
Journal of Hydrology X 24 (2024) 100180

Available online 25 June 2024
2589-9155/Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Research papers 

Use of Doppler velocity radars to monitor and predict debris and flood wave 
velocities and travel times in post-wildfire basins 

John W. Fulton a,*, Nick G. Hall a, Laura A. Hempel b, J.J. Gourley c, Mark F. Henneberg d, 
Michael S. Kohn a, William Famer e, William H. Asquith f, Daniel Wasielewski c, 
Andrew S. Stecklein g, Amanullah Mommandi h, Aziz Khan h 

a U.S. Geological Survey, Colorado Water Science Center, Denver Federal Center, Lakewood, CO 80225, USA 
b U.S. Geological Survey, Office of Science Quality and Integrity, 201 East 9th St., Pueblo, CO 81003, USA 
c NOAA/National Severe Storms Laboratory, 120 David L Boren Blvd, Norman, OK 73072, USA 
d U.S. Geological Survey Colorado Water Science Center, 445 W Gunnison Ave, Grand Junction, CO 81501, USA 
e U.S. Geological Survey, Integrated Modeling and Prediction Division, Denver Federal Center, Lakewood, CO 80225, USA 
f U.S. Geological Survey, Oklahoma-Texas Water Science Center, Lubbock, TX 79409, USA 
g Colorado Department of Transportation, Region 2 Office, 5615 Wills Blvd., Pueblo, CO 81008, USA 
h Formerly with the Colorado Department of Transportation, USA   

A R T I C L E  I N F O   

Keywords: 
Doppler velocity radars 
Debris and flood wave velocities and travel 
times 
Post-wildfire basins 
Flood alert networks 

A B S T R A C T   

The magnitude and timing of extreme events such as debris and floodflows (collectively referred to as floodflows) 
in post-wildfire basins are difficult to measure and are even more difficult to predict. To address this challenge, a 
sensor ensemble consisting of noncontact, ground-based (near-field), Doppler velocity (velocity) and pulsed 
(stage or gage height) radars, rain gages, and a redundant radio communication network was leveraged to 
monitor flood wave velocities, to validate travel times, and to compliment observations from NEXRAD weather 
radar. The sensor ensemble (DEbris and Floodflow Early warNing System, DEFENS) was deployed in Waldo 
Canyon, Pike National Forest, Colorado, USA, which was burned entirely (100 percent burned) by the Waldo 
Canyon fire during the summer of 2012 (MTBS, 2020). 

Surface velocity, stage, and precipitation time series collected during the DEFENS deployment on 10 August 
2015 were used to monitor and predict flood wave velocities and travel times as a function of stream discharge 
(discharge; streamflow). The 10 August 2015 event exhibited spatial and temporal variations in rainfall intensity 
and duration that resulted in a discharge equal to 5.01 cubic meters per second (m3/s). Discharge was estimated 
post-event using a slope-conveyance indirect discharge method and was verified using velocity radars and the 
probability concept algorithm. Mean flood wave velocities – represented by the kinematic celerity (ck =

2.619 meters per second, m/s ± 0.556 percent) and dynamic celerity (cd = 3.533 m/s ±
0.181 percent)and their uncertainties were computed. L-moments were computed to establish probability density 
functions (PDFs) and associated statistics for each of the at-a-section hydraulic parameters to serve as a workflow 
for implementing alert networks in hydrologically similar basins that lack data. 

Measured flood wave velocities and travel times agreed well with predicted values. Absolute percent differ
ences between predicted and measured flood wave velocities ranged from 1.6 percent to 49 percent and varied 
with water slope, hydraulic radius, and depth. The kinematic celerity was a better predictor for steep slopes and 
wide flood plains associated with the Upper Waldo and Middle Waldo radar streamgages; whereas, the dynamic 
celerity was a better surrogate for shallow slopes and incised channels such as the Lower Waldo radar 
streamgage. 

The method demonstrates the potential extensibility of a post-wildfire warning system by (1) leveraging 
multiple systems (i.e., weather radar, near-field velocity and stage radars, and rain gages) for accurate and timely 
warnings of debris and floodflows, (2) establishing an order of operations to site, install, and operate near-field 
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radars and conventional rain gages to record floodflows, forecast travel times, and document geomorphic change 
in this basin and hydrologically similar basins that lack data, and (3) communicating data operationally with the 
Colorado Department of Transportation engineering staff, National Weather Service forecasters, and emergency 
managers.   

1. Introduction 

From 1986 to 2015, floods were responsible for more fatalities in the 
United States than any other convective weather hazard (Schumacher, 
2017). Flood forecasting is particularly challenging in basins affected by 
wildland fires where flash floods can be dangerous, deadly, and ampli
fied because of post-wildfire conditions (Gourley et al., 2020). Direct 
runoff is often greater in burned basins and is exacerbated by steep 
hydraulic grades and hydrophobic soils, which inhibit infiltration, 
reduce the time of concentration, and increase peak streamflows. Sub
sequently, the initiation of runoff in response to rainfall can be reduced 
to minutes, rather than hours, in areas affected by wildland fires, which 
leaves little time for a proactive response from emergency management 
agencies and the public. This is particularly true in mountain terrains 
where spring and summer monsoon events can result in extreme pre
cipitation events, which are difficult to forecast. Monitoring extreme 
flows in basins altered by wildland fires is difficult, because these basins 
(1) respond quickly to rain events, (2) are generally not gaged, and (3) 
are in terrain that restricts access and conventional streamgaging de
ployments (stage-discharge). 

Examples of extreme post-wildfire flood events include the January 
2018 flash flood associated with the Thomas Fire, Santa Barbara, Cali
fornia (Lancaster et al., 2021) and the June 2012 Waldo Canyon fire, 
Colorado (Jarrett, 2013). These events highlight the need to provide 
accurate and timely monitoring of post-wildfire flood hazards, which 
tragically resulted in fatalities (Staley et al., 2015). The magnitude and 
timing of debris and floodflows (collectively referred to as floodflows) in 
post-wildfire basins can be difficult to measure and are even more 
difficult to predict. In an attempt to address this challenge, a sensor 
ensemble consisting of noncontact, ground-based (near-field) Doppler 
velocity (velocity) and pulsed (stage or gage height) radars, rain gages, 
and a redundant communication network were deployed to compute 
flood wave velocities and travel times. To differentiate from satellite or 
high-altitude platforms, near-field remote sensing is conducted from 
fixed platforms such as bridges and cable stays. Collectively, this sensor 
ensemble is branded as the DEbris and Floodflow Early warNing System 
(DEFENS) and complimented observations from the National Oceanic 
and Atmospheric Administration’s (NOAA) National Weather Service 
(NWS) NEXRAD weather radar (weather radar). 

The objectives of this study are to (1) leverage existing weather ra
dars for advanced floodflow warnings; (2) establish an order of opera
tions to site, install, and operate near-field radars and conventional rain 
gages to record floodflows and document geomorphic change; (3) 
operate a redundant communication network to transmit data opera
tionally in post-wildfire basins to decision makers such as the Colorado 
Department of Transportation (CDOT), the National Oceanic and At
mospheric Administration’s (NOAA) National Weather Service (NWS) 
Weather Forecast Offices (WFOs) and River Forecast Centers (RFCs); and 
(4) confirm warnings by measuring flood wave velocities at radar 
streamgages and forecasting travel times to transportation assets such as 
bridges, culverts, and roads. 

2. Previous studies 

Post-wildfire impacts and extreme weather are compounding events, 
which can initiate floodflows. Previous collaboration and research 
conducted in post-wildfire basins provide insight on the thresholds and 
processes that trigger these events. Each are discussed below. 

2.1. NWS and USGS collaboration 

The NWS and the U.S. Geological Survey (USGS) collaborated in an 
experimental debris-flow prediction and warning system in the San 
Francisco Bay area from 1986 to 1995 that relied on forecasts and 
measurements of precipitation linked to empirical precipitation 
thresholds to predict the onset of rainfall-triggered debris flows (NOAA- 
USGS Debris Flow Task Force, 2005). This collaboration provides a basis 
for the cooperation that was exhibited during this research. 

2.2. Waldo canyon post-wildfire research 

Post-wildfire studies in Waldo Canyon were conducted by Staley 
et al. (2015), Jarrett (2013), Moore and Park (2012) and Verdin et al. 
(2012). Staley et al. (2015) established intensity and duration (I-D) 
thresholds to determine rainfall conditions that could initiate debris 
flows or flash floods in recently burned areas (Eq. (1)): 

I = 11.6D− 0.7 (
r2 = 0.99

)
(1)  

where I is rainfall intensity (millimeter/hour; mm/h), and D is rainfall 
duration (h) ranging from 0.083 h (5 min; min) to 1 h (Staley et al., 
2015). Rainfall I-D thresholds are (1) commonly used to predict the 
temporal occurrence of debris flows and shallow landslides particularly 
for storms less than 60 min in duration; and (2) vary based on fine-scale 
physiographic properties including topography, lithology, soil charac
teristics, and land cover (Staley et al., 2013; Kean et al., 2011, 2012). 
Rainfall intensities ranging from 11.6 to 66 mm/h are sufficient to 
produce debris flows in Waldo Canyon (Staley et al., 2013). 

Jarrett (2013) documented peak stream discharge (peak discharge) 
and rainfall-thresholds required to establish surface runoff in burned 
areas of Waldo Canyon. Three storms (01 and 10 July and 09 August 
2013) were documented by Jarrett (2013). Discharge associated with 
the 09 August 2013 storm was computed at two locations using indirect 
methods based on Webb and Jarrett (2002). A maximum rainfall of 35 
mm in 35 min (70 mm/h − Upper Williams rain gage; P03) produced a 
discharge of 50.9 cubic meters per second (m3/s) in the main stem of 
Waldo Canyon (upstream from the mouth at Waldo Canyon) and 14.2 
m3/s in a tributary to Waldo Canyon. This rainfall threshold exceeds the 
66 mm/h threshold prescribed by Staley et al. (2013) responsible for 
generating runoff. 

Moore and Park (2012) prepared a Hydrology Resource Report for 
the Waldo Canyon fire Burned Area Emergency Response Assessment, 
which identified risks and proposed measures to protect life, property, 
natural and critical resources impacted by wildland fires. Post-wildfire 
risks include human safety threats; debris and floodflows, which could 
obstruct culverts and overtop roadways; enhanced erosion and deposi
tion; and loss of long-term soil productivity. The estimated recovery 
period for vegetation regrowth was estimated at 5–7 years (Moore and 
Park (2012). The land surface is highly dissected by steep channels and 
banks in the upland, forested portion of the burn. Annual precipitation is 
comprised of snow during the winter and high-intensity rainstorms 
during the summer (Moore and Park, 2012). 

Verdin et al. (2012) reported a 31 percent, 53 percent, and 63 
percent probability of post-fire debris flows in response to precipitation 
events equal to 29 mm (2-year, 1-h event), 42 mm (10-year, 1-h event), 
and 48 mm (25-year, 1-h event), respectively. 
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2.3. Weather extremes 

The deadliest and most destructive flash floods generally occur when 
orographic lift amplifies the intensity and duration of rainfall, which can 
lead to extreme runoff along steep slopes and canyons (Caracena et al., 
1979). Schumacher (2017) emphasized the significance of topography 

and orographic lift in the formation of extreme rain events and the 
subsequent hydrologic response. The effects of orographic lift on pre
cipitation intensity are compounded by steep, mountainous terrain that 
promotes rapid runoff and landslides, particularly in areas denuded of 
vegetation and duff by wildland fires. Weather forecasts involving heavy 
rainfall can be inaccurate when precipitation is associated with warm- 

Fig. 1. Map illustrating the location of the Waldo Canyon burn scar relative to Waldo Canyon near Colorado Springs, Colorado. Burned perimeter retrieved from 
Monitoring Trends in Burned Severity (MTBS, 2020). 

Table 1 
Waldo Canyon basin characteristics, near Manitou Springs, Colorado, USA. [ –A, not measured or not applicable; Change in elevation divided by length between points 
10 and 85 percent of distance along the longest flow path to the basin divides; Mean basin slope computed from 10 m DEM; USGS, U.S. Geological Survey; 1 = USGS 
(2021a); 2 = USGS, 2023a.]  

Gage type USGS streamgage name USGS streamgage 
identification number 1 

Drainage area 
(km2) 

Basin Characteristics 2 

Mean basin slope 
(percent) 

Mean basin 
elevation (km) 

Elevation change along 
longest flow path (m/km) 

Radar streamgage Waldo Canyon Upper Site near 
Manitou Springs, CO 

385344104560601  1.89  43.8 2590  163.6 

Conventional 
streamgage 

Waldo Canyon abv Mouth nr 
Manitou Springs, CO 

07100750  2.62  44.7 – A  150.6 

Radar streamgage Waldo Canyon Middle Site 
near Manitou Springs, CO 

385309104561101  3.29  43.8 2510  143.3 

Radar streamgage Waldo Canyon Lower Site near 
Manitou Springs, CO 

385254104560401  3.68  44.7 2480  134.8 

– A Waldo Canyon at US Hwy 24 – A  4.56  45.40 2440  135.5  
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season convection (Shumacher, 2017). Numerical modeling, 
convection-dominant model forecasts during the warm season (June
–August), and quantitative precipitation forecasts (QPF), such as those 
associated with monsoons, remain a challenge when forecasting pre
cipitation intensity and duration (Fritsch and Carbone, 2004). These 
factors can result in highly localized and spatially variable rainfall 
events, which makes runoff prediction and flash-flood forecasting 
(Barthold et al., 2015) difficult. 

2.4. Study area 

During the summer of 2012, the Waldo Canyon fire (Fig. 1) burned 
the entire basin (18,247 acres), which is undeveloped and located in the 
Pike National Forest. Approximately 41 percent (7,586 acres) of the 
burn area was classified as low severity, 40 percent (7,286 acres) was 
classified as moderate severity, and 19 percent (3,375 acres) was clas
sified as high severity. Of the lands burned, approximately 79 percent 
(14,422 acres) of the area was located in the National Forest Land, 20 
percent (3,678 acres) on private lands, and <1 percent (147 acres) on 

Fig. 2. Map illustrating the location of the DEbris and Floodflow Early warNing System (DEFENS), Waldo Canyon near Colorado Springs, Colorado. Burned 
perimeter retrieved from Monitoring Trends in Burned Severity (MTBS, 2020). Gage locations are described in U.S. Geological Survey (2021a) and Fulton and 
Hall (2024). 
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Department of Defense lands (Moore and Park, 2012). The geology of 
the burn area is composed largely of weathered soil associated with the 
Pikes Peak Granite (Moore and Park, 2012). Prior to the burn, basin 
vegetation consisted largely of ponderosa pine, mixed conifer, aspen, 
shrubs, riparian vegetation, and pinyon-juniper (Moore and Park, 2012). 
Basin characteristics are summarized in Table 1. 

3. Methods 

An effective early-warning system for monitoring hydrologic ex
tremes would deliver a continuum of information regarding the current 
and forecasted rainfall intensity and duration, as well as the hydrologic 
response. The first line of defense would rely on rainfall intensity and 
duration from weather radars. Near-field measurements can improve the 
accuracy and confidence of post-wildfire flood forecasts. This is partic
ularly important given that Waldo Canyon lies entirely within the 
burned perimeter of the Waldo Canyon burn scar. 

3.1. Colorado department of transportation floodflow mitigation initiative 

In response to the Waldo Canyon fire, CDOT designed and imple
mented floodflow mitigation near the mouth of Waldo Canyon and U.S. 
Highway 24 (U.S. 24) to reduce the risk to the public and CDOT infra
structure. Severe sediment loading at the Waldo Canyon culvert 
entrance under U.S. 24 was mitigated by constructing a “super” culvert 
located approximately 1.6 km (km) west of Manitou Springs. The super 
culvert consisted of a large concrete box culvert (7.3 m (m) wide and 3 m 
high) and was ten times larger than the original 1.8 m metal pipe used to 
convey water under U.S. 24. The oversized culvert allowed debris and 
water to pass under the highway, rather than hydraulically overload or 
choke the culvert. Upstream from the box culvert, a debris catchment 
system consisting of a detention basin (to reduce peak discharge) and a 
GeoBrugg® debris flow barrier (to convey debris and water) was 
installed. An emergency traffic gate and camera were installed as a 
precautionary measure in the event floodflows were substantial to 
overtop U.S. 24. 

3.2. Waldo burn scar emergency gaging network 

In September 2013, the USGS sited and installed a conventional 

streamgage, tipping-bucket rain gage, and real-time video camera at 
07100750 Waldo Canyon above Mouth near Manitou Springs, CO 
(Waldo Canyon above Mouth; QP01; USGS, 2021a) (Fig. 2, Table 2) to 
supplement CDOT’s floodflow mitigation initiative. Data were trans
mitted using GOES satellites. Two additional tipping-bucket rain gages 
were installed upstream (P02) and downstream (P01) of the conven
tional streamgage. This early initiative was a flood design project con
ducted in collaboration with CDOT, El Paso County, U.S. Forest Service, 
and private-land owners designed to protect and provide safe passage to 
travelers along U.S. 24 and to monitor extreme runoff and rain events. 

3.3. DEFENS network design 

In May 2015, the DEFENS network was deployed. The network is a 
sensor ensemble consisting of three velocity and stage radars (V01, V02, 
and V03), rain gages (P01, P02, and P03), and a redundant communi
cation network (R01, R02, and R03), which operated from May 2015 to 
October 2016. Real-time surface velocity and stage were transmitted 
using a redundant communication scheme consisting of two-way 
cellular (3G) and satellite (Iridium) telemetry (Fig. 2; Table 2). Data 
were transmitted to USGS and CDOT personnel to monitor the hydro
logic response associated with precipitation events. The installation of 
the radar streamgages augmented the existing infrastructure associated 
with the September 2013 initiative. 

3.4. Network siting 

It was important to design a network that could capture hydrologic 
hazards despite variability in rainfall patterns, particularly where rain
fall intensity was enhanced by orographic variability. This was 
addressed by coupling (1) weather radars and (2) near-field velocity and 
stage radars and rain gages. The near-field radars were operated 
seasonally from May through October consistent with the monsoon 
season. Because convective summer storms can be spatially localized 
over a small area, multiple velocity and stage radars and rain gages were 
installed to increase the likelihood of capturing runoff events. Subse
quently, radar streamgages were sited approximately at subbasin cen
troids that represented overland flow accumulations of approximately 
50, 75, and 100 percent. Attempts were made to collocate radar and rain 
gages; however, site conditions were limiting. Near-field radar and rain 

Table 2 
Streamgage and rain gage locations, Waldo Canyon burn scar, [–, not applicable; latitude and longitude referenced as North American Datum of 1983 (2011); USGS; U. 
S Geological Survey; CO = Colorado; m, meters; USGS, U.S. Geological Survey; 1 

= USGS (2021a); 2 = Short identifier for USGS gages or radio relays identified in 
Fig. 2].  

USGS gage 
identification number 1 

Short 
ID 2 

Gage type USGS gage name 1 Latitude 
(decimal 
degrees) 

Longitude 
(decimal degrees) 

Flow accumulation 
(Percent) 

Distance from the 
streamgage to U.S. 24 
(m) 

385254104560401 V01 Radar streamgage Waldo Canyon Lower 
Site near Manitou 
Springs, CO  

38.881669  − 104.934447 80.7 644 

385309104561101 V02 Radar streamgage Waldo Canyon Middle 
Site near Manitou 
Springs, CO  

38.885939  − 104.936461 72.2 1,460 

385344104560601 V03 Radar streamgage Waldo Canyon Upper 
Site near Manitou 
Springs, CO  

38.895558  − 104.935006 41.5 2,960 

07100750 QP01 Rain gage, 
conventional 
streamgage 

Waldo Canyon above 
Mouth near Manitou 
Springs, CO  

38.888111  − 104.935694 – 1,786 

385241104560101 P01 Rain gage Lower Waldo Canyon 
Met above Manitou, CO  

38.878111  − 104.933306 – – 

385449104565501 P02 Rain gage Upper Waldo Canyon 
Met above Cascade, CO  

38.913389  − 104.950389 – – 

385334104544901 P03 Rain gage Upper Williams Canyon 
Met above Manitou, CO  

38.893444  − 104.913778 – – 

– R01 Radio relay Base station  38.893423  − 104.935301 – – 
– R02 Radio relay Node station  38.882980  − 104.937618 – – 
– R03 Radio relay Node station  38.895558  − 104.935006 – –  
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gage locations are summarized in Table 2. 

3.5. Network equipment 

Because of the lack of infrastructure (bridges and channel walls), 
Sommer Messtechnik© RQ-30 radars (Fig. 3) were suspended above the 
streambed using steel cables secured to adjacent trees or bedrock. The 
Sommer RQ-30 is a fixed-mount, velocity and stage radar. Cable tension 
was controlled using turnbuckles. Thermal expansion and contraction 
(Khan et al., 2021) of the cables may have influenced stage measure
ments and the uncertainty in the stage-area rating (Fulton and Hall, 
2024); however, a priority of this research was measuring surface ve
locities recorded by the velocity radars. Power and data cables were 
attached to the steel cables and extended bankside to a Pelican® case 
that housed power equipment (two, 55-amp hour batteries and a solar 
regulator) and telemetry equipment (cellular and two-way satellite 
telemetry). Each radar was connected to HyQuest Solutions iRIS 350FX 
data loggers configured with modems via Serial Device Interface (SDI- 
12) to provide redundant remote telemetry. The system was powered by 
solar panels of various wattages (30 W–60 W) depending on location. 

Surface velocity, stage, radar spectra quality, battery voltage, and 
Received Signal Strength Indicator (RSSI) were recorded and trans
mitted via the communication and telemetry network. The radars were 
programmed to measure surface velocity and stage every 15 min; 
however, during extreme events, the measurement frequency was 
increased to every 1 min based on pre-programmed alarm/notification 
thresholds. Real-time values were stored in the data loggers for subse
quent retrieval by manually downloading the data. The cellular and 
Iridium-based data loggers at each radar streamgage were programmed 
to retrieve new data with an offset equal to 30 seconds (s) to avoid data 
loss between the two data loggers and their embedded modems. 

The alarm thresholds for each radar streamgage were based on (1) 
stage levels that represented 25, 50, 75, and 100 percent of bank-full 

stage derived from Global Navigation Satellite System (Rydlund and 
Densmore, 2012) and level surveys (Kenney, 2010) and (2) travel time 
estimates computed from the mean kinematic celerity and dynamic 
celerity (collectively referred to as flood wave velocity) based on the 
surface velocity measured by the velocity radars. In the event alarm 
thresholds were exceeded, data measurement frequency increased from 
every 15 min to every 1 min. Data were delivered to USGS personnel via 
short message service (SMS) text messaging and during extreme events 
to the Pueblo Colorado NWS WFO, who were responsible for dissemi
nating flash flood warning products. 

All three radar streamgages experienced communication challenges 
due to topographic extremes and canopy shadowing in the incised 
canyon, which interfered with receiving platforms (cell towers and 
satellites). Radio relays (line-of-sight radios) consisting of nodes and a 
base station (Fig. 2) and directional omni directional yagi-antennas were 
configured to transmit data wirelessly with more reliably. The dual- 
logger strategy (cellular and two-way satellite telemetry) provided 
both redundant remote telemetry and alarm notification mechanisms in 
the event one of the communication protocols failed. 

A concerted effort was undertaken to collaborate with representa
tives from NOAA’s National Severe Storms Laboratory (NSSL), NWS 
Pueblo WFO, and USGS and to notify CDOT staff of impending precip
itation events that could trigger floodflows. Flash-flood guidance was 
established by the NWS Pueblo WFO and relied on NWS weather radar- 
based rainfall estimates. The USGS near-field sensor ensemble provided 
ground-based verification of the runoff magnitude and timing to assist 
CDOT engineering and maintenance staff with monitoring flood wave 
velocities and travel times associated with extreme hydrologic condi
tions that could trigger highway shut down protocols. The weather radar 
operated by NSSL and the NWS Pueblo WFO served as the first line-of- 
defense when issuing a Watch, Warning, or Advisory. 

Fig. 3. Image of the deployment of the Lower Waldo radar streamgage, Waldo Canyon near Colorado Springs, Colorado. Photo credit: John Fulton/U.S. Geolog
ical Survey. 
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3.6. Order of operations to estimate flood wave velocity and travel time 

The order of operations to estimate flood wave velocity and travel 
time included the following steps: (1) estimate the 10 August 2015 peak 
discharge based on field measurements from the QP01 gage site, (2) 
compute at-a-section slope, hydraulic radius, and depth (i.e., hydraulic 
parameters) associated with the 10 August 2015 peak discharge, based 
on a pre-existing lidar dataset and Manning’s equation, (3) compute 
uncertainty in the at-a-section hydraulic parameters, (4) compute flood 
wave velocity and travel time based on findings from steps 1–3, and (5) 
validate flood wave velocities based on surface velocities measured from 
velocity radars. Although the methods for computing discharge are well- 
established, the integration of near-field, real-time velocity and stage 
radars to validate streamflow in response to extreme precipitation 
events is unique. 

3.7. Step 1. Estimate the 10 August 2015 peak discharge 

To estimate the peak discharge associated with 10 August 2015 
precipitation, two methods were used: (1) slope-conveyance indirect 
(indirect) discharge computation established at the conventional 
streamgage (Waldo Canyon above Mouth) and (2) probability concept 
algorithm. Peak discharge was estimated from data collected at the 
QP01 gage site and although the precipitation distribution was variable 
spatially and temporally, the peak discharge was assumed to be constant 
throughout the basin. 

An indirect discharge was computed using the methods prescribed by 
Bradley (2012), Fulford (1994), and Dalrymple and Benson (1968). 
Dalrymple and Benson (1968) summarize the slope-area indirect 
discharge method. Fulford (1994) and Bradley (2012) describe the USGS 
computer program Slope-Area Computation Graphical User Interface 
(SACGUI) used to compute the peak discharge as a function of the sur
veyed cross sections and Manning’s n assigned to the high-water marks 
that were previously plotted by SACGUI in the field. The slope-area 
method is based on uniform flow as a function of channel characteris
tics, water-surface profiles, and a roughness coefficient (Dalrymple and 
Benson, 1968). Although the slope-area method is based on a uniform 
flow, the method applies to one-dimensional, gradually varied, steady- 
flow equations and uses the conservation of energy and mass and the 
normal-flow equation to estimate discharge (Chow, 1959; Fulford, 
1994). 

The probability concept algorithm relies on the surface velocity 
recorded by the three velocity radars (Fig. 2, Table 2). Surface velocity is 
translated to a mean velocity using an alternative velocity distribution 
equation based on the probability concept, which was pioneered by Dr. 
C.-L. Chiu (Chiu, 1987; Chiu, 1989; Chiu et al., 2001; Chiu and Tung, 
2002; Moramarco et al., 2004; Chiu,et al., 2005; Chiu and Hsu, 2006; 
Fulton and Ostrowski, 2008; Moramarco et al., 2017; Fulton et al., 
2020a, Fulton et al., 2020b). By computing ϕ and directly measuring 
umax from the velocity radar, umean can be estimated using Eq. (2): 

ϕ = umean/umax (2) 

The parameter ϕ generally ranges from 0.58 to 0.82 (Chiu and Hsu, 
2006), and for the purpose of this application, ϕ was assumed to equal 
0.70 = [(0.58 + 0.82)/2], which is consistent with the findings of Ful
ton et al., (2020a,b). Discharge was computed using Eq. (3) based on the 
measured umax and the cross-sectional area derived from the stage-area 
rating (Fulton and Hall, 2024), which was computed using AreaComp3 
(USGS, 2021b): 

Q = ϕ × umax × A (3)  

where Q = discharge; ϕ = umean/umax; umax = maximum-instream ve
locity = surface velocity at the y-axis (stationing where umax is coinci
dent with the velocity radar location stationing in the cross section); A =
cross-sectional area; umean = mean velocity. Manning’s equation was 

parameterized using the peak discharge to establish at-a-section hy
draulic parameters. 

Step 2. Compute At-a-section Hydraulic Parameters using Manning’s 
Equation 

Because of the spatial variability in at-a-section hydraulic parame
ters, computing flood wave velocities and travel times in near-real time 
for a given discharge is untenable using traditional, physically based 
numerical hydraulic models. Instead, a simplified, more efficient 
approach based on Manning’s equation was used. In this approach, we 
estimate at-a-section hydraulic parameters associated with the 10 
August 2015 peak discharge from step 1 using Manning’s equation. 
Uncertainties in at-a-section hydraulic parameters were then estimated 
in step 3, and results from steps 1–3 were used to compute flood wave 
velocity and travel time in step 4. R was used to complete this step over 
other tools such as widely accessible numerical models because of (1) 
matter of convenience for the user, particularly if they are not familiar 
with hydraulic modeling; (2) seamlessness of the R script to derive at-a- 
section hydraulic parameters and the integration of the R scripts lmomco 
(Asquith, 2022) and plotlmrdia (Asquith, 2011), which were used in the 
uncertainty analysis; and (3) transferability to other post-wildfire basins 
(R Core Team, 2022). 

To simplify flood wave velocity calculations, geomorphic charac
teristics influencing discharge along the main stem Waldo Canyon were 
summarized based on a lidar-derived Digital Terrain Model (DTM) with 
0.6 m pixel resolution, obtained from the USGS 3D Elevation Program 
(3DEP; USGS, 2021c) and analyzed in ArcGIS (version 10.8.1, ESRI, 
2020) and R (version 4.2.2, R Core Team, 2022). A main stem flowline 
was delineated from the DTM using the built-in fill, flow direction, and 
flow accumulation tools in ArcGIS. The main stem flowline and the DTM 
were exported to R and were used to create 181 evenly spaced cross 
sections, approximately every 30 m, between the uppermost main stem 
flowline point near the USGS rain gage 385449104565501 (Upper 
Waldo Canyon Met above Cascade, CO; USGS, 2021a) and the conflu
ence with Fountain Creek near U.S. 24 (Fig. 2). Each cross-sectional 
elevation profile, was generated perpendicular to the main stem flow
line, was approximately 91 m in length, and was comprised of 150 
points spaced evenly every 0.6 m. 

The shape of the main stem flowline was irregular and, in some cases, 
sharp bends led to cross sections that were parallel to the hillslope rather 
than perpendicular to the flow direction. These linear cross section 
profiles were not representative of the true stream channel character
istics; cross-sections were considered invalid and were not used in the 
analysis if the thalweg (i.e., the lowest elevation in the cross-sectional 
profile) was greater than 6 m from the ArcGIS delineated flowline. Of 
the 181 cross sections generated, 113 were considered valid. 

The cross sections were used to calculate the hydraulic geometry 
parameters required for maintaining a constant discharge using Man
ning’s equation (Eq. (4)), which calculates uniform flow in open chan
nels. Manning’s equation can be expressed as: 

Q = umean • A =

(
1
n

)

A • R2/3
̅̅̅
S

√
(4)  

where Q = discharge in cubic meters per second (m3/s), umean = mean 
cross section velocity (mean velocity) in meters per second (m/s), A =
cross-sectional area of flow in square meters (m2), n = Manning 
roughness coefficient (s/m1/3), R = hydraulic radius in meters (m), and 
S = channel slope (m/m). Hydraulic radius is defined as: 

R =
A
Pw

(5)  

where Pw = wetted perimeter of the cross section (m). Therefore, by 
replacing the hydraulic radius in Eq. (4) with Eq. (5), Manning’s equa
tion is expressed as Eq. (6): 

J.W. Fulton et al.                                                                                                                                                                                                                               



Journal of Hydrology X 24 (2024) 100180

8

Q =

(
1
n

)

•A5/3 • Pw
− 2/3

̅̅̅
S

√
(6) 

Channel bed slope was calculated from the longitudinal elevation 
profile derived from the main stem flowline. Manning’s roughness co
efficient (n) was assumed constant across all cross sections and did not 
vary with water depth. Based on the abundance of cobbles and boulders 
in the existing stream channel and flood plain, severe degree of surface 
irregularity, variations in cross section shape, appreciable number of 
obstructions in and near the channel, and moderate levels of vegetation 
immediately adjacent to the stream channel, n was estimated to be 
constant at 0.1 at all cross sections based on guidelines published for 
similar montane environments (Yochum and Bledsoe, 2010). Manning’s 
n is a potential source of error and was assigned an uncertainty equal to 
25 percent. 

The remaining variables in Eq. (6) – cross-sectional area (A) and 
wetted perimeter (Pw) – are dependent on stage. Using R codes, A and Pw 
values associated with the 10 August 2015 peak discharge were esti
mated for each cross section based on at-a-section hydraulic geometry 
relations. Hydraulic geometries (A and Pw values) were calculated by 
iteratively imposing a range of stage values at each cross section. At each 
iterative stage, discharge was estimated using Manning’s equation (Eq. 
(6)) parameterized with that iteration’s calculated hydraulic geome
tries; the A and Pw, and stage values that yielded the most similar 
discharge value to the measured 10 August 2015 peak discharge were 
then used in subsequent analyses. The imposed stage values ranged from 
a minimum of 0.015 m and a maximum of 1.5 m above the thalweg (i.e., 
lowest elevation in the cross section), and were analyzed over 0.015 m 
increments. 

Lastly, several additional parameters associated with the 10 August 
2015 peak discharge were computed and used in subsequent analyses. 
At each cross section, Eq. (4) was used to compute umean and additional 
at-a-section channel characteristics – top-width and mean depth – were 
calculated using methods similar to those used in AreaComp (USGS, 
2021b). The channel characteristics from step 2 were used to compute 
flood wave velocities and travel times at each of the 113 valid cross 
sections. 

Step 3. Compute Uncertainty in the At-a-section Hydraulic Parameters. 
Reliability requires information on uncertainty, which is represented 

by the standard deviation or coefficient of variation (Ang and Tang, 
1990). To estimate the kinematic celerity and dynamic celerity, which 
were assumed to represent flood wave velocities, an uncertainty analysis 
was conducted using (1) raw at-a-section hydraulic parameters and (2) 
L-moments derived from the lmomco and plotlmrdia packages in R 
(Asquith, 2011). 

Raw data associated with the at-a-section hydraulic parameters were 
leveraged to compute uncertainties based on relevant statistics such as 
the minimum, mean, median, maximum, standard deviation (s.d.) and 
coefficient of variation (CV). The raw at-a-section hydraulic parameters 
represent actuals from Waldo Canyon and offer a direct method for 
computing flood wave velocities and their uncertainty. In contrast, L- 
moments represent a model of Waldo Canyon and offer an indirect 
method for computing flood wave velocities and their uncertainty. This 
is particularly valuable in basins that lack data on at-a-section of hy
draulic parameters. L-moments are used to establish the shape of a 
probability density function (PDF; Li et al., 2022) and consist of a series 
of linear combinations of order statistics (L-statistics), which include 
four L-moments and their associated ratios such as the mean, coefficient 
of variation, skewness, and kurtosis (Li et al., 2022). L-moment plots of 
slope, hydraulic radius, and depth were generated using the L-skew and 
L-kurtosis of 100 sub-samples of the valid cross section population (113 
cross sections). Each of the 100 sub-samples was comprised of 71 cross 
sections (approximately 63 percent of the 113 valid cross sections) 
randomly selected using the “sample” function in R. The distribution of 
L-skew and L-kurtosis of the 100 sub-samples were used to determine 
appropriate PDFs and cumulative density functions (CDFs) to represent 

distributions of each of the hydraulic parameters (slope, hydraulic 
radius, and depth). 

The total uncertainty in flood wave velocities is described by Eq. (7): 

Ω =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
inherent variability2 + random error2 + systematic error2

√
(7)  

Ω =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(

sample s.d.
sample mean

)2

+
(

sample s.d.
/

mean
/ ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

no. of samples
√ )2

√

where the total uncertainty consists of (1) inherent variability associated 
with a physical phenomenon and (2) random errors associated with the 
predicted values. For the purpose of this research, only random errors 
are considered. All are expressed in terms of CV. The at-a-section hy
draulic parameters represent the nominal geomorphic characteristics of 
the 113 cross sections and do not account for change that may occur 
between the cross sections. 

Step 4. Compute Flood wave Velocity and Travel Time. 
Flood wave velocities can be indirectly computed relative to the 

ambient mean velocity that was calculated from the modified Manning’s 
equation (Eq. (6)) in steps 1–3. Chow et al. (1988) discuss two terms 
used to estimate flood wave velocities: kinematic and dynamic celerity. 
Kinematic celerity (ck) is expressed in terms of depth and slope. The 
solution for the kinematic celerity in prismatic channels (square or 
rectangular), based on Manning’s equation and the Chezy equation 
(Chow, 1959), is summarized in Eqs. (8) and (9), respectively. 

ck =
1
B

d
dy

(
1
n
S1/2

0 (By)y2/3
)

=

(
1
n
S1/2

0

(
5
3

)

y2/3
)

(8)  

where Q = discharge, n = Manning’s n, Sf = S0, A = channel area, y =
channel depth, B = top width. Dynamic celerity (cd) is expressed as 
(Chow et al., 1988): 

cd =
̅̅̅̅̅
gy

√
(9)  

where g = gravitational constant,ms2. The flood wave velocity derived from 
the surface velocity recorded by the velocity radars in the downstream 
direction equals umean + cd. 

Flood wave travel times were estimated using the centerline stream 
distance from the radar streamgages to U.S. 24 (Table 2) divided by the 
mean values of the kinematic celerity and dynamic celerity, which were 
derived for prismatic channels and computed based on at-a-section hy
draulic parameters associated with the 10 Aug 2015 peak discharge. 

Step 5. Validate Flood wave Velocities based on Surface Velocities 
measured from Velocity Radars. 

Flood wave velocities were computed and compared to the radar- 
derived surface velocities recorded during the 10 August 2015 event. 
The three velocity and stage radars were installed in June 2015 prior to 
the monsoon season and used to measure surface water velocities and 
provide a platform for validating the computed kinematic celerity and 
dynamic celerity. 

4. Results 

Findings from this research demonstrate that instantaneous surface 
velocity, stage, and precipitation data can be delivered in real-time, 
resulting in quicker response times and enhanced actions to maintain 
public safety and transportation infrastructure. This can be particularly 
important in areas where long-term streamgages do not exist or where 
they do exist and are not intentionally operated as a warning system 
application. An effective early-warning system for monitoring hydro
logic extremes delivers a continuum of information regarding current 
and forecasted rainfall intensity and duration, as well as the hydrologic 
response. The first line-of-defense often relies on rainfall intensity and 
duration from weather radars. This metric offers the greatest lead time 
to prepare for weather extremes and may be guided by an Intensity- 
Duration (I-D) threshold (Staley et al., 2015; Cannon et al., 2011; 
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Cannon et al., 2008). The second line-of-defense could rely on near-field, 
real-time velocity and stage radars to validate streamflow in response to 
extreme precipitation events. 

The spatial and temporal distribution of precipitation, the hydrologic 
response, and the uncertainty analysis associated with the 10 August 
2015 event are summarized. 

4.1. Spatial and temporal distribution of precipitation 

The DEFENS network was operated seasonally during the monsoon 
season from May through October in 2015 and in 2016; however, only 
the 2015 data reported significant rainfall and streamflow conditions. 

Table 3 summarizes the rainfall hyetograph. Fig. 4 illustrates the pre
cipitation distribution from NOAA NSSL’s Multi-Radar Multi-Sensor 
system (MRMS; NOAA-NSSL, 2023). The instantaneous and cumulative 
precipitation recorded at each rain gage in response to the 10 August 
2015 event is illustrated in Figs. 5–7. The event (1) represents the most 
extreme storm captured during the two-year operation and (2) was 
highly variable in space and time, which is exhibited by (a) timing in the 
variability in surface velocity and stage measured at the three radar 
gages and (b) discrete and cumulative rainfall and intensities recorded at 
the rain gages. 

Rain gage and weather radar data associated with the 10 August 
2015 event (Table 3 and Fig. 4) support the contention the storm was 

Table 3 
August 10, 2015 precipitation data recorded by rain gages, Waldo Canyon near Colorado Springs, Colorado, USA reported in U.S. Geological Survey (2021a), [–, not 
measured or not applicable].  

Station name and number  

Upper Waldo Canyon Met above Cascade, CO Waldo Canyon abv Mouth near Manitou Springs, CO Lower Waldo Canyon Met above Manitou, CO  
385449104565501 (P02) 07100750 (QP01) 385241104560101 (P01) 

Precipitation (mm) 
Time Instantaneous Cumulative Instantaneous Cumulative Instantaneous Cumulative 
8/10/2015 11:10 0.00 0.00 0.00 0.00 0.00 0.00 
8/10/2015 11:15 0.00 0.00 – 0.00 0.00 0.00 
8/10/2015 11:20 0.00 0.00 – 0.00 0.00 0.00 
8/10/2015 11:25 1.02 1.02 – 0.00 0.00 0.00 
8/10/2015 11:30 0.00 1.02 – 0.00 0.00 0.00 
8/10/2015 11:35 1.02 2.03 – 0.00 0.00 0.00 
8/10/2015 11:40 0.00 2.03 2.03 2.03 1.02 1.02 
8/10/2015 11:45 1.02 3.05 0.00 2.03 0.00 1.02 
8/10/2015 11:50 0.76 3.81 16.00 18.03 4.06 5.08 
8/10/2015 11:55 0.00 – 2.79 20.83 2.03 7.11 
8/10/2015 12:00 0.00 – 4.06 24.89 5.84 12.95 
8/10/2015 12:05 0.00 – 3.30 28.19 3.05 16.00 
8/10/2015 12:10 0.00 – 0.25 28.45 0.00 – 
8/10/2015 12:15 0.00 – 0.00 – 0.00 – 
Intensity (mm/hr) – 7.62 – 56.9 – 32.00  

Fig. 4. Precipitation estimates from the Multi-Radar Multi-Sensor system when (a) the storm entered Waldo Canyon at 1740 UTC, (b) when peak rainfall rate in
tensities were reached at 1758 UTC, and (c) when the storm exited the basin at 1820 UTC. Panel (d) shows the radar-estimated rainfall totals for the event. See NOAA 
NSSL’s Multi-Radar Multi-Sensor system (MRMS; NOAA-NSSL, 2023). Precipitation gages (green) are labeled with the station name, surface water radar stations (red) 
are not labeled. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

J.W. Fulton et al.                                                                                                                                                                                                                               



Journal of Hydrology X 24 (2024) 100180

10

highly variable in space and time. Rainfall intensities reported at rain 
gages for the Upper Waldo Canyon Met above Cascade, CO, Waldo 
Canyon above Mouth, and Lower Waldo Canyon Met above Manitou, CO 
were 7.62 mm/h, 56.9 mm/h, and 32.0 mm/h, respectively, and 
generally fall within the range of the I-D thresholds (11.6 to 66 mm/h) 
established by Staley et al. (2015). Precipitation intensities were 
greatest in the middle part of the basin. Fig. 4 illustrates the evolution of 
the weather radar rainfall estimates during the 10 August 2015 event. 
Precipitation began falling in the basin at approximately 1740 UTC 
(1140 Mountain Daylight Time, MDT) on 10 August and extended 
through approximately 1820 UTC (1620 MDT). 

Precipitation rate estimates from the NOAA MRMS system (available 
every 2 min at 1 km2 spatial resolution) indicated a weak storm 
approached the basin from the northwest (Zhang et al., 2016). The storm 
rapidly intensified directly over Waldo Canyon at 1740 UTC with rain
fall covering the entire basin, which corresponded to an instantaneous 
rainfall rate estimated at 96 mm/h in the upper part of the basin. The 
entire basin continued to receive rainfall and experienced peak in
tensities at 1758 UTC with several MRMS pixels estimated at 104 mm/h. 

It is worth noting that the radar-based rainfall algorithm operating 
during this event was the version 11 algorithm described in Zhang et al. 
(2016). A significant change was implemented later in version 12 for 
instances where rain is suspected to be mixed with hail (Zhang et al., 
2020). In short, version 11 uses a maximum rate threshold (or hail cap) 
of 104 mm/h; whereas version 12 uses a more sophisticated estimator 
that enables higher rainfall estimates in such situations. It is thus 

possible that actual rainfall rates at 1758 UTC were higher than the 
estimates shown in Fig. 4b given that they were capped at the maximum 
allowable values. The storm slowly propagated to the east and exited the 
basin at 1820 UTC. Storm total precipitation amounts from MRMS 
ranged from 10.3 mm in the upper part of the canyon to 21.4 mm in the 
southeast part. Fig. 4b indicates the rain gage at Waldo Canyon above 
Mouth received approximately 30 mm during the event, which further 
indicates the capped rainfall rates yielded underestimated values over 
the storm duration. 

Little to no precipitation was reported prior to 10 August 2015; 
however, during the 10 August 2015 event, the heaviest rainfall 
occurred in the upper part of the basin and quickly translated to surface 
runoff. This surface runoff traveled downstream and reached the Upper 
Waldo radar streamgage before it experienced precipitation, which ex
plains the later peak in observed rainfall rates at the site. The Middle 
Waldo radar streamgage recorded and transmitted a maximum surface 
velocity of 2.37 m/s and maximum stage of 2.75 m concurrently at 
11:15 MDT. The Lower Waldo radar streamgage recorded and trans
mitted a maximum surface velocity of 3.59 m/s and maximum stage of 
2.55 m concurrently at 11:14 MDT. The hydrologic response variables 
(surface velocity and stage) reached maximum values prior to the 
maximum rainfall intensities according to rain gages at all three sites. 

4.2. Hydrologic response 

The hydrologic response during the 10 August 2015 event is 

Fig. 5. Surface velocity (green) and stage (light blue) recorded at 385344104560601 Waldo Canyon Upper Site near Manitou Springs, Colorado, precipitation 
(cumulative – red; measured – dark blue) recorded at 385449104565501 Upper Waldo Canyon Met above Cascade, CO, [mm, millimeters; m, meters; m/s, meters per 
second]. See Fulton and Hall (2024). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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illustrated by the surface velocity and stage time-series data (Figs. 5–7) 
recorded at the Upper Waldo, Middle Waldo, and Lower Waldo radar 
streamgages. Time series of surface velocity, stage, measurement qual
ity, battery (telemetry and radar), and RSSI were measured and recorded 
for the 2015 operational period (Fulton and Hall, 2024). 

A peak discharge equal to 5.01 m3/s was computed from a slope- 
conveyance indirect discharge measurement adjacent to Waldo 
Canyon above Mouth for the 10 August 2015 event (USGS, 2023b), 
which is considered an estimate (uncertainty greater than 25 percent). A 
probability concept-derived peak discharge equal to 4.88 m3/s validated 
the indirect discharge measurement proximal to Waldo Canyon above 
Mouth and is based on a maximum surface velocity, ϕ, stage, and 
channel area equal to 2.37 m/s, 0.70, 2.75 m, and 2.94 m2, respectively, 
recorded by the Middle Waldo radar streamgage. Channel area was 
derived from a stage-area rating. The probability concept discharge 
(4.88 m3/s) compares favorably to the indirect measurement (5.01 m3/ 
s), with a percent difference equal to 3. 

Discharge time-series was not computed at the three radar stream
gages; however, flood wave velocities and travel times were measured 
and computed at each of the three radar streamgages (Upper Waldo, 
Middle Waldo, and Lower Waldo). Flood wave velocities varied in 
response to differences in the at-a-section hydraulic parameters and out- 
of-bank topography at each site. For example, the flood plains for the 
Upper Waldo and Middle Waldo radar streamgages are more expansive 
than the Lower Waldo radar streamgage; the Lower Waldo radar 
streamgage is installed over an incised channel with a limited flood 

plain. Assuming a discharge equal to 5.01 m3/s, flood wave velocities for 
the 10 August 2015 event were computed using the mean kinematic 
celerity and mean dynamic celerity (downstream component) and were 
2.619 m/s ± 0.556 percent and 3.533 m/s ± 0.181 percent, respec
tively. Validation of predicted flood wave velocities was confirmed 
using comparisons with measured surface velocities recorded at the 
Upper Waldo, Middle Waldo, and Lower Waldo radar streamgages 
(Fig. 8), where maximum-surface velocities during the 10 August 2015 
event were 2.9 m/s, 2.37 m/s, and 3.59 m/s, respectively. 

Distances from the Upper Waldo, Middle Waldo, and Lower Waldo 
radar streamgages to U.S. 24 were 2,960 m, 1,460 m, and 644 m, 
respectively. Flood wave travel times were derived by dividing flow path 
distances between the radar streamgages and U.S. 24 (Table 2), by the 
mean values of the kinematic celerity and dynamic celerity. Given the 
centerline stream distances from the radar streamgages to U.S. 24 
(Table 2), flood wave travel times ranged from 19 min to 14 min for the 
Upper Waldo radar streamgage; 9.3 min to 6.9 min for the Middle Waldo 
radar streamgage; and 4.1 min to 3.0 min for the Lower Waldo radar 
streamgage. These timeframes are consistent with the on-site observa
tions made by CDOT personnel during the 10 August 2015 event. 

Geomorphic change was documented in the stage record based on 
the pattern (positive–negative-positive) recorded by the stage radar 
after the velocity peaked. The channel bed at the Upper Waldo radar 
streamgage increased in elevation and did not decrease post-event 
through the end of the radar deployment in October 2015. Geomor
phic change did not occur at the Middle Waldo or Lower Waldo radar 

Fig. 6. Surface velocity (green) and height (light blue), recorded at 385309104561101 Waldo Canyon Middle Site near Manitou Springs, Colorado, precipitation 
(cumulative – red; measured – dark blue) recorded at 07100750 Waldo Canyon above Mouth near Manitou Springs, Colorado, [mm, millimeters; m, meters; m/s, 
meters per second]. See Fulton and Hall (2024). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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streamgages and is attributed largely to the non-erodible channel and 
lack of available sediment source material in the vicinity of the radar 
streamgage. 

4.3. Uncertainty analysis 

L-moments were (1) computed for a variety of at-section parameters 
and (2) leveraged to establish their uncertainty and subsequent flood 
wave velocities and travel times in response to the 10 August 2015 
precipitation event. PDFs were selected for each of the three parameters 
– slope, hydraulic radius, and depth – based on the trend and proximity of 
the 100 subsamples (blue points) to the lines and points on the L- 
moment plot associated with the PDFs (Fig. 9a, c, and e). The resulting 
PDFs and CDFs are illustrated in Fig. 9b, d, and f. Distributions incom
patible with the raw data, such as the exponential distribution, were not 
considered. 

The distribution of Manning’s n, similar to the Weisbach resistance 
coefficient, was assumed to emulate an upper triangular distribution 
(Ang and Tang, 1990). Slope was best represented by the Generalized 
Pareto Distribution (GPD) or a lower triangular distribution (Fig. 9A and 
D). Hydraulic radius (Fig. 9B and E) and depth (Fig. 9C and F) were best 
represented by the Pearson Type III Distribution (PE3) or normal dis
tribution. For these data, the PE3 distribution is assumed to be equiva
lent to a normal distribution, which is commonly used to predict the 
hydrologic variables. Foster (1924) was the first to apply the PE3 dis
tribution to describe the probability distribution of annual maximum 
flood peaks (Chow et al., 1988). The gravitational constant was 

represented as a uniform distribution. 
The inherent variability and random error in the at-a-section hy

draulic parameters associated with physical phenomena as represented 
by the CV (δ = s.d./mean) and random errors associated with prediction 

as represented by the CV 
(

Δ = s.d./mean/
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
no. of samples

√ )
, respec

tively, and were computed for the 113 at-a-section values as a function 
of Manning’s n, slope, hydraulic depth, depth, and the gravitational 
constant. The CV for the inherent variability and random error for 
Manning’s n, slope, hydraulic radius, depth, and gravitational constant 
were 0.000, 0.523, 0.180, 0.180 and 0.000 and 0.010, 0.049, 0.017, 
0.017,and 0.000, respectively. CVs were derived from the raw data. The 
total uncertainty in the prediction of mean velocity, kinematic celerity, 
and dynamic celerity is equal to 0.556, 0.556, and 0.181, respectively. 
Table 4 summarizes the uncertainties associated with at-a-section hy
draulic parameters in Waldo Canyon calculated for the Aug 10, 2015 
event. 

5. Discussion 

The study objectives were accomplished by integrating multiple 
systems (i.e., weather radar, near-field velocity and stage radars, and 
rain gages) to record flood wave velocities and forecast travel times and 
communicating the findings. 

Weather radar, near-field velocity and stage radars, and rain gages 
were deployed during portions of 2015 and 2016 to record precipitation 
and peak discharge events; however, only the 2015 data reported 

Fig. 7. Surface velocity (green) and stage height (light blue), recorded at 385254104560401 Waldo Canyon Lower Site near Manitou Springs, Colorado, precipitation 
(cumulative – red; recorded – dark blue) measured at 385241104560101 Lower Waldo Canyon Met above Manitou, CO, [mm, millimeters; m, meters; m/s, meters per 
second]. See Fulton and Hall (2024). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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significant rainfall and streamflow conditions. This sensor ensemble 
highlights the importance of real time data in forecasting and validating 
storms that generate flash floods. It is evident that a relation exists be
tween the (1) intensity and duration of rainfall, streamflow, and surface 
velocity and (2) spatial and temporal distribution of rainfall and the 
timing and magnitude of runoff captured by the surface velocity and 
stage radars within a basin. The 10 August 2015 event exhibited the 
greatest rainfall intensity and duration during the deployment period 
and highlights the importance of the NWS NEXRAD weather radar for 
advanced warnings, whereas, the USGS sensor ensemble provides a 
platform for confirming observations from weather radars by delivering 
the calculated variables flood wave velocities, travel times, and rainfall 
intensity and duration. The authors did not differentiate between debris 
flows or flood flows, and the time-series data reflect the raw values that 
were recorded on the data logger and were not adjusted for outliers or 
spurious data. 

The order of operations to site, install and operate near-field velocity 
and stage radars and rain gages can be transferred to other post-wildfire 
basins. Maintenance of stage-area ratings is needed for the probability 
concept algorithm where radar streamgages are deployed. Slope and 
cross-sectional elevation profiles would need be re-established to update 
the flood wave velocity computations prior to any subsequent storms. 
This necessity is demonstrated by the aggradation in the channel ba
thymetry recorded after the peak in surface velocity and during the 
hydrography recession at the Upper Waldo radar streamgage. These data 
also support the contention that geomorphic change can be tracked 

using stage radars and is illustrated by the stage-time series in Fig. 5. A 
peak velocity equal to 2.902 m/s was recorded at the Upper Waldo radar 
streamgage 11:02 MDT AM. During the recession at 12:15 MDT PM, an 
increase is river stage was recorded and remained relatively constant 
until early November when the network was taken offline. This finding 
also suggests that stage may be less reliable than velocity for detecting 
rapid changes in streamflow in post-wildfire landscapes where 
geomorphic changes can interfere with the interpretation of stage data. 

The USGS sensor ensemble was integrated with a redundant 
communication network capable of transmitting surface velocity, stage, 
and rainfall intensity data in a timely fashion to CDOT and NWS Pueblo 
WFO staff in advance of impending floodflows. All three radar stream
gages recorded a rapid rate-of-change in their respective velocity and 
stage hydrographs at the onset of the streamflow event. More impor
tantly, the peak surface velocity recorded at the Upper Waldo radar 
streamgage occurred 103 min earlier than the peak stage. This offset 
indicates the surface velocity signature from velocity radars may pro
vide longer lead times and advanced warning of impending extreme 
flows compared to other metrics such as stage and rainfall. Subse
quently, the velocity signature could provide decision makers the option 
to implement corrective action sooner. 

At the onset of a precipitation event, representatives from NOAA’s 
NSSL notified the USGS of extreme weather based on weather radar 
returns. At the same time, the USGS received alarm notifications based 
on elevated near-field surface velocities derived from the velocity ra
dars. The USGS contacted CDOT to alert them to the event. CDOT rep
resentatives arrived on site and confirmed the arrival of a flood wave, 
which was conveyed safely under U.S. 24 through the re-engineered box 
culvert. During the rain event, the Upper Waldo radar streamgage 
recorded and transmitted a maximum-surface velocity of 2.9 m/s at 
11:02 MDT AM and a maximum stage of 4.47 m at 12:45 PM MDT – a 
time difference of approximately 103 min. 

Flood forecasting is inherently uncertain. Uncertainties include (1) 
physical processes, which are random in nature and (2) forecasts or 
predictions, which lack the forcing data to characterize a physical pro
cess (Gourley et al., 2020). Physical processes cannot be controlled; 
however, a bias-correction factor (s.d./mean) can be ascertained from a 
PDF. The uncertainty associated with physical processes can be estab
lished using a central value (mean) and a measure of dispersion (CV), 
where observed data are used to estimate the degree of uncertainty. The 
uncertainty associated with forecasts or predictions can be improved by 
selecting the appropriate model, acquiring more data, or applying a CV, 
where uncertainties are characterized by variability in sampling and 
random errors associated with prediction are represented by a CV (Ang 
and Tang, 1990). In summary, the physical processes (random) 
described in Table 4 rely on the mean value (x = mean) and associated 
CV (δ = s.d./mean); whereas, forecasts or predictions rely on the random 

error expressed as a CV (Δ = s.d./mean/
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
no. of samples

√ )
. 

Given the inherent variability associated with physical phenomenon 
and random errors, the total uncertainty (Table 4), kinematic celerity 
uncertainty (0.556), and dynamic celerity uncertainty (0.181) provide a 
measure of the calculated-flood wave velocities at-a-section in sections 
of the reach that are not monitored with velocity radars. However, the 
kinematic celerity returns a higher degree of uncertainty when 
compared to the dynamic celerity, which offers a better proxy for flood 
wave velocities (Table 4). Validation of flood wave velocities with un
certainty was confirmed using velocity radars deployed at the Upper 
Waldo, Middle Waldo, and Lower Waldo radar streamgages, where 
maximum-surface velocities during the 10 August 2015 event were 2.9 
m/s, 2.37 m/s, and 3.59 m/s, respectively (Fig. 8). The surface velocity 
recorded by the radar streamgages are consistent with the calculated- 
flood wave velocities. 

It should be noted that the flood wave arrival times were approxi
mate and do not consider formal channel routing that accounts for flood 
plain storage and variations in at-a-section energy dissipation such as 

Fig. 8. Predicted kinematic celerity and dynamic celerity versus the surface 
velocity recorded at radar streamgages 385344104560601 Waldo Canyon 
Upper Site near Manitou Springs, Colorado (Upper Waldo radar), 
385309104561101 Waldo Canyon Middle Site near Manitou Springs, Colorado 
(Middle Waldo radar), 385254104560401 Waldo Canyon Lower Site near 
Manitou Springs, Colorado (Lower Waldo radar), [meters/sec, meters per sec
ond; cd+ , downstream flood wave velocity as a function of the dynamic celerity; 
ck, flood wave velocity as a function of the kinematic celerity]. Mean predicted 
kinematic celerity and dynamic celerity are represented (black points) along 
with calculated uncertainties (grey brackets; Table 4). Peak velocity measured 
at the Upper Waldo (green point), Middle Waldo (red point), and Lower Waldo 
radar streamgages (blue point) are accompanied by an imposed horizontal line 
for comparing measured velocity values with calculated celerity values. (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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Manning’s n and eddy viscosity terms. In addition, the surface velocity 
signature illustrated in Fig. 5 peaks earlier in time relative to the stage 
signature. This is attributed to unsteady flow conditions and variations 
in water depth and slope. The rate of change in surface velocity serves as 
surrogate for issuing an advanced warning of potential flood waves. 

6. Summary and conclusions 

In response to extreme post-wildfire precipitation events, near-field 
Doppler velocity (velocity) and pulsed (stage) radars, rain gages, and 
a sophisticated communication network were leveraged to compute a 

Fig. 9. L-moment analysis illustrating the results of 100 subsamples (blue points; A, B, C) collected from the at-a-section slope (A), hydraulic radius (B), and mean 
channel depth (C) relative to the potential probability distributions: [AEP4, 4-Parameter Asymmetric Exponential Power Distribution, GEV, Generalized Extreme 
Value Distribution; GLO, Generalized Logistic Distribution; GNO, Generalized Normal Distribution; GOV, Govindarajulu Distribution; GPA, Generalized Pareto 
Distribution; PE3, Pearson Type III Distribution; PDQ3, Polynomial Density-Quantile3; EXP, Exponential Distribution; NOR, Normal Distribution; GUM, Gumbel 
Distribution; RAY, Rayleigh Distribution; UNI, Uniform Distribution]. Probability density and cumulative distribution functions were plotted for slope (D), hydraulic 
radius (E), and mean channel depth (F) for chosen distribution functions and plotted coincidentally with the density curve and empirical cumulative distribution 
function derived from the raw data (Waldo Canyon). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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priori, measures of surface velocity and stage, rainfall intensity and 
duration, and transmit in situ debris and flood wave velocities and travel 
times in Waldo Canyon, Colorado. This sensor ensemble was intended to 
compliment observations from NWS NEXRAD weather radars and to 
provide near-field verification of flood wave velocities. 

The 10 August 2015 event highlights the importance of weather 
radar for advanced warnings, velocity and stage radars and rain gages 
for event validation, and a communication network to deliver notifica
tions to CDOT engineering staff, NWS forecasters, and emergency 
managers. 

The Upper Waldo radar streamgage recorded and transmitted a 
maximum surface velocity of 2.902 m/s at 11:02 MDT AM and a 
maximum stage of 4.47 m at 12:45 PM MDT – a time difference of 
approximately 103 min. The rate-of-change in the surface-velocity 
signature occurred earlier in time and was greater relative to other 
metrics such as stage and rainfall, which (1) could provide longer lead 
times and an advanced warning of impending extreme flows and (2) 
could allow decision makers the option to implement corrective action. 

The kinematic celerity and dynamic celerity served as surrogates for 
the flood wave velocities. Flood wave travel times were computed using 
the kinematic celerity and dynamic celerity and were derived by 
dividing the centerline stream distance from the radar streamgages to U. 
S. 24. Distances from the Upper Waldo, Middle Waldo, and Lower Waldo 
radar streamgages to U.S. 24 were 2,960 m, 1,460 m, and 644 m, 
respectively from U.S. 24. The kinematic celerity and dynamic celerity 
were validated against the observed maximum-surface velocities at each 
radar streamgage. 

The DEFENS network is both scalable and transferable particularly if 
other post-wildfire basins (1) exhibit similar hydrologic characteristics 
to Waldo Canyon and (2) lack site data such as lidar. The L-moment 
analysis, which includes PDF designations for slope, hydraulic radius, 
and depth, would be valuable to quickly establish velocity thresholds for 
an alert network where little or no data on slope, hydraulic radius, or 
depth exist. 

It was demonstrated that the sensor ensemble captured and trans
mitted flood waves associated with extreme precipitation events and 
served to validate the weather radar returns provided by NWS WFO. 
Bathymetric and topographic elevations are needed to derive the inde
pendent at-a-section hydraulic parameters (slope, hydraulic radius and 
depth) required to compute flood wave velocities. Acquiring this infor
mation a priori would allow more rapid operationalization of an alert 
network. Collaboration with Emergency Management agencies such as 
the NWS WFO, who serve as a platform for transmitting alerts allowed 
timely use of information. 

Based on the performance of the sensors and the communication 
platform, the alert network order of operations to estimate flood wave 
velocity and travel time could be transferable to other post-wildfire 
basins where infrastructure and populations could be at risk for flood
ing. Similarly, the same order of operations could have merit in basins 
partially burned by wildland fires. 

Supplemental information 
Time-series Data 
Time series data of stage, surface velocity, data quality, battery 

telemetry, battery for RQ-30, and Received Signal Strength Indicator is 
summarized in Fulton and Hall (2024). Data were not scrubbed to 
remove inconclusive or incomplete data and represents the raw data 
recorded by dataloggers. 
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Mean velocity 

Parameter Distribution Minimum Mean Median Maximum No. of 
samples 

s.d. CV Inherent 
variability 

Random 
error 

Total 
uncertainty 

Manning’s n (s/m1/ 

3) 
Upper triangular  0.075  0.108  0.108  0.125 113 0.000 0.109 0.000 0.010  

Slope (m/m) Generalized Pareto or 
lower triangular  

0.029  0.112  0.094  0.322 113 0.058 0.523 0.523 0.049  

Hydraulic Radius 
(m) 

Pearson Type III or 
normal  

0.239  0.391  0.396  0.566 113 0.070 0.180 0.180 0.017  

Mean Velocity (m/s) –  0.872  1.649  1.526  3.104 – – – – –  0.556  

Kinematic celerity 
Manning’s n (s/m1/ 

3) 
Upper triangular  0.075  0.108  0.108  0.125 113 0.000 0.109 0.000 0.010  

Slope (m/m) Generalized Pareto or 
lower triangular  

0.029  0.112  0.094  0.322 113 0.058 0.523 0.523 0.049  

Depth (m) Pearson Type III or 
normal  

0.226  0.364  0.364  0.541 113 0.066 0.180 0.180 0.017  

Kinematic Celerity 
(m/s) 

–  1.402  2.619  2.405  5.023 – – – – –  0.556  

Dynamic celerity 
Gravitational 

acceleration (m/ 
s2) 

Uniform  9.754  9.754  9.754  9.754 113 0.000 0.000 0.000 0.000  

Depth (m) Pearson Type III or 
normal  

0.226  0.364  0.364  0.541 113 0.066 0.180 0.180 0.017  

+ Dynamic Celerity 
(m/s) 

–  2.358  3.533  3.410  5.402 – – – – –  0.181  
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