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A B S T R A C T

Through a comprehensive paleoflood hydrological investigation we document natural evidence for at least 27
high-magnitude paleofloods at six sites on the Lower Green River, Utah. Hydraulic analysis, using the
Sedimentation and River Hydraulic-2D model (SRH-2D), shows that the responsible peak paleoflood discharges
ranged between 500 and 7500m3/s. At least 14 of these paleoflood discharge peaks exceed a level twice that of
the maximum systematic record of gauged flows: 1929m3/s. Geochronological analyses, employing optically
stimulated luminescence (OSL) and radiocarbon dating techniques, demonstrate that these 14 largest paleoflood
peaks occurred during the past 700 years. Integration of the paleoflood data into flood frequency analyses (FFA)
reveals considerably higher values for the upper tails of the flood distribution than does a FFA based solely on
the systematic gauged record, indicating that extreme floods are larger and more frequent than implied by the
relatively short gauged record. Through examination of three approaches to extreme flood estimation – con-
ventional FFA, probable maximum flood estimation (PMF), and paleoflood hydrology (PFH) – we show the
significance of the natural evidence for advancing scientific understanding of extreme floods that naturally occur
in the Colorado River system. We argue that this kind of scientific understanding is absolutely essential for
achieving a credible evaluation of extreme flood risk in a watershed of immense importance to economic
prosperity of the southwestern U.S.

1. Introduction

1.1. Background/problem

Floods result in many of the most frequent and costly water-related
natural disasters worldwide. Their global impacts include losses of life
and billions of dollars in financial damages. Over the past century,
national stream gauging networks were established in many countries
to provide systematic and quantitative data on streamflow, including
flooding. To make effective use of the resulting accumulation of hy-
drological and meteorological observations two primary methodologies
were developed, mainly in the engineering community: flood-frequency
analysis (FFA) and probable maximum flood (PMF) estimation,
(National Environment Research Council, 1999; SL44-2006, 2006).

Conventional FFA combines systematical records with statistical/
mathematical theories to provide actionable information for flood risk
assessment. This is conducted by fitting functions to peak annual dis-
charges obtained from gauged records for a drainage basin.
Extrapolations are made from what is usually a very short instrumental
flood record of relatively small flood peaks in order to estimate flood
extremes that may have very long return periods. In other words, ex-
treme flood estimates are based on the statistical properties of the re-
latively frequent, small-scale flooding that is most commonly re-
presented in gauge records. It therefore is a matter of assumption that
this record can be reliably extrapolated upscale to predict the magni-
tudes of unknown rare, extremes. A key FFA assumption is that the
flood peaks are independently, identically distributed (iid), because this
“iid” criterion is a necessity for achieving valid statistical inferences
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(Kiseiel, 1969). However, in areas of high flood variability, such as the
southwestern U.S., peak flood series are commonly mixed distributions,
such that the most extreme flood peaks are generated by very different
meteorological phenomena than are the less extreme peaks
(Hirschboeck, 1988). Though these and other shortcomings have been
obvious for decades (Klemeš, 1987), conventional FFA continues to be
utilized as a matter of standard practice, often in ignorance that op-
portunities may be available to overcome shortcomings in regard to
making credible extrapolations to flood extremes.

PMF procedures, like FFA, can be lacking in credibility. These
procedures employ hydrological models that may embody highly pro-
blematic presumptions, particularly in regard to conditions re-
presenting the most extreme flood-generating parameters. By defini-
tion, PMF modeling predicts the most extreme flood peak that could
conceivably occur at a particular location, i.e., a prediction of some-
thing at the absolute limit of what theoretically is supposed to occur.
Were an exceedance of such flooding actually to occur, of course, the
model would thereby, be falsified by an act of nature.

As a matter of logical inference, PMF procedures are largely de-
ductive; they can indeed yield true conclusions, but only if the as-
sumptions made are indeed true to reality. In contrast, FFA procedures
are largely an inductive, in that various statistical methods are em-
ployed to generalize from data and address associated uncertainties.
While these approaches have long applied engineering traditions in
both empirical and theoretical hydrology, they also have limitations in
regard to hydrology viewed as a complete scientific discipline (Baker,
2017). This paper employs a third mode of reasoning, abduction, which
works in concert with both deduction and induction to generate en-
hanced understanding of the nature of extreme floods (Baker, 1996,
1998).

1.2. Paleoflood hydrology

Paleoflood hydrology (PFH) relies on the identification of physical
evidence of past flood phenomena, including flood slackwater deposits
and related paleostage indicators (SWD-PSIs) that serve as high-water
marks (HWMs) (Baker, 1987). SWD-PSIs are used to determine the
associated flood magnitudes through the application of hydraulic
principles (Baker, 2008; Benito and O’Connor, 2013). PFH results can
provide both (1) a sound foundation for flood-frequency analysis
(Costa, 1978a,b; Baker et al., 1979, 2002; Stedinger and Baker, 1987)
and (2) hydrological model improvements (England et al., 2014). PFH
also provides real-world flood data with which to inform the search for
flood-climate linkages in a broad context, as global and regional at-
mospheric circulation patterns and processes drive changing flood-
generating meteorological elements over long time scales (Benito et al.,
2003, 2015; Ely et al., 1993; Harden et al., 2010; Huang et al., 2007;
Knox, 2000; Macklin et al., 2006; Merz et al., 2014; Toonen et al., 2017,
2020; Wilhelm et al., 2019).

PFH was embraced for both scientific and engineering applications
worldwide after early programs of paleoflood investigation were in-
itiated in central Texas during the 1970s (Baker, 1975; Patton and
Baker, 1977) and subsequent paleoflood studies were accomplished in
the broader Southwestern U.S. (Patton and Dibble, 1982; Kochel et al.,
1982; Ely and Baker, 1985; Webb et al., 1988; Jarrett, 1990; O’Connor
et al., 1994; Ostenaa et al., 1996), and then in other parts of the North
America (Knox, 1985, 1993, 2000; Springer and Kite, 1997; Brown
et al., 2000; Saint-Laurent et al., 2001; O’Connor et al., 2003). Appli-
cations outside of the U.S. include Australia (Pickup et al., 1988), Spain
(Benito et al., 2003), France (Sheffer et al., 2003), China (Huang et al.,
2010; Liu et al., 2014), Japan (Jones et al., 2001), India (Kale et al.,
1997), Thailand (Kidson et al., 2005), and Israel (Wohl et al., 1994;
Greenbaum et al., 2000, 2006).

The Colorado River is the most important river in the southwestern
U.S., providing water for municipal drinking water, agriculture irriga-
tion systems, and hydropower needs for more than 35 million people in

seven states. Extreme flooding along this river would also cause massive
disasters along floodplains and bring about severe damage to infra-
structure and high economic costs, including the potential loss of major
dams that are critical to the economy of the entire region. A large
number of paleoflood investigations have been conducted in the lower
Colorado River and its tributaries (e.g., Ely and Baker, 1985; Partridge
and Baker, 1987; Fuller, 1987; Enzel et al., 1994; Webb et al., 1988;
O’Connor et al., 1994). These studies and subsequent syntheses (Enzel
et al., 1993; Harden et al., 2010) provide for robust knowledge of real-
world floods that have actually occurred over the last several thousand
years. In contrast, there have been relatively few paleoflood studies
conducted in the upper Colorado River Basin, where more than 95% of
the Colorado River’s discharge originates (Blinn and Poff, 2005). An
important exception is the study by Greenbaum et al. (2014) which
found natural evidence for 44 extreme floods occurring during the last
2000 years on the upper Colorado River, near Moab, Utah. Two of these
paleofloods exceeded the PMF of 8500m3/s, and the whole assemblage
of largest paleoflood peaks was found to be more frequent than could be
estimated on the basis of the systematic gauge data alone. Given this
example of combining long-term paleoflood records with high spatial-
temporal resolution systematic observations, and their linkages to cli-
mate change, we hope further to advance understanding extreme flood
generation mechanism and improve upon estimates for the occurrences
and magnitudes of future extreme flooding in the upper Colorado River
Basin.

In this study, we present the results of investigations along the
Stillwater Canyon section of the lower Green River. We document the
paleoflood events of the last 700 years, using SWD-PSIs and 2D hy-
draulic modeling to estimate the associated peak discharges. We then
apply these new paleoflood data in FFA using different methodologies.
The results are then discussed in terms of their great potential for
gaining understanding of nature of extreme flood events and their lin-
kages with climatic changes in the upper Colorado River Basin.

2. Study area

The Green River is a chief tributary of the upper Colorado River. It is
1170 km long and has a drainage area of 124,600 km2 that includes
parts of Wyoming, Utah, and Colorado (Fig. 1). It contributes nearly
half of the total annual flow to the Colorado River at the confluence.
Heading in the Wind River Range of Wyoming, the Green River receives
tributary flows from western Colorado, then flows south through the
Uinta Mountains and the Uinta Basin of Utah, finally traversing a long
series of canyons before joining the main stem of the Colorado River in
south-central Utah. In its lower reaches from the town of Green River
UT to the junction with the Colorado River, the Green River meanders
through steep, stable sandstone bedrock canyons (Cashion, 1967), La-
byrinth and Stillwater, where gradients approach 0.1m/km. The Green
River joins the Colorado River roughly 63 km downstream of Moab, UT.

Precipitation in the upper Green River Basin can exceed 1000mm
water equivalent per year, with most of this generally occurring in the
form of winter snow. In contrast, the lower Green River Basin has a
semiarid climate characterized by cold winters and hot, dry summers.
NOAA COOP station (No. 421163) in Canyonlands National Park
(1965–2018, Western Regional Climate Center, 2013) records the in-
situ climate variables. The records indicate annual mean temperature is
5.78 °C with the maximum monthly mean temperature in July, varying
between 18.8 and 32.6 °C, and the minimum monthly mean tempera-
ture in January, varying between −6.3 and 2.7 °C. Annual mean pre-
cipitation is 229mm, ranging between 117 and 338mm. This pre-
cipitation is attributed to 1) summer and fall convective storms coming
from the Gulf of Mexico or the Gulf of California, 2) large-scale cyclonic
storms resulting from Pacific air masses in summer and fall, and 3)
North Pacific frontal storms in winter (Blinn and Poff, 2005).

The USGS gauging station on the Green River at Green River, Utah
(No. 09315000) is situated ca. 200 km upstream from the confluence of
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the Green and Colorado Rivers (Fig. 1). The drainage area of the Green
River at this location is 116,160 km2, accounting for 93% of the basin.
The gauge has recorded the daily discharge rate since 1894 and is
continuous except for the period 1900–1904. At this station, the
average annual discharge is 170.0m3/s with a maximum of 347.8m3/s
and minimum of 51.1m3/s. The annual maximum gauged flood peaks
range from a low of 183m3/s in 1934, to a high of 1929m3/s in 1917
with an average of 790m3/s (Fig. 2). Besides the gauged record, there is
no humanly recorded historical flood record that we could find for the
Green River.

This study involves six paleoflood study sites along Stillwater
Canyon of the Lower Green River. As the name suggests, this is a canyon
that is free of rapids (swift turbulent flow) where the river loops in
sinuous curves bedrock meanders. The study sites are distributed un-
evenly along a 35-km long reach from the mouth of Dead Horse Canyon
to the confluence with the Colorado River (Fig. 3). The river channel
averages about 250–350m in width and flows within a ~120m deep
canyon with near vertical fully bedrock walls.

3. Methodologies

3.1. Paleoflood record analysis

There are many techniques available for making inferences con-
cerning the hydrological parameters for past flood events, employing
principles of geomorphology and related aspects of Quaternary strati-
graphy and sedimentology (Baker, 2008; England et al., 2010). The
most accurate method involves slackwater deposits and paleostage in-
dicators (SWD-PSI) in stable-boundary fluvial reaches (Baker, 1987).
Slackwater deposits are fine grained sediments, mainly sand, conveyed
in suspension during highly energetic flood flows and deposited in areas
of flow separation that result in long-term preservation after the flood
recession (Baker, 2008). During our detailed field paleo-hydrological
investigations layered sequences of slackwater deposits were found at
the six study sites along Stillwater Canyon of the lower Green River
(Fig. 3). The paleoflood SWDs include between 7 and 11 flood deposits
at most of the sections with one section containing only two SWDs
while another contained 30 SWDs (Fig. 4). Sites are located up to
13.5m above water level (a.w.l.). We exposed stratigraphic sections at
each site, made detailed descriptions of the flood SWDs, and sampled
for OSL and radiocarbon dating. The sedimentary units associated with
paleoflood events were identified using the well-established sedi-
mentological criteria (Baker, 1987; Kochel and Baker, 1988; House,
2002; Benito and O’Connor, 2013).

3.2. Paleoflood age determination

We employed two geochronology techniques to develop a robust
paleoflood chronology: Accelerator Mass Spectrometry (AMS) radio-
carbon (14C) dating of charcoal and plant material and optically sti-
mulated luminescence (OSL) dating of quartz sand. Radiocarbon dating
is the most widely used geochronology method in fluvial studies, and
the analytical techniques have been highly refined over the past several
decades. Three 14C samples were collected at two of six sites to estimate
ages of the SWDs. The samples were prepared and analyzed at the
Arizona AMS Lab at The University of Arizona, with calibration to

Fig. 1. Green River Basin including the large tributaries, USGS gauging station,
and the study reach.

Fig. 2. Annual maximum peak discharges on the Green River at the USGS gauging station Green River, Utah, 1894–2016.
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calendar years (OXCAL 4.3), using the IntCal13 calibration curve
(Reimer et al., 2013) and reported as two-sigma calibrated age ranges
(Table 2). Because of insufficient amounts of the organic matter, most
of this study employed OSL dating. Twelve OSL samples were submitted
to the Dating Laboratory of the Israel Geological Survey in Jerusalem,
and three were analyzed at the Luminescence Lab at the Utah State
University. We employed the latest single-aliquot regenerative-dose
(SAR) procedures for OSL dating of quartz sand (Murray and Wintle,
2000, 2003; Wintle and Murray, 2006). Dose-rate calculations were
determined by chemical analysis of the U, Th, K and Rb content using
ICP-MS and ICP-AES techniques and conversion factors from Guérin
et al. (2011). The contribution of cosmic radiation to the dose rate was

calculated using sample depth, elevation, and latitude/longitude fol-
lowing Prescott and Hutton (1994). Dose rates are calculated based on
water content, sediment chemistry, and cosmic contribution (Aitken
and Xie, 1990; Aitken, 1998).

3.3. Paleoflood hydraulic analysis

Paleoflood discharge estimation can be accomplished by methods
ranging from simple hydraulic formulae applied at a single cross-sec-
tion to a variety of one-, two- or even three-dimensional hydraulic
modeling codes applied to high-resolution channel geometry data. For
this study, we used the two-dimensional hydraulic model SHR-2D

Fig. 3. A map showing six study sites (DHC, RF, LS, HD, HB, and PC) on the Lower Green River (left), the stratigraphic illustrations showing the paleoflood slackwater
deposit layers (black lines) and the river channel and valley dimensions of each stratigraphic section (middle), and the cross-sections at each site (right), showing the
range of extreme flood water surface elevation.
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(Sedimentation and River Hydraulics-2D, Lai, 2010) to estimate peak
discharges for the paleofloods. Roughness values were identified and
delineated within zones for the modeled study reach. The Manning’s n
values chosen for the hydraulic model are 0.028 for the channel and
0.045 for the banks, based on observations made in the field and
comparison to values previously published for a similar reach of the
upper Colorado River (Greenbaum et al., 2014). A sensitivity analysis
was performed to examine changes in hydraulic calculations response
to the uncertainty of roughness coefficient. Mesh cells chosen for the
model in the river channel had an approximate size of 2–6m, but,
where the canyon walls were more widely spaced, we increased the
dimensions to between 6 and 8m. For areas of interest, especially those
near the SWD sites, we employed finer mesh cells to provide more
detail. The 2D model results also displayed the water depth and velocity
distribution in the study reach, information of importance to under-
standing the depositional environment of SWDs.

The downstream boundary condition set in the model for each flow
estimate was normal depth. The location of the downstream boundary
was established far enough downstream so that any uncertainty in this
value would not affect model results in areas of interest. The model run
was initiated from a dry condition and continued with a two second
time step. The simulation time for each modeled flow varied from 10 to
16 h, in which time the incoming and outgoing flows and water surface
elevation at monitoring points stabilized. LiDAR data were used to
develop the geometry of the channel for the hydraulic model, and this

provided a high-resolution Digital Elevation Model (DEM) with a 0.5-
meter grid spacing and ≤19.6 cm vertical accuracy. The LiDAR scan-
ning happened during the low water season with discharges ranging
26–50m3/s. Depth-recording sonar was used at multiple sections,
confirming that water depths were generally less than a meter or so
during the low water season.

We input successive discharges for the upstream boundary and
obtained discharge-stage (Q-S) relationships for each site. The paleo-
flood discharges were acquired from the resulting rating curves, which
were fitted based on the relevant Q-S relationships. Because the ele-
vation of a SWD is somewhat lower than the actual water surface during
the flooding, the reconstructed discharge is treated as the minimum
value with an underestimation of 10–20% (Kochel et al., 1982, Baker,
1987, Enzel et al., 1993).

The two main assumptions for discharge calculation are 1) that
significant aggradation and/or degradation of the channel has not oc-
curred during the time-span of the flooding represented by the SWDs;
and 2) that significant scour and/or fill in the river channel has not
occurred during large flood events (Baker et al., 1983a,b). For the study
reach, both assumptions are acceptable because the river loops in sin-
uous curves of sandstone bedrock over a stable rock bed, which in-
dicates very little bed change during the late Holocene (i.e. last three
millennia).

Fig. 4. Stratigraphic section at Dead Horse Canyon (DHC) site and Rock Fall (RF) site.
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3.4. Flood frequency analysis (FFA)

The annual maximum flood series and a partial duration flood series
(PDS) were extracted from USGS gauge 09,315,000 on the Green River
at Green River, Utah. There are 117 annual peak flows (1895–1899,
1905–2016, Fig. 2). However, only the unregulated annual maximum
series (1895–1899, 1905–1961) is used, which closely represents the
natural flow on the Green River. These 62 peaks were adjusted to the
drainage area at the study site using the method of Cudworth (1989). It
is assumed that the ratio of the peak discharges at the two locations is
equal to the square root of their respective drainage areas, therefore the
peak flows at the study sites are larger than the USGS gauge values by
4.9%. The largest seven paleoflood peak flows were incorporated into
the FFA by considering their extreme magnitudes and avoiding double-
registration of the flood records. The largest paleoflood events
(7500m3/s) takes the first place in FFA and assigned the oldest age
(1330 Water Year). In this particular case the largest flood in the last
680 years is 7500m3/s. The second largest event takes the second place
with the second oldest age, and so on.

The FFA was conducted using HEC-SSP (Hydrologic Engineering
Center’s Statistical Software Package, v2.2) under the newly updated
Guidelines for Determining Flood Flow Frequency Bulletin 17C
(England et al., 2018), which continues to fit the Log Pearson Type III
(LP-III) distribution using the Expected Moments Algorithm (EMA)
(Cohn et al., 1997, 2001; England et al., 2003, 2018) with the Multiple
Grubbs-Beck test (MGBT) (Cohn et al., 2013; Lamontagne et al., 2013,
2016). EMA provides a direct fit of the LP-III distribution utilizing
multiple types of at-site flood information including the systematic
record, historical floods as well as paleofloods, while adjusting for any
potentially influential low floods (PILF), missing values due to an in-
complete record, or zero flood years.

We also employed the Bulletin 17B method (IACWD, 1982), the log
normal distribution (Chow et al., 1988), the regional-regression equa-
tion (Kenney et al., 2008) and the self-similar model (Kidson et al.,
2005; Malamud and Turcotte, 2006) with the systematic gauged peaks
and the paleoflood data.

4. Results

4.1. Paleoflood slackwater deposits and chronology of the paleoflood events

Nine stratigraphic sequences of fine-grained flood deposits were
found at the six study sites located along a 35-km long reach of
Stillwater Canyon of the lower Green River (Fig. 3). Different slack-
water depositional areas occurred in low-velocity flow environments
during flooding, accumulating on stable rock platforms and alluvial
terraces during flood recession. Suspended flood sediments were de-
posited, and eventually experienced long-term preservation in these
regions. Characteristics of the slackwater depositional environments of
the lower Green River paleoflood SWDs are summarized in Table 1.

The 2D hydraulic model generated the paleoflood flow and velocity
distributions in two dimensions, indicating the slackwater depositional

zones (Fig. 5). The SWDs at the Dead Horse Canyon site (DHC-1 and 2)
are located in a low-velocity backwater area at the tributary mouth,
while SWDs at the High Driftwood (HD) site is located on a high-ve-
locity site at a> 90° curve where the sediments are probably super-
elevated. The entire paleoflood record for the six sites consists of 68
paleoflood SWD layers and two driftwood lines at the HD site. These
two driftwood lines are located 5m and 12m a.w.l. They are composed
of coarse driftwood and logs. Since this is a multi-site record, it may
well be that floods are presented at more than one site. The results of
the AMS and OSL dating at the various sections indicate that all 70 units
at six sites are deposited and preserved in 680–140 a (or 940–110 a
bracketing the error), which can be represented by the RF-1 and DHC-1
sections (Fig. 2). The OSL ages (550–190 a) of 26 SWD layers at the RF-
1 site cover all age ranges at the other five sites except for the DHC-1.
The oldest unit at the DHC-1 section is 680 ± 250 a. At least 27 pa-
leoflood events are therefore considered to have occurred in the past
680 years (Tables 2 and 3).

4.2. Paleoflood hydrodynamics

The 2D hydraulic model was run for approximately 12 different
discharge levels at each SWD site. These levels ranged upward from
50m3/s, which is a flow just large enough to begin submerging the
lowest SWDs at the six sites. Rating curves were then fitted based on the
stimulated discharge-stage (Q-S) points following the equation:

=Q C h e( )

where Q is the stimulated flow discharge for a certain height of the
water surface, m3/s; h is the height of the water surface, m; e is the
height of the lowest point of a cross-section, m; (h – e) is head or water
depth, m. C, and β are calibration coefficients. C indicates flow dis-
charge when water depth (h – e) is equal to 1; and β is the slope of the
rating curve.

Water dynamic conditions are represented in the model output by
particle tracings and water depth near each SWD site on the study reach
(Fig. 5). The paleoflood peak discharges were estimated using the rating
curve equations combined with the relevant water stages (Fig. 6 and
Table 4). All the paleoflood peaks ranged between −20.4% and 7.2%
when the Manning’s n value was adjusted by± 25% (Fig. 6 and
Table 4). The largest magnitude of paleoflood was about 7500m3/s
(−9.2 to 3.0%) with a water stage of 13.50m above the river water
level. There are at least 14 paleofloods with magnitudes larger than
twice the maximum systematic gauged record of 1929m3/s.

4.3. Flood frequency analysis (FFA)

The results of FFA based on various methods and flood series are
shown in Figs. 7–9 and Tables 5–7. For the Bulletin 17C method, the
annual peak flows including the systematic record and paleofloods are
all described by flow interval (QY,lower, QY,upper) and perception
thresholds (TY,lower, TY,upper) in Fig. 7 and Tables 5 and 6. The per-
ception thresholds (TY,lower, TY,upper) are used describe the sample

Table 1
Characteristics of slackwater depositional environments for paleoflood SWDs in Stillwater Canyon of the lower Green River.

Stratigraphic section Thickness (m) SWD Layers Texture Top unit elevation (m a.w.l.) Depositional environment

DHC-1 1.25 8 silt and fine sand 7.00 At a tributary mouth; On a high rock ledge
DHC-2 >4.00 4 clay, silt and fine sand 6.35
RF-1-1 2.50 8 silt and fine sand 8.00 On the top of a rock-fall; Covered by stony colluvium
RF-1-2 4.20 18 clay, silt and fine sand 5.50
RF-2 1.55 4 medium and fine sand 8.00
LS 0.70 2 silt and fine sand 13.50 On a high rock ledge; Area of widening canyon
HD 1.50 7 silt and fine sand 10.00 Severe channel bend (> 90°); Covered by stony colluvium
HB 2.00 9 clay, silt and fine sand 10.00 On the top of high alluvial terrace; Covered by stony colluvium
PC >8.00 9 silt and fine sand > 12.00 Severe channel bend (> 90°)
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Table 2
Results of AMS 14C Dating of Paleoflood Deposits on lower Green River.

Site, SWD Unit No. Lab Sample no. Type of dated material Radiocarbon age (years BP) Calibrated Age range (years AD)

DHC, #8 AA101614 Charred wood 90 ± 38 1681–1739 (26.6%)
1802–1938 (67.2%)

PC, #4 AA101615 Charred leaf 80 ± 39 1682–1736 (26.3%)
1805–1936 (69.1%)

PC, #5 AA101613 Charred bark 52 ± 38 1690–1730 (23.6%)
1810–1926 (71.8%)

Fig. 5. Particle tracings and water depths associated with sites of DHC, PC, HB, and HD on the Lower Green River. Areas of slack-water deposition develop through
combinations of flow direction, speed, and depth. For sites location see Fig. 4.

Table 3
Results of OSL Dating of Paleoflood Deposits on lower Green River.

Site, SWD Unit No. Lab No. Depth (m) K (%) U (ppm) Th (ppm) Cosmic (Gy/ka) Dose rate (Gy/ka) De (Gy) Age ± 2σ (ka)

DHC-1, #1 GRV-2 1.00 1.66 1.9 6.0 0.19 2.58 ± 0.07 1.75 ± 0.64 0.68 ± 0.25
DHC-2, #2 GRV-3 4.00 1.74 2.5 8.0 0.13 2.68 ± 0.06 1. 25 ± 0.43 0.47 ± 0.16
DHC-2, #11 USU-2310 1.10 1.78 2.8 8.4 0.18 3.10 ± 0.14 0.61 ± 0.25 0.20 ± 0.08
RF-1, #2 GRV-11 4.00 1.66 3.0 10.7 0.13 2.63 ± 0.06 1.43 ± 0.44 0.55 ± 0.17
RF-1, #11 USU-2309 1.25 1.72 1.9 5.9 0.23 2.69 ± 0.12 0.85 ± 0.22 0.31 ± 0.09
RF-1, #14 GRV-9 0.30 1.66 2.8 7.8 0.23 3.00 ± 0.06 1.20 ± 0.30 0.40 ± 0.10
RF-2, #19 GRV-12 0.40 1.66 2.3 7.5 0.22 2.85 ± 0.07 0.83 ± 0.16 0.29 ± 0.06
RF-1, #20 USU-2307 2.60 1.74 2.6 9.0 0.19 3.08 ± 0.14 0.58 ± 0.24 0.19 ± 0.08
RF-1, #30 GRV-10 0.30 1.66 2.5 8.1 0.23 2.95 ± 0.06 0.64 ± 0.31 0.22 ± 0.11
LS, #2 GRV-6 0.30 1.58 1.4 4.6 0.23 2.36 ± 0.06 0.51 ± 0.10 0.22 ± 0.04
HB, #1 GRV-5 1.90 1.58 1.9 5.4 0.17 2.40 ± 0.06 1.07 ± 0.16 0.35 ± 0.07
HB, #8 GRV-4 0.30 1.66 2.2 7.0 0.23 2.80 ± 0.07 0.88 ± 0.07 0.32 ± 0.07
PC, #2 GRV-8 2.50 1.74 2.5 8.6 0.15 2.74 ± 0.08 0.94 ± 0.24 0.34 ± 0.09
PC, #7 USU-2306 0.55 1.56 2.0 6.7 0.24 2.65 ± 0.12 0.53 ± 0.26 0.20 ± 0.10
PC, #8 GRV-7 0.30 1.83 2.5 8.5 0.23 3.13 ± 0.08 1.51 ± 0.25 0.48 ± 0.17
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properties in EMA. They describe the range of measurable potential
discharges and are independent of the actual peak discharges that have
occurred. The lower perception threshold (TY,lower) represents the
smallest peak that have happened. In this study, TY,lower for each event
is the minimum estimated discharge for that event. TY,upper is assumed
to be infinite, as bigger floods that might exceed known highwater
marks and other physical evidence of the flood. The station skew was
used in this study. Expected quantiles for the interval floods are shown
with 95% confidence limit in Fig. 7a and b. Combining both the pa-
leoflood data and systematic peaks, the FFA shows the largest paleo-
flood (7500m3/s) has an AEP (annual exceedance probability) of
0.057% or a return period of 1750 years, while the AEP and return
period for the largest gauged flood (2023m3/s) are 3.770% and
26.5 years (Fig. 8a). In contrast, the FFA using only the systematic
peaks shows that the return period for the largest paleoflood is longer
than 1,000,000 years, for the largest gauged flood 68.5 years (Fig. 8b).
The ratio of 95% confidence interval to the expected quantile (CI/EQ) is
used to illustrate the effects of change with the integration of paleoflood
data (Fig. 8c). Paleofloods increased both the expected quantiles and
confidence intervals of the 25-year-flood and the longer recurrence
interval floods to various extents, while the CI/EQ was reduced by 20%

for 25-year-flood, 27% for 50-year-flood, 24% for 100-year-flood, and
17% for 200-year-flood.

Other flood probability models also showed a good fit with most
data points (Fig. 9). Curves 1, 3, 5, 7 were calculated using the Bulletin
17C, Bulletin 17B methods, a log-normal distribution, and the self-si-
milar model, combining paleoflood data with the systematic annual
maximum flood series (except that the partial duration flood series was
used for the self-similar model). Curves 2, 4, 6, 8 were calculated using
the same approaches, but with only the systematic peaks. Curve 9
employed the regional-regression equation. Relatively good agreement
is observed among the different FFA techniques for recurrence intervals
of less than ten years. Two clusters appeared with increasing recurrence
intervals. Curves 1, 3, 5, 7, and 8 occupied the first cluster, showing
high upper tails. The low values were estimated by curves 2, 4, 6, and 9,
which are limited to analysis of only the systematic peaks. Clearly, the
paleoflood data swing up the upper tails for the log P-III and lognormal
distributions (Fig. 8a, b, and c). However, curves 7 and 8 demonstrated
that the expected quantiles correspond very closely with a power-law
distribution for recurrence interval larger than 25 years; they both were
in good agreement with paleoflood involved Bulletin 17C results (curve
1).

Fig. 6. Rating curves (solid lines) and corresponding results (dashed lines) for the 25% of Manning’s n variation for six cross sections at the paleoflood sites on the
Lower Green River. The sensitivity test shows an error of 3.0–20.4% can be introduced by the uncertainty of Manning’s n.

Table 4
Results of the minimum paleoflood peak discharges using SHR-2D model with the percentage of variation resulting from a 25% change in the Manning's n values.

Site Name Deposit unit Water level during the LiDAR Flight
(m)

Elevation above the water level
(m)

Estimated peak stage
(m)

Minimum peak discharge
(m3/s)

Variation

Dead Horse DHC-9 1190.97 7.00 1197.97 2747 −14.3 to 6.2%
DHC-8 6.65 1197.62 2558 −14.7 to 6.3%
DHC-1 5.80 1196.77 2120 −15.5 to 6.5%
DHC-2 3.00 1193.97 920 −17.7 to 6.9%

Rock fall RF-19 1190.03 8.00 1198.03 7271 −13.1 to 4.8%
RF-30 5.50 1195.53 3768 −16.1 to 5.5%
RF-20 5.10 1195.13 3313 −16.5 to 5.5%
RF-2 1.40 1191.43 507 −18.9 to 6.1%

Ledge Site LS-top 1189.73 13.50 1203.23 7499 −6.4 to 4.9%
LS-2 13.35 1203.08 7379 −6.5 to 4.9%
LS-1 13.25 1202.98 7299 −6.5 to 4.9%

High Driftwood HD-7 1185.82 10.00 1195.82 3207 −12.4 to 7.6%
HD-1 8.40 1194.22 2520 −13.7 to 8.0%

High Bank HB-9 1184.78 10.00 1194.78 3615 −11.6 to 4.4%
HB-8 9.80 1194.58 3520 −11.8 to 4.5%
HB-1 8.20 1192.98 2790 −13.6 to 5.1%

Powell Canyon PC-9 1183.13 12.00 1195.13 5104 −9.3 to 4.1%
PC-8 11.90 1195.03 5047 −9.4 to 4.1%
PC-7 11.65 1194.78 4905 −9.6 to 4.2%
PC-2 9.80 1192.93 3891 −10.7 to 4.3%
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Fig. 7. Graph showing approximate systematic peak discharge and paleoflood estimates, with paleoflood exceedance thresholds, on the Lower Green River in the
Stillwater Canyon reach. A scale break is used to separate the gaging station data from the much longer paleoflood record. Flood intervals for large floods in the
paleoflood period are shown as red squares and black vertical bars with caps that represent minimum peaks and an additional 20% of the minimum. Mean values of
paleofloods threshold age data are plotted for simplicity. Perception threshold ranges are shown as orange lines for the paleoflood period, blue lines for the systematic
period, and green lines for the discontinued period. The gray shaded areas represents: (1) floods of unknown magnitude less than the perception thresholds for the
paleoflood periods Tp,lower; (2) the discontinued period Td, lower; (3) post-regulation floods after 1961.

Fig. 8. Results of flood frequency analysis (FFA) using Expected Moments Algorithm (EMA) with Multiple Grubbs-Beck Test (MGBT) on the Lower Green River in the
Stillwater Canyon reach, using (a) both systematic and paleoflood data; (b) systematic peaks solely. The solid line is the fitted log-Pearson Type III frequency curve
and the dash lines are the 95% confidence limits. Peak discharge estimates from the gauge are shown as open circles; estimated paleoflood peak discharges are shown
as solid squares; vertical bars represent estimated data uncertainty for paleofloods; the solid black circle is the potentially influential low flood (PILF) threshold as
identified by the MGBT. Y-axis of the subplot (c), CI/EQ, is the ratio of confidence limits to expected quantiles.
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5. Discussion and conclusions

The protection against extreme floods for large, high-hazard, water-
related projects and engineered systems, including high-level dams and
nuclear power plants, is a long-standing hydrological issue.
Hydrologists developed two primary procedures for flood-protection
decision-making: (1) FFA, based on the statistical analysis of peak flood
distributions, and (2) probable maximum flood (PMF) calculations.

Despite inherent difficulties and controversies involving both methods,
emerging since the 1960s (e.g., Yevjevich, 1968) or earlier, both pro-
cedures have, nevertheless, been applied extensively and established
either as engineering standards or official guidance in the United States
and many other countries (Hydrology Committee, 1977; National
Environment Research Council, 1999; SL44-2006).

It has now been more than a century, since 1914, when the concept
of a return period of a flood event of a given magnitude or average
recurrence interval was proposed by Fuller (1914), and statistical
techniques were introduced for the hydrological analysis of flood ex-
tremes. Early on this procedure was known to require a sufficiently
large number of flood events for statistical validity such that the
parameters met the requirement of being, independent, identically-
distributed random variables (Kisiel, 1969). These requirements reflect
fundamental assumptions necessary for FFA that a specific magnitude
of flood corresponds to a specific probability or return period. The
objective of FFA is to find this relationship, especially to predict the
upper tails for the relevant distributions (Klemeš, 2000). However, it is
almost always, not possible to collect statistically large enough samples
to validly estimate the greatest extremes, even in the U.S. where the
hydrological gauging network has been established since late 19th
century (National Research Council, 1988). The gauged data are always
restricted to samples overwhelming dominated by small and common
floods, whereas data on extremely large, rare floods are not captured in
the instrumental data, making this assumption inadequate for making
valid statistical inferences. This circumstance inevitably leads to ex-
trapolation from the existing gauged data.

The incorporation of paleoflood data into FFA started in the late
1970s (Costa, 1978a,b; Baker et al., 1979). In a seminal study Stedinger
and Cohn (1986) examined three methods for utilizing paleoflood in-
formation in flood-frequency analysis (see also Stedinger and Baker,
1987; Stedinger and Griffis, 2008). Cohn et al. (1997) developed a
method of expected moments algorithm (EMA) for utilizing paleoflood
information in FFA, and this procedure has become the basis for the
newly published Bulletin 17C (England et al., 2018). Francés (2001)
showed how to include paleoflood data in FFA using the Maximum
Likelihood Estimation (MLE) method. Lam et al. (2017) integrated
paleoflood data into FFA using Bayesian Inference methods, thereby
showing a significant reduction in uncertainty for 100-yr flood esti-
mation in subtropical Australia. Multiple studies have focused on as-
sessing the contribution of PFH to FFA improvement by promoting the
incorporation of paleoflood data. In these many studies, the utilization

Fig. 9. Comparison of different techniques for flood frequency analysis (FFA) on the Lower Green River in the Stillwater Canyon reach, including systematic and
paleoflood data. Subplots a-e include nine FFA curves using five techniques and all of them were synthesized in the subplot f. Annual exceedance probability (AEP),
return period (T), and discharge (Q) for these curves are summarized in Table 7. The numbers refer to the discussion of each curve in the text and table. Note the
partial duration series (PDS) of the systematic data is used for self-similar model (subplot d).

Table 5
EMA (Expected Moments Algorithm) flow intervals for the paleoflood and
systematic records during 1080–2016 on the lower Green River, Utah.

Water Year QY,lower

(m3/s)
QY,upper

(m3/s)
Comment

1330 7500 9000 For paleofloods, estimated peaks are
minimal values;
with an addition 20% as upper level for
each estimation.

1530 5050 6060
1660 4910 5890
1670 3890 4670
1690 3520 4220
1790 2790 3350
1810 2120 2540
1895–1899 QY,lower=QY,lower=QY Gaged data are nearly exactly known

equaling to measured value (QY).1905–1961

Table 6
EMA (Expected Moments Algorithm) perception threshold for the paleoflood
and historical period from 1080 to 1961 on the lower Green River, Utah.

Start Year End Year EMA perception threshold
(m3/s)

Comments

TY,lower TY,upper

1080 1961 0 Infinity Total Record
1080 1430 7500 Infinity Top of paleoflood SWD
1431 1595 5050 Infinity Top of paleoflood SWD
1596 1665 4910 Infinity Top of paleoflood SWD
1666 1680 3890 Infinity Top of paleoflood SWD
1681 1740 3520 Infinity Top of paleoflood SWD
1741 1800 2790 Infinity Top of paleoflood SWD
1801 1894 2120 Infinity Top of paleoflood SWD
1895 1899 0 Infinity Systematic data
1900 1904 2030 Infinity Broken; Largest

systematic data
1905 1961 0 Infinity Systematic data
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of paleoflood information for FFA simply enriches the flood samples for
the statistical manipulation. As Klemeš (1987, 1994) strongly asserted,
“… much of FFA is just a part of small sample theory in disguise, the
term ‘flood’ being used merely as a name for numbers employed.”

PMF estimation employs both meteorological and hydrological ap-
proaches to calculate the theoretically maximum flood for a basin of
interest (WMO, 2009). The PMF for a given basin is derived from the
probable maximum precipitation (PMP), which is defined by American
Meteorological Society as, “…the theoretically greatest depth of pre-
cipitation for a given duration, that is physically possible over a par-
ticular drainage at a certain time of the year.” This means the PMF
method must assume that there is a natural upper limit to precipitation
for a given duration and area. Based on this assumption, the PMF can
then be estimated to an upper limit of flood magnitude by hydrological
modeling that incorporates the most extreme combination of hydro-
logical conditions. However, it is difficult, if not impossible for the
reality of a changing world, to establish the validity of any assumed
upper limit to either precipitation or flooding. The established methods
for PMP/PMF estimation are, necessarily based on known, limited ob-
servations and the current state of knowledge, specific to the circum-
stances of time and place. However, in the real world both data and the
intelligence with which to understand things, i.e., science, are in-
creasing (Jakob et al., 2009; Song et al., 2015). PMP/PMF estimates are
consequently observed to increase as more sophisticated meteorological
phenomena observed and recognized (Kunkel et al., 2013). Moreover,
the magnitude of PMP/PMF can also vary widely by using different
methods (Douglas and Barros, 2003; Jakob et al., 2009; Rouhani and
Leconte, 2016). The hydrological model transforming the PMP into
PMF uses a science-as-knowledge approach, of which it underpins valid
reasoning about what can be said to the world. The extreme floods
generated by a hydrological model are therefore, considered as what we
human created, rather than what really happened in nature. The most
controversial observation is that PMP/PMF values have been exceeded
by actual extreme events. A relevant example is the recent discovery of
two naturally-evidenced extreme floods, i.e., paleofloods, occurring in
the last 2000 years, and found to be larger than the PMF for the upper
Colorado River (Greenbaum et al., 2014).

This review of problems and criticisms of both the FFA and PMF
methodologies raises even more fundamental concerns about the epis-
temological underpinnings in regard to the scientific understanding of
the nature of extreme floods. While these are not usually issues con-
sidered in the practical expediency necessary to achieve engineering
solutions, they do emerge when phenomena are at the limits of scien-
tific understanding. Extreme flooding lies at those limits. Both the FFA
and PMF methods employ theory-directed, science-as-knowledge ap-
proaches, which hold the world to be a system that permits the appli-
cation of deductive logic through mathematics to provide the certainty
associated with that kind of reasoning (Baker, 2017). But that certainty
only applies if the assumptions made are absolutely true.

In this study, state-of-the-art paleoflood hydrology (PFH) was

applied to provide information on extreme floods not captured in the
short instrumental record. PFH derives from a science-as-seeking point
of view and employs a world-directed, investigative approach (Baker,
2017) to discover the extreme floods that have actually happened over
a geological span of time (commonly limited to the Holocene epoch, a
period about the last 11,700 years, characterized by Earth’s non-glacial
climate regimes). PFH thereby provides reliable, fundamental knowl-
edge concerning extreme flood behavior in nature. It thus makes pre-
viously unknown extreme floods known to appropriately experienced
investigators, thereby revealing what would otherwise be hidden
within hydrological assumptions. By directly compiling evidence from
the world, in a sense listening to the nature what nature presents to us,
and thinking based on realities, PFH investigators study the clues, sig-
nals, and signs of the most extreme floods found in nature. In following
these signs, an explanatory working hypothesis emerges as to what is
actually possible, and every inference to what is probable must also
infer what is possible. This is abductive inference (Baker, 2017) and the
associated natural historical approach yields real-world discoveries
about extreme floods, which form the basis for advancing scientific
understanding about such flooding.

By employing paleoflood hydrological investigation, this study
identified at least 27 real extreme floods that occurred on the lower
Green River during the last 700 years. Combining the water stages in-
ferred by the tops of paleoflood SWD layers, the 2D hydraulic modeling
retrodicted the minimum peak paleo-discharges at six study reaches.
Among them at least 14 paleofloods were larger than twice of the
maximum systematic gauged record of 1929m3/s. The largest paleo-
flood has a minimum peak discharge of 7500m3/s.

These numbers more accurately reflect the actual history of extreme
floods on the Green River, rather than either (1) the extrapolated ones
from small-scale flood samples, or (2) the derived outputs from a hy-
drological (watershed) model. This is unlike both conventional FFA or
the hydrological rainfall-runoff models used for PMF estimation, which
respectively, involve either generating probabilistically extrapolated
upper tails or the deterministically deduce limiting upper values via
models and assumptions, providing the established practical tools for
predicting extreme floods in flood mitigation projects or design flood
estimations (U.S. Army Corps of Engineers, 1991; U. S. Bureau of
Reclamation, 2003). However, these practical tools can only be claimed
to be science-based if their predictions are compared to the information
nature provides to us about extreme flood events, i.e., there is agree-
ment with empirical evidence—not just empirical evidence that is
convenient in the artificial repositories of our existing data sets, but all
possible empirical evidence, which includes that being held by nature
itself in its natural repositories. To ignore realities is to be “un-
scientific.” PFH continues the exploratory imperative of what is most
essential in a doing science of extreme flooding by making discoveries
of viable and efficient data sources from real-world evidence, which can
act as a “spotlight” for improving both FFA (Schendel and
Thongwichian, 2017; Lam et al., 2017) and hydrological modeling

Table 7
A comparison between flood frequency results using different methods on the lower Green River, Utah (in m3/s). The regional-regression based 1000-yr flood is not
provided in Kenney et al. (2007). Note the partial duration series (PDS) of the systematic data is used for self-similar model (subplot d).

No. Method Return Period (yrs)

2 5 10 25 50 100 200 500 1000

1 Bulletin 17C Method (with paleofloods) 847 1289 1671 2274 2825 3475 4245 5483 6616
2 Bulletin 17C Method (Systematic data) 867 1259 1504 1798 2004 2201 2389 2628 2801
3 Bulletin 17B Method (with paleofloods) 962 1623 2196 3101 3925 4894 6032 7845 9487
4 Bulletin 17B Method (Systematic data) 913 1275 1511 1806 2023 2238 2452 2736 2954
5 Lognormal distribution (with paleofloods) 995 1641 2132 2818 3374 3968 4602 5507 6247
6 Lognormal distribution (Systematic data) 914 1279 1526 1840 2078 2317 2560 2888 3144
7 Self-similar Model (PSD with paleofloods) 828 1121 1409 1907 2398 3015 3791 5131 6451
8 self-similar Model (Systematic PSD) 945 1243 1531 2014 2479 3052 3756 4944 6085
9 Regional-regression Equation (Systematic data) 615 949 1308 1509 1753 2082 2283 2654
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(England et al., 2014) of extreme floods.
Finally, it can be observed that the clustering of paleoflood patterns

offers an opportunity to explore complex, spatially highly interrelated
flood-climate links in a global perspective (Baker, 1987, 2008; Ely et al.,
1993; Hirschboeck, 1988; Knox, 2000; Macklin et al., 2006; Merz et al.,
2014; Benito et al., 2015; Toonen et al., 2017), which, combined with
other information on paleoclimates, can provide valuable insights into
understanding the nature of extreme floods (Merz et al., 2014). Ely
et al. (1993, 1997) displays the clustered extreme paleofloods in the last
4000 years in the southwestern U.S. and identified the hydroclimatic
effect on the increased flood frequency. Harden et al. (2010) also sug-
gests that hydroclimatic dynamics strongly affected the episodes of
major flood events during the Holocene based on a broader paleoflood
dataset for the southwestern U.S. The results of this study agree with
previous research (Ely et al., 1993; Harden et al., 2010; Greenbaum
et al., 2014) that frequent large floods happened during periods of cool
and dry climate. Knox (1993, 2000) highlighted that significant
changes in magnitudes and frequencies of extreme paleofloods are re-
gional hydrological responses to global climatic change. Huang et al.
(2007, 2010) and Liu et al. (2014) inferred that major Holocene flood
episodes are associated with transitional periods of climatic change,
forced by monsoonal shifts in northern and central China. Benito et al.
(2015) examined the relationship between Holocene flood patterns and
short-term climatic variability in Europe and North Africa, suggesting
the importance of paleoflood information for understanding future
spatial-temporal changes of flood frequency. Toonen et al. (2017) im-
plied that individual flood events and multiyear episodes generally fall
within extended flood-rich phases controlled by climate, demonstrating
the value of paleoflood datasets as useful multiscale hydromorphic
signals of climate change. Recent studies (Munoz and Dee, 2017; Munoz
et al., 2018) suggest that El Niño increase the risk of Mississippi
flooding and conventional flood prediction techniques-based en-
gineering control measures might actually be making floods worse.

Much remains for research in the future, but the only resource and
basis we can rely on is to find out what’s naturally true of extreme
floods is the history of past manifestations. It cannot be overemphasized
that a truly scientific understanding of extreme floods can only emerge
from our exploration in nature of flood signs in all their temporal
contexts (paleo-, historical, and systematically gauged), to be followed
by the explanation of the discovered (not presumed) phenomena
through a mechanistic understanding of their causal drivers.
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