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Traditionally, deterministic flood procedures such as the Probable Maximum Flood have been used for
critical infrastructure design. Some Federal agencies now use hydrologic risk analysis to assess potential
impacts of extreme events on existing structures such as large dams. Extreme flood hazard estimates and
distributions are needed for these efforts, with very low annual exceedance probabilities (6 10�4) (return
periods >10,000 years). An integrated data-modeling hydrologic hazard framework for physically-based
extreme flood hazard estimation is presented. Key elements include: (1) a physically-based runoff model
(TREX) coupled with a stochastic storm transposition technique; (2) hydrometeorological information
from radar and an extreme storm catalog; and (3) streamflow and paleoflood data for independently test-
ing and refining runoff model predictions at internal locations. This new approach requires full integra-
tion of collaborative work in hydrometeorology, flood hydrology and paleoflood hydrology. An
application on the 12,000 km2 Arkansas River watershed in Colorado demonstrates that the size and loca-
tion of extreme storms are critical factors in the analysis of basin-average rainfall frequency and flood
peak distributions. Runoff model results are substantially improved by the availability and use of paleo-
flood nonexceedance data spanning the past 1000 years at critical watershed locations.

Published by Elsevier B.V.
1. Introduction

The estimation of extreme flood probabilities is a long-standing
problem in hydrology, because we typically lack long flood records
(Stedinger et al., 1993) to estimate Annual Exceedance Probabili-
ties (AEPs) at the site of interest. About a century ago, Hazen
(1914) recognized the practical value of this problem and sug-
gested the idea of unbounded, very extreme flood probabilities
when commenting on Fuller (1914): ‘‘. . . One of the most impor-
tant matters developed by the paper is that there is no such thing
as a maximum flood. . . . There is a 100-year flood much greater
than the 10-year flood; and, although no records are at hand to
demonstrate it adequately, there is every reason to believe that
there is a 1000-year flood, which will prove to be much greater
than the 100-year flood.’’ Several years later, the value of geologic
information and terraces for flood information was recognized
(Fuller (1917); see also Jarrett and England (2002) for a discussion).
Today, paleoflood data with records longer than 1000 years (House
et al., 2002; Levish, 2002; Benito et al., 2005) are now available or
can be obtained for extreme flood frequency analysis (O’Connell
et al., 2002; England et al., 2010), and provide crucial data for tem-
poral extension of flood information (e.g. Merz and Blöschl, 2008a).

In contrast to widely-used deterministic design procedures for
large dams and critical infrastructure, such as the Probable Maxi-
mum Flood (PMF) (Cudworth, 1989), methods to estimate extreme
floods, extreme rainfalls and their probabilities are not mature
(NRC, 1988, 1994; Burges, 1998). Estimates of extreme floods and
AEPs are needed and required for hydrologic engineering, dam
safety risk analysis and modification of critical infrastructure, par-
ticularly by the Bureau of Reclamation (Reclamation, 2010, 2011).
The hydrologic hazard inputs required for risk analysis are fre-
quency distributions of peak flows, hydrographs, volumes, and
peak reservoir stages which, for dams with potentially high loss
of life, extends to very low AEPs (6 10�4). In practice, there are
few readily-available tools to make these estimates. Some methods
to estimate hydrologic hazards for dam safety with AEPs 6 1=2000
are described by Nathan and Weinmann (1999) for Australia and
by Swain et al. (2006) for Reclamation dams in the western US.
In Germany and Austria, DWA (2012) provides hydrologic hazard
methods for dam safety that explicitly focus on temporal, spatial,
and causal information to complement the systematic flood data.
Tools generally consist of peak-flow frequency with paleoflood
data (O’Connell et al., 2002), lumped unit hydrograph (HEC,
2010) or storage routing models (Laurenson et al., 2006), with rain-
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fall probabilities estimated with L-Moments (Hosking and Wallis,
1997) or AEP shape functions based on Probable Maximum Precip-
itation (PMP) (Nathan and Weinmann, 1999). The GRADEX method
(Naghettini et al., 1996; Swain et al., 2006; Gutknecht et al., 2006)
is also used in some cases. Reclamation utilizes paleoflood data to
estimate hydrologic hazard curves for risk analyses, which includes
risk-based modifications at major facilities in California (Reclama-
tion, 2002) and Wyoming (Levish et al., 2003). Others (Schumann,
2010) are also examining extreme flood hazard issues. There is
much room for conducting innovative extreme flood hydrology sci-
ence, engineering, and applications in this challenging area to esti-
mate AEPs 6 10�4.

This paper presents an integrated data-modeling hydrologic
hazard framework for detailed, physically-based extreme flood
hazard estimation. The framework is suitable for hydrologic risk
applications for critical infrastructure such as dams and nuclear
reactors; we show an example for a large dam in the Western Uni-
ted States. We implement several extreme flood and rainfall con-
cepts presented in NRC (1988, 1994), including stochastic storm
transposition (Foufoula-Georgiou, 1989) and paleoflood data
(House et al., 2002). The hydrologic hazard framework consists of
the following key elements: (1) rainfall frequency and storm mod-
eling with stochastic storm transposition; (2) extreme storm data
and analyses for storm probability modeling supplemented by ra-
dar data; (3) physically-based rainfall–runoff modeling with the
Two-Dimensional Runoff, Erosion and Export (TREX) model (Vel-
leux et al., 2011) to estimate flood frequency; and (4) streamflow
and paleoflood data with frequency analysis utilized for indepen-
dently testing and refining runoff model predictions. We demon-
strate the approach on a large 12,000 km2 watershed, the
Arkansas River above Pueblo, Colorado, to estimate the flood haz-
ard at Pueblo Dam, a Bureau of Reclamation water-supply and
flood control dam.

The study objectives are: (1) implement and demonstrate the
use of stochastic storm transposition (SST) on a large, orographic
watershed; (2) utilize a physically-based runoff model (TREX) with
spatially and temporally distributed rainfall from stochastic storm
transposition to estimate flood frequency on this watershed; and
(3) examine effects of varying spatial rainfall and soil moisture
on flood frequency curves, comparing model predictions to stream-
flow and paleoflood data at internal watershed locations. We build
on previous studies, including TREX development (England et al.,
2007), storm hydrometeorology (Javier et al., 2007), and paleoflood
data and frequency analysis (England et al., 2010).
2. Hydrologic hazard framework for large, semi-arid
watersheds

The hydrologic hazard framework is designed to provide infor-
mation on hydrologic risk – very extreme floods with AEPs 6 10�4

– that is required for making dam safety decisions (Reclamation,
2011). This information includes peak-flow frequency and hydro-
graphs for large (>5000 km2), semi-arid watersheds. The frame-
work utilizes two methods to estimate the hydrologic hazard
(NRC, 1988): peak-flow frequency using a statistical model with
paleofloods; and rainfall–runoff modeling with extreme storms.
The statistical model for peak-flow frequency that is used in this
study is the log-Pearson Type 3 (LP3) distribution with the
Expected Moments Algorithm (EMA) (Cohn et al., 1997) and
confidence intervals (Cohn et al., 2001). The physically-based rain-
fall–runoff model TREX (England et al., 2007; Velleux et al., 2008,
2011) is coupled with SST and extreme storm data to estimate
flood frequency and hydrographs. These two methods are used in
a combined way. TREX provides a physical basis for flood hydro-
graphs; the model predictions are compared with the independent
EMA-LP3 flood frequency (using peak-flow and paleoflood data)
and refined as needed.

We directly account for the following key physical processes
(see England (2006) and England et al. (2007) for a discussion
and review) in the rainfall–runoff model component of the hydro-
logic hazard framework: (1) extreme storm rainfall (duration, spa-
tial pattern, location, areal extent); (2) partial-area rainfall and
runoff; (3) hillslope runon, runoff and routing; and (4) channel net-
work and routing. There are significant research opportunities on
the extreme flood physical processes and flood frequency using
physically-based rainfall–runoff models for large watersheds, as
most approaches have been statistically-based (Dunne, 1998). On
large basins >103 km2, watershed response is controlled by travel
time in channels and by the specifics of the spatial distribution
of rainfall (Nicótina et al., 2008). Partial-area rainfall and runoff
dynamics play a crucial role in semi-arid regions (Marco and
Valdés, 1998; Iacobellis and Fiorentino, 2000; Fiorentino and Iaco-
bellis, 2001; Moon et al., 2004) at these scales. We use the TREX
model to represent these physical processes in a spatially-distrib-
uted manner, especially partial-area rainfall and channel routing.

Extreme storm rainfall data, flood data, and paleoflood data are
a critical part of the hydrologic hazard framework. As noted by NRC
(1988), major efforts are needed to compile comprehensive data
bases for developing and testing extreme flood probability meth-
ods. The following data sets are utilized in this framework. Ex-
treme storm rainfall are obtained from USACE (1973), Hansen
et al. (1988), NOAA NCDC data bases, Reclamation’s extreme storm
files (Sankovich and Caldwell, 2011), and newer storms from site-
specific data collection efforts (Section 4.2). Extreme flood data
(peak flows, daily flows, hydrographs) are obtained from the USGS
NWIS and related flood publications (Follansbee and Jones, 1922;
Follansbee and Sawyer, 1948). Historical data and paleoflood data
are obtained on a site-specific and regional basis (Klinger and Kla-
won, 2002). For this study we rely on detailed, site-specific and re-
gional data collection efforts on extreme storms and paleofloods
for the flood hazard at Pueblo Dam. When combined, these data
sets provide a basis for extrapolation to AEPs of interest (Swain
et al., 2006). England (2011) describes ongoing improvements to
extreme storm, flood, and paleoflood data bases within the U.S.

Few published studies provide approaches to estimate extreme
flood probabilities (AEPs 6 1/1000) with rainfall–runoff models.
Recent efforts are summarized in Table 1, and most use an expo-
nential storm model with TOPMODEL. Our watershed scales of
interest are 10–100 times larger than these past studies. Most of
these studies use a single method, rather than the two approaches
in the present work. While Cameron (2007) and Rogger et al.
(2012) compared runoff model estimates with independent peak-
flow frequency curves, we use paleoflood data that these studies
did not consider. We are also motivated to use a different hydro-
logic hazard framework than these previous studies based on the
following considerations. We implement the NRC (1994) recom-
mendation to use storm-based analysis of extreme rainfall with
SST (Section 4), because the data base and model provide direct
information on largest rainfalls and the upper tail of the basin-
average precipitation frequency curve. The SST approach can also
include partial-area rainfall effects. The TREX model (Section 5) is
utilized to represent the important physical watershed processes,
interactions and dynamics of extreme floods in a spatially-explicit
manner: the location, orientation and spatial distribution of
rainfall (England et al., 2007); runoff from hillslopes (2D diffu-
sive-wave routing); and channel network and hydraulics (1D diffu-
sive-wave routing). While there may be several open research
questions regarding storm rainfall and runoff model complexity
for these extreme flood hazard problems, we present this frame-
work as one alternative. It is hoped that this study might be used
to motivate additional research work in this challenging area.



Table 1
Recent extreme flood frequency studies using rainfall–runoff models, with AEPs 6 0.001 (modified from Beven (2001) and England (2006)).

Study Catchment Area
(km2)

Rainstorm model Runoff generation Routing AEP

Cordova and Rodriguez-Iturbe (1983) Quercual,
Venezuela

250 Observed Hortonian Infiltration Excess GUH 1/1000

Franchini et al. (1996) hypothetical
midwest US

– Stochastic Storm
Transposition

ARNO Parabolic 1/
100,000

Cameron et al. (1999) Wye, UK 10.6 GPD extension to
observed

TOPMODEL Linear NWF 1/1000

Hashemi et al. (2000) hypothetical 100 Modified Neyman-
Scott

ARNO Parabolic 1/
10,000

Cameron et al. (2000) 4 gaged UK
catchments

0.9–
415.6

GPD extension to
observed

TOPMODEL Linear NWF 1/1000

Blazkova and Beven (2002) Joseful Dul, Czech
Rep.

25.8 Modified Eagleson TOPMODEL Linear NWF 1/
10,000

Blazkova and Beven (2004) Zelivka, Czech
Rep.

1186 Modified Eagleson TOPMODEL Network constant
velocity

1/
10,000

Struthers and Sivapalan (2007) Hypothetical – Exponential Conceptual single bucket
subsurface and surface

None 1/1000

Cameron (2007) Findhorn, UK 415.6 GPD extension to
observed

TOPMODEL Linear NWF 1/1000

GPD, Generalized Pareto Distribution; GUH, geomorphological instantaneous unit hydrograph; NWF, network width function.

230 J.F. England Jr. et al. / Journal of Hydrology 510 (2014) 228–245
This hydrologic hazard framework integrates temporal, spatial
and causal flood hydrology information, in the spirit of Merz and
Blöschl (2008a,b):

1. temporal: extreme storms, paleoflood and historical peak-flow
data (England et al., 2010);

2. spatial: extreme storms within region (transposition) and spa-
tial storm models conditioned by radar information (Javier
et al., 2007); and

3. causal: flash floods, partial-area rainfalls, elevation limits that
affect the spatial extent of extreme storms (Jarrett, 1993; Eng-
land et al., 2010), paleofloods and snowmelt processes.

The framework requires full integration of collaborative work in
hydrometeorology, flood hydrology and paleoflood hydrology. The
Arkansas River basin application is used as an example to demon-
strate the approach, because extreme flood data, channel proper-
ties, paleoflood data, and regional extreme storm rainfall data
were specifically collected for the analysis.

3. Arkansas River basin flood hydrology overview

The study watershed for demonstrating flood frequency with
stochastic storm transposition and paleoflood data is the
12,000 km2 Arkansas River basin in southeastern Colorado
(Fig. 1). The 76 m high Pueblo Dam and 440 million m3 reservoir
are the major features of the Bureau of Reclamation’s Fryingpan-
Arkansas project (Water and Power Resources Service, 1981), and
are located just upstream of Pueblo, Colorado. The salient extreme
flood hydrology-related features of this large watershed include:
(1) mixed-population flood runoff mechanisms from snowmelt
and rainfall excess (England et al., 2006, 2010); (2) complex topog-
raphy and orography influencing storm rainfall (Javier et al., 2007);
and (3) a history of extreme floods, including the devastating 3–4
June 1921 flood that killed over 120 people (Follansbee and Jones,
1922; Munn and Savage, 1922). The watershed is surrounded by
some of the highest peaks and ranges in the Conterminous US,
including the Collegiate Peaks (central Sawatch Range), Mosquito
Range, Sangre de Cristo mountains, Wet mountains, and Pikes
Peak. Elevations within the watershed range from 4400 m (Mt. El-
bert) to 1490 m (Pueblo Dam), with many peaks exceeding
4270 m. The topography and elevation changes within and sur-
rounding the watershed play a key role in the flood hydrometeo-
rology (Follansbee and Sawyer, 1948; Javier et al., 2007), severely
limiting extreme storm propagation within the highly-confined
upper portions of the watershed near Leadville.

The Arkansas River basin exhibits both regional and local phys-
ical controls to flood processes and typology, as reflected in peak-
flow and rainfall data sets. The watershed encompasses three flood
runoff zones: a snowmelt zone; a transition (snowmelt to rainfall)
zone; and a rainfall zone (Fig. 1). The zones integrate the effects of
drainage area, river network, elevation, topography, streamflow,
and storm rainfall (England et al., 2006). Peak-flow generation
from the high elevation sites, generally above 2300 m including
near Leadville and Salida, is from snowmelt runoff in May and June,
with high correlation between sites. At locations within the transi-
tion zone, peak flows are from snowmelt runoff, rainfall–runoff, or
some combination. Peak flows in the lower, eastern portion of the
watershed are predominately from rainfall–runoff, with flows
nearly uncorrelated between the sites. A critical factor is snowmelt
runoff at high elevations in the snowmelt zone (Fig. 1), and partial-
area extreme rainfalls causing floods in the lower portion of the ba-
sin. Flood-peak histograms and individual flood hydrographs
shown in England (2006) illustrate this effect. Regional peak flows
are strongly influenced by elevation, and unit peak discharges dra-
matically decrease over short distances as elevations increase (Jar-
rett, 1987, 1990; England et al., 2010). This peak-flow based
elevation limit hypothesis is a critical factor for flood frequency
within this watershed, with regional unit peak discharges dramat-
ically decreasing to <20 m3/s/km2 for elevations >2300 m (Jarrett,
1993; England, 2006). At lower elevations, unit peak discharges
are significantly higher (see Fig. 3 in England et al. (2010)),
approaching 140 m3/s/km2 for convective rainfalls over small
areas. Historical peak-flow and paleoflood data (England et al.,
2010) provide both temporal and spatial expansions (Merz and
Blöschl, 2008a) of flood peak-flow data at four sites within the
Arkansas watershed (Fig. 1), and are crucial for independently test-
ing flood frequency prediction from rainfall–runoff models
(Section 5).

Storm precipitation over the Arkansas River watershed in
March through June can result in significant rainfalls and large
floods. These mid-latitude systems cross the region, strengthen
on the leeward side of the Rockies and draw Gulf of Mexico mois-
ture from the southeast into eastern Colorado. This moisture and
increased convective activity result in periodic, widespread rainfall
and occasionally severe thunderstorms east of the mountains



Fig. 1. Arkansas River watershed overview, showing topography, mountain ranges, and flood typology zones. Key streamflow and paleoflood sites from England et al. (2010)
are shown as black triangles.
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(Doesken, 1991). Similar to peak flows, storm rainfall amounts
based on WSR-88D and cloud-to-ground lightning data show
marked decreases with elevation (Javier et al., 2007). Importantly,
the largest flood-producing extreme storms in the watershed (May
1894 and June 1921) initiated over lower portions of the watershed
(England et al., 2007). Storm initiation sites are predominately
along Pikes Peak and the Wet Mountains (Fig. 1), and storm activity
is highest in this area. From analyses of 66 storm events, the upper
portion of the Arkansas River basin does not contribute signifi-
cantly to extreme flood peaks at Pueblo (Javier et al., 2007). Spatial
evidence of storm activity is used to constrain extreme storm loca-
tions in the SST model.
4. Stochastic storm transposition

An extreme storm model is presented that is used to estimate
basin-average extreme rainfall depths and AEPs with SST. Storm
transposition is a regionalization concept that involves relocating
individual storm precipitation within a region (considered homo-
geneous relative to topographic and meteorologic characteristics
deemed significant to that storm) to a watershed of interest,
greatly increasing the data available for evaluating the rainfall po-
tential for a drainage (Schreiner and Riedel, 1978; Cudworth,
1989). Stochastic storm transposition is a generalization of the
concept of storm transposition that is used to estimate PMP in
the United States (e.g., Hansen et al., 1988). In the PMP application,
storm transposition is based on the assumption that there exist
meteorologically homogeneous regions such that a major storm
occurring somewhere in the region could occur anywhere else in
the region, with the provision that there may be differences in
the averaged depth of rainfall produced based upon differences
in moisture potential (NRC, 1988; Cudworth, 1989). Stochastic
storm transposition extends this concept by incorporating the
probability of occurrence (Fontaine and Potter, 1989). The at-site
storm record within a watershed is significantly extended by using
data from the surrounding region. Using the regional storm data,
the hydrologist is substituting space for time, one of the three prin-
ciples to improve extreme flood probability estimates (NRC, 1988).
The regional data of given length are effectively equivalent to a
much longer record at the watershed of interest.

Transposition concepts are illustrated in Fig. 2. The storm trans-
position area Atr is the area within which all the occurred storms
with storm area As can be transposed anywhere in the region either
with the same depths and an adjustment to their probability of
occurrence, or with the same probability of occurrence but with
an adjustment to their depths (Foufoula-Georgiou, 1989). The
interaction of storm area As with the watershed area Ac is an
important feature of the approach, as partial-area rainfalls are ac-
counted for depending on the transposed storm center location
ðxs; ysÞ and storm orientation h. Storm areas within the watershed
can also be restricted to account for elevation and process (snow-
melt and rainfall) considerations (Fig. 2).
4.1. Storm model features

The general approach for stochastic storm transposition con-
sists of two main parts: (1) estimating a basin-average maximum
depth of storm rainfall �dc over a particular watershed with area
Ac during a time period Dt and (2) estimating the cumulative prob-
ability distribution function (cdf) of the basin-average depth F�dcðDtÞ
during that time period. The cdf of �dc depends on the joint distribu-
tion of the storm properties and the storm position ðx; yÞ. For
conceptual understanding, one can consider this joint distribution
in two parts: a ‘‘transposition’’ probability Pt that represents the



Fig. 2. Storm transposition concepts, showing transposition area Atr , watershed
area Ac , storm area As , storm orientation h, storm center location ðxs ; ysÞ, and flood
process transition line.
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probability of a storm center ðx; yÞ falling within or near the wa-
tershed of interest; and a probability of occurrence Pr of a storm
with depth that exceeds some minimum depth or rank in one year
(Alexander, 1963).

The theoretical framework for the SST probability model that is
used here is adopted from Foufoula-Georgiou (1989) and Wilson
and Foufoula-Georgiou (1990). The SST model describes the AEP
Ga of the maximum basin-average depth �dcðDtÞ over a watershed.
Annual probabilities are estimated, using data from an extreme
storm catalog, by counting the number of extreme storms Ns in
an interval of t years within a transposition region, with a discrete
summation over actual storms (Foufoula-Georgiou, 1989):

GaðdÞ ¼ pað�dcðDtÞP dÞ ¼ p̂s

XNs

j¼1

p̂j
�dcðDtÞP d
� � Aeff ;j

Atr

� �
; ð1Þ

where p̂s is the storm occurrence probability estimate for the re-
gion, Aeff ;j is the effective area of the jth storm, Atr is the transposi-
tion region, and pjð�dc P dÞ is the probability for the jth storm that
the average depth over the watershed is greater than some value
d. This model provides basin-average extreme-storm rainfalls and
AEPs in the range of interest (�10�4), as it combines the probabili-
ties of transposition and occurrence. The maximum areally aver-
aged rainfall depth �dcðDtÞ that can occur over a watershed of area
Ac during a time period Dt is estimated via:

�dcðDtÞ ¼ 1
Acj j

Z Z
Ac

dðx; y; ts þ DtÞ � dðx; y; tsÞ½ �dxdy; ð2Þ

where �dc is the maximum areally-averaged depth, ðx; yÞ are spatial
coordinates and Dt is a critical duration of rainfall in terms of flood
production. This critical duration may be a fixed time period such as
6, 12, 24 or 72 h, up to a total storm duration ts. For this study, esti-
mates of �dc and ts are obtained directly from depth-area duration
(DAD) analyses of extreme storms from the storm catalog.
The major factors in (1) are the number of storms Ns; p̂s and Aeff ;j.
The effective area is defined as the area within which each storm
must be centered and still cover at least one point within the wa-
tershed (Wilson and Foufoula-Georgiou, 1990) for runoff genera-
tion. This definition includes extreme rainfall depths for storms
centered outside the watershed that partially cover or fully cover
the watershed. The storm effective area changes every time a
new storm is simulated over the watershed.

An important step in SST is the storm selection in order to ob-
tain a complete catalog of all extreme storms that exceed a partic-
ular depth. A storm severity criterion E is used to select storms
(Wilson, 1989):

Criterion E : f�d½Dt;A�P dming; ð3Þ

where �d½Dt;A� denotes the average storm depth over an area A accu-
mulated over a period of time Dt, and dmin is some minimum depth
based on Dt and A, such that all storms having an effect on the
exceedance probabilities are included in the sample.

In order to develop a complete SST model, we define the con-
tents of a storm position vector Kp and a storm characteristics vec-
tor Ks. The storm position vector Kp consists of storm center
locations (xs; ys), defined as the location of the maximum observed
total depth and are estimated from the extreme storm DAD data-
base (Section 4.2). In this work, the storm position vector Kp is rep-
resented by a uniform probability distribution of storm centers in
space, similar to previous investigators (Fontaine and Potter,
1989; Franchini et al., 1996). This relationship applies to a storm
conceptualized with a single storm center (Hansen et al., 1982;
England, 2006; England et al., 2007). It is modified for application
to the Arkansas River watershed by limiting storm center locations
(xs; ys) for larger-area storms within the basin. The stationary
storm centers are located at lower elevations, with rainfall rates re-
duced at higher elevations within the mountainous watershed
(Fig. 1), as discussed in Section 4.3. The storm characteristics vector
Ks consists of the storm-total depth at 25.9 km2 (10 mi2) dt , the to-
tal storm area As, the storm orientation h and the storm major-to-
minor axis ratio c. The dt ;As; h, and c estimates in Ks are directly
sampled from an extreme storm catalog (described in Section 4.2).

In addition to the storm position and characteristics vectors,
spatial and temporal models of the storm rainfall are needed. In
this study, an elliptical model for the spatial distribution of storm
rainfall from Hansen et al. (1982) is used, with parameters c and h
(England et al., 2007). With this model, it is assumed that the storm
is single-centered, and isohyets are geometrically similar in the
form of an ellipse. This assumed storm shape describes both with-
in-storm amounts and storm totals, and is an adequate spatial rep-
resentation based on previous investigations of the DAD data
(Foufoula-Georgiou and Wilson, 1990; England, 2006). The storm
temporal model that describes the time-varying rainfall depth or
rates over the storm duration is based on normalized mass curves
(Huff, 1967; Koutsoyiannis and Foufoula-Georgiou, 1993) using
DAD data (e.g., Franchini et al., 1996). Normalized mass curves
are obtained using DAD data by: (1) dividing the cumulative storm
depth d at time t by the total storm depth and (2) dividing the time
t by the total storm time (Koutsoyiannis and Foufoula-Georgiou,
1993). Examples of these curves for two Colorado Front Range
storms (May 1894 and June 1921) are shown in England (2006).
Rain rates r [L/T] are determined by simple difference from each
successive cumulative depth d.
4.2. Database of extreme storms

A new electronic database of extreme storms and pertinent
characteristics was developed from existing data sets and supple-
mented by individual analysis of recent extreme storms. The data-
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base was developed to provide quantitative estimates of extreme
storm rainfall in space and time for estimating extreme storm
probabilities and subsequent runoff modeling (Section 5). Three
extreme storm data sources were used to develop the database.
The first is depth-area duration (DAD) data from USACE (1973)
and Bureau of Reclamation cooperative storm studies with the Na-
tional Weather Service. These DAD data are used nearly exclusively
in developing regionalized hydrometeorological reports that pro-
vide PMP estimates for this region (Hansen et al., 1988). The sec-
ond source is an extreme storm catalog for Colorado from the
Colorado Climate Center (CCC) for the period 1864–1996 (McKee
and Doesken, 1997). The third source is individual extreme storm
analyses and reports from the CCC completed after 1996, including
the July 1997 Fort Collins (Doesken and McKee, 1998) and Pawnee
Creek (Doesken, 1998) events.

A geographic region based on Hansen et al. (1988) was used to
select storms from the database for consideration in developing ex-
treme storm probability estimates. This large region covers the
United States from Canada to Mexico, and between about longi-
tude 99o and the Continental Divide. About 110 extreme storms
with some DAD information are located in the region, and corre-
spond to those used for PMP (Hansen et al., 1988). The storm data-
base includes: DAD data with storm area As and various depths dt

for specific durations and area sizes; storm start and end dates;
assignment number; total duration (ts); maximum center location;
latitude and longitude of storm center (xs; ys); storm period; and
storm start and end times. The storm orientation h and major-to-
minor axis ratio c were estimated from the DAD summaries for
each event.

An investigation of the storm database for the region indicates
that there have been several extreme flood-producing rainstorms
in the lower elevation portions of the Arkansas watershed. The
largest flood-producing storms that have occurred within the
Arkansas watershed are the May 1894 and June 1921 storms. Both
of these events were used in rainfall–runoff model calibration
(England et al., 2007). The majority of observed Colorado Front
Range flood-producing storms are shorter duration (generally less
than 24 h), high-intensity convective events (e.g., Follansbee and
Sawyer, 1948). In some cases these are embedded in longer-dura-
tion storms that produce somewhat heavy rainfall over several
days. Extreme rainfall within these convective storms is typically
limited in areal extent, from tens to several hundreds of square
kilometers. Based on the extreme storm catalog, there is a lack of
evidence of longer duration, cyclonic storms that cause flooding
in the Colorado Front Range at elevations higher than about
2300 m; this corroborates previous investigations of regional rain-
fall and streamflow records (Jarrett, 1987, 1993), paleoflood infor-
mation (England et al., 2010) and radar-based storm analyses
within the Arkansas watershed (Javier et al., 2007).

4.3. Application to the Arkansas River basin

The SST model is applied for the first time to the large, moun-
tainous Arkansas River watershed; predictions are then used as in-
put to the TREX rainfall–runoff model (Section 5). An analysis using
results from storm-based radar studies (Javier et al., 2007) demon-
strates storm center location and areal distribution effects on ba-
sin-average rainfall depth predictions. A storm transposition
region Atr for the Arkansas River basin was selected (Fig. 3) based
on: (1) extreme storm catalog data; (2) storm type and topographic
considerations; and (3) previous PMP and rainfall studies (Hansen
et al., 1988; McKee and Doesken, 1997). The region encompasses
the approximate 1,028,700 km2 (397,200 mi2) area between the
Continental Divide (CD) and the 103rd meridian (CD-103). The ba-
sin orography and CD boundary play a major role in estimating the
spatial distributions of extreme storm centers and storm areas
within the region and the watershed, with many of the largest
storms located in the foothills east of the CD. For storm simulations
with SST and TREX rainfall–runoff modeling, the 11,869 km2 wa-
tershed is discretized using a 960 m grid cell size (12,879 cells)
to accurately capture storm center locations, storm spatial pat-
terns, and channel geometry (England et al., 2007).

A subset of the extreme storm DAD data were used to imple-
ment the SST model and estimate extreme storm probabilities for
the Arkansas River basin (England, 2006). The subset was utilized
to ensure catalog completeness of extreme storms, and to ensure
the inclusion of the largest extreme storms in estimating the upper
tail of the distribution. The DAD catalog is incomplete, especially
for moderate-intensity storms (NRC, 1988; Foufoula-Georgiou,
1989; Foufoula-Georgiou and Wilson, 1990). The criterion for the
subset of storms to be included in the analysis and transposed,
using Eq. (3), is:

Criterion E : f�d½Dt ¼ ts; A ¼ 25:9 km2�P 27:9 cmg; ð4Þ

which means that the extreme storm set is composed of storms that
had a maximum observed 25.9 km2 (10 mi2) total depth over the
whole storm duration ts exceeding 27.9 cm (11 in). This magni-
tude/area criterion was chosen in order to ensure that the SST mod-
el is based on a complete extreme storm sample. Storm magnitudes
less than 27.9 cm may not be recorded or included in the data base;
the 25.9 km2 area enabled examination and comparison with point
rainfalls so that all extreme storms were included. Wilson (1989)
and Foufoula-Georgiou (1989) used similar criteria for selecting
and transposing storms in the Midwest. Fifteen extreme storms
were selected based on this criterion; pertinent properties dt;As, h,
and c are listed in Table 2. These are the most extreme storms with-
in the region; nearly all were used to define PMP (Hansen et al.,
1988), with the exception of the July 1997 event (subsequent to
the PMP report). Storm rainfall depths ranged from 29.7 to
56.4 cm, and areal extents from 130 to 246,100 km2.

The spatial occurrence of storm centers was assumed to be a
homogeneous Poisson process. Given the limited number of storms
used, and their geographic centers (Fig. 3), this means that storm
transposition probabilities are equal within Atr , and are indepen-
dent of storm properties. A uniform spatial model for all depths
was used, and Kp consists of ðx; yÞ with uniform probabilities in
space. This simplification was also made by Foufoula-Georgiou
(1989) and Franchini et al. (1996), and is sufficient for providing
initial estimates of basin-average rainfall depth probabilities for
subsequent runoff modeling. The temporal occurrence model of
extreme storms was simplified to a Bernoulli process with a suc-
cess probability ps and estimated by:

p̂s ¼
Ns

N
; ð5Þ

where Ns is the number of extreme storms, and N is the number of
years of record. Based on the DAD storm data (Table 2), p̂s is 0.144
with Ns ¼ 15 and N ¼ 104 years (1894–1997).

Stochastic storm transposition was applied using the actual
storm properties (Ks) for duration (dt), areal extent (As), orientation
(h), and ellipse (c) parameters (Table 2). Spatial and temporal prop-
erties from each observed storm were used directly in Eq. (1). An-
nual probabilities GaðdÞ are determined as follows. First, the storm
occurrence probability p̂s is estimated. Second, the effective area
Aeff ;j for storm j is estimated, as described below. Basin-average
depths �dcðDtÞP d are estimated by simulating each observed
storm j 1000 times uniformly within the effective area for that
storm (Aeff ;j) over the watershed. These depths vary in each simu-
lation because we uniformly sample a storm center location
(xs; ys) for each simulation. The probabilities p̂j are determined
for each storm by ranking by depth �dc , then summed over all
storms Ns.



Fig. 3. Storm transposition region and spatial distribution of the 15 selected extreme storm centers. The black triangles show storm names and 25.9 km2 storm total depth
(cm); other storm properties are listed in Table 2. These are the largest extreme storms for the period 1894–1997, and their magnitudes have not yet been exceeded.
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Here, a direct approach was developed to account for the actual
basin geometry and interaction with each storm pattern to esti-
mate Aeff ;j. Using the June 1921 storm as an example, the orienta-
tion, areal extent and ellipse parameter c dictate the interaction
of the watershed and the storm (Fig. 4a). By placing the storm cen-
ter (x; y) at every watershed cell, one obtains the storm-dependent
effective area for the particular watershed of interest. This ap-
proach allows a direct way to account for partial area rainstorms
over watersheds using SST, an effect that had not been previously
implemented in prior SST applications. For example, Foufoula-
Georgiou (1989) and Wilson and Foufoula-Georgiou (1990) used
simple shapes (circles, ellipses, triangles and rectangles) for storms
and watersheds, and were able to use analytical methods to esti-
mate the watershed-storm interaction. The complex geometry of
the Arkansas River watershed precludes these simpler approaches.

The approach to estimate Aeff ;j was modified to enable limiting
storm centers (xs; ys) based on location using spatial and causal
information (e.g., Merz and Blöschl, 2008a). The flood runoff char-
acteristics indicate that the transition zone between rainfall–runoff
and snowmelt runoff is near Parkdale (England et al., 2010). Within
the Arkansas watershed, the largest observed extreme storms
(Fig. 3) and recent storm analyses based on radar (Figs. 9 and 12
in Javier et al. (2007)) indicate that storm centers are located near
the watershed outlet, initiated principally near Pikes Peak and the



Table 2
Fifteen extreme storms from the DAD catalog that are transposed to the Arkansas Watershed.

Date Assignment No. Location State Duration (ts)
(h)

Orientation
(h) (�)

Total 25.9 km2

depth (dt) (cm)
Max 24 h 25.9
km2 depth (cm)

Areal extent
(As) (km2)

Ellipse (c)

05/30/1935 MR 3-28A Cherry Creek CO 24 47 56.4 56.4 16,300 4
09/20/1941 GM 5-19 McColleum Ranch NM 78 16 53.8 30.7 98,400 3.5
05/30/1935 MR 3-28AZA Hale CO 24 32 53.8 53.8 3340 2
05/04/1969 19690504 Big Elk Meadow CO 96 14 46.3 30.0 13,000 2
06/13/1965 SW 3-23 Plum Creek CO 181 5 46.0 33.5 101,700 1.5
09/27/1923 MR 4-23 Savageton WY 108 46 42.9 24.1 246,100 2.5
06/06/1964 NP 2-23 Gibson Dam MT 36 141 41.7 37.8 31,300 2
06/17/1921 MR 4-21 Springbrook MT 108 38 38.4 33.8 136,200 1
06/09/1972 MR 10-12 Rapid City SD 12 172 37.8 37.8 5180 2
06/06/1906 MR 5-13 Warrick MT 54 90 33.8 25.9 103,600 1.2
07/21/1905 GM 3-13 Elk NM 108 80 33.3 14.5 114,000 1.5
06/12/1949 R7-2-5 Prospect Valley CO 36 63 33.0 23.1 930 2
06/02/1921 SW 1-23 Penrose CO 114 0 30.5 30.5 2590 2.5
07/27/1997 19970727 Fort Collins CO 32 0 30.5 25.4 2590 2
07/31/1976 19760731 Big Thompson CO 4 25 29.7 29.7 130 3.5
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Wet Mountains (Fig. 1). Based on the flood hydrology, distribution
of extreme storm center locations with elevation, and storm radar
investigations, extreme storm centers are restricted to locations
east of Parkdale. This results in a reduction of Aeff ;j, as shown for
the June 1921 storm in Fig. 4b. Data and analyses also suggest that
there are restrictions to the size of extreme storms that occur in
the Arkansas watershed. Core rainfall areas within the most ex-
treme storms that have occurred immediately adjacent to the foot-
hills, such as the June 1921 Penrose storm (England et al., 2007),
the July 1976 Big Thompson storm and the July 1997 Fort Collins
storm, occurred over areal extents less than 12,950 km2, and at
lower elevations along the foothills east of the CD (Figs. 2 and 3).
4.4. Basin-average rainfall depth probabilities

Basin-average depth probabilities are estimated using Eq. (1)
and the data from the 15 extreme storms (Table 2). Two cases
are used to illustrate the major SST factors and variations in ba-
sin-average precipitation frequency distributions: (1) unrestricted
storm centers and areas; and (2) storm center and area restrictions
based on data and process considerations. The results of the simu-
lations are shown in Fig. 5, with effective storm area estimates in
Table 3. The shape of the basin-average depth distribution (unre-
stricted case) is generally similar to that obtained for smaller
2590 km2 (Foufoula-Georgiou, 1989) and 5180 km2 (Wilson,
1989) hypothetical circular watersheds in the Midwest. The upper
tail of the distribution is also similar in shape to other SST analyses
in the Midwest (Fontaine and Potter, 1989; Wilson and Foufoula-
Georgiou, 1990). This upper tail shape is driven by the extreme
storm data utilized, the use of fixed storm parameters, and interac-
tions of the storms with the watershed. The shapes and magni-
tudes are insensitive to the inclusion of five additional extreme
storms, and increasing the number of simulations of each storm
(j in Aeff ;j) from 1000 to 10,000 (England, 2006). The depth distribu-
tion includes the AEPs of interest (0.001–0.00002) for risk analysis
(noted in Section 2), and encompasses the design basin average
rainfall estimate for Pueblo Dam (26.72 cm in 27 h over
5180 mi2), but is less than the PMP general storm basin average
depth estimate (34.8 cm in 72 h over 12,137 km2). This large differ-
ence suggests that runoff from the PMP may substantially overes-
timate flood magnitudes used for dam safety analysis for this
watershed.

The probability distribution of storm depths was estimated con-
sidering storm center and area restrictions based on data and pro-
cess considerations. Storm centers were restricted to locations east
of Parkdale, and represent what is observed from radar (Javier
et al., 2007) (Fig. 4b) and regional extreme storms. The maximum
storm area was restricted to 12,950 km2 to reflect lower-elevation,
orograpically-enhanced storms near the lower portion of the wa-
tershed (Fig. 1), and radar considerations. Results of the storm cen-
ter and area restriction simulations are shown in Fig. 5. Effective
area estimates for these cases are listed in Table 3. The restriction
of storm centers east of Parkdale and areas results in a shifted fre-
quency distribution to smaller exceedance probabilities, due to a
reduction of Aeff by about a factor of 2–5 (Table 3). The extreme tail
of the distribution also drops more quickly, and estimated maxi-
mum depths are lower by about 20%. The shape of the upper tail
for this case is similar to the unrestricted case. Clearly, storm cen-
ter locations and storm areas are critical factors in basin-average
rainfall frequency distributions. England (2006) examined basin-
average SST sensitivity for other factors, including number of ex-
treme storms considered, number of simulations, and additional
center and area restrictions, with results similar to those shown
in Fig. 5. Secondary features, such as storm tracking and move-
ment, could be considered as part of future work, compared to
these factors. In our case, the watershed is at partial-equilibrium
and stationary rainstorms typically result in higher peaks. The ef-
fect of tracking was approximated by selecting storm center loca-
tions (east of Parkdale) based on hydrometeorological insights.
Storm movement might be particularly important for highly-con-
vective rainfalls at smaller storm area and watershed scales. Such
considerations might be important for local flash floods, but are
less important for watershed analyses at the spatial scale of the
Arkansas River basin. As this framework focuses on larger water-
sheds, one primary driver is the extreme storm duration with most
storms exceeding 24 h, rather than storm movement.

5. Flood frequency with a distributed model

The Two-dimensional, Runoff, Erosion and Export (TREX) model
(Velleux et al., 2006, 2008, 2011; England et al., 2007) is used to
estimate flood runoff hydrographs from extreme storm rainfall
over the Arkansas River basin. We briefly describe this physi-
cally-based model, then present the use of TREX to estimate ex-
treme flood probabilities and investigate model performance
with independent paleoflood data at an internal watershed loca-
tion and the outlet.

5.1. TREX model overview

TREX is a fully-distributed and physically-based watershed
model that simulates rainfall–runoff, sediment transport, and



Fig. 4. Stochastic storm transposition example effective storm area Aeff determination for the June 1921 storm over the Arkansas watershed. Aeff based on uniform storm
centers over the watershed is show in (a). Aeff based on limiting storm centers west of Parkdale is shown in (b); red dots indicate positions of 1000 simulated storm centers. By
utilizing the flood and storm characteristics to limit storm centers, there is a dramatic reduction in Aeff ; results for the 15 storms are listed in Table 3.
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chemical fate and transport for individual events. In this work, we
utilize key hydrological components for a semi-arid watershed
that include: 2D diffusive wave, overland (Hortonian) flow; 1D
diffusive-wave river channel flow with spatially-varying widths
and depths; spatially-varied rainfall using depth-area-duration
(DAD) data and an elliptical storm pattern (Section 4); and
Green–Ampt infiltration. Within TREX, processes are implemented
on a regular grid (Velleux et al., 2008). This spatially-explicit ap-
proach directly accounts for partial-area rainfalls, variation in
storm center locations, and spatial channel properties derived
from field measurements (England et al., 2007). On large water-
sheds, key flood processes (spatial distribution of rainfall and tra-
vel time in channels) that can significantly affect the flood
frequency curve are directly modeled with TREX. Using TREX for
the runoff modeling portion of the framework is attractive and
appropriate with diffusive-wave routing (2D overland, 1D chan-
nels), because the watershed geometry of hillslopes and channels
is directly preserved, capturing the spatial distribution of storms,
the storm locations, and overland flow and channel hydrodynam-
ics directly. The routing scheme is particularly attractive and
appropriate for large watersheds (Ponce, 1989), rather than sim-
pler routing schemes previously used in flood frequency (Table 1),
because it can affect peak-flow response. There are additional re-
search opportunities to explore the use of fully-distributed,
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Table 3
Storm-watershed interaction effective area estimates for unrestricted case and restricted storm centers and storm areas.

Assignment No. Simulated storms (unrestricted case) Restricted storm centers west of Parkdale and storm areas limited to 12,950 km2

Aeff (km2) Aeff/Atr Aeff (km2) Aeff/Atr

MR 3-28A 105,590 0.103 47,830 0.046
MR 3-28AZA 40,460 0.039 18,220 0.018
GM 5-19 286,010 0.278 44,390 0.043
19690504 73,810 0.072 39,850 0.039
SW 3-23 219,300 0.213 34,110 0.033
MR 4-23 537,100 0.522 40,060 0.039
NP 2-23 106,270 0.103 37,180 0.036
MR 4-21 210,590 0.205 25,880 0.025
MR 10-12 45,050 0.044 22,840 0.022
MR 5-13 189,740 0.184 26,820 0.026
GM 3-13 240,500 0.234 30,260 0.029
R7-2-5 25,680 0.025 10,280 0.010
SW 1-23 36,040 0.035 16,530 0.016
19970727 36,040 0.035 16,530 0.016
19760731 16,620 0.016 6,390 0.006
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hydrodynamic watershed models of this class for hydrologic haz-
ard applications. This framework is also a way to eventually ex-
plore the non-linear, physical features in the flood frequency
curve.

The main hydrology-related parameters used in this Arkansas
River extreme flood application include: Manning n for overland
and channel flows; and Green–Ampt parameters for effective
porosity he, effective suction head w, saturated hydraulic conduc-
tivity KS and effective soil saturation Se. Initial soil moisture is ex-
pressed using a saturation fraction Se (Velleux et al., 2008). The
infiltration and overland flow parameters are regularized based
on soils (18 classes) and land-use (9 classes) grids, respectively
(England et al., 2007). The TREX model has been previously applied
to the Arkansas River basin, in order to simulate the record June
1921 flood, a May 1894 flood, and runoff from the Probable Maxi-
mum Precipitation (England et al., 2007). A 960 m grid cell size is
used for runoff modeling, with 764 channel cells. The channel net-
work (Fig. 6, dark line) includes the Arkansas River and all main
tributaries in this bedrock-controlled, deep canyon environment.
A constant time step equal to 2.5 or 5 s is used, depending on rain-
fall inputs, for computational stability. We utilize model parameter
estimates and inputs for flood frequency based on these previous
calibration and validation efforts. Full details on watershed input
geometric data (including surveyed channel cross sections), and
model parameter estimates are provided in England (2006) and
England et al. (2007). This is the first use of the TREX model to esti-
mate an extreme flood frequency curve. Model estimates from
TREX are subsequently compared to flood frequency curves based
on paleoflood data.

5.2. Flood frequency estimates with extreme storms

In order to estimate a flood frequency curve, the rainfall inputs
to the TREX model were those storms used in stochastic storm
transposition (Table 2). Basin-average depths were selected for
specified AEPs in the general range of 0.01–0.0001 (100-year to



Fig. 6. Storm spatial pattern for TREX model runs and flood frequency: (a) storm
rainfall area (31,300 km2) over watershed; (b) restricted storm area (12,950 km2)
over watershed based on radar data, storm catalog, and flood runoff mechanisms.
River channel network shown as dark lines.
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10,000-year storms), from basin-average rainfall frequency curves
(Fig. 5). Storms were then constructed to distribute the basin-aver-
age rainfall depths in space and time over the watershed using an
actual storm as input to TREX. The following storm properties are
initially considered fixed: storm center location, orientation, storm
area, ellipse parameter, spatial and temporal distributions. The
storm center locations and areas are subsequently modified to re-
flect storm data and process considerations. The storm that con-
tributed the largest depths in the SST (Gibson Dam, NP2-23, June
1964, Fig. 3) was selected as the base pattern. This storm covers
31,300 km2, has an orientation of 141�, c = 2.0 and the duration is
36 h (Table 2). This storm was transposed to Parkdale, and the
storm spatial distribution covers the entire Arkansas River wa-
tershed (Fig. 6a). The orientation most likely optimizes flood runoff
production, as the major axis is nearly in line with the river in the
lower watershed. A restricted storm area utilizes the same storm
center and orientation pattern (Fig. 6b).

The input to the TREX model for flood frequency consisted of
the storm with area amounts adjusted to meet the target basin-
average depth, and the calibrated model parameters. The initial
soil saturation Se was set to 0.5 for each run. This median estimate
is based on the two largest events in the watershed (England et al.,
2007); Se sensitivity is shown in Section 5.4. The flood frequency
curve was then estimated by selecting rainfall depths from the ba-
sin-average rainfall frequency curve and running the model for
each specified depth. The peak-flow probabilities are approximate
(e.g., NRC, 1988), as the runoff model inputs are held constant ex-
cept for the rainfall depth, which is the dominant factor that con-
tributes to the peak flow distribution. The complete rainfall depth
frequency curve is discretized into sixteen points for subsequent
runoff modeling. The TREX model is computationally intensive;
computer time to complete 16 model runs for the rainfall depths
ranged from five to 16 h, depending on model inputs.

The resulting TREX flood frequency curves at four key points
within the watershed (locations in Fig. 1) are shown in Fig. 7.
The peak-flow frequency curves shown are approximate, because
the results reflect rainfall depth probabilities, median Se condi-
tions, and best estimate (average) soil and channel parameters,
that are AEP-neutral (e.g., Nathan and Weinmann, 1999). Addi-
tional research on the SST model, TREX model parameters, and
TREX computational efficiency for Monte-Carlo simulations is
needed, in order to estimate frequency curves based on sampling
input storm and model parameter distributions. Additional re-
search to provide uncertainty estimates would also be valuable.
The flood frequency curve at Pueblo has the same overall shape
as the rainfall frequency curve (Fig. 5). The main portion of each
distribution from 1 to 0.1 percent is nearly Normally distributed;
the tails of the rainfall and peak-flow distributions then flatten.
Clearly, the rainfall distribution upper tail affects the shape of
the peak-flow frequency curve similar to GRADEX (e.g., Naghettini
et al., 1996). Flood frequency curves at Salida, Wellsville, Parkdale
and Pueblo show the dramatic reduction in peak flow magnitude
from downstream rainfall–runoff sites to upstream snowmelt sites
as observed with field measurements. The spatial rainfall distribu-
tion and storm center location are the principal factors in the rel-
atively dramatic reduction of peak flows from downstream to
upstream sites. Spatial distributions of rainfall and runoff depth
over the watershed at the initiation of large main channel depths
(Fig. 8a) and at peak runoff discharge (Fig. 8b) demonstrate these
controlling factors on peak flow (see water depth animation in
Supplemental material). Runoff hydrographs for the largest simu-
lated rainfall depth (basin average 27.7 cm), that has an estimated
AEP of 0.00007, are shown in Fig. 9. The hydrograph shapes indi-
cate that the TREX model is stable and can simulate extreme floods
on watersheds of this scale. The hydrographs also reflect the spatial
distribution of storm rainfall; flows are substantially larger over
the lower, downstream portion of the watershed (Parkdale and
Pueblo).

The effects of varying storm center locations and storm areas on
TREX model peak-flow predictions is examined. Storm centers are
restricted to locations east of Parkdale and storm areas are re-
stricted to 12,950 km2. A rainfall frequency curve for this case is
shown in Fig. 5. A peak-flow frequency curve estimated using TREX
for this case is shown in Fig. 10. Effective storm area ratios (Aeff ; Ta-
ble 3) provide insight into the changes in these frequency curves.
The restriction in the storm spatial distribution (center and area)
significantly affects the peak-flow frequency curve shape. As the
storm location within the watershed is restricted, and storm areas
reduced, the peak flow frequency curve shifts to the right so that a
given peak discharge is less frequent. The reduction in effective
storm area (Table 3) causes a reduction in peak-flow probabilities;
the tails of the distributions are extended (Fig. 10). The frequency
curve for restricting storm areas steepens because for a fixed basin-
average rainfall, the depth is distributed over a smaller area. The
outer two ellipses of the storm pattern as shown in Fig. 6a are elim-
inated (see Fig. 6b and water depth animation in Supplemental
material). These peak-flow frequency curves mimic the shapes of
the rainfall frequency curves (Fig. 5).
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5.3. Paleoflood data comparisons

One of the largest and most devastating floods in Colorado oc-
curred within the Arkansas River watershed at Pueblo on 3–4 June
1921 (Follansbee and Jones, 1922). England et al. (2010) describe
paleoflood nonexceedance bound data that place this record flood
event in a longer, 730–800-year time context, and provide data-
based peak-flow frequency curves which are used as a basis to
judge rainfall–runoff model predictions.

Paleoflood data and flood frequency estimates are available at
four sites within the Arkansas River basin: Adobe Park, Loma Linda,
Parkdale and Pueblo State Park (Fig. 1). Runoff mechanisms within
the Arkansas watershed were distinguished between snowmelt
(Salida and Wellsville) and rainfall–runoff (Parkdale and Pueblo).
The focus of these comparisons is thus in the lower watershed at
Parkdale and Pueblo as we simulate runoff from extreme rainfalls
with TREX. The TREX model flood frequency curves at the two
downstream, rainfall–runoff dominated locations (Pueblo and
Parkdale) are compared with peak-flow frequency curves based
on streamflow, historical and paleoflood data using the LP3 distri-
bution and EMA (Cohn et al., 1997) with data and frequency curves
presented in England et al. (2010). Here we are interested in the
differences in flood frequency shapes, how the TREX model-gener-
ated frequency curves compare with the LP3 curves, if they fall
within the confidence intervals, and if they match magnitudes
and plotting position estimates (Hirsch and Stedinger, 1987) of
the largest floods and paleoflood nonexceedance bound data. The
basic concept for making the comparisons is that the TREX model
flood frequency curve should be ‘‘consistent’’ with the gage, histor-
ical and paleoflood peak flow estimates.

The TREX model flood frequency curves and LP3-EMA paleo-
flood frequency curves at Pueblo and Parkdale are shown in
Fig. 11a and b. Paleoflood nonexceedance bound data for each site
are listed in boxes within each figure. There are about 790 years of
information at Pueblo and about 1200 years at Parkdale. Data and
LP3-based frequency curves are extrapolations beyond about 0.001
AEP; LP3 EMA confidence intervals (Cohn et al., 2001; England
et al., 2010) reflect this record length. TREX results based on the
SST rainfall distributions (Fig. 5) are shown; we address each of
these results in turn.
The first comparisons are TREX results at Pueblo and Parkdale
based on the SST unrestricted rainfall case (total storm over wa-
tershed), shown as dashed lines with filled blue squares. Clearly,
TREX flood frequency curves are larger than the data-based fre-
quency curves at both locations. At Pueblo (Fig. 11a), the TREX re-
sults exceed both the largest flood observation (June 1921) and the
paleoflood nonexceedance bound by about 1.7. TREX results are
about 3 times larger than both the largest flood and paleoflood
nonexceedance bound at Parkdale (Fig. 11b). The lower portion
of the curve at Pueblo, as well as the entire curve at Parkdale, ap-
pears too high compared to the data. This suggests that the rainfall
magnitudes and potentially the initial soil moisture (Section 5.4)
are too high; these factors are subsequently varied. Interestingly,
the extreme upper tail of the TREX frequency curve at Pueblo is
within the data-based upper 95% confidence limit. This upper tail
is directly related to the rainfall distribution. The shapes of the
TREX flood frequency curves are also distinctly different than the
positive-skewed, data-based LP3 distributions. They have flatter
slopes in the main portion of each curve and relatively flat tails,
also due primarily to the rainfall distribution (Fig. 5).

Now we examine TREX flood frequency predictions compared
to data, considering the SST rainfall case restricting storm locations
east of Parkdale and storm area less than 12,950 km2. The basin-
average rainfall frequency curve for this case is shown with filled
circles in Fig. 5, with the restricted storm rainfall spatial pattern
(Fig. 6b). As noted in Section 4.4, this case best represents actual
extreme storm center initiation locations and storm area sizes.
TREX flood frequency results are shown as red solid lines with dia-
monds at Pueblo (Fig. 11a) and Parkdale (Fig. 11b). The TREX model
frequency curves at both locations changed fairly substantially
from the unrestricted rainfall case; they have shifted downward
in magnitude and have steeper slopes near the largest peak-flow
observations (see also Fig. 10 at Pueblo). Results are also much clo-
ser to the largest observations. Importantly, the curve at Pueblo is
consistent with the paleoflood nonexceedance bound data and
well within the LP3 confidence interval, but the shape has a strong
negative skew with a very flat upper tail (Fig. 11a), primarily due to
the rainfall distribution, and perhaps channel routing effects. The
TREX curve at Parkdale is close to the data in the lower tail, but still
appears to be much higher than the data in the upper tail and



Fig. 8. Spatial distributions of cumulative rainfall and runoff (water surface depths) from the TREX model for the largest simulated flood event (unrestricted rainfall case): (a)
initial large channel flows near storm center location (4 h) and (b) at watershed outlet peak (15.2 h).
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inconsistent with the paleoflood nonexceedance bound. These two
curves have different shapes than the data-based curves clearly be-
cause of the rainfall frequency distribution. As this rainfall distri-
bution is based on stochastic storm transposition, there is no
reason why the model and data-based LP3 flood distributions
should necessarily be the same, as storms transposed into the wa-
tershed are not part of the observed flood records. At Pueblo, the
data-based flood frequency curve is based partially on the June
1921 and May 1894 storms; these events were used in calibra-
tion/validation (England et al., 2007). The comparisons suggest
that storms should be further limited in areal distribution, location,
and/or intensity to reduce the peaks at Parkdale.

5.4. Initial soil moisture sensitivity

Initial soil moisture conditions play an important role in runoff
predictions, and can affect infiltration rate, peak and volume, espe-
cially for event models such as TREX (e.g., Woolhiser et al., 1996;
Viglione et al., 2009). The role of initial soil moisture in TREX
peak-flow predictions is explored by varying the initial soil satura-
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tion Se. The value used for the results shown above is 0.5, and rep-
resents a 50% saturation level across the watershed. Three satura-
tion levels are chosen for sensitivity: 0.05 (dry), 0.2 (slight
saturation) and 0.8 (near saturation). The initial soil moisture
amounts were assumed to be uniform in space across the wa-
tershed domain, because detailed spatial information on soil mois-
ture within the watershed is lacking.

The soil moisture sensitivity results are shown in Fig. 12 for the
three sensitivity cases as compared to the Se ¼ 0:5 base case. In all
runs, the location and area-restricted SST basin-average rainfall
curve was used, and all other parameters were held constant. It
is apparent that the soil saturation has a moderate effect on the
predictions. The curves are shifted from the base run (shown with
filled squares), but the frequency curves do not substantially
change shape. The peak discharges and volumes (not shown) can
increase by a factor of 1.20–1.75 for Se = 0.5–0.8, or decrease by
about 1.18–1.82 for Se = 0.5–0.2. As rainfall (peak discharge) in-
creases, the change in initial soil moisture has less of an effect; lar-
ger percent differences are observed for the lower peaks. The slope
of the curves change slightly. The amount of change for the largest
floods with Se = 0.8–0.05 is 1.59, and for the more frequent floods
the ratio with Se = 0.8–0.05 is 2.52. Thus, the initial soil moisture



Fig. 11. TREX model flood frequency and streamflow/paleoflood frequency curves at rainfall-dominant sites (a) Pueblo and (b) Parkdale. Dashed lines with filled squares
(blue) are TREX results based on SST unrestricted case (total storm over watershed). Solid lines with diamonds (red) are TREX results based on SST curve with restricted
12,950 km2 storm area and restricted storm centers east of Parkdale. Peak-flow estimates from gage are shown as open black squares. Paleoflood nonexceedance bound data
are shown as filled gray rectangles. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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does play an important role in flood peak predictions from TREX,
depending on magnitude.
6. Summary and conclusions

An integrated data-modeling hydrologic hazard framework for
physically-based extreme flood hazard estimation was presented
to fully integrate hydrometeorology, flood hydrology and paleo-
flood hydrology. Key elements included: rainfall inputs from sto-
chastic storm transposition, physically-based rainfall–runoff
simulation with the TREX model, and independent streamflow
and paleoflood data with peak-flow frequency curves at internal
watershed locations. This approach was shown to integrate tempo-
ral (extreme storms, paleoflood and historical data), spatial
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(extreme regional storms, spatial models conditioned by radar),
and causal (flash floods, partial area, paleoflood) information. The
TREX model with stochastic storm transposition (SST) was applied
to the 12,000 km2 Arkansas River basin, to estimate flood fre-
quency curves. The study objectives were to: (1) implement and
demonstrate the use of stochastic storm transposition on a large,
orographic watershed; (2) utilize the TREX physically-based, dis-
tributed runoff model with SST rainfall to estimate extreme flood
frequency (AEP 6 1/10,000); and (3) vary spatial rainfall and com-
pare TREX predictions to streamflow and paleoflood data at inter-
nal watershed locations.

The TREX model with stochastic storm transposition provides a
unique physically-based method for estimating flood frequency
curves with space–time variability of rainfall and watershed char-
acteristics and storm center locations. TREX model flood frequency
estimates can be improved by using independent paleoflood data
with peak-flow frequency curves within the watershed. Specific
conclusions from the work are as follows.

1. A stochastic storm transposition model was developed and
applied to the Arkansas River basin. The model directly
accounts for storm-watershed interactions, partial area rain-
falls, and actual watershed geometry. An extreme storm DAD
database was developed and used to implement the SST model
with data from 15 of the most extreme storms in a large region.
Basin-average depths were less than the PMP for the watershed.
Storm center locations and storm areas were shown to be crit-
ical factors in estimating effective rainfall area and basin-aver-
age rainfall distributions. The SST model thus exploited spatial
information from radar and causal (elevation and flash flood
versus snowmelt) within the watershed.

2. Using extreme flood probability concepts (NRC, 1988), the
physically-based TREX model was coupled with SST to estimate
extreme flood frequency curves. TREX peak flows at Pueblo for
AEP 0.01–0.0001 were from 2550 to 8000 m3/s for storms cov-
ering the entire watershed. TREX model frequency curves were
generally higher than peak flow and paleoflood data-based fre-
quency curves. Model upper tails were relatively flat compared
to LP3 shapes, and were dominated by basin-average rainfall
distribution shapes and magnitudes. Flood volumes and
hydrographs from TREX (for each peak flow) can subsequently
be used for hydrologic risk analysis.

3. The effects of storm location, storm area (basin-average rainfall
distributions), and initial soil moisture on flood frequency pre-
dictions were illustrated. Flood frequency curves generally had
very similar shapes to the rainfall frequency curves. A restric-
tion on storm centers and areas reduced the peak flows and
AEPs of the flood frequency curve. TREX model frequency
curves at the two downstream flash-flood sites within the
watershed were compared with data-based peak-flow fre-
quency curves with paleoflood data. When restricting storm
area and storm center locations at the outlet, the TREX fre-
quency curve was consistent with the paleoflood nonexcee-
dance bound data. Initial soil moisture, encompassing the
potential range for extreme floods, can affect peak flows by a
factor of 1.18–2.52 for the four cases considered (dry to near
saturation).

There are several areas in which future research could be
conducted to gain increased understanding of extreme floods
and probability estimates within large watersheds such as the
Arkansas River. The SST model implemented as part of this
study could be improved in several areas, such as by estimating
full distributions on storm center locations, storm depth-area
relations, and temporal distributions, and developing procedures
to estimate uncertainty of the rainfall depths. Additional ex-
treme storm data collection efforts (e.g., England et al., 2008)
would be needed to improve the SST rainfall model. Advances
in understanding and estimating orographically-enhanced rain-
falls, elevation effects, and their spatial patterns (e.g., Mahoney
et al., 2012) are also needed. The feasibility of conducting full
Monte-Carlo flood simulations with TREX could also be an area
of future research, but would require additional regional data
gathering and synthesis for a watershed of this scale. The use
of a formal Bayesian approach (Viglione et al., 2013) to combine
the information sources and models presented here is also
worthwhile. Reclamation is expanding detailed paleoflood data
and storm rainfall data collection at other critical facilities
where hydrologic risks indicate the need for new data for flood
hazard estimation.
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