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ABSTRACT: In much of western United States destructive floods after wildfire are frequently caused by localized, short-duration
convective thunderstorms; however, little is known about post-fire flooding from longer-duration, low-intensity mesoscale storms.
In this study we estimate and compare peak flows from convective and mesoscale floods following the 2012 High Park Fire in the
ungaged 15.5 km2 Skin Gulch basin in the northcentral Colorado Front Range. The convective storm on 6 July 2012 came just days
after the wildfire was contained. Radar data indicated that the total rainfall was 20–47mm, and the maximum rainfall intensities (up-
wards of 50mm h�1) were concentrated over portions of the watershed that burned at high severity. The mesoscale storm on 9–15
September 2013 produced 220–240mm of rain but had maximum 15-min intensities of only 25–32mm h�1.
Peak flows for each flood were estimated using three independent techniques. Our best estimate using a 2D hydraulic model was

28m3 s�1 km�2 for the flood following the convective storm, placing it among the largest rainfall-runoff floods per unit area in the
United States. In contrast, the flood associated with the mesoscale flood was only 6m3 s�1 km�2, but the long-duration flood caused
extensive channel incision and widening, indicating that this storm was much more geomorphically effective. The peak flow esti-
mates for the 2013 flood had a higher relative uncertainty and this stemmed from whether we used pre- or post-flood channel topog-
raphy. The results document the extent to which a high and moderate severity forest fire can greatly increase peak flows and alter
channel morphology, illustrate how indirect peak flow estimates have larger errors than is generally assumed, and indicate that
the magnitude of post-fire floods and geomorphic change can be affected by the timing, magnitude, duration, and sequence of rain-
storms. Copyright © 2017 John Wiley & Sons, Ltd.
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Introduction

High and moderate severity wildfires consume much of the
overlying vegetation and litter, and high severity fires alter sur-
face soils (Parsons et al., 2010). The loss of surface cover and
soil organic matter, reduction in surface roughness, and
increased soil water repellency cause a dramatic decline in
the soil infiltration rate (Shakesby and Doerr, 2006; Onda
et al., 2008; Larsen et al., 2009; Ebel et al., 2012) with a corre-
sponding potential for large increases in infiltration-excess
overland flow and surface erosion (Moody and Martin,
2001b). These large increases in hillslope-scale runoff and
erosion can lead to extensive rilling and gullying, expansion
of the drainage network in the steeper headwater areas (Moody
and Martin, 2001a; Wohl, 2013) and dramatic downstream in-
creases in flooding, erosion, and sedimentation (Doehring,
1968; Anderson, 1976; Moody and Martin, 2009). Burning of
the riparian vegetation can further exacerbate these effects by
reducing bank stability and exposing the riparian zone to chan-
nel scour (Eaton and Giles, 2008). The legacy effect of these
fire-induced geomorphic changes can persist for tens to

thousands of years (Meyer et al., 1992, 1995; Elliott and Parker,
2001; Moody and Martin, 2001a; Legleiter et al., 2003).

The effects of high and moderate severity wildfires on runoff
and erosion are of increasing concern due to the growing pop-
ulation in the wildland–urban interface, and the increasing area
and severity of wildfires due to climate change, earlier snow-
melt, and historic wildfire suppression (Westerling et al.,
2006; Liu et al., 2013; Rocca et al., 2014). Given the current
and projected increases in the number, extent, and severity of
forest fires in the western USA and elsewhere (Flannigan
et al., 2009; Littell et al., 2009), there is an urgent need to quan-
tify the effects of wildfires on peak flows at the watershed scale.

For much of the western USA, the largest and most destruc-
tive floods after wildfires are caused by localized, short-
duration convective thunderstorms (Morris and Moses, 1987;
Meyer et al., 1995; Cannon et al., 2001; Moody and Martin,
2001a). The localized and usually remote nature of these
storms means that the resulting peak flows are almost never
measured on gaged watersheds, with very few exceptions
(Canfield et al., 2005; Kunze and Stednick, 2006). Rainfall-
runoff generated floods from high-intensity, short duration
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convective storms have been widely recognized, while post-
fire floods from low-intensity, long duration mesoscale storms
are very uncommon and remain largely unstudied.
Following a wildfire disturbance in Colorado in 2012 we had

the opportunity to investigate two post-wildfire floods gener-
ated by different types of rainstorms. The first flood on 6 July
2012, just a few days after the fire was fully contained, was
the response to a localized convective storm, and is referred
to as the ‘convective flood’ throughout this paper. The second
flood was in September 2013, 15months after the fire, and this
was caused by a lower-intensity, but unusually large and long-
duration storm. This second storm is referred to as the ‘meso-
scale flood’ throughout this paper.
The juxtaposition of these two different rainstorms and

resulting large floods allowed us to investigate the relation-
ships between rainfall amount and intensity, flood response,
and geomorphic changes after wildfire. Here we seek an-
swers to two key questions: (1) how do the peak flows
and geomorphic changes from the unusual mesoscale storm
compare with the peak flows and post-flood geomorphology
from the convective storm? (2) What is the importance of lo-
cal rainfall intensity, bare soils, and sequence of events on
the magnitude of the peak flows from each of these two
storms? In our efforts to answer these two questions, we
had to answer a third and more basic set of questions,
namely: (3) how precisely can we estimate the peak flows
from each storm? And can our confidence in the estimated
peak flows be improved by using and comparing different
estimation techniques?
In this study we used the slope-area method, critical flow

method, and a 2D hydraulic model to estimate the peak flows
from the convective and mesoscale flood. The occurrence of
the mesoscale flood meant that we could directly compare

the differences in the estimated peak flows using pre- and
post-flood topography for each of the three estimation tech-
niques. The intercomparisons of the estimated peak flows
among techniques, the different cross-sections, and the pre-
and post-flood topography provides insights into the inherent
uncertainties and validity of each estimation technique. The ex-
ceptionally high magnitude of our estimated peak flows then
led us to a fourth question, which was: (4) how do the unit area
magnitudes of these peak flows compare with other large
rainfall-runoff generated floods in the United States? The an-
swers to these four questions are useful for assessing the poten-
tial magnitude and effects of post-fire floods resulting from two
very different types of rainstorms, and have much broader im-
plications for the techniques and uncertainties in quantifying
peak flows after major floods.

Site description and background

The 2012 High Park Fire wildfire (HPF) was ignited by a light-
ning strike on 9 June 2012 in the northcentral Colorado Front
Range. It burned 353 km2 and nearly 260 homes by the time
it was 100% contained on 1 July (HPF BAER Report, 2012).
Our study focused on the main branch in the Skin Gulch (SG)
basin (15.5 km2) that is located nearly in the middle of the
HPF burn area (Figure 1) with elevations ranging from 1890
to 2580m, and a main channel width of ~1m at base flow. Ge-
ology of the basin is primarily Precambrian metasedimentary
and metaigneous schists, gneisses, and plutonic igneous rocks
(Abbott, 1970), and the soils are typically sandy loams with
10–60% rock content by volume at the surface and 35–80%
in the subsurface (HPF BAER Report, 2012). Annual precipita-
tion averages about 450–550mm (PRISM Climate Group,

Figure 1. Location and elevation of the (a) Cache la Poudre basin in the Colorado Front Range of the western USA, and burn severity in the (b) High
Park Fire and (c) Skin Gulch, respectively. Black dots show the location of rain gages used to characterize the September 2013 mesoscale storm.
[Colour figure can be viewed at wileyonlinelibrary.com]
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Oregon State University, http://prism.oregonstate.edu, map cre-
ated 19 Feb 2015), with most of the precipitation from Novem-
ber to May falling as snow. Summer precipitation comes mostly
from convective storms. Vegetation in SG prior to the HPF was
81% evergreen forest (primarily ponderosa pine), 15%
shrub/scrub, and ~4% deciduous forest, grassland/herbaceous
and woody wetland (data derived from the 2011 National Land
Cover Database; Jin et al., 2013). RapidEye imagery and a mul-
tistage decision tree indicated that approximately 44% of the
drainage area burned at high severity, 21% at moderate sever-
ity, 35% at low severity, and just 6% unburned (Figure 1(c)).
Within Skin Gulch the majority of the area burned at high se-
verity was in the headwaters and west-central part of the
watershed.
The convective flood on 6 July 2012 was centered over one

main tributary that had burned at high severity. This flood
mobilized large amounts of sediment, and deposited cobbles,
large boulders, and woody debris in the mainstem channel
and valley bottom (Figure 2). At that time we had no on-site
rainfall data or detailed topographic data, although we had sur-
veyed one cross-section at the base of the watershed prior to
the flood. The ash and sediment delivered from this and subse-
quent floods to the Cache la Poudre (CLP) River affected the
primary water supply for several hundred thousand people
(Writer et al., 2014).
The mesoscale flood in September 2013 affected the entire

central and northern Colorado Front Range, resulting in wide-
spread flooding that washed out numerous major highways
(Gochis et al., 2014; Yochum, 2015) and triggered over 1100
landslides and debris flows (Anderson et al., 2015). This flood
caused extensive geomorphic change in SG (Figure 3), and
for this flood we had rainfall data from seven tipping bucket
rain gages and detailed pre- and post-flood topographic data
(Kampf et al., 2016).

Methods

Field observations

Ten channel cross-sections for repeat surveys were established
over the course of several months following the HPF. There
were only six days between containment of the HPF and the
first rainstorm and associated flood on 6 July, so the only chan-
nel data from SG was a single cross-section (XS) that was
established near the outlet of SG on 4 July (XS1 in Figure 4).
The sediment deposits and high water marks (HWM) from the
6 July 2012 flood extended well beyond the original surveyed
cross-section. On 22 July 2012 a longer cross-section was re-
established at the same location, and on the same day XS2
was established farther upstream. In early fall 2012 seven addi-
tional cross-sections were established on straight reaches along
the main branch of SG, and these were selected to represent
erosional, depositional, and transport reaches. One additional
cross-section was established on Tributary 3 (Figure 4), which
appeared to be unaffected by the flood. Above XS1 drainage
areas along the main channel ranged from 9.04 km2 at XS2 to
4.63 km2 at XS10 (Table I). Longitudinal profiles were
established at each cross-section.
We also measured the intermediate axis of 60 of the larger

imbricated particles deposited by the convective flood between
XS6 and XS9. Frequent pictures and field visits showed that
subsequent storms in summer 2012 caused minimal channel
change, making us confident that the cross-section surveys ac-
curately captured conditions after the convective flood.
The elevations of HWMs were measured for the convective

and mesoscale floods throughout the basin, but not at every

cross-section. These were identified after the convective storm
by very distinct lines of deposited ash and fine debris, and after
the mesoscale storm primarily by matted-down vegetation. All
of the HWMs from the mesoscale flood were lower in elevation
than the HWMs from the convective flood. For the convective
flood two HWMs were noted near XS2 on 22 July 2012; subse-
quent field visits identified 53 HWMs along the main branch of
SG (Figure 4). These HWMs were readily identified because no
floods within the first year after burning came close to the mag-
nitude of the 6 July 2012 flood. Forty-two HWMs were sur-
veyed shortly after the mesoscale flood (Figure 4). In our
analyses, we estimate an uncertainty in the elevation of the
HWMs of 0.10m, which reflects potential undulations in the
free surface at peak discharge, and uncertainties of this

Figure 2. Pictures taken after the convective flood (6 July 2012) indi-
cate the extreme magnitude of this flood. (a) Imbricated boulders above
the channel bed looking at the left bank between cross-section (XS) 8
and XS9; (b) extensive deposits of boulders and cobbles on the flood-
plain looking upstream just downstream from the confluence of Tribu-
tary 3; and (c) large pileup of woody debris looking upstream from
XS6. See Figure 4 for XS and tributary locations. [Colour figure can be
viewed at wileyonlinelibrary.com]
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magnitude have been used for indirect discharge analyses of
the 2013 flood at other locations along the Colorado Front
Range (Moody, 2016). Stage data were collected near XS1 dur-
ing the mesoscale flood by an ultrasonic water level sensor, but
these could not be used to calculate discharge because the bed
aggraded by more than 2m during this flood (Kampf et al.,
2016). Maximum inundated area and mean flow depth were
calculated for each cross-section that had a nearby HWM by
projecting a horizontal water surface elevation across the chan-
nel from the measured HWM. Absolute changes in cross-
sectional area due to the mesoscale flood were summarized
in Kampf et al. (2016).
The 2012 surveys were conducted using either an autolevel

and stadia rod, or a Leica TCR407 total station. The 2013 sur-
veys were conducted with a Topcon GR-5 Real-Time Kinematic
Global Navigation Satellite Systems (RTK-GNSS). The total sta-
tion data were rotated and adjusted for elevation using bench-
marks to match the real-world RTK-GNSS coordinates. Average
estimated horizontal and vertical root mean square error
(HRMS and VRMS) among the methods was 6mm and
10mm, respectively.

Lidar data and model domains

Three airborne lidar datasets covering the SG watershed
were used as topographic input for the 2D modeling of each
flood. The first two sets of data were collected in October
2012 and July 2013 by the National Ecological Observatory

Network (NEON) Airborne Observation Platform. The third
airborne lidar dataset was collected by the USGS 1month
after the mesoscale flood. The primary product from each
dataset was a 1m bare-earth digital elevation model
(DEM). The DEMs developed from the two NEON datasets
required a mean bias correction (i.e. elevation adjustment)
to fit our surveyed cross-sections as there was a lack of
vertical ground control and possible transformation errors
between the NAD83 and WGS84 ellipsoids. After correction
the mean absolute error (MAE) between our RTK-GNSS sur-
vey data and the lidar surfaces was reduced to 0.13m for
the 2012 NEON DEM (n=2575) and 0.19m for the 2013
NEON DEM (n=2437). The MAE for the 2013 USGS lidar
was 0.24m (n=3060).

Field observations after the convective storm indicated that
the high peak flows and associated channel geomorphic
changes were confined to the main stem of SG given the gen-
eral lack of channel change, HWMs or deposition in the tribu-
taries (Figure 4). It was therefore surmised that the tributaries
contributed negligible flow during this flood. To take advantage
of as many HWMs as possible, the areal domain for the 2D
modeling of the convective flood began upstream of XS2 and
extended to just upstream of XS10 (Figure 4). The contributing
area at the upstream end of this model domain was 4.6 km2,
and the HWMs throughout this reach were longitudinally
widespread.

In contrast, field observations for the mesoscale flood indi-
cated substantial flows and geomorphic changes throughout
the watershed, so it was not possible to use the same domain
as for the convective flood. The model domain for the meso-
scale flood was therefore focused on the lower portion of the
main channel from just below XS2 upstream to the confluence
of the main channel with Tributary 3 (Figure 4). Although this
domain covers a different spatial area than the model domain
for the convective flood, they do overlap, and because our
models were run under steady-state conditions (discussed be-
low) the different spatial domains should not affect peak flow
comparisons. For the mesoscale flood we used the 11 HWMs
between XS2 and XS4, which were primarily on the inside of
a bend or along one side of straight reaches. The contributing
area upstream of XS4 is 8.7 km2.

Precipitation

The convective storm on 6 July 2012 occurred prior to the
installation of any tipping-bucket rain gages, so radar data were
used to estimate precipitation from that storm. Amount and
intensity of rainfall were determined from 15min radar data
(Hydro-NEXRAD, Krajewski et al., 2011) collected by the
National Weather Service (NWS) Doppler radar in Cheyenne,
Wyoming, which is approximately 70 km northeast of the study
basin. The storm had two main rainfall bursts that were 7 h
apart with each burst lasting less than 1.5 h. The radar data
were gridded in ~1 km2 bins and bias-corrected with daily
rainfall data from 16 nearby Community Collaborative Rain,
Hail and Snow Network (CoCoRaHS) rain gages (Cifelli et al.,
2005). Because the CoCoRaHS data are daily totals collected
at 0700 local time, the radar data were summed to obtain daily
totals for the 24 h period ending at 0700. A daily mean field
bias (MFB) correction was calculated as:

Bi ¼ ∑Gij

∑Rij
(1)

where Bi is the multiplicative bias for a particular day i, Gij is
the daily rainfall for day i and gage j, and Rij is the summed

Figure 3. Photos looking downstream between cross-section (XS) 9
and XS10 (a) prior to and (b) after the mesoscale flood (September
2013) showing the large increase in the size of the channel. The same
boulder is circled in red in both pictures. See Figure 4 for XS and tribu-
tary locations. [Colour figure can be viewed at wileyonlinelibrary.com]
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24h rainfall for day i and the radar pixel containing gage j
(Wright et al., 2013). The calculated bias was 0.95, and this
value was used to correct all of the 15min radar rainfall
estimates.
Seven tipping-bucket rain gages installed after July 2012 in

SG recorded the mesoscale storm. The radar data accurately
estimated the total precipitation for this storm but did not accu-
rately reproduce the 15min rainfall intensities, possibly due to

terrain beam blockage (Zrnić and Ryzhkov, 1996). Thus the
rainfall over SG was estimated by natural neighbor interpola-
tion of the rain gage data. To match other studies (i.e. Lukas
et al., 2013) we defined the duration of the mesoscale storm
from 0700 mountain daylight time (MDT) on 9 September to
0700 MDT on 16 September 2013. Recurrence intervals for
the convective and mesoscale storms were determined from
NOAA atlas precipitation-frequency data (Perica et al., 2013).

Peak flow estimation techniques

Three different techniques were used to estimate peak flows
from each flood: (1) the slope-area method; (2) the critical flow
method; and (3) two-dimensional hydraulic modeling with
Nays2D. Peak flow estimates for the convective flood were
necessarily based on the topographic data collected after the
flood, while peak flows for the mesoscale flood were estimated
using both the pre- and post-flood topography. Uncertainty in
each method was computed using a Gaussian error
propagation approach.

For the slope-area method we used Manning’s equation:

Q ¼ AR2=3S1=2

n
(2)

Figure 4. Shaded relief map of lower Skin Gulch showing major tributaries, cross-sections (XS), high water marks (HWMs), and hydraulic model
boundaries. Inset shows burn severity for the entire SG watershed. [Colour figure can be viewed at wileyonlinelibrary.com]

Table I. Drainage areas for each cross-section along with the net
cross-sectional erosion and deposition due to the mesoscale flood.
Net erosion and deposition for the convective flood could not be
calculated because pre-flood surveys do not exist

Cross-section
Drainage
area (km2)

Erosion
(m2)

Deposition
(m2)

Net change
(m2)

XS2 9.04 �2.4 0.6 �1.8
XS3 8.79 �2.8 2.2 �0.6
XS4 8.77 �21.9 2.1 �19.8
XS5 8.33 �14.7 3.4 �11.3
XS7 2.80 �1.6 0.0 �1.6
XS8 5.21 �7.6 0.2 �7.4
XS9 5.12 �4.6 0.1 �4.5
XS10 4.63 �4.7 0.3 �4.4
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whereQ is the discharge (m3 s�1), V is the mean cross-section
velocity (m s�1), A is the cross-sectional area of the flow (m2),
R is the hydraulic radius (m), S is the mean water surface slope
(m/m), and n is Manning’s roughness coefficient (s/m1/3). Slope
was approximated from the local bed slopes over a 50m reach
since the HWMs were spaced too intermittently to be used to
calculate water surface slope. Equation (2) was only used at
cross-sections with nearby measured HWMs, so peak flows
were estimated at five cross-sections for the convective flood
(2, 3, 4, 5 and 8) and four cross-sections for the mesoscale flood
(2, 7, 9 and 10). Note that XS7 is on a tributary to the main stem
(Figure 4), and our cross-sections were established to document
channel change rather than estimate peak flows. Hence our
cross-sections were not replicated as suggested by Dalrymple
and Benson (1967).
For each cross-section we made eight estimates of Manning’s

n using standard empirical equations (Limerinos, 1970; Hey,
1979; Jarrett, 1984; Dingman and Sharma, 1997; Ferguson,
2007), reference tables (Chow, 1959; Arcement and Schneider,
1989), and photographic guides (Barnes, 1967). Peak flow using
the slope-area method was then calculated using the mean of
these n values. Uncertainties in the peak flow estimates were
computed using Gaussian error propagation, in which the un-
certainty in the horizontal and vertical measurement of each
survey point was taken to be the horizontal and vertical root
mean square error (HRMS and VRMS) from the RTK-GNSS; ver-
tical uncertainty in the HWMs was assumed to be 0.10m as
noted above; uncertainty in the slope was taken to be the stan-
dard error from the linear regression used to compute the slope;
and uncertainty in Manning’s nwas the standard deviation from
the suite of empirical estimates at each location.
The second method to estimate peak flows was the critical

flow method, and this calculates discharge by assuming the
Froude number is equal to one. Based on this assumption and
conservation of mass, discharge is calculated by:

Q ¼ A
ffiffiffiffiffiffi
gh

q
(3)

where g is gravitational acceleration (9.81m/s2) and h is the av-
erage flow depth (m). The same cross-sections and HWMs were
used for the critical flow method as the slope-area method. Un-
certainty in the peak flow estimates was again computed using
Gaussian error propagation where uncertainty in the horizontal
and vertical position of each survey point and the estimated un-
certainty in the HWM elevations were used. Previous literature
has shown that the Froude number varies considerably during
floods (Costa, 1987; Lumbroso and Gaume, 2012), so we also
assign and propagate a 20% uncertainty to the assumed Froude
value of one.
The third method used to estimate peak flows was the

Nays2D model (Asahi et al., 2013), where a series of steady-
state constant discharges were simulated in order to find the
peak discharge that best matched the surveyed HWMs.
Nays2D is an open-source model distributed with the iRIC in-
terface (International River Interface Cooperative, http://i-ric.
org; Nelson et al., 2015). It solves the 2D depth-averaged equa-
tions of fluid continuity and momentum to determine water sur-
face elevations and depth-averaged velocities. These equations
are solved in a general curvilinear coordinate system, enabling
computational meshes of any shape. For the convective and
mesoscale simulations we constructed a computational mesh
of curvilinear quadrilateral cells with a spacing of approxi-
mately 2m in the downstream direction and 1m in the lateral
direction.
To estimate the convective flood the grid cells were assigned

elevations by interpolating the 2012 NEON lidar data. Similarly
for the mesoscale flood we used the 2013 NEON lidar data and

the 2013 USGS lidar data to develop meshes for pre- and post-
flood topography, respectively. Upstream and downstream
boundary conditions were set to uniform flow. Each simulation
was run with a time step of 0.01 s for a total of 1000 s, at which
point the flows were at steady-state. The cubic-interpolated
pseudoparticle method was used for finite differential calcula-
tion of the advection terms. The zero-equation model was used
for eddy viscosity parameterization:

vt ¼ C
k
6
u�h (4)

where vt is the eddy viscosity coefficient, k is the von Karman
coefficient (0.4), u* is the shear velocity (m s�1), and h is depth
(m), and C is a user-defined parameter for which we used the
default setting (C = 1).

The primary outputs from each 2D simulation were the local
depth (h) and the 2D depth-averaged velocity vectors (u, v).
Boundary shear stress (τx, τy) in Nays2D is calculated with a
drag coefficient closure:

τx ; τy
� � ¼ ρCd

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2 þ v2

p
u; vð Þ (5)

where ρ is the density of the fluid (kg/m3), and Cd is the drag co-
efficient as calculated by:

Cd ¼ gn2

h1=3
(6)

This parameterization, which is also used in the momentum
equation, allows roughness to decrease with increasing flow
depth despite using a spatially uniform n.

We used Nays2D to estimate the peak discharge for each
flood by applying the mean estimate of all empirical Manning’s
n estimates, and imposing a constant discharge. We ran numer-
ous simulations where discharge was varied from 5 to
250m3 s�1 in 5 to 10m3 s�1 increments. For each simulation
the mean absolute error (MAE) was calculated from the differ-
ences between the water surface elevation of the inundated
grid cell closest to the surveyed elevation of each measured
HWM (53 for the convective flood and 11 for the mesoscale
flood). Our best estimate of the peak flow was the discharge
with the minimum MAE.

We characterized the uncertainty of the 2D–model-
estimated peak discharges by separately accounting for uncer-
tainty in roughness and uncertainty in HWM elevations. To
account for uncertainty in Manning’s n, we repeated the series
of simulations twice with roughness values equal to the mean
value minus and plus the standard deviation of the distribution
of empirical estimates, respectively. The range of discharges
that minimized the MAE for these two n values were consid-
ered to represent the uncertainty in peak flow due to roughness
parameterization.

To account for uncertainty in HWM elevation in the 2D
modeling, we used the series of simulations where the rough-
ness was the mean Manning’s n estimate, and we shifted the
HWM elevations vertically up or down by the uncertainty in
the relative HWM elevation (0.10m) plus the uncertainty in
the lidar (0.13 to 0.24m, as discussed above). The MAEs be-
tween these adjusted HWM elevations and model outputs were
computed, and the discharges that minimized the MAE were
taken to represent the uncertainty in peak flow due to HWM
elevation uncertainty.

In order to test for the effects of hyperconcentrated flows we
varied the fluid density from 1000 to 2000 kg/m3 and C in the
eddy viscosity term from 0.1 to 10. Since these variations did
not change the discharge associated with the minimum MAE
and had a negligible effect on the absolute MAE, they are not
further reported.
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Using the best estimates of peak flows from Nays2D we esti-
mate reach average peak unit stream power (ω) as:

ω ¼ γQS
w

(7)

where γ is the specific weight of the fluid (N/m3), Q is the peak
discharge, andw is the mean channel width (m). Mean channel
width and water surface slopes were estimated from the
Nays2D model outputs. We also make a rough estimate of the
total energy expenditure during each flood by integrating the
time series of stream power, assuming it has a triangular shape
with a duration estimated from the rainfall data and the peak
estimated from Equation (7).

Results

Precipitation – Convective storm

Rainfall for the convective storm on 6 July 2012 was highly var-
iable in space and lasted about 19.5 h. Total rainfall varied from
47mm in the western portion of the watershed to only about
20mm in the eastern portion of the watershed (Figure 5(a)).
Peak 15-min rainfall intensities (I15) ranged from about 10 to
50mm h�1, with the highest intensity in the southern portion
of the watershed over an area that burned at high severity

(Figure 5(b)). The rainfall came primarily in two short bursts,
with the first burst being spatially more widespread with most
15min intensities exceeding 27mm h�1 and peak 15min in-
tensities approaching 50mm h�1 (Figure 6(a)). Rainfall intensi-
ties dropped to only 10–15mm h�1 at the eastern boundary of
the watershed (Figure 5(b)). The second burst was less wide-
spread and less intense (Figure 6(a)), indicating that the flood
was almost certainly due to the initial burst at around 1415
MDT. Recurrence intervals for these depths and maximum
15min intensities are roughly 1–10 and less than 2 years,
respectively (Perica et al., 2013).

Precipitation – mesoscale storm

In contrast to the convective thunderstorm, the mesoscale
storm lasted roughly 7 days. This extreme storm was due to
monsoonal moisture being directed to the central and north-
ern Colorado Front Range (Lukas et al., 2013; Gochis et al.,
2014). Rainfall amounts and intensities were quite uniform
over the SG catchment, and total rainfall was about 220–
235mm or about five times the maximum total rainfall from
the July storm (Figure 5(b)). Approximately 150–160mm or
70% of the total rainfall fell in 24 h (Figure 6(b)), but the max-
imum 15min intensities were only 25–31mm h�1 (Figures 5
(b) and 6(b)). The extreme nature of this storm is indicated
by the estimated recurrence intervals of 200–500 years for

Figure 5. Isohyets of storm total precipitation (mm) and maximum 15-minute rainfall intensities (mm/h) over Skin Gulch for the convective storm on
6 July 2012 (a), (c) and mesoscale storm on 9–15 September 2013 (b), (d), respectively. The background of each figure is the burn severity map for the
2012 High Park Fire, where red is high severity, yellow is moderate severity, aquamarine is low severity, and green is unburned. [Colour figure can be
viewed at wileyonlinelibrary.com]
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the 1 day precipitation and roughly 500–1000 years for the
7 day precipitation (Perica et al., 2013).

Field observations of the convective and mesoscale
floods

The convective flood led mainly to depositional geomorphic
changes in the SG channel. The large magnitude of the peak
flows coming from the upper mainstem of SG are shown by
the boulder-sized clasts that were imbricated between XS8
and XS9, deep cobble and boulder deposits just below the con-
fluence with Tributary 3 where the steep, bedrock-confined up-
per mainstem entered a roughly 40m wide alluvial valley, and
the ~2m high deposits of woody debris against standing trees
near XS6 (Figure 2). The mean diameter of the 60 imbricated
boulders that we measured was just over 300mm, and the larg-
est had an intermediate axis of just over 1m. Our observations
of imbrication, a lack of levees, and fan and sheet deposits
indicate that the convective flood was not a debris flow (Costa,
1988; Pierson and Costa, 1988; Pierson, 2005). The lack of
HWMs in Tributary 3 or evidence of high flows in the num-
bered tributaries suggests that nearly all the water and sediment
during the convective flood came from the western branch. The
spatially varying geomorphic changes show how a highly
localized, high-intensity rainfall can combine with high burn
severity (Figure 5(a)) to produce a major flood in one portion
of SG compared with the other portions that either had less
rainfall or were not as severely burned.
The depositional nature of this flood was shown by the

extensive deposits from XS8 all the way downstream to XS1.
At XS1 there was a maximum vertical aggradation of 0.14m

and a 1.4m2 decrease in cross-sectional area, but there was
much more deposition on the floodplain and terrace beyond
the right-hand side of the cross-section.

In contrast to the depositional nature of the convective
flood, the primary geomorphic changes from the long dura-
tion mesoscale flood were incision and widening (Table I;
Figure 7 supplementary Figures S1–S10). Only XS1 experi-
enced deposition, and the 2.3m of aggradation was due
to the backing up of a downstream culvert (Kampf et al.,
2016). The ultrasonic sensor at XS1 showed that high flows
lasted for ~60h beginning about 1845 MDT on 11
September 2013. At XS8 there was 1.7m of incision and
a corresponding decrease in the flood impacted channel
width from 6m to 4m, while farther downstream at XS4
the flood expanded the active channel width from about 3
to 23m with only 0.3m of incision (Figure 7). Bank under-
cuts and bank failures were common along the lower
mainstem, and the bank erosion helped trigger a shallow
landslide at XS4.

Estimated peak flows – Slope-area method

Cross-sectional flow areas and depths during the convective
flood were greater than for the mesoscale flood (Table II), which
accurately corresponds to the observed higher HWMs from the
convective flood and erosional nature of the mesoscale flood.
The mean Manning’s n values among cross-sections increased
from the convective flood to pre-mesoscale flood by ~0.005
and again by the same amount from the pre-mesoscale flood
to post-mesoscale flood (Table II).

Peak flow estimates for the convective flood varied from
32 to 140m3 s�1 (3.8 to 25m3 s�1 km�2), but we believe that
the low value of 32m3 s�1 is not representative as the HWM
for this XS was on the inside of a bend within a stand of un-
burned trees (Table III; Figure 8). If this value is excluded the
range is from 62 to 140m3 s�1, with three of the four remain-
ing cross-sections having values of 130–140m3 s�1. There
was a strong decrease in peak flows per unit area from
25m3 s�1 km�2 at XS8 to only 6.9m3 s�1 km�2 at XS2, and
this is consistent with the locations of peak rainfall intensities
and the expected decline in unit area peak flows with in-
creasing drainage area (Smith et al., 2005a, b). The uncer-
tainties in the estimated peak flow ranged from 13 to
78m3 s�1 (1.6 to 13m3 s�1 km�2) depending on the cross-
section, and these were proportional to the estimated peak
flows in both absolute and unit area terms (Table III).

Using the slope-area method, estimated mesoscale flood
peak flows were all smaller than the estimated peak flows
for the convective flood (Table III). Excluding XS7 on Tribu-
tary 3, the estimated peak flows using pre-flood topography
varied from 16 to 40m3 s�1, while the peak flows per unit
area varied from 1.8 to 8.7m3 s�1 km�2. Uncertainties were
9.7 to 21m3 s�1 (1.1 to 4.6m3 s�1 km�2). Using the post-
flood topography increased the estimated peak flows from
1.4 to 2.5 times, and this was due primarily to the greater
channel cross-sectional area (Table II). Excluding XS7 on
Tributary 3, the estimated peak flows using post-flood topog-
raphy varied from 23 to 60m3 s�1, while the peak flows per
unit area varied from 2.5 to 13m3 s�1 km�2. Uncertainties
were 11 to 28m3 s�1 (1.2 to 6.0m3 s�1 km�2). Direct at-a-
station comparisons between floods are difficult because
only XS2 had HWMs and peak flow estimates for both
floods. For this cross-section, the estimated peak flows for
the mesoscale flood using pre- and post-flood topography
were, respectively, 26% and 37% of the estimated values
for the convective flood.

Figure 6. (a) 15-min rainfall intensities for the convective storm on 6
July 2012 computed from biascorrected Hydro-NEXRAD radar data;
each line is the time series of a 1 km2 radar bin within Skin Gulch. (b)
15-minute rainfall intensities from the mesoscale storm on 9–15 Sep-
tember 2013 for each recording rain gage in Skin Gulch with dates cen-
tered at 0000 MDT. Names in legend refer to rain gages installed and
maintained by researchers from Colorado State University (CSU) and
the National Center for Atmospheric Research (NCAR), respectively.
[Colour figure can be viewed at wileyonlinelibrary.com]
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Estimated peak flows – Critical flow method

The critical flow method yielded estimated peak flows for
the convective flood of 31 to 100m3 s�1 (3.7 to
16m3 s�1 km�2) (Table III; Figure 8). Excluding XS5 range
is from 51 to 100m3 s�1 (5.6 to 16m3 s�1 km�2). These
values are 18–35% lower than the corresponding peak flows
estimated using the slope-area method, and the pattern of
estimated peak flows among the different cross-sections
using the critical flow assumption matched the pattern from
the slope-area method. Uncertainties were 38 to 140m3 s�1

(4.5 to 16m3 s�1 km�2), depending on the cross-section
(Table III).
Using the critical flow method, estimated mesoscale flood

peak flows were all smaller than the estimated peak flows for
the convective flood; this is consistent with the results of the
slope-area method (Table III). Excluding XS7 on Tributary 3,

the estimated peak flows using pre-flood topography varied
from 16 to 30m3 s�1, while the peak flows per unit area varied
from 1.8 to 6.5m3 s�1 km�2. Uncertainties were 25 to
87m3 s�1 (2.7 to 17m3 s�1 km�2). Using the post-flood topog-
raphy increased the estimated peak flows from 1.4 to 2.8 times,
and this was due primarily again to the greater channel cross-
sectional area (Table II). Excluding XS7 on Tributary 3, the esti-
mated peak flows using post-flood topography varied from 22
to 51m3 s�1, while the peak flows per unit area varied from
2.5 to 11m3 s�1 km�2. Uncertainties were 51 to 74m3 s�1

(5.7 to 15m3 s�1 km�2).
Using the assumed Froude number of 1.0 allowed us to inde-

pendently estimate Manning’s n using Equation (2). Resulting n
values range from 0.058 to 0.097, 0.056 to 0.090, and 0.065 to
0.083 for the convective flood topography, pre-mesoscale
flood topography, and post-mesoscale flood topography,
respectively.

Table II. Inundated cross-sectional areas, mean flow depth, maximum flow depth and hydraulic radius as determined by the HWMs, local slopes,
and statistics for Manning’s n used for each cross-section and the Nays2D model. The rightmost Manning’s n column presents the mean and standard
deviation of all of the independent roughness estimates for the flood/topography, and were used in the Nays2D modeling of that flood. XS1 and XS6
are excluded because there were no nearby HWMs for either flood

Flood Topography
Cross-
section

Area
(m2)

Mean flow
depth (m)

Max flow
depth (m)

Hydraulic
radius (m) Slope

Manning’s n (s/m1/3) Manning’s n (s/m1/3)

Mean S.D. Range Mean S.D.

Convective Post-flood XS2 17.7 0.8 1.3 0.9 0.034 0.05 0.03 0.03–0.09

0.06 0.03
Convective Post-flood XS3 31.5 1.0 1.9 1.0 0.065 0.06 0.03 0.03–0.11
Convective Post-flood XS4 29.1 1.2 2.9 1.1 0.061 0.06 0.03 0.03–0.11
Convective Post-flood XS5 12.9 0.6 1.6 0.6 0.061 0.07 0.02 0.04–0.12
Convective Post-flood XS8 23.2 1.4 2.2 1.3 0.093 0.06 0.03 0.03–0.13

Mesoscale Pre-flood XS2 7.8 0.4 0.8 0.4 0.044 0.05 0.03 0.03–0.11

0.06 0.03
Mesoscale Pre-flood XS7 1.3 0.4 0.8 0.3 0.097 0.08 0.04 0.04–0.16
Mesoscale Pre-flood XS9 7.2 0.5 1.0 0.5 0.070 0.06 0.03 0.03–0.13
Mesoscale Pre-flood XS10 10.4 0.8 1.4 0.8 0.090 0.07 0.03 0.03–0.13

Mesoscale Post-flood XS2 9.7 0.5 0.9 0.5 0.059 0.06 0.03 0.04–0.12

0.07 0.03
Mesoscale Post-flood XS7 2.7 0.7 1.3 0.5 0.078 0.08 0.03 0.04–0.14
Mesoscale Post-flood XS9 11.7 0.8 1.4 0.7 0.064 0.07 0.03 0.04–0.12
Mesoscale Post-flood XS10 14.9 1.2 2.6 0.9 0.086 0.07 0.03 0.03–0.13

Figure 7. Plot of (a) XS8 and (b) XS4 prior to and after the mesoscale flood. The photos at each cross-section were taken on 24 September 2013
looking downstream. [Colour figure can be viewed at wileyonlinelibrary.com]
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Estimated peak flows - Nays2D modeling

Predicted peak flow for the convective flood using Nays2D and
the reach-averaged Manning’s n was 130m3 s�1 (Table III).
Peak flow per unit area using the contributing area at the top
of the modeled domain, 4.6 km2, was 28m3 s�1 km�2. This dis-
charge is very similar to the values of 130–140m3 s�1 calcu-
lated from the majority of the cross-sections using the slope-
area method. Uncertainty in peak flow ranged from 90 to
210m3 s�1, or 20–46m3 s�1 km�2, as a result of incorporating
the uncertainty in roughness, and lidar and HWM elevations.
Differences in elevations between surveyed HWMs and
modeled water surface did not show any longitudinal trend,
further supporting the assumption that the tributaries provided
negligible additional flow.
The estimated peak flow for the mesoscale flood was

20m3 s�1 (2.3m3 s�1 km�2) using pre-flood topography and
50m3 s�1 (5.7m3 s�1 km�2) using post-flood topography
(Table III). This large difference is consistent with peak flow es-
timates using the other two methods, and estimated peak flows
for the pre-flood topography are consistent with the values cal-
culated from the other two methods (Figure 8). In contrast, esti-
mated peak flows for the post-flood topography are slightly
higher than the best estimates from the other two methods.
The uncertainty range of peak flows was 10 to 40m3 s�1 (1.1
to 4.6m3 s�1 km�2) using pre-flood topography, and from 20
to 70m3 s�1 (2.3 to 8.0m3 s�1 km�2) using post-flood topogra-
phy (Table III).
Reach average peak stream power for the convective flood

was 3500W/m2, which is three to five times the peak stream
power estimates for the mesoscale flood (Table IV). Durations
of the convective and mesoscale floods were estimated as 2
and 24h, respectively. Using these durations total energy ex-
penditure was estimated as 13 000 kilojoules for the convective
flood, which was only 25–46% of the total energy expenditure
for the mesoscale flood.

Discussion

How do peak flows and geomorphic changes
compare between the short-duration, convective
flood and the long-duration, mesoscale flood?

Both the convective and mesoscale floods in a burned basin
caused extensive geomorphic changes, but the pattern,

intensity, and duration of the precipitation and resulting peak
flows were very different for the two floods. Studies from
nearby fires have shown that nearly all of the hillslope erosion
and downstream deposition after wildfire is in response to sum-
mer thunderstorms (Moody and Martin, 2001a; Benavides-
Solorio and MacDonald, 2005; Kunze and Stednick, 2006).
Although we do not have a hydrograph for the convective
flood, the radar rainfall data strongly indicates that this would
have been a large but short-duration peak flow generated by
infiltration-excess overland flow. This runoff mechanism and
flashy hydrographs have been widely observed from other
thunderstorms on the High Park Fire. In contrast, the mesoscale
flood generated a smaller peak flow, but the flows were
sustained for a much longer period of time, and our pictures
and measured data clearly show that this flood caused substan-
tially greater geomorphic changes across a much larger propor-
tion of the valley bottom (Figures 2, 3, and 7; Table I). As one
example, an abandoned dirt road that ran from near the bottom
of the watershed up to the confluence with Tributary 3 was cut
multiple times by the convective flood, while the mesoscale
flood almost completely obliterated the road by reworking the
valley bottom.

Costa and O’Connor (1995) posited that the energy available
for geomorphic change is the time integral of the unit stream
power above an alluvial erosion threshold, where others have
shown the alluvial erosion threshold to be ~300W/m2 (Miller,
1990; Magilligan, 1992). Our observations and calculations
indicate that both floods clearly exceeded alluvial erosion
thresholds (Figures 2, 3, and 7; Tables I and IV). Our order-of-
magnitude estimates of total energy expenditure (Table IV)
show that the convective flood produced very high peak unit
stream power but relatively low total energy expenditure, while
the mesoscale flood had lower peak unit stream power but a
much larger total energy expenditure due to its long duration.
The peak stream power and total energy expenditure of both
floods fall within the range of ‘extreme’ geomorphic impact
floods presented in Magilligan et al. (2015), and they illustrate
how both flood magnitude and duration play important roles
in determining valley geomorphic changes.

What is the importance of precipitation intensity,
bare soils, and sequence of events on peak flows?

Rainfall intensities for the convective storm are very likely too
low as there would have been beam blockage from

Table III. Comparison of the estimated peak flows using the slope-area method, critical flow method, and Nays2D for the post-convective flood
topography and the mesoscale flood using pre-and post-flood topography, respectively. Values in parentheses are the estimated ranges of peak
flows per unit area. Uncertainty for the slope-area and critical flow methods was calculated by Gaussian error propagation, and for Nays2D by
simulations using the uncertainties in Mannings’s n and HWMs (see text for details)

Flood Topography
Cross-
section

Slope-area in m3/s (m3/s km2) Critical flow in m3/s (m3/s km2) Nays2D in m3/s (m3/s km2)

Peak flow Uncertainty Peak flow Uncertainty Peak flow Uncertainty range

Convective Post-flood XS2 62 (6.9) 35 (3.9) 51 (5.6) 22 (2.5)

130 (28) 90–210 (20–46)

Convective Post-flood XS3 140 (16) 76 (8.6) 100 (11) 43 (4.8)
Convective Post-flood XS4 140 (16) 78 (8.9) 99 (11) 41 (4.7)
Convective Post-flood XS5 32 (3.8) 13 (1.6) 31 (3.7) 15 (1.8)
Convective Post-flood XS8 130 (25) 66 (13) 85 (16) 35 (6.8)
Mesoscale Pre-flood XS2 16 (1.8) 9.7 (1.1) 16 (1.8) 8.5 (0.9)

20 (2.3) 10–40 (1.1–4.6)

Mesoscale Pre-flood XS7 2.5 (0.9) 1.4 (0.5) 2.6 (0.9) 1.4 (0.5)
Mesoscale Pre-flood XS9 19 (3.7) 11 (2.2) 16 (3.1) 8.0 (1.6)
Mesoscale Pre-flood XS10 40 (8.7) 21 (4.6) 30 (6.5) 13 (2.8)
Mesoscale Post-flood XS2 23 (2.5) 11 (1.2) 22 (2.5) 11 (1.2)

50 (5.7) 20–70 (2.3–8.0)

Mesoscale Post-flood XS7 6.3 (2.2) 2.8 (1.0) 7.3 (2.6) 3.3 (1.2)
Mesoscale Post-flood XS9 34 (6.7) 14 (2.8) 33 (6.5) 15 (2.9)
Mesoscale Post-flood XS10 60 (13) 28 (6.0) 51 (11) 21 (4.6)
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mountainous terrain (Zrnić and Ryzhkov, 1996). Our best esti-
mate of the peak flow for the convective flood on 6 July 2012
using Nays2D is 28m3 s�1 km2. A simple mass balance assum-
ing no storage shows that an equivalent rainfall intensity of

~100mm h�1 would be needed to generate this flow. Other
studies have shown that infiltration immediately after high se-
verity fires in the Colorado Front Range can be less than
10mm h�1 (Moody and Martin, 2001a, b; Kunze and Stednick,
2006; Pietraszek, 2006; Larsen et al., 2009; Schmeer, 2014), so
the required peak rainfall intensity is approximately 110mm
h�1 or about twice the maximum intensities estimated from
the radar data (Figure 5(b)). A maximum intensity of 110mm
h�1 for 15min has an estimated recurrence interval of 25 to
50 years (Perica et al., 2013), which suggests that the July
2012 storm was more extreme than initially conjectured.

From our own observations and those of other researchers,
the high flood flow in early July 2012 in SG induced the largest
geomorphic changes from any convective storm in a catchment
of at least 3 km2 within the HPF. Other thunderstorms did gen-
erate more localized peak flows that flooded roads, overtopped
culverts, and delivered sediment into the Cache la Poudre River
(Writer et al., 2014), but nowhere did anyone note the imbri-
cated boulders and debris deposits shown in Figure 2. The SG
convective flood and these other high flows emphasize the dra-
matic increase in surface runoff, erosion, and peak flows that
are common after high and moderate severity fires, particularly
in areas subjected to high-intensity convective storms (Moody
and Martin, 2001a, b, 2009; Neary et al., 2003; Kunze and
Stednick, 2006; Shakesby and Doerr, 2006). The effect of the
convective storm was exacerbated by the fact that the most in-
tense rainfall occurred within a month after burning and was
concentrated over an area that burned at high severity (Moody
and Ebel, 2012).

In contrast, the estimated peak flows from the mesoscale
storm were 2–9m3 s�1 km�2 or only 10–30% of the unit area
peak flows for the convective flood. The lower estimated peak
flows for the mesoscale storm can be explained primarily by
the much lower 15min peak rainfall intensities (Figures 5 and
6). To a lesser extent the lower peak flows from the mesoscale
storm also can be attributed to the intervening 15months of
post-fire recovery. In the case of SG, the mean percentage bare
soil as measured in 13 or more unmulched swales dropped
from 53% in fall 2012 to 42% in fall 2013, and this helped in-
crease the minimum rainfall intensity needed to initiate
hillslope-scale erosion from 4 to 9mm h�1 (Schmeer, 2014).
By spring 2014 the mean percentage bare soil had dropped to
just under 30%, and this means that a storm in summer 2014
similar to the one observed on 6 July 2012 would generate
much less runoff and geomorphic changes. Indeed, our field
observations confirm that very little channel change has oc-
curred in SG since the September 2013 mesoscale flood, and
this is consistent with other studies that have measured the de-
cline in post-fire erosion over time in similar environments
(Morris and Moses, 1987; Benavides-Solorio and MacDonald,
2005; Wagenbrenner et al., 2006; Larsen et al., 2009).

The sequence of these two floods in SG also may contribute
to the geomorphic changes observed as a result of the meso-
scale flood. The convective flood was the first flood after the
fire, and this generated large amounts of hillslope and upstream
channel erosion, with much of this sediment being deposited
on the floodplain below the confluence with Tributary 3

Figure 8. Predicted peak flows for each of the three methods for the:
(a) convective flood using post-convective flood topography; (b) meso-
scale flood using pre-mesoscale flood topography; and (c) mesoscale
flood using post-mesoscale flood topography. For the cross-sections
the center mark represents the predicted peak flow using the central es-
timate of Manning’s n; the vertical bars represent uncertainty. For the
‘All’ portion of each figure the at-a-station methods represent the aver-
age and range from the crosssections. The Nays2D results represent the
best estimate using the average Manning’s n and measured HWM
elevations, and the range accounting for uncertainty in Manning’s n,
HWM elevations, and lidar topography (see text for details). Note
that XS7 is on Tributary 3 and was not included in the ‘All’ summary
(Figure 4). [Colour figure can be viewed at wileyonlinelibrary.com]

Table IV. Estimates of stream power (W/m2) and order-of-magnitude estimates of energy expenditure (kJ), calculated from the Nays2D peak flow
estimates (Table III), average wetted width and water surface (WS) slope from the Nays2D models, and estimated flood durations

Flood Topography Peak flow (m3/s) Width (m) WS slope (m/m) Stream power (W/m2) Duration (hours) Energy expenditure (kJ)

Convective Post-flood 130 26 0.072 3500 2 13 000
Mesoscale Pre-flood 20 19 0.062 650 24 28 000
Mesoscale Post-flood 50 24 0.058 1200 24 51 000
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(Figure 2(b)). This unconsolidated sediment effectively ‘loaded
the gun’ for the subsequent erosion (sensu Nanson, 1986) dur-
ing the long-duration mesoscale flood, which removed and
transported nearly all of the sediment that had been deposited
up to that point (Figures 3 and 7). The short duration of the
high-intensity rainfall and large amounts of deposition suggests
that the convective flood was more sediment transport capacity
limited, while the September flood was eventually more sedi-
ment supply-limited because the sustained rainfall and high
flows were able to transport all but the coarsest portion of the
previously deposited sediment and increase the size of the
channel (Figure 3). The sequence of floods can therefore play
an important role on the subsequent valley geomorphic
changes (Germanoski et al., 2002).

How precisely can we estimate peak flows for each
storm? And can our confidence in the estimated
peak flows be improved by using and comparing
different estimation techniques?

In this study we compared the peak flows from two storms
using the slope-area method, critical flow method, and a 2D
hydraulic model (Figure 8). Each peak flow estimation method
comes with inherent limitations; for example, uncertainties in
estimating roughness plus expansion and contraction losses
can lead to errors of 100% or more in the slope-area method
(Jarrett, 1987). The critical flow method (Grant, 1997; Webb
and Jarrett, 2002; Moody et al., 2008a,b) does not require an
estimate of roughness but it sets the Froude number equal to
1.0 while larger values can occur during large floods in steep
channels (Costa, 1987; Jarrett, 1987, and references therein).
A larger Froude number will result in an underestimate of ve-
locity and discharge, and in our results the estimated peak
flows from the critical flow method were consistently lower
than the peak flows estimated from the slope-area method
and generally lower than Nays2D.
Two-dimensional (2D) hydraulic models are preferred for

paleohydrology because these can better quantify downstream
and cross-stream patterns of flow depth, velocity and shear
stress (Nelson et al., 2003; Morvan et al., 2008) with a resulting
increase in accuracy (Hicks et al., 2005; Smith et al., 2005a, b;
Tonina and Jorde, 2013). The primary drawback to 2D models
is they require detailed topography that can be difficult to ac-
quire; however, this is quickly becoming less of an issue as high
resolution topography becomes available (Passalacqua et al.,
2015). The peak flow estimates using Nays2D were very con-
sistent with the median values from the slope-area method for
the convective storm and the mesoscale flood using pre-flood
topography. The uncertainty range in Nays2D was generally
larger than the uncertainty for the other two methods when
compared with the uncertainty at a single cross-section. How-
ever, the uncertainty of the peak flow estimates using Nays2D
is less than the uncertainty that results from the large differences
in the estimated peak flows among the different cross-sections
(Figure 8, ‘All’). This suggests that the ability to integrate esti-
mates from different cross-sections and HWMs in a 2D model
can reduce the overall uncertainty for estimating peak flows
after a large flood.
Common but often unrecognized problems for estimating

peak flows after floods are that they implicitly assume: (1)
high-water marks (HWMs) accurately represent the water sur-
face profile during the peak flow; and (2) the post-flood bed to-
pography and other parameters such as surface roughness are
representative of the conditions when the HWMs were
established. It is clear that accurate a posteriori estimates of

peak flows are directly related to the accuracy of the HWMs
(House and Pearthree, 1994; Jarrett and England, 2002), but
we believe that the elevations of our HWMs are quite accurate
given the fineness of the debris lines and the accuracy of our
surveys. A potentially much greater source of error is that floods
often cause extensive deposition or incision (Costa and
O’Connor, 1995; Elliott and Parker, 2001; Hicks et al., 2005),
and the timing of topographic channel change relative to the
establishment of the HWMs is nearly impossible to determine.
The resulting uncertainties in peak flows due to channel
change are typically ignored in indirect peak flow calculations
(Lumbroso and Gaume, 2012), but the magnitude of erosion
and deposition – particularly after moderate to severe wildfires
– indicates that intra-event channel change can be a major
source of uncertainty for indirect peak flow estimates. Large un-
certainties in estimating peak flows also are introduced when
cross-sections and HWMs are widely spaced, differences be-
tween cross-sections exist (inundated area and local slopes),
and there is much uncertainty in roughness (Tables I and II). Ad-
ditional sources of uncertainty among cross-sections could be
due to possible inflows, transmission losses, and hydrodynamic
dispersion, but our results indicate that the two largest sources
of uncertainty are the uncertainty in roughness and the intra-
event changes in bed topography, which we discuss below.

The uncertainty in roughness generally receives the most at-
tention in studies attempting to make indirect estimates of large
flood peaks (Costa, 1987; Wohl, 1998). Our results show that
the effect of this uncertainty in roughness varies greatly accord-
ing to the technique being used. Peak flows estimated by the
slope-area method are most affected by the uncertainty in
roughness because the calculated discharge is inversely pro-
portional to Manning’s n (Equation (1)). The coefficient of vari-
ation of our Manning’s n estimates ranges from 36% to 55%
depending on the specific cross-section and the topography,
which exceeds the 25% uncertainty suggested by Wohl
(1998). The uncertainty in Manning’s n stems primarily from
lumping all forms of resistance (e.g. grain roughness, form drag
due to bedforms and channel geometry, vegetation resistance,
as well as added fluid resistance due to sediment transport) into
a single roughness parameter (Trieste and Jarrett, 1987;
Lumbroso and Gaume, 2012). Field guides and empirical equa-
tions have been developed to facilitate more accurate estimates
of Manning’s n, but these often perform poorly in small moun-
tain streams (Marcus et al., 1992; Smith et al., 2007; Ferguson,
2010; Mrokowska et al., 2014) as evidenced by the wide range
of Manning’s n values estimated by these different methods for
our reach (0.03 to 0.13, excluding XS7).

Manning’s n values can be back-calculated from direct dis-
charge measurements, but baseflows in SG are only a couple
of decimeters deep, making the extrapolation of a Manning’s
n to large floods very difficult given that it varies with stream
stage (Lee and Ferguson, 2002; Reid and Hickin, 2008;
Ferguson, 2010; Yochum et al., 2014). Direct discharge mea-
surements during larger flows are often extremely difficult be-
cause the largest post-fire floods in our region are generated
by short-duration localized thunderstorms. Uncertainty in the
location of and timing of these storms, the lack of ready access,
and the flashiness of the flood response makes it highly unlikely
that such peak flows can be directly measured.

Momentum extraction due to resistance from the large-scale
roughness of bedforms and nonuniform channel geometry are
more accurately represented in a 2D model than in 1D or at-
a-station calculations (Morvan et al., 2008). Thus, 2D model
predictions are less sensitive to the specific choice of n for
small-scale roughness (i.e. grain resistance). The reduced sensi-
tivity to n is a major rationale for using a more sophisticated
and physically-based technique than the slope-area method.
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Most estimates of peak flows do not have the data, or do
not attempt to determine, the effects of changes in channel
topography on the estimated peak flows. In our study the
mesoscale flood increased the cross-sectional areas by a min-
imum of 24% at XS2 to more than 60% at XS9. Local slopes
changed from �20% at XS7 to +34% at XS2 (Table II), with
the changes in slope being primarily due to the establishment
and movement of local knickpoints (sensu Gardner, 1983). All
of the tributaries also incised due to the sustained high flows
and lower base level in the mainstem of SG during the meso-
scale flood. Our results show that these changes in cross-
sectional area and local slope can cause a similar or larger
percentage change in the estimated peak flows than the un-
certainties in roughness and HWM elevation (Table III;
Figure 8). More specifically, there was approximately a two-
fold difference in the estimated peak flow for the mesoscale
flood when using the slope-area and critical flow method, de-
pending on whether we used the pre- or the post-flood topog-
raphy. Similarly, the calculated peak flow using Nays2D
increased from 20m3 s�1 using the pre-flood topography to
50m3 s�1 using the post-flood topography, and this difference
of 30m3 s�1 is larger than the uncertainty for either the pre- or
post-flood estimates.
The true peak flow for the mesoscale flood is probably be-

tween the values calculated using pre- and post-flood topogra-
phy, but there is no way to determine the precise bed
topography at the time of highest discharge. For the convective
flood we are in the more common position of only having post-
flood topography. Field observations in our reaches indicate
that the convective flood was primarily depositional, so the
cross-sectional area during the highest flow would have been
at least equal to or greater than the measured post-flood
cross-section. This would suggest that the true peak flow was
probably larger than our estimated values in Table III. We posit
that post-flood topography would more accurately estimate the
peak flow from an incising flood than a depositional flood, as
stream power and erosion are likely greatest at the peak flow.
This would mean that the peak flows for the mesoscale flood
are more accurately represented by the post-flood topography.
For a depositional flood the post-flood topography is more

likely to underestimate the peak flow due to sediment

deposition during the falling limb of the hydrograph. While a
depositional flood could have initial scour, this is unlikely
given the usual tendency for peak sediment concentrations
and higher sediment transport rates to be on the rising limb of
a hydrograph (Walling, 1977; Hsu et al., 2011). An incising
flood is very unlikely to have an initial depositional phase,
and this again would suggest that post-flood topography pro-
vides a more accurate estimate of peak flows for incising than
depositional floods. Many floods also have multiple peaks
and this, plus the complexities of varying sediment sources
and supplies, means that all estimates of peak flows based on
post-flood topography have a relatively high degree of uncer-
tainty that is typically ignored.

The discussion above indicates that the slope-area method
will have the greatest uncertainty because it is sensitive to
the assumed Manning’s n value as well as the assumption that
the cross-sectional areas and slopes measured after a flood re-
flect the conditions at the time of the highest instantaneous
flow. Our results for the mesoscale flood did show an unex-
pected decrease in some of the central estimates for the
slope-area peak flows with increasing drainage area
(Table III); however, with the exception of XS5 for the
convective flood (where the HWM elevation was likely
underestimated) and XS7 for the mesoscale flood (which
was on a tributary), the uncertainty envelopes among the dif-
ferent cross-sections overlap (Figure 8). This illustrates the im-
portance of quantifying uncertainty, which can be quite large,
in these types of calculations.

The critical flow method does not require an estimate of
roughness, but it necessarily assumes that the Froude number
is 1.0 and any deviation from this assumption has a corre-
sponding effect on the calculated peak flows. Costa (1987)
noted that the Froude number can greatly exceed 1.0 for large
floods in steep channels, and this will lead to a severe underes-
timate of peak flows. Grant (1997) suggested that peak flows
tend to asymptotically approach critical flow as slope increases
in threshold channels, but the 2m piles of debris against stand-
ing trees, the elevations of the HWMs, and the estimated peak
flows clearly suggest the convective flood was a very excep-
tional flood and the Froude numbers likely exceeded 1.0 at
least around the time of the peak flow.

Figure 9. Predicted Froude numbers from Nays2D for the convective flood using n = 0.06 andQ = 130m3/s. The entire model reach is shown in the
lower right, and the highlighted reach in a-c is centered around XS6 and XS8. (a) Areas with Froude numbers below 0.80, (b) areas with Froude num-
bers from 0.8 to 1.2, and (c) areas with Froude numbers greater than 1.2. [Colour figure can be viewed at wileyonlinelibrary.com]
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An important benefit of using the Nays2D model is that it can
be used to check on the validity of the critical flow method be-
cause it provides location-specific Froude values. Our simula-
tion for the convective flood using n=0.06 and the associated
best-fit discharge of 130m3 s�1 shows that much of the channel
had Froude numbers greater than 1.2 (Figure 9). The potential
for higher Froude numbers at peak discharge during the con-
vective flood is also supported by the results in Table III, as
the estimated peak flows from the critical flow method were
generally lower than the peak flows calculated with the
slope-area method and Nays2D.
The uncertainties in roughness, topography and Froude

number suggest that 2D modeling should be used for indi-
rect estimates of peak flows when possible, and a combina-
tion of methods is the best approach as they can be
compared and help support or reject certain values and as-
sumptions. As noted above, our results from Nays2D led us
to question the basic assumption in the critical flow method
(Figure 9). On the other hand, the critical flow method pro-
vided 11 independent estimates of main channel roughness
(excluding XS7) for the three peak flows, which can help in-
form the potential validity of different roughness values for
the slope-area method. Hence a full assessment of the range
and likely uncertainty in peak flow estimates requires the
use of multiple estimation techniques, a range of input pa-
rameters, multiple cross-sections, and measured or estimated
changes in channel topography. A comparison of the results
from different locations and methods using different assump-
tions can help identify and cross-check the most likely range
of values rather than estimating a single specific value
(Legleiter et al., 2011).

How do these floods compare to other large
rainfall-runoff generated floods in the United States?

The convective flood was an exceptionally large flood. Esti-
mated peak flows of 90–210m3 s�1 from Nays2D for the con-
vective flood fall along the 99th percentile curve for the
largest rainfall-runoff floods for similar-sized watersheds in the
United States and Puerto Rico (Figure 10; O’Connor and Costa,
2004). Few floods of this magnitude have been observed in the
central Rocky Mountains United States (Figure 10, inset), and
most of the floods from drainage basins smaller than 100 km2

are from the interior west and were caused by isolated convec-
tive storms (O’Connor and Costa, 2004). The estimated peak
flow of 50m3 s�1 for the post-mesoscale flood topography falls
just below the 90th percentile compared with other rainfall-
runoff floods in the US and Puerto Rico (Figure 10). Our esti-
mated peak flow per unit drainage area (5.7m3 s�1 km�2) for
the mesoscale flood is generally consistent with many other
estimates from the Colorado Front Range during the mesoscale
storm (Yochum and Moore, 2013; Moody, 2016), although
Yochum and Moore’s (2013) estimate from SG of
7.9m3 s�1 km�2 is 1.4 times greater than our best estimate of
peak flows from Nays2D. The use of a 2D model in conjunc-
tion with multiple HWMs at different locations provides a more
robust method of estimating peak flows, suggesting that
Yochum and Moore’s (2013) peak flow assessment for the me-
soscale flood is likely an overestimate.

Geomorphic changes from the two floods studied in this pa-
per are still very evident years later. The imbricated boulders,
piled woody debris, and some of the higher elevation and par-
ticularly coarse sediment deposits from the convective flood

Figure 10. Plot of the largest rainfall-runoff floods experienced in the United States and Puerto Rico (modified from O’Connor and Costa, 2004) with
the diamond and open circle showing the predicted peak flows from Nays2D model for the convective flood (130m3/s) and the mesoscale flood
(50m3/s) using post-flood topography, respectively. Vertical bars represent the range of estimated peak flow for the convective flood (90–210m3/s)
and the mesoscale flood (20–70m3/s). The watershed areas for the convective flood (4.6 km2) and the mesoscale flood (8.7 km2) are different due
to the different model domains used to predict each flow with Nays2D. The diagonal blue and red lines correspond to the ~90th and ~99th percen-
tiles, respectively. Inset map shows the locations of watersheds contributing to the ~90th percentile, and the red X indicates the location of Skin
Gulch. [Colour figure can be viewed at wileyonlinelibrary.com]
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are still present. The mesoscale flood reworked both the post-
fire and historic valley fill deposits, and there have been mini-
mal geomorphic changes to the channel or valley bottom since
that flood. Given the continuing vegetative recovery and
associated reductions in hillslope runoff and erosion, further
channel geomorphic changes are unlikely and these two floods
have largely reset the system compared with pre-fire conditions.
There are few data on the frequency of large-magnitude

floods following fires in the Colorado Front Range, but charcoal
deposits from incised channels indicate a 900–1000 year recur-
rence interval for fires and floods (Elliott and Parker, 2001) with
the potential for even greater timespans (Cotrufo et al., 2016).
Since we are unaware of other watersheds in the High Park fire
that experienced comparable flooding and geomorphic
changes as observed from the convective flood in Skin Gulch,
we posit that the post-fire flood deposits and channel change
in Skin Gulch constitute a near millennium-scale event. In a
stationary world this sequence of severe, basin-scale forest fire
and subsequent extreme runoff can cause an aggradational sig-
nature that persists for centuries (Hamilton et al., 1954; Meyer
et al., 1992, 1995; Moody and Martin, 2001a; Legleiter et al.,
2003). But in our non-stationary world with increased
temperatures, earlier snowmelt, and a shift from snow to rain
(Clow, 2010; Liu et al., 2013; Rocca et al., 2014), resource
managers and the public must be prepared for more of these
severe fire–flood events.

Conclusions

Our investigation of two extreme floods that occurred after the
Skin Gulch watershed burned in the 2012 High Park Fire shows
how precipitation characteristics, burn severity, and time since
burning are important controls on peak flows and geomorphic
changes in a burned landscape. The convective flood on 6 July
2012 was just one week after burning, when a brief (~2 h) but
intense convective summer thunderstorm focused over an area
of high burn severity, produced a very large flood (~130m3 s�1)
with high peak unit stream power (3500W/m2) and extensive
downstream deposition. The mesoscale flood in September
2013 was from an exceptionally long duration mesoscale
storm, which produced a smaller flood peak (~20–50m3 s�1),
but the long duration (~24 h), and subsequently more total en-
ergy expenditure, caused channel incision and widening
through extensive reworking of both recent and pre-existing
valley bottom alluvial deposits.
Uncertainty in estimates of channel roughness, measured

high-water mark elevations, and remotely sensed topographic
data led to considerable uncertainties in the estimated peak
flows for both floods. Slope-area estimates had the greatest un-
certainty due in large part to the uncertainty in Manning’s
roughness. Estimated peak flows from the critical flow method
were generally lower because the assumed Froude number of
1.0 set an upper limit on the estimated peak flows. The 2D
model was less sensitive to the assumed roughness, although
uncertainty in high-water mark elevations and airborne lidar to-
pography still led to a wide range of peak flow estimates. Our
peak flow estimates for the mesoscale flood varied by roughly
a factor of two depending on whether we used pre- or post-
flood topography, and this indicates that the inherent uncer-
tainty in the amount and timing of intra-event channel change
can have an even larger effect on estimated peak flows than
the uncertainty in roughness.
The estimated peak flow of 130m3 s�1 (28m3 s�1 km�2) for

the convective flood is among the largest floods per unit area
observed in the United States, and this illustrates the profound
effect of brief but intense precipitation over areas recently

burned at high severity. The lower peak discharge of
50m3 s�1 (5.7m3 s�1 km�2) for the mesoscale flood is attrib-
uted primarily to the lower peak rainfall intensities and second-
arily to post-fire recovery. However, this flood was
geomorphically much more effective due to the long duration
of high flows and the large amount of sediment deposited after
the fire from previous storms. Climate change indicates that
fire-induced floods will become more common in the future;
both the magnitudes of peak flows and the methodological im-
plications from this study can help guide resource managers
and future post-flood analyses.
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Figure S1. Plot of cross-section 1 as surveyed in fall 2012, pre-
2013 flood, and post-2013 flood. Much of the post-2013 flood
topography was disturbed by excavation due to deposition on
the neighboring county highway.
Figure S2. Plot of cross-section 2 as surveyed in fall 2012, pre-
2013 flood, and post-2013 flood.

Figure S3. Plot of cross-section 3 as surveyed in fall 2012, pre-
2013 flood, and post-2013 flood.
Figure S4. Plot of cross-section 4 as surveyed in fall 2012, pre-
2013 flood, and post-2013 flood.
Figure S5. Plot of cross-section 5 as surveyed in fall 2012, pre-
2013 flood, and post-2013 flood.
Figure S6. Plot of cross-section 6 as surveyed in fall 2012, pre-
2013 flood, and post-2013 flood.
Figure S7. Plot of cross-section 7 as surveyed in fall 2012, pre-
2013 flood, and post-2013 flood.
Figure S8. Plot of cross-section 8 as surveyed in fall 2012, pre-
2013 flood, and post-2013 flood.
Figure S9. Plot of cross-section 9 as surveyed in fall 2012, pre-
2013 flood, and post-2013 flood.
Figure S10. Plot of cross-section 10 as surveyed in fall 2012,
pre-2013 flood, and post-2013 flood.
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