02 38 7,500 61 9,400 67 10,000 14 42 8
BIGO03 19 26,000 37 32,000 44 34,000 129 12 60
BIG04 37 3,100 60 3,900 66 4,100 18 83 31
BIG05 21 3,100 40 3,900 47 4,100 113 82 109
BIG06 9 9,900 19 12,000 24 13,000 150 32 95
?Manitou No. 1 Intake (Ruxton Creek) Watershed (Primary Watershed Code MANOO).
2-year R, 1-hour rainfall = 29 mm. 10-year RI, 1-hour rainfall = 42 mm. 25-year R, 1-hour rainfall = 46 mm.
MANO0O 20 >100,000 39 >100,000 46 >100,000 na na na
MANO1 29 5,900 51 7,300 58 7,700 56 51 36
MANO02 14 1,500 29 1,900 35 2,000 139 121 142
MANO3 35 5,800 57 7,300 64 7,700 23 52 15
MANO04 44 8,600 67 11,000 72 11,000 2 36 6
MANOS5 28 2,600 49 3,300 56 3,500 65 89 68
MANO06 32 1,400 54 1,800 61 1,900 40 125 82
MANO07 4 16,000 10 19,000 13 21,000 161 24 100
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Table 2. Debris-flow model input variables and estimated debris-flow probabilities and volumes for primary watersheds and
subwatersheds.—Continued

[D M S, degrees, minutes, seconds; RI, recurrence interval: km?, square kilometer; m/m, meter per meter; m?, cubic meter; mm, millimeter; na, not applicable;
<, less than; >, greater than]

Input

V\ll’:tfrzilllt:::v?tfh Area with Percentage Area of

Watershed . . Watershed slopes greater of watershed medium and  Soil clay Soil
Latitude Longitude slopes greater Ruggedness . L R L
code area than or equal with mediumand  highburn  content liquid limit
(DMS) (DMS) than or equal (m/m) . . .
(km?) to 30 percent high burn severity severity (percent) (percent)
to 30 percent (km?) (percent) (km?)
(percent) P
“Manitou No. 1 Intake (Ruxton Creek) Watershed (Primary Watershed Code MANOO).
2-year R, 1-hour rainfall = 29 mm. 10-year R, 1-hour rainfall = 42 mm. 25-year R, 1-hour rainfall = 46 mm.—Continued
MANO8 385057 1045830 0.24 6.4 0.02 0.36 100.0 0.24 8.4 23.6
MANO09 385048 10459 00 1.09 3.2 0.03 0.28 99.8 1.09 8.5 23.7
MANI10 385048 10459 00 3.02 15.2 0.46 0.83 54.5 1.65 12.1 26.4
MANI1I 385035 1045820 26.04 15.0 3.92 0.22 89.4 23.28 9.0 24.1
MANI12 385008 1045806 0.65 25.5 0.17 0.62 98.9 0.65 8.4 23.6
MANI13 385028 1045822 15.50 13.7 2.13 0.28 88.6 13.73 9.4 24.4
MAN14 385033 10458 26 4.57 22.7 1.04 0.72 57.9 2.65 11.4 25.9
MANI15 385010 1045840 3.29 16.0 0.53 0.57 87.0 2.86 10.7 25.4
MANI16 384935 1045856 0.74 2.8 0.02 0.36 98.8 0.73 8.4 23.6
MANI17 384935 1045901 343 11.1 0.38 0.51 87.1 2.98 10.0 24.8
MANIS8 384934 1045901 6.69 16.5 1.10 0.36 86.7 5.81 8.7 23.9
Platte Rogers Tunnel Intake (Gould Creek) Watershed (Primary Watershed Code PRTO0).

2-year R, 1-hour rainfall = 30 mm. 10-year RI, 1-hour rainfall = 42 mm. 25-year Rl, 1-hour rainfall = 46 mm.
PRT00 384401 1045937 7.54 9.2 0.69 0.24 99.0 7.46 12.5 25.2
PRTO1 384405 10459 33 2.65 7.7 0.20 0.30 99.5 2.63 13.3 25.5
PRTO02 384404 1045927 0.67 3.1 0.02 0.30 99.5 0.66 21.0 28.4
PRTO3 384417 1045947 0.85 9.8 0.08 0.41 100.0 0.85 11.9 249
PRT04 384417 1045947 1.37 5.9 0.08 0.38 99.0 1.36 11.8 249
PRTOS5 384450 1045936 0.26 1.0 0.00 0.40 100.0 0.26 8.4 23.6
PRTO06 384414 1045908 1.01 9.8 0.10 0.44 99.4 1.01 12.3 25.1
PRTO7 384436 104 58 37 0.13 21.9 0.03 0.86 100.0 0.13 8.4 23.6
PRT08 384436 10458 36 1.84 5.1 0.09 0.37 97.3 1.79 8.4 23.6

Rosement Reservoir (East Beaver Creek) Watershed (Primary Watershed Code ROS00).

2-year R, 1-hour rainfall = 29 mm. 10-year Rl, 1-hour rainfall = 42 mm. 25-year Rl, 1-hour rainfall = 46 mm.
ROS00 384339 1045751 8.25 9.4 0.77 0.25 97.8 8.07 15.3 26.2
ROSO01 384337 1045720 0.36 5.5 0.02 0.38 98.3 0.35 21.0 28.4
ROS02 384405 1045730 0.38 32.1 0.12 0.76 99.3 0.38 18.1 27.3
ROS03 384405 1045731 0.23 9.9 0.02 0.72 100.0 0.23 21.0 28.4
ROS04 384405 1045719 0.21 2.0 0.00 0.90 94.3 0.20 20.2 28.1
ROSO05 384405 1045718 5.60 9.7 0.54 0.29 98.5 5.51 12.8 253
ROS06 384402 1045715 0.04 5.8 0.00 0.52 100.0 0.04 21.0 28.4
ROS07 384428 10457 14 0.64 12.9 0.08 0.65 94.6 0.60 15.2 26.2
ROS08 384430 1045723 4.08 9.1 0.37 0.32 99.1 4.05 11.1 24.6
ROS09 384534 104 57 37 1.17 10.3 0.12 0.48 97.4 1.14 8.4 23.6
ROS10 384537 1045748 0.04 0.0 0.00 0.63 100.0 0.04 8.4 23.6
ROS30 384403 1045715 0.23 1.9 0.00 0.33 100.0 0.23 21.0 28.4
ROS31 384447 104 5730 0.27 24.2 0.06 0.66 100.0 0.27 15.8 26.4
ROS32 384458 104 57 33 0.32 20.9 0.07 0.76 99.2 0.32 8.9 23.8
ROS33 384503 1045734 0.03 7.5 0.00 0.92 100.0 0.03 8.6 23.7

North Cheyenne Creek Watershed (Primary Watershed Code NCHO00).

2-year R, 1-hour rainfall = 29 mm. 10-year Rl, 1-hour rainfall = 43 mm. 25-year R, 1-hour rainfall = 47 mm.
NCHOO 384730 1045302 27.36 32.1 8.80 0.33 88.6 24.26 9.8 24.4
NCHO1 384732 1045308 0.64 20.6 0.13 0.60 75.2 0.48 229 32.1
NCHO02 384725 1045335 0.66 44.1 0.29 0.51 85.3 0.57 19.0 29.8
NCHO03 384717 104 54 06 4.44 24.9 1.11 0.62 94.8 4.21 8.7 23.8
NCHO04 384643 1045425 0.18 44.8 0.08 1.04 87.3 0.16 8.4 23.6
NCHO5 384610 1045519 0.40 9.6 0.04 0.37 93.7 0.37 8.4 23.6
NCHO06 384553 1045546 0.47 10.4 0.05 0.66 99.7 0.47 8.4 23.6
NCHO7 384537 1045604 0.49 28.8 0.14 0.74 97.5 0.48 8.4 23.6
NCHO8 384537 1045604 0.27 14.4 0.04 0.76 98.1 0.27 8.4 23.6
NCHO09 384722 1045418 0.34 433 0.15 0.63 86.2 0.30 8.4 23.6
NCH10 384710 1045455 0.15 86.3 0.13 1.30 89.8 0.13 8.4 23.6
NCHI11 384714 1045517 1.76 45.4 0.80 0.54 93.5 1.65 8.4 23.6
NCHI12 384711 104 5548 0.19 40.6 0.08 1.10 100.0 0.19 8.4 23.6
NCHI13 384708 104 56 07 2.05 13.9 0.29 0.52 97.0 1.98 8.4 23.6
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Table 2. Debris-flow model input variables and estimated debris-flow probabilities and volumes for primary watersheds and
subwatersheds.—Continued

[DMS, degrees, minutes, seconds; RI, recurrence interval: km?, square kilometer; m/m, meter per meter; m?, cubic meter; mm, millimeter; na, not applicable;
<, less than; >, greater than]

Output
2-year R, 2-year RI, 10-year R, 10-year R, 25-year RI, 25-year RI, 25-year RI, 95.vear Rl 25-year RI,
Watershed 1-hour rainfall 1-hour rainfall 1-hour rainfall 1-hour rainfall 1-hour rainfall 1-hour rainfall 1-hour rainfall 1-h0|Yr rainf;II 1-hour rainfall
code debris-flow  debris-flow  debris-flow  debris-flow  debris-flow  debris-flow  debris-flow debris-flow combined
probability volume probability volume probability volume probability volume rank debris-flow
(percent) (m?) (percent) (m?) (percent) (m?) rank hazard rank

?Manitou No. 1 Intake (Ruxton Creek) Watershed (Primary Watershed Code MANOO).
2-year R, 1-hour rainfall = 29 mm. 10-year R, 1-hour rainfall = 42 mm. 25-year R, 1-hour rainfall = 46 mm.—Continued

MANO8 31 600 52 800 59 800 49 149 112
MANO09 31 1,500 52 1,800 59 1,900 46 122 84
MANI10 1 8,200 3 10,000 4 11,000 168 37 117
MANI1 26 >100,000 47 >100,000 54 >100,000 74 1 14
MANI12 33 3,200 55 4,000 62 4,200 33 79 40
MANI13 22 >100,000 41 >100,000 48 >100,000 106 3 39
MAN14 2 17,000 5 21,000 7 22,000 165 21 102
MANI5 13 12,000 27 15,000 33 16,000 143 27 86
MANI16 27 1,000 48 1,200 55 1,300 68 138 119
MAN17 13 10,000 28 12,000 34 13,000 142 31 90
MANI18 21 30,000 39 38,000 46 40,000 115 10 50

Platte Rogers Tunnel Intake (Gould Creek) Watershed (Primary Watershed Code PRTO0).
2-year R, 1-hour rainfall = 30 mm. 10-year RI, 1-hour rainfall = 42 mm. 25-year Rl, 1-hour rainfall = 46 mm.

PRT00 42 29,000 62 36,000 69 38,000 na na na
PRTO1 40 6,500 61 7,900 67 8,400 15 49 9
PRT02 45 900 66 1,100 72 1,200 5 139 62
PRTO03 36 2,300 57 2,800 64 3,000 25 100 52
PRT04 34 2,700 54 3,300 61 3,500 37 88 51
PRTO05 28 200 47 300 54 300 73 156 131
PRT06 35 2,700 56 3,300 62 3,500 29 87 45
PRTO07 25 800 44 1,000 51 1,100 93 142 133
PRT08 28 3,300 47 4,100 54 4,300 72 76 63

Rosement Reservoir (East Beaver Creek) Watershed (Primary Watershed Code ROS00).
2-year R, 1-hour rainfall = 29 mm. 10-year RI, 1-hour rainfall = 42 mm. 25-year R, 1-hour rainfall = 46 mm.

ROS00 41 33,000 64 41,000 70 44,000 na na na
ROSO01 41 800 63 1,000 69 1,000 11 144 71
ROSO02 43 2,300 66 2,900 72 3,100 6 99 35
ROSO03 34 800 56 1,000 62 1,000 28 143 88
ROS04 17 300 34 300 40 400 133 154 161
ROS05 38 19,000 60 24,000 67 25,000 17 20 5
ROS06 38 200 60 200 67 200 16 160 92
ROS07 25 2,000 45 2,500 52 2,700 83 105 103
ROS08 35 12,000 58 15,000 64 16,000 22 26 7
ROS09 26 3,200 47 3,900 54 4,200 75 80 70
ROS10 19 <100 37 <100 44 <100 130 169 169
ROS30 42 300 65 400 71 400 8 152 74
ROS31 40 1,500 62 1,800 69 1,900 12 123 57
ROS32 26 1,500 46 1,900 53 2,000 77 120 111
ROS33 16 200 32 200 38 200 135 159 165

North Cheyenne Creek Watershed (Primary Watershed Code NCH00).
2-year R, 1-hour rainfall = 29 mm. 10-year RI, 1-hour rainfall = 43 mm. 25-year R, 1-hour rainfall = 47 mm.

NCHO00 33 >100,000 56 >100,000 63 >100,000 na na na
NCHO1 6 2,600 14 3,300 18 3,500 157 90 137
NCHO02 24 4,300 45 5,400 52 5,800 84 65 64
NCHO03 27 24,000 50 30,000 57 32,000 63 14 17
NCHO04 18 1,600 37 2,000 44 2,100 127 117 136
NCHO05 25 1,100 47 1,400 54 1,500 76 134 121
NCHO06 23 1,400 45 1,800 52 1,900 89 126 124
NCHO07 29 2,700 52 3,400 59 3,600 51 86 58
NCHO08 21 1,100 41 1,400 48 1,500 104 135 135
NCHO09 27 2,500 50 3,100 57 3,300 61 91 65
NCH10 37 2,000 61 2,500 67 2,600 13 107 47
NCHI1 42 11,000 66 14,000 72 15,000 4 28 3
NCHI12 27 1,500 50 1,900 57 2,100 62 119 94

NCH13 26 6,700 49 8,500 56 9,000 66 48 43
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Table 2. Debris-flow model input variables and estimated debris-flow probabilities and volumes for primary watersheds and
subwatersheds.—Continued

[D M S, degrees, minutes, seconds; RI, recurrence interval: km?, square kilometer; m/m, meter per meter; m?, cubic meter; mm, millimeter; na, not applicable;
<, less than; >, greater than]

Input
;:::Z:?:ew?:h Area with Percentage Area of
Watershed . . Watershed slopes greater of watershed medium and  Soil clay Soil
Latitude Longitude slopes greater Ruggedness . i R L
code area than or equal with mediumand  highburn  content liquid limit
(DMS) (DMS) than or equal (m/m) . . .
(km?) to 30 percent high burn severity ~ severity  (percent) (percent)
to 30 percent (km?) (percent) (km?)
(percent)
North Cheyenne Creek Watershed (Primary Watershed Code NCHO00).
2-year R, 1-hour rainfall = 29 mm. 10-year Rl, 1-hour rainfall = 43 mm. 25-year R, 1-hour rainfall = 47 mm.—Continued
NCH14 384655 1045618 0.96 332 0.32 0.65 96.3 0.93 8.4 23.6
NCHI15 384637 1045658 0.34 42.4 0.14 1.00 99.2 0.33 8.4 23.6
NCH16 384621 1045710 0.25 48.2 0.12 0.85 98.7 0.25 8.4 23.6
NCH17 384623 1045717 1.30 22.8 0.30 0.57 96.6 1.25 8.4 23.6
NCHI18 384551 1045719 0.71 9.7 0.07 0.53 93.7 0.66 8.4 23.6
NCH19 384626 1045726 3.26 25.8 0.84 0.49 93.1 3.04 8.4 23.6
NCH20 384618 1045748 1.67 24.1 0.40 0.59 90.1 1.51 8.4 23.6
NCH21 384612 104 57 49 0.47 12.3 0.06 0.43 98.4 0.46 8.4 23.6
NCH22 384612 1045751 0.86 31.7 0.27 0.78 94.9 0.81 8.4 23.6
NCH23 384640 104 57 40 1.88 30.9 0.58 0.58 57.9 1.09 8.4 23.6
NCH24 384641 1045740 3.04 16.8 0.51 0.45 85.7 2.60 8.4 23.6
NCH25 384704 1045802 2.45 15.3 0.38 0.41 83.4 2.04 8.4 23.6
NCH26 384705 1045803 0.66 11.1 0.07 0.47 98.2 0.65 8.4 23.6
NCH30 384708 1045424 4.21 23.6 0.99 0.56 94.8 4.00 8.4 23.6
South Cheyenne Creek Watershed (Primary Watershed Code SCHO00).
2-year R, 1-hour rainfall = 30 mm. 10-year R, 1-hour rainfall = 43 mm. 25-year R, 1-hour rainfall = 48 mm.
SCHO00 384708 1045217 25.78 30.8 7.93 0.30 94.5 24.37 17.9 29.0
SCHO1 384655 1045249 0.33 68.6 0.23 0.77 68.6 0.23 229 32.1
SCHO02 384637 1045251 0.87 329 0.28 0.60 99.7 0.86 22.9 32.1
SCHO03 384556 1045252 0.63 42.0 0.26 0.78 99.0 0.62 22.9 32.1
SCHO04 384556 1045252 1.60 46.7 0.75 0.52 99.9 1.60 22.9 32.1
SCHO05 384552 1045305 0.87 9.6 0.08 0.38 100.0 0.87 22.9 32.1
SCHO06 384525 1045312 0.20 7.5 0.02 0.52 100.0 0.20 229 32.1
SCHO7 384521 1045312 0.51 26.7 0.14 0.80 100.0 0.51 229 32.1
SCHO8 384512 1045315 0.77 33.7 0.26 0.69 99.8 0.77 22.9 32.1
SCH09 384511 1045315 0.31 334 0.10 0.69 95.8 0.29 21.4 31.2
SCHI10 384503 1045304 0.71 36.3 0.26 0.65 99.8 0.71 229 32.1
SCHI11 384450 1045327 0.02 3.8 0.00 0.46 100.0 0.02 229 32.1
SCHI12 384441 1045326 0.52 40.0 0.21 0.72 100.0 0.52 229 32.1
SCH13 384441 1045327 0.33 23.5 0.08 0.83 100.0 0.33 22.9 32.1
SCH14 384446 1045329 0.75 32.8 0.25 0.54 98.4 0.74 22.9 32.1
SCHI15 384446 10453 30 0.67 33.9 0.23 0.59 93.6 0.63 18.0 29.2
SCH16 384633 1045319 0.75 19.4 0.14 0.46 94.2 0.70 22.8 32.0
SCH17 384632 1045324 0.37 4.5 0.02 0.64 87.2 0.32 17.4 28.9
SCH18 384631 1045325 1.07 13.0 0.14 0.53 91.4 0.98 11.9 25.7
SCH19 384558 1045355 1.18 9.8 0.12 0.56 99.1 1.17 13.6 26.6
SCH20 384554 1045413 0.70 46.0 0.32 0.81 92.0 0.64 8.4 23.6
SCH21 384537 104 5430 1.01 53.8 0.54 0.61 83.1 0.84 8.4 23.6
SCH22 384518 104 5443 1.64 343 0.56 0.79 92.9 1.52 11.2 24.7
SCH23 384438 104 56 05 0.41 27.2 0.11 0.90 83.3 0.34 19.2 27.7
SCH24 384438 1045605 0.55 21.1 0.12 0.63 95.9 0.53 21.0 28.4
SCH30 384517 104 54 43 3.44 38.3 1.32 0.53 90.2 3.10 14.2 25.8
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Table 2. Debris-flow model input variables and estimated debris-flow probabilities and volumes for primary watersheds and
subwatersheds.—Continued

[DMS, degrees, minutes, seconds; RI, recurrence interval: km?, square kilometer; m/m, meter per meter; m?, cubic meter; mm, millimeter; na, not applicable;
<, less than; >, greater than]

Qutput
2-year R, 2-year R, 10-year R, 10-year R, 25-year RI, 25-year RI, 25-year RI, 25-year R 25-year RI,
Watershed 1-hour rainfall 1-hour rainfall 1-hour rainfall 1-hour rainfall 1-hour rainfall 1-hour rainfall 1-hour rainfall 1-hour rainfa'nll 1-hour rainfall
code debris-flow debris-flow debris-flow  debris-flow debris-flow debris-flow  debris-flow debris-flow combined
probability volume probability volume probability volume probability debris-flow
(percent) (m?) (percent) (m?) (percent) (m?) rank volume rank hazard rank

North Cheyenne Creek Watershed (Primary Watershed Code NCH00).
2-year R, 1-hour rainfall = 29 mm. 10-year RI, 1-hour rainfall = 43 mm. 25-year Rl, 1-hour rainfall = 47 mm.—Continued

NCH14 33 5,300 57 6,600 64 7,000 24 56 19
NCH15 31 2,500 54 3,100 61 3,300 34 92 54
NCHI16 40 2,100 64 2,700 70 2,800 10 103 42
NCH17 30 5,600 53 7,100 60 7,500 45 53 28
NCH18 20 1,900 41 2,400 48 2,500 109 109 126
NCHI19 30 16,000 53 20,000 60 22,000 43 22 10
NCH20 22 7,300 43 9,200 50 9,700 97 44 61
NCH21 30 1,500 54 2,000 60 2,100 41 118 73
NCH22 26 4,600 49 5,800 56 6,100 67 61 55
NCH23 5 8,000 12 10,000 16 11,000 158 39 110
NCH24 18 11,000 37 14,000 44 15,000 128 29 72
NCH25 17 8,000 35 10,000 41 11,000 132 38 87
NCH26 28 1,900 51 2,500 58 2,600 57 108 81
NCH30 28 21,000 51 27,000 58 29,000 54 16 11

South Cheyenne Creek Watershed (Primary Watershed Code SCH00).
2-year R, 1-hour rainfall = 30 mm. 10-year Rl, 1-hour rainfall = 43 mm. 25-year Rl, 1-hour rainfall = 48 mm.

SCHO00 38 >100,000 60 >100,000 68 >100,000 na na na
SCHO1 13 3,100 27 3,900 34 4,200 141 81 127
SCHO02 30 4,900 51 6,100 60 6,500 44 59 34
SCHO03 29 4,200 50 5,200 59 5,600 52 67 46
SCHO04 43 11,000 65 14,000 72 15,000 1 30 2
SCHOS5 23 2,400 43 2,900 52 3,100 88 96 99
SCHO06 19 600 36 700 45 800 123 150 155
SCHO07 21 2,700 39 3,300 48 3,600 107 85 106
SCHO8 28 4,400 49 5,500 57 5,900 59 62 48
SCHO09 24 2,000 44 2,500 52 2,700 82 106 104
SCH10 30 4,300 52 5,400 61 5,800 38 64 32
SCH11 19 <100 36 100 45 100 122 165 162
SCHI12 31 3,500 52 4,400 61 4,700 36 72 38
SCH13 19 1,700 36 2,100 44 2,300 124 115 134
SCH14 30 4,200 52 5,300 60 5,700 42 66 37
SCH15 27 3,900 48 4,800 56 5,200 64 68 56
SCH16 20 3,000 39 3,800 48 4,100 110 84 107
SCH17 9 700 20 800 26 900 147 145 164
SCH18 19 3,300 37 4,100 45 4,400 120 75 108
SCH19 23 3,100 43 3,900 52 4,200 90 78 83
SCH20 32 4,800 54 6,000 62 6,400 27 60 23
SCH21 32 7,100 54 8,800 63 9,500 26 45 12
SCH22 29 9,100 51 11,000 59 12,000 48 34 20
SCH23 19 2,200 36 2,700 45 2,900 121 102 128
SCH24 41 2,500 63 3,100 71 3,300 9 93 33
SCH30 41 22,000 63 27,000 71 29,000 7 15 1

'Lake Moraine and Big Tooth Reservoir are located within the greater Ruxton Creek watershed and upstream from the Manitou #1 Intake.

“Ruxton Creek main-stem (MANOO) probability and volume estimates include the areas upstream from Lake Moraine (MORO00) and Big Tooth Reservoir
(BIG00); however, model assumes no reservoir effect. Ruxton Creek drainage area at MANOO is greater than the maximum drainage area that produced a
debris flow in Cannon and others, 2010 (30 km?). See text p. 4 for explanation.
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Three postwildfire precipitation scenarios and recurrence
intervals were used for the postwildfire debris-flow analysis
in the Pikes Peak area watersheds. These scenarios were (1) a
2-year recurrence (50-percent annual exceedance probability),
1-hour duration rainfall; (2) a 10-year recurrence (10-percent
annual exceedance probability), 1-hour duration rainfall;
and (3) a 25-year recurrence (4-percent annual exceedance
probability), 1-hour duration rainfall. In this report, the
precipitation scenarios will be referred to as the “2-, 10-,
and 25-year storms.” Rainfall totals for the Pikes Peak area
watersheds were extrapolated from the National Oceanic and
Atmospheric Administration (NOAA) Atlas II for Colorado
(Miller and others, 1973). A 1-hour rainfall duration was
chosen for the scenarios because it is a relatively short-lived
event, and because it was the longest rainfall period for which
rainfall intensity was calculated when the debris-flow models
were derived (Cannon and others, 2010, their table 2). The
total storm rainfall for each scenario was assumed to occur
uniformly over each primary watershed.

Other input variables for the debris-flow model were
determined from a variety of sources. The watershed area
and percentage of watershed area with hillslopes of 30 percent
or greater were determined using ArcMap (Environmental
Systems Research Institute, Inc., 2009) with topography from
10-m digital-elevation models (DEMs) (Gesch and others,
2002). Raw data for soil properties were compiled from the
State Soil Geographic (STATSGO) database (U.S. Department
of Agriculture, 1991), which was processed by Schwartz
and Alexander (1995) to obtain soil clay content and liquid
limit. Soil properties were spatially averaged when more
than one value occurred in a watershed. Because tools were
not available in the standard ArcGIS toolbox to evaluate
ruggedness in a spatially explicit manner, a python script was
written to evaluate the ruggedness variable for each grid cell
in the study area.

Watershed Characterization

Debris-flow probabilities and volumes for this study

were estimated using two watershed-characterization methods.

First, a conventional watershed-characterization approach
was used. Secondly, the debris-flow probabilities and volumes
were estimated using a continuous-parameterization technique
(Verdin and Greenlee, 2003; Verdin and Worstell, 2008).

For the conventional watershed characterization
approach, 14 primary watersheds (identified by Colorado
Springs Utilities) and 170 selected subwatersheds within
the primary watersheds (tables 1 and 2) were delineated
using Streamstats (U.S. Geological Survey, 2010). The
170 subwatersheds were selected based on (1) topographic
characteristics and vegetation distribution as displayed in
the Streamstats interface, and (2) geomorphic field evidence
of previous debris flows. Watershed sizes in the analysis
ranged from 0.01 to 42.65 km? (0.004 to 16.47 mi?) (table 2),

which is consistent with the range of watershed areas used

in the debris-flow models developed by Cannon and others
(2010), 0.01 to 103 km? (0.004 to 39.77 mi?). The 14 primary
watersheds and 170 subwatersheds were evaluated by
averaging the input variables over the watershed area and
using those values in the debris-flow equations.

Whereas the conventional watershed-characterization
method allows evaluation of the debris-flow probability and
volume equations at predefined locations only (generally at the
watershed outlet), the continuous-parameterization technique,
using the 1/3-arc-second National Elevation Dataset (Gesch
and others, 2002) (10-m nominal resolution) and its derived
flow-direction grid as a base, evaluates the debris-flow equa-
tions for every pixel within the 10-m DEM. This technique
provides a synoptic view of the entire study area, providing
estimates of debris-flow volume and probability in a continu-
ous manner for the entire channel length within a watershed.
Examination of the derived probabilities and volumes along
all stream channels facilitates identification of areas of high or
low potential for debris flows.

Evaluation of the debris-flow equations using the
continuous-parameterization technique requires that surfaces
of all of the independent variables used as input to the predic-
tive equations be developed. Through use of the flow-direction
grid and techniques detailed in Verdin and Worstell (2008),
surfaces were developed for all of the independent variables.
Once the surfaces of the independent variables were devel-
oped, the probability and volume equations were solved using
map algebra for each grid cell and the 2-year, 10-year , and
25-year storms. Identification of the probability or volume of
a debris flow at any location within the study area is possible
by querying the derived surfaces. In this assessment, a raster
sampling technique was used to identify the values of debris-
flow probability and volume at selected locations along the
drainage network derived from a digital-elevation model.

The results from the continuous-parameterization approach
were identical to the results of the conventional watershed-
characterization approach at the watershed outlet, or pour
point, of the 14 primary watersheds and 170 subwatersheds
defined within the study area. The advantage of the continu-
ous-parameterization technique is that it provides the capabil-
ity to rapidly evaluate and assess subwatershed probability and
volume estimates at specific drainage-network locations within
a watershed, as well as at the watershed outlet.

Verification of Debris-Flow Model Results

Preliminary estimates of debris-flow probability made
with the Cannon and others (2010) model were checked
against geomorphic evidence onsite for selected watersheds in
the study area during a reconnaissance visit. The presence of
older debris-flow deposits or debris-flow-scoured channels in
these watersheds was considered to be geomorphic evidence
that debris flows had occurred at some time in the past, and
that the debris-flow models of Cannon and others (2010) were
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appropriate for use in the Pikes Peak area watersheds. The
purpose of the reconnaissance was to verify historical debris-
flow activity, and no attempt was made to determine what
watershed conditions (postwildfire or unburned) existed at the
time the debris flows occurred.

The debris-flow probability model was run for each
watershed with the assumptions that (1) all trees and shrubs
in the watershed had been burned with a moderate to high
severity, and that the fire soon was followed by (2) a 2-year
recurrence, 1-hour storm. This scenario represented a rela-
tively rare wildfire (a moderate- to high-burn severity of the
entire watershed) and a relatively common rainfall (50-percent
annual-exceedance probability) likely to occur soon after a
wildfire.

Debris-flow probabilities for all watersheds in the study
area ranged from less than 1 to 46 percent for the assumed
burn severity and extent and the assumed 2-year storm. USGS
personnel performed reconnaissance and onsite verification
in 47 study-area watersheds in August 2010. Forty-two of
these watersheds had an estimated debris-flow probability of
20 percent or greater as a result of the assumed burn severity
and extents followed by a 2-year storm. Eighteen of these 42
high-probability watersheds (43 percent) and one watershed
with a 19-percent probability (SCH-13) showed geomorphic
evidence of previous debris-flow activity including lateral, or
marginal, levees (figs. 2 and 3), terminal lobes, debris-flow
fans, or debris-flow-scoured channels (Costa, 1988; Pierson,
2005). Fourteen of these watersheds (33 percent) had incon-
clusive geomorphic evidence; such as lobe-shaped deposits of
colluvium or reworked glacial till that could have been formed
by hillslope creep, landslide, earthflow, solifluction, rockfall,
debris flow, or combinations thereof (Keefer and Johnson,
1983). Ten of these watersheds (24 percent) showed no geo-
morphic evidence of previous debris-flow activity.

Figure 2. Debris-flow marginal levee near the outlet of
subwatershed SCH13, a tributary in the South Cheyenne Creek
watershed. View is looking upstream; arrows indicate direction of
debris flow. Photograph by Keelin R. Schaffrath, U.S. Geological
Survey, August 24, 2010.

Figure 3. Debris-flow marginal levees bordering East Beaver
Creek in subwatershed ROS08, a tributary that flows into the
Penrose-Rosemont Reservoir. View is looking upstream; arrows
indicate direction of debris flow. Photograph by John G. Elliott,
U.S. Geological Survey, August 25, 2010.

No attempt was made to correlate any observed debris-
flow deposit with a previous wildfire, a specific storm charac-
teristic, or a date. However, in watersheds for which the model
predicted a greater than 20-percent probability of debris-flow
activity for the 2-year storm, corroborative geomorphic
evidence typically was found. The geomorphic evidence of
debris-flow activity was subtle in most observed watersheds
and debris-flow deposits commonly were found in heavily
forested locations, indicating that the most recent debris-
flow activity was at least several decades old (figs. 2 and 3).
Although it was not determined whether any of the observed
debris flows in the reconnaissance subwatersheds were the
result of previous wildfires, the field evidence indicated that
debris-flow processes had been active in these locations.
Therefore, it was concluded that the Cannon and others (2010)
models were appropriate to estimate the probability and
volume of postwildfire debris flows in these watersheds for a
range of postwildfire rainfall scenarios.

Estimated Probabilities and Volumes
of Postwildfire Debris Flows

Potential postwildfire debris-flow probabilities and
volumes for 14 primary watersheds and 170 subwatersheds
located within the primary watersheds were estimated by using
the empirical debris-flow models of Cannon and others (2010),
equations 1, 2, and 3. The debris-flow models assumed that a
moderate to severe wildfire burned 100 percent of the forest
and shrub stands within the watershed, and that rainstorms
occurred within 4 to 6 years following the hypothetical wild-
fire (Elliott and others, 2005). Three postwildfire precipitation
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scenarios were used to represent a range of precipitation
scenarios that could occur shortly after a wildfire in the Pikes
Peak region: (1) a 2-year recurrence, 1-hour duration rain-
fall (2-year storm); (2) a 10-year recurrence, 1-hour duration
rainfall (10-year storm); and (3) a 25-year recurrence, 1-hour
duration rainfall (25-year storm).

The estimated probabilities and volumes are hypothetical
and have been made due to the need for timely best science
information. The estimates are provided on the condition that
neither the U.S. Geological Survey nor the United States Gov-
ernment may be held liable for any damages resulting from the
authorized or unauthorized use of the estimates.

Pikes Peak Area Watershed
Debris-Flow Probabilities

Results of the debris-flow probability modeling are
shown graphically as color-coded map symbols at primary
watershed and subwatershed outlets in figures 4, 5, and 6; the
corresponding numerical values are presented in table 2. The
color-coded map symbols represent the probability of a debris
flow occurring in the channel at the primary watershed or
subwatershed outlet estimated using the conventional water-
shed-characterization approach discussed in the “Watershed
Characterization” section.

In addition to the color coded map symbols, the maps in
figures 4, 5, and 6 include color-coded shaded areas represent-
ing the debris-flow probabilities in third-order streams in the
study area. Stream order is a method of classifying the compo-
nents of the drainage network and is a measure of the position
of a stream in the hierarchy of tributaries within a watershed
(Horton, 1945). The Strahler order (Strahler, 1957) is one such
method and was used in this analysis. Strahler third-order
watersheds were assessed for debris-flow probability using
the continuous-parameterization technique described in the
“Watershed Characterization” section. Although the contribut-
ing area upstream from the outlet of each Strahler third-order
watershed is entirely shaded by a color representing the
debris-flow estimated probability, the estimated probability
is applicable only for a debris flow occurring at the point at
which smaller channels converge to form a Strahler third-order
channel, and not for every channel segment upstream from
that point. The shaded areas give a detailed breakdown of the
debris-flow estimated probability in smaller areas of the sub-
watersheds, providing useful information for resource manag-
ers and emergency responders.

The estimated probabilities for postwildfire debris flows
in the 170 subwatersheds in the Pikes Peak study area ranged
from less than 1 to 46 percent in response to the 2-year
storm, 1 to 67 percent in response to the 10-year storm, and
1 to 72 percent in response to the 25-year storm (table 2).
Subwatersheds with the lowest postwildfire debris-flow
probabilities tended to have large areas of alpine and subalpine
vegetation or other large areas with sparse forest cover
(figs. 4-6).

Subwatersheds with the highest probabilities tended to
be heavily forested and tended to have a large percent area of
steep slopes (table 2). Forty of the 170 subwatersheds had a
greater than 60 percent probability of producing a debris flow in
response to the 25-year storm (fig. 6 and table 2). The drainage
areas of these 40 high-probability subwatersheds ranged from
0.04 to 10.83 km? and averaged 1.38 km?. Cannon and others
(2010) found that “low-order tributaries” with a mean area of
1.7 km? produced most of the debris flows in their study areas.
Many of the subwatersheds with the highest debris-flow prob-
abilities in this study were in the eastern and southeastern part
of the study area, notably tributaries in the Gould Creek (Platte
Rogers Tunnel Intake, PRT), East Beaver Creek (Rosemont
Reservoir, ROS), North Cheyenne Creek (NCH), and South
Cheyenne Creek (SCH) primary watersheds (fig. 6 and table 2).

The 14 primary watersheds were evaluated separately
because they consisted of nested subwatersheds, and any
potential debris flow reaching the primary watershed out-
let could be the result of debris-flow contributions from the
nested subwatersheds and also could include runoff from
other contributing land surfaces (for example, laterally planar
hillslopes) within the primary watershed (figs. 4, 5, 6). Post-
wildfire debris-flow probabilities for the primary watersheds
ranged from 4 to 42 percent in response to the 2-year storm,

8 to 64 percent in response to the 10-year storm, and 10 to 70
percent in response to the 25-year storm (table 2).

The PRT, ROS, NCH, and SCH primary watersheds each
had a greater than 60-percent probability of producing a debris
flow at the watershed outlet in response to a 25-year storm
(table 2) if the entire forested part of the watershed was mod-
erately to severely burned. The PRT and ROS primary water-
sheds had a greater than 40-percent probability of producing a
debris flow in response to as little as a 2-year storm.

It is possible for a large primary watershed to have a
very small percent probability of a debris flow reaching the
watershed outlet even though debris flows were possible in
some subwatersheds within the primary watershed This pos-
sibility occurs in some primary watersheds because of limited
transport potential downstream from a subwatershed outlet or
because of the relatively small size of the debris-flow contrib-
uting area within the primary watershed. Cannon and others
(2010) found that “debris flows were not observed at the out-
lets of watersheds greater than about 30 km? (12 mi?) in area.”

Pikes Peak Area Watershed
Debris-Flow Volumes

Results of the debris-flow volume models are shown
graphically as color-coded map symbols at primary watershed
and subwatershed outlets in figures 7, 8, and 9: the cor-
responding numerical values are presented in tables 2. The
color-coded map symbols represent the estimated volume of
a debris flow occurring in the channel at the primary water-
shed or subwatershed outlet estimated using the conventional
watershed-characterization approach discussed in the “Water-
shed Characterization” section.
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In addition to the color-coded map symbols, the maps in
figures 7, 8, and 9 include color-coded shaded areas represent-
ing the debris-flow volumes in Strahler third-order streams
within the 170 subwatersheds. Although the contribution area
upstream from the outlet of each Strahler third-order water-
shed is entirely shaded by a color representing the debris-flow
estimated volume, the estimated volume is applicable only for
a debris flow delivering sediment to the point at which smaller
channels converge to form a Strahler third-order channel,
and not for every channel segment upstream from that point.
The shaded areas give a detailed breakdown of the debris-
flow estimated volume in smaller areas of the subwatersheds,
providing useful information for resource managers and
emergency responders.

The debris-flow volume verification data presented in
Cannon and others (2010, their figure 4) ranged between 100
and 100,000 m® with predicted volumes within one order of
magnitude of measured volumes. Using the precedent estab-
lished by Cannon and others (2010), debris-flow volume esti-
mates for the Pikes Peak study area are presented in table 2 as
follows: (1) estimated volumes less than 100 m? are reported as
less than 100 m?, (2) estimated volumes greater than 100,000 m?
are reported as greater than 100,000 m?, (3) estimated vol-
umes between 100 m? and 1,000 m? are rounded to the nearest
hundred, and (4) estimated volumes between 1,000 m* and
100,000 m* are rounded to two significant digits.

The estimated volumes for potential postwildfire debris
flows in the 170 subwatersheds in the Pikes Peak study area
ranged from less than 100 m® to greater than 100,000 m?
in response to the 2-year storm, the 10-year storm, and the
25-year storm (table 2). Estimated debris-flow volumes for
each subwatershed increased as the storm recurrence interval
increased. Subwatersheds with the smallest estimated post-
wildfire debris-flow volumes tended to have small drainage
areas, have a small percent area of steep hillslopes (table 2),
and (or) be located in alpine and subalpine zones (figs. 7, 8,
and 9). Subwatersheds with the largest estimated debris-flow
volumes were those with the largest drainage areas. Forty-two
subwatersheds had estimated debris-flow volumes equal to or
greater than 10,000 m? in response to a 25-year storm and, of
those, three had estimated debris-flow volumes greater than
100,000 m* (table 2).

As with the probability estimates, debris-flow volume
estimates for the 14 primary watersheds were evaluated
separately because they consisted of nested subwatersheds
(figs. 7-9). Postwildfire debris-flow volume estimates for
the primary watersheds ranged from about 11,000 to greater
than 100,000 m® in response to the 2-year storm, from about
14,000 to greater than 100,000 m? in response to the 10-year
storm, and from about 15,000 to greater than 100,000 m? in
response to the 25-year storm (table 1). The Cascade Creek
(CAS), French Creek (FRC), Ruxton Creek (Manitou No. 1
Intake, MAN), NCH, and SCH primary watersheds each had
estimated debris-flow volumes greater than 100,000 m? in
response to a 25-year storm (fig. 9 and table 2). These were the
five largest primary watersheds, each having a watershed area
greater than 20 km?.

Although some moderately to severely burned water-
sheds in the study area potentially can produce large volumes
of debris-flow material (water, sediment, and other debris),
determining where that material could be deposited below
the watershed outlet is beyond the scope of this study. Wide
and relatively low-gradient main-stem valleys in the primary
watersheds, such as the lower reaches of Cascade Creek
(CASO05, CAS13, CAS15) (fig. 9), potentially could intercept
and capture some debris-flow material produced in tributar-
ies before the material reaches the primary watershed outlet
(CAS30) (fig. 9). The numerous reservoirs in the study area
also would likely or almost certainly intercept debris-flow
material from upstream areas before it could be transported to
the primary watershed outlet.

Combined Relative Debris-Flow
Hazard Ranking

The watersheds with the greatest potential postwildfire
and postprecipitation debris-flow hazards are those with both
high estimated probabilities of debris-flow occurrence and
large estimated volumes of debris-flow material (Cannon and
others, 2010). Results from the 25-year storm debris-flow
probability and volume equations were merged to produce
a combined relative debris-flow hazard ranking for the 170
subwatersheds in the Pikes Peak study area to provide an
overall indicator of the relative hazards associated with each
subwatershed.

For each subwatershed, the debris-flow probability rank,
with 1 associated with the highest probability (table 2), was
added to the debris-flow volume rank, with 1 associated with
the largest volume (table 2), to derive a preliminary combined
rank sum. The preliminary combined rank sums for the 170
subwatersheds ranged from 22 (highest combined hazard) to
309 (lowest combined hazard). The preliminary combined
rank sums for each subwatershed were renumbered with 1
assigned to the subwatershed with the highest combined haz-
ard, 2 assigned to the subwatershed with the second-highest
combined hazard, and so forth through 170 for the subwater-
shed with the lowest combined hazard.

The 10 subwatersheds with the highest combined rela-
tive debris-flow hazard rankings for the 25-year storm, listed
generally from north to south, are

* CASO04 (rank 4) in the Cascade Creek watershed;

* BIGO2 (rank 8) in the South Ruxton Creek watershed;
* MANO04 (rank 6) in the Ruxton Creek watershed,

* PRTOI (rank 9) in the Gould Creek watershed;

* ROSO05 (rank 5) and ROS08 (rank 7) in the East Beaver
Creek watershed;

e NCHI11 (rank 3) and NCH19 (rank 10) in the North
Cheyenne Creek watershed; and

* SCHO4 (rank 2) and SCH30 (rank 1) in the South
Cheyenne Creek watershed (table 2).
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Combined relative debris-flow hazard rankings were not
calculated for the 14 primary watersheds because the direct
comparison of primary watershed rankings with the subwa-
tershed rankings would be misleading. The primary water-
sheds were composite areas that generally consisted of the
following: (1) multiple subwatersheds, for which individual
debris-flow probabilities and volumes were estimated, and
(2) interspersed, laterally planar hillslope areas, for which no
individual debris-flow probability and volume estimates were
made. Additionally, the outlets of several primary watersheds
were located downstream from reservoirs.

Summary and Conclusions

Debris flows are fast-moving, high-density slurries of
water, sediment, and debris that can have enormous destructive
power. Debris flows typically are triggered by intense rainfall or
rapid snowmelt on steep hillsides covered with erodible mate-
rial. Although debris flows are a common geomorphic process
in some unburned areas, a wildfire can transform conditions in
a watershed with no recent history of debris flows into condi-
tions that pose a substantial hazard to residents, communities,
infrastructure, aquatic habitats, and water supply. In 2010,
the U.S. Geological Survey, in cooperation with the City of
Colorado Springs, Colorado Springs Ultilities (CSU), initiated
a prewildfire study to determine the potential for postwildfire
debris flows in selected Pikes Peak area watersheds of El Paso
and Teller Counties, Colo. The study objective was to estimate
the probability of postwildfire debris flows and to estimate the
approximate volumes of debris flows that could be delivered
from 14 primary watersheds and 170 selected subwatersheds
located within the primary watersheds with infrastructure of
concern to CSU. This report presents the results of that study.

Debris-flow probabilities and volumes were estimated for
170 selected subwatersheds within the 14 primary watersheds
in order to provide CSU with a relative measure of which
subwatersheds might constitute the most serious debris-flow
hazards in the event of a large-scale wildfire and subsequent
rainfall. In addition to the outlets of these primary watersheds
and subwatersheds, debris-flow probabilities and volumes at
the outlets of Strahler third-order streams and their associ-
ated watersheds were estimated, providing useful information
for resource managers and emergency responders. Presented
graphically only, the shaded third-order watersheds give a
visually detailed breakdown of the debris-flow probability and
volume in smaller areas of the subwatersheds.

Using information provided in this report, CSU water-
resource managers can plan prevention and mitigation strate-
gies in advance of the occurrence of wildfires. Also, in the
event of a large wildfire, this information will help managers
identify the watersheds and subwatersheds with the greatest
postwildfire debris-flow hazards. These estimates are hypo-
thetical and neither the U.S. Geological Survey nor the United
States Government may be held liable for any damages result-
ing from the authorized or unauthorized use of the estimates.

Potential postwildfire debris-flow probabilities and vol-
umes in the study area were based on empirical equations. The
14 primary watersheds range in size from 3.20 to 42.65 km?
(1.24 to 16.47 mi?), and the 170 subwatersheds range in size
from 0.01 to 26.04 km? (0.004 to 10.06 mi?). The models
assumed that all of the forest and shrub cover in the watershed
would burn at moderate- to high-burn severity. Three postwild-
fire precipitation scenarios were used to represent a range of
likely precipitation scenarios that could occur within 4 to 6 years
after a wildfire: (1) a 2-year recurrence (50-percent annual
exceedance probability), 1-hour-duration rainfall; (2) a 10-year
recurrence (10-percent annual exceedance probability), 1-hour-
duration rainfall; and (3) a 25-year recurrence (4-percent annual
exceedance probability), 1-hour-duration rainfall. Rainfall totals
for Pikes Peak study area watersheds were determined from the
National Oceanic and Atmospheric Administration and were
considered to occur uniformly over each primary watershed.

The estimated probabilities for postwildfire debris flows
in the 170 subwatersheds ranged from less than 1 to 46 percent
in response to the 2-year storm (2-year recurrence, 1-hour
duration rainfall), 1 to 67 percent in response to the 10-year
storm (10-year recurrence, 1-hour duration rainfall), and 1 to
72 percent in response to the 25-year storm (25-year recur-
rence, 1-hour duration rainfall). Postwildfire debris-flow
probabilities for the 14 primary watersheds ranged from 4 to
42 percent in response to the 2-year storm, 8 to 64 percent
in response to the 10-year storm, and 10 to 70 percent in
response to the 25-year storm.

Subwatersheds with the lowest postwildfire debris-flow
probabilities tended to have large areas of alpine and subalpine
vegetation or other large areas with sparse forest cover. Forty
of the 170 subwatersheds had a greater than 60-percent prob-
ability of producing a debris flow in response to the 25-year
storm. Subwatersheds with the highest probabilities tended
to be heavily forested and tended to have a large percent area
of steep slopes. Many of the subwatersheds with the highest
debris-flow probabilities were tributaries in the Gould Creek
(Platte Rogers Tunnel Intake, PRT), East Beaver Creek (Rose-
mont Reservoir, ROS), North Cheyenne Creek (NCH), and
South Cheyenne Creek (SCH) primary watersheds.

The estimated volumes for potential postwildfire debris
flows in the 170 subwatersheds in the Pikes Peak study
area ranged from less than 100 m® to greater than 100,000
m? in response to the 2-year storm, the 10-year storm, and
the 25-year storm . Estimated debris-flow volumes for each
subwatershed increased as the storm recurrence interval
increased. Postwildfire debris-flow volume estimates for the
14 primary watersheds ranged from about 11,000 to greater
than 100,000 m* in response to the 2-year storm, from about
14,000 to greater than 100,000 m? in response to the 10-year
storm, and from about 15,000 to greater than 100,000 m?
in response to the 25-year storm. Subwatersheds with the
smallest estimated postwildfire debris flow volumes tended to
have small drainage areas, have a small percent area of steep
hillslopes, and (or) be located in alpine and subalpine zones.
Subwatersheds with the largest estimated debris-flow volumes
were those with the largest drainage areas.



The watersheds with the greatest potential postwildfire
and post-precipitation hazards are those with both high esti-
mated probabilities of debris-flow occurrence and large esti-
mated volumes of debris-flow material. The 10 subwatersheds
with the greatest combined relative debris-flow hazard rank-
ings for the 25-year storm are CAS04 in the Cascade Creek
watershed, BIG02 in the South Ruxton Creek watershed,
MANO4 in the Ruxton Creek watershed, PRTO1 in the Gould
Creek watershed, ROS05 and ROSO0S in the East Beaver Creek
watershed, NCH11 and NCH19 in the North Cheyenne Creek
watershed, and SCHO4 and SCH30 in the South Cheyenne
Creek watershed.

Although the location, percentage of burned area, sever-
ity of wildfire, and subsequent storm intensity and duration
cannot be known in advance, hypothetical scenarios, such as
those used in this report, are useful planning tools for con-
ceptualizing potential postwildfire debris-flow hazards. The
models in this study were used only to estimate postwildfire
debris-flow characteristics at a specific location: the watershed
outlet. No attempt was made in this study to model the trans-
port of debris-flow material downstream from the watershed
outlet. Substantial flooding and other fluvial-erosion processes
that could cause substantial damage also can occur under post-
wildfire conditions, but were beyond the scope of this study.
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