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ABSTRACT

In late Wisconsin time, the Purcell Trench lobe of the Cordilleran ice sheet 
dammed the Clark Fork of the Columbia River in western Montana, creating gla-
cial Lake Missoula. During part of this epoch, the Okanogan lobe also dammed the 
Columbia River downstream, creating glacial Lake Columbia in northeast Washing-
ton. Repeated failure of the Purcell Trench ice dam released glacial Lake Missoula, 
causing dozens of catastrophic floods in eastern Washington that can be distinguished 
by the geologic record they left behind. These floods removed tens of meters of pale 
loess from dark basalt substrate, forming scars along flowpaths visible from space. 

Different positions of the Okanogan lobe are required for modeled Missoula floods 
to inundate the diverse channels that show field evidence for flooding, as shown by 
accurate dam-break flood modeling using a roughly 185 m digital terrain model of 
existing topography (with control points dynamically varied using automatic mesh 
refinement). The maximum extent of the Okanogan lobe, which blocked inundation of 
the upper Grand Coulee and the Columbia River valley, is required to flood all chan-
nels in the Telford scablands and to produce highest flood stages in Pasco Basin. Alter-
natively, the Columbia River valley must have been open and the upper Grand Coulee 
blocked to nearly match evidence for high water on Pangborn bar near Wenatchee, 
Washington, and to flood Quincy Basin from the west. Finally, if the Columbia River 
valley and upper Grand Coulee were both open, Quincy Basin would have flooded 
from the northeast. 

In all these scenarios, the discrepancy between modeled flood stages and field evi-
dence for maximum flood stages increases in all channels downstream, from Spokane 
to Umatilla Basin. The pattern of discrepancies indicates that bulking of floods by 
loess increased flow volume across the scablands, but this alone does not explain low 

Denlinger, R.P., George, D.L., Cannon, C.M., O’Connor, J.E., and Waitt, R.B., 2021, Diverse cataclysmic floods from Pleistocene glacial Lake Missoula, in Waitt, 
R.B., Thackray, G.D., and Gillespie, A.R., eds., Untangling the Quaternary Period—A Legacy of Stephen C. Porter: Geological Society of America Special Paper 
548, p. 1–18, https://doi.org/10.1130/2021.2548(17). © 2021 The Geological Society of America. All rights reserved. For permission to copy, contact  editing@
geosociety.org.
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INTRODUCTION

In late Wisconsin time, the Cordilleran ice sheet advanced 
into northeastern Washington and northern Idaho in the west-
ern United States (Fig. 1) and at times simultaneously dammed 
the flow of the Columbia River in multiple places. Subsequent 
ice-dam ruptures then produced catastrophic flooding of eastern 
Washington. The evidence for massive flooding was recognized 
first by Bretz (1923, 1925, 1928a) and then greatly extended later 
with field studies by Baker (1973), Waitt (1980, 1984, 1985), 
Atwater (1986), Benito and O’Connor (2003), and O’Connor and 
Baker (1992). The Purcell Trench lobe of the ice sheet dammed 
the Clark Fork to form the large glacial Lake Missoula, which 
gives these floods their name. At times, the Okanogan ice lobe 
also blocked the Columbia River valley near the entrance of 
upper Grand Coulee to form a much smaller glacial Lake Colum-
bia (Atwater, 1986, 1987).

Stratigraphic evidence in back-flooded valleys shows that there 
were dozens of floods (Waitt, 1980, 1985, 1994; Atwater, 1986), 
and the relative timing of blockages by these two ice lobes caused 
distinctive patterns of flooding. Whether or not the Okanogan lobe 

blocked the Columbia River at the times when the Purcell lobe ice 
dam ruptured altered both the timing and distribution of these gla-
cial outburst floods. These floods had an enormous impact on the 
landscape, carving and modifying large-scale landforms and leav-
ing deposits that dominate much of the geomorphology of eastern 
Washington. This geomorphic evidence provides a means to distin-
guish between initial conditions for these floods, and to determine 
whether the Okanogan blockage existed or whether upper Grand 
Coulee was open during each Missoula flood.

The effects of these catastrophic flows are impressive. They 
include large-scale dunes (Fig. 2A), which are much larger ver-
sions of the dunes formed by ordinary river flows (Bretz, 1928a), 
widespread erosion of loess and its basalt substrate (Figs. 2B 
and 2C) to form scablands (Bretz, 1928b), and repetitive layers 
of fine sediment deposition in slack-water areas such as Bur-
lingame Canyon (Fig. 2D) that record the passage of dozens of 
floods (Waitt, 1980, 1984, 1985, 1994; Atwater, 1984, 1986, 
1987; Benito and O’Connor, 2003; Hanson et al., 2012). Ero-
sion of 30–40 m of loess by flooding of the Telford and Cheney-
Palouse scabland tracts (Figs. 1 and 2B) left many teardrop-
shaped plateaus as remnants (Fig. 2C). 

 modeled flow stages along the Columbia River valley near Wenatchee. This latter dis-
crepancy between modeled flood stages and field data requires either additional bulk-
ing of flow by sediment along the Columbia reach downstream of glacial Lake Colum-
bia, or coincident dam failures of glacial Lake Columbia and glacial Lake Missoula.

Figure 1. Portion of the digital terrain in eastern 
Washington used to route the flows for the first 72 h  
of the simulation, showing the Columbia River 
valley, the locations of the Okanogan and Purcell 
Trench lobes, and the scablands and the large ba-
sins that hold the water dammed by the Columbia 
River Gorge (off the map to the west). Grid and ter-
rain map produced with an Albers projection with a 
NAD 1983 reference. The margin of the continental 
ice sheet encroaching from the north is shown as a 
red line, with the portion of the Purcell Trench lobe 
that formed the ice dam for glacial Lake Missoula 
shown in the solid red polygon. The solid red poly-
gon is all glacial ice that is initially tunneled and 
then removed once the dam fails. The Columbia 
and Snake River channels are green or dark green 
on lighter or different color backgrounds, with the 
Columbia River valley blocked by the Okanogan 
lobe north of Grand Coulee to form glacial Lake 
Columbia. South from this lobe blockage, the Co-
lumbia channel heads into Quincy and Pasco Ba-
sins. Post dam-break flooding of this large (green) 
area takes about 3 d, after which time floodwaters 
are ponded in Pasco and Umatilla Basins. Floodwa-
ters drain through the Columbia River Gorge (just 
west of Umatilla Basin) much more slowly than 
these basins fill, and once filled, it then takes many 
weeks to drain all floodwaters through the Colum-
bia River Gorge. 



 Diverse cataclysmic floods from Pleistocene glacial Lake Missoula 3

Scabland scars from these floods (shown by remarkable 
Landsat Multispectral Scanner System (MSS) satellite images 
(www.mines.edu/academic/geology/faculty/klee/missoula.
doc) in Figure 3, mark locations where multiple floods eroded 
light-colored windblown loess from a dark underlying basalt 
substrate. The Landsat photos, showing scars over thousands 
of square kilometers, indicate large scale, massive transport of 
fine sediment by these floods. Past depth-averaged flow model-
ing of a single large flood supports this field evidence, as the 
distribution of highly erosive stream power matches the intri-
cate pattern of erosion made by these floods (Denlinger and 
O’Connell, 2010). 

Comprehensively, detailed flow models for these flows are 
constrained by a wide variety of field data, providing insights into 
the processes and timing of inundation. These diverse field data 
include the locations of flood scars, locations of ice-rafted errat-
ics, evidence for inundation of low points in ridges (Table 1), and 
evidence for lake levels and residence times for both glacial Lake 
Missoula and glacial Lake Columbia (Atwater, 1987). We now 
have more evidence (Table 1) than was published in 2009 when 
Denlinger and O’Connell (2010) modeled a single flood, more 
accurate topography, and more evidence distinguishing differ-
ent floods. In addition, recent improvements in numerical mod-
els for floods (George, 2008, 2011) more accurately  calculate 

LandslidesLandslides

Pangborn    bar

Cascades
(pre-basalt) Columbia Plain

     (basalt)
Landslides

Pangborn    bar

Cascades
(pre-basalt) Columbia Plain

     (basalt)
Landslides

1 mi
1.6 km
1 mi

1.6 km

A B

C

Figure 2. (A) Oblique aerial photograph of Pangborn bar, looking north. Snow highlights giant current dunes with a wavelength of about 130 m 
across the top of the bar. Each dune has a steep south-facing lee side, showing that these dunes were built by one or more floods flowing north to 
south downvalley. Platted city of Wenatchee is west of Columbia River on the left margin of the photo. Photograph was taken February 1972 by 
R.B. Waitt. (B) Removal of loess and erosion of basalt by floods flowing from north (bottom of photo) to south (top of photo) created this scab-
land topography at Dry Falls, Washington. The lake on the right is ~0.6 km across (left to right). Photo by Bruce Bjornstad; used with permission. 
(C) Erosion of loess in the Cheney-Palouse scabland left large plateaus of loess 30 to 50 m high and hundreds of meters long and wide scattered 
throughout the scablands. Photo by Richard Waitt, taken on 16 September 2019, north of Marengo, Washington, in the southern Cheney-Palouse 
scabland. View is to the SE, and the height of the scarp is 50 m. An aerial photo of a large loess island in the Cheney Palouse tract, illustrating 
a teardrop shape, can be found at https://news.nationalgeographic.com/2017/03/channeled-scablands. (D) Eroded material from floods (parts B 
and C) was carried as suspended load into slack-water areas such as Burlingame Canyon, shown here. Each layer was deposited from a different 
flood, and the average thickness on the right-hand side of the photo is about 20 cm. Photo by Bruce Bjornstad; used with permission. 
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 inundation margins, increasing the resolution needed for com-
parison with field data by an order of magnitude while simultane-
ously decreasing computation time. 

Other quantitative numerical studies of large-scale flood 
inundation have been done since Denlinger and O’Connell 
(2010) modeled large-scale Missoula floods. Among them, those 
by Abril-Hernández et al. (2018), Bohorquez et al. (2016), and 
Carling et al. (2010) show that given appropriate initial condi-
tions and boundary conditions, new flood-routing technology 
can compare different topographic scenarios with field data at 
local field scales, thereby increasing our understanding of the 
timing and distribution of multiple floods. We show in this paper 
that such use of more sophisticated routing programs, increased 
landscape resolution, and greater knowledge of the flood record 
can be used effectively to determine the significance of disparate 
records left by different floods.

Since flood processes are complex and topography in east-
ern Washington is rugged, sophisticated and detailed numerical 
models for flow over 3D topography are necessary to simulate the 
mechanics and patterns of inundation of these large floods. Field 
evidence in eastern Washington indicates passage of these flood-
waters in numerous channels distributed over 60,000 km2 and 
over 600 m in elevation. The complexity of these flows cannot be 
understood with one-dimensional flow models. One- dimensional 
models, while providing rough estimates when restricted to nar-

row, approximately linear reaches such as the Columbia River 
Gorge (Benito and O’Connor, 2003), do not model flow simul-
taneously diverging into multiple channels (Fig. 3), and they 
misrepresent a single channel if it has complex topography 
(Denlinger et al., 2001). The nature and intricacy of distributed 
overland flow during this repeated, large-scale, late Pleistocene 
flooding of eastern Washington require, at a minimum, solution 
of depth-averaged Navier-Stokes flow equations (i.e., LeVeque, 
2002) on an accurate digital model of three-dimensional terrain 
to produce physically meaningful results.

Our application of such a depth-averaged flow model to sim-
ulate Lake Missoula floods assumed an instantaneous dam break 
of the largest glacial Lake Missoula for each scenario. However, 
each scenario produced different flow paths, and for each, we 
compared model stage to field evidence for maximum stage and 
used the timing and magnitude of inundation to understand the 
differences in flooding. Locations where erosion and deposition 
were expected to occur were found from model velocities and 
flow depths. Using this technology, Denlinger and O’Connell 
(2010) obtained meaningful results using initial conditions and a 
topography similar to scenario 1b in this study. They found that 
both inundation and locations of scour matched areas of inunda-
tion and scour observed in the field, and showed that multiple 
channels often drained simultaneously. For example, the Cheney 
Palouse tract flooded early when flood discharge was high 

Figure 3. Landsat image of the scars left by mas-
sive, late Wisconsin floods in eastern Washington, 
as floods washed away light-colored loess and 
scoured the black basalt. The contrast between 
loess and basalt leaves a stark image of flood pas-
sage, revealed by the light- to dark-gray drainage 
pattern on the light background; used with permis-
sion from Keenan Lee. 
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 Diverse cataclysmic floods from Pleistocene glacial Lake Missoula 7

enough near Spokane, Washington, to top a saddle giving the 
flow access into Snake valley to the south, even as flooding con-
tinued westward along the main channel. Farther downstream, 
they were the first to show that the Columbia River Gorge (the 
canyon of the Columbia River through the Cascade Range) was 
the tightest bottleneck for drainage to the sea; it held up flow 
for weeks, whereas Wallula Gap (the narrow channel between 
Pasco and Umatilla Basins) only delayed flow for a few hours 
as Umatilla Basin filled. Within three days after each dam break, 
the Columbia River Gorge had dammed almost all floodwaters 
draining from eastern Washington, storing this water in Umatilla, 
Pasco, and Yakima Basins. As in our study here, complete drain-
age to the sea then took many weeks (Denlinger and O’Connell, 
2010). All these results debunk the paradigm that Wallula Gap 
was a significant impediment to flow (Bretz, 1925; O’Connor 
and Baker, 1992). Despite this new insight of flood drainage, 
many questions remain unanswered about the field evidence that 
indicates passage of these floods. 

Field data now establish that there were mutually exclusive 
pathways for multiple late Wisconsin floods, proving that differ-
ent initial conditions need to be considered in studies of these 
floods. There cannot have been both an open Columbia River 
valley and a glacial Lake Columbia at the time each dam break 
occurred, yet field evidence supports both flooding of an open 
Columbia River valley during some floods and blockage of that 
channel during others (Atwater, 1986, 1987). The end-member 
scenario of an open Columbia River valley and open upper Grand 
Coulee and the other end-member scenario of a closed channel 

and closed upper Grand Coulee bracket four other scenarios that 
are variants of these two initial conditions. These six scenarios 
help to explain what we see in the field, as each scenario results 
in substantial differences in the catastrophic flooding of eastern 
Washington. These differences are the subject of this report.

FIELD EVIDENCE

Field evidence for maximum flood stages consists of flow-
crossed divides, eroded channels, erosional trim lines, and the 
upper extent of diverse flood deposits (including ice-rafted 
erratics; Bretz, 1923, 1928b, 1929; Baker, 1973; O’Connor and 
Baker, 1992; Benito and O’Connor, 2003; Waitt et al., 2009, 
2019; Waitt, 2016). We summarize some of this in Table 1, and 
locations are shown in Figure 4. Such features document stages 
met or exceeded by at least one Missoula flood. Upper flood 
limits were determined partly by elevations that field observa-
tions showed were not flooded. For instance, divides covered by 
uneroded loess gave maximum-limiting heights of peak-flood 
level. Flat-bottomed channels bounded by sharp, steep margins 
gave minimum heights of flood in such loess-covered uplands.

The strongest limits on stage came from a combination of 
a definitive limit not exceeded (i.e., a divide not crossed) not far 
from similar evidence of flooding such as a high divide-saddle 
crossed or high ice-rafted erratic. This juxtaposition brackets the 
maximum flood level at those locations. A weaker stage con-
straint is a single deposit such as a gravel bar or a graded bed, 
or an ice-rafted erratic—a minimum bound on stage that could 

Figure 4. Flood paths in eastern Wash-
ington obtained by contouring flow mar-
gins of our scenario 1b output 23 h after 
dam break. Also shown are the field data 
control points used in this paper and list-
ed in Table 1. Grid and terrain map pro-
duced with an Albers projection with a 
NAD 1983 reference. Part of Lake Mis-
soula and all of Lake Columbia show up 
well in this image. All elevations above 
1200 m, the northern portions of which 
represent Cordilleran ice, block dam-
break flows and are shown in white in 
this image.  
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have been deposited during a flood declining from its maximum 
stage. However, the presence of numerous such elements—
for instance, many ice-rafted erratics at similar elevation in an 
area—strengthens their constraint as an upper bound on flood 
stage. Scabland erosion is an indirect, weak constraint on depth 
that only indicates erosive flow. A strong constraint exists where 
definitive flood erosion occurred in an area where similar land-
scape elements that remained uneroded are found nearby.

METHOD OF ANALYSIS

Model Surface Construction

We simulated floods using a digital model of the topogra-
phy, or grid, of the entire Columbia River drainage from western 
Montana to the sea and from southern Canada to central Ore-
gon, and the grid resolution determined how closely we could 
compare model results to field data. This grid was constructed 
from U.S. Geological Survey (USGS) digital elevation models 
at a 30 m posting using an Albers (equal-area) projection, North 
American Datum of 1983. Whereas a 30 m mesh could be con-
structed for better resolution of flow, practical considerations of 
computer processing time resulted in decimating the 30 m grid to 
185 m. Only relevant parts of the computational grid are shown 
in this report, though the entire grid extending over southern Brit-
ish Columbia and Alberta, all of Washington, and half of Ore-
gon was used in calculating model flows. Existing large dams 
on the Columbia and Snake Rivers were removed, and available 
bathymetry was used to reconstruct the missing topography. The 
result is shown in Figure 1, with the Cordilleran ice sheet and 
all elevations above 1200 m that blocked flow are shown. The 
ice-sheet terminus was found from published reports (Waitt and 
Thorson, 1983; Waitt et al., 2016). The terminus for the Okano-
gan lobe near the entrance to upper Grand Coulee, and blockage 
of the entrance to upper Grand Coulee varied with each scenario 
as described below. The accuracy of the field evidence is limited 
by the method used to obtain elevations. In many cases, topo-
graphic maps were used to map deposits, yet the model was run 
on a digital model of the terrain. The local uncertainty between 
elevations on the 7.5 min topographic maps used to locate the 
data and the elevations on the numerical grid built from the 
USGS topographic database is presented later in this report.

Model Description

We used the open-source software package GeoClaw (www 
.clawpack.org) to calculate depth-averaged flow on the digital 
model we constructed of the three-dimensional terrain. This soft-
ware employs shock-capturing, finite volume methods and con-
servative numerical schemes (LeVeque, 2002) that balance mass 
and momentum. GeoClaw features advanced numerical schemes 
(Berger et al., 2011) that were developed to more accurately cap-
ture flood fronts inundating dry land as they move over variable 
terrain (George, 2008, 2011).

Model Initial and Boundary Conditions

To simulate initial conditions for rupture of an ice dam block-
ing glacial Lake Missoula, the Purcell Trench lobe was modeled 
as an ice tongue that dammed the Clark Fork River to form gla-
cial Lake Missoula, as shown in Figure 5. In some scenarios, the 
Okanogan lobe also blocked the Columbia River downstream, 
creating Lake Columbia, also as shown in Figure 5. The Lake 
Missoula ice dam was then suddenly removed to initiate a dam-
break flow. An instantaneous release condition is common in 
dam-break simulations (Abril-Hernández et al., 2018; Alho et al., 
2010; Bohorquez et al., 2016), though Alho et al. (2010) artifi-
cially imposed a hydrograph input downstream, presumably near 
the outlet but in the Rathdrum channel, to model inundation. In 
our model, the configuration of the ice dam and the instantaneous 
removal scheme were the same for all scenarios, as they were in 
all our previous work.

For the Missoula floods, a sudden or very rapid dam-break 
simulation, in contrast to a slow release of water from the dam, 
is supported by field data (Alho et al., 2010). Given the rugged 
topography around the dam-break site and along the Rathdrum 
valley to Spokane, rapid dam failure must occur when the stage 
behind the dam is high enough to achieve the high flow stages 
observed in and around Spokane (Fig. 1). A drainage of any dura-
tion, whether weeks, months, or years, is not supported by field 
data if it caused significant drainage of the lake volume. If the 
volume of water bleeding out of a progressive rupture of the ice 
dam is insignificant relative to the volume of water in Lake Mis-
soula, then regardless of how long it takes to cause catastrophic 
rupture of the ice dam, the stage at the dam site does not drop 
much. Once the dam catastrophically fails, the dam-break dis-
charge is determined by the stage behind the dam, and the time it 
took to fail is irrelevant. 

Once catastrophic failure of the ice dam occurs, the shape 
of the initial flood wave at the dam is determined by the stage 
behind the dam and the bathymetry of the lake. The depression 
wave that progresses upstream from the dam-break site, and the 
interaction of that wave with topography determines the flooding 
downstream from the dam site. As flow continues, the physics of 
depth-averaged flow would produce a flood wave that increas-
ingly broadens with time as it moves downstream. In calculating 
resulting dam-break flows for this report, we greatly improved 
flow-front accuracy over rugged topography and model efficiency 
with the use of adaptive mesh refinement (AMR), as described in 
George (2011). Whereas all dam-break wave velocities are calcu-
lated in the same way as in Denlinger and O’Connell (2010), the 
many details in the terrain are captured here by much smaller cell 
sizes along the flow fronts, while decreasing computation times 
from months to days with the use of AMR. This increased accu-
racy provides a lot of confidence in our assessments, particularly 
for the innumerable channels in the complex Cheney-Palouse ter-
rain, as our cell size was refined dynamically to minimize inun-
dation errors. This desirable feature was not present in the model 
of Denlinger and O’Connell (2010).
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FLOOD MODELS

Scenarios for Flooding

Given current topography, no single position of the Cordille-
ran ice margin will flood all the pathways for which there is abun-
dant evidence for flooding (Fig. 4; Table 1). As a consequence, 
we chose to investigate a spectrum of six solutions for flooding 
in eastern Washington. These six scenarios were defined by six 
combinations of blockages of Columbia River valley and upper 
Grand Coulee by ice or rock, as described below. 

Six distinct blockages forming modeling scenarios, labeled 
1a to 3b, produced six different inundation patterns during flood-
ing. There were two controlling factors: (1) the extent of the 

Okanogan ice lobe that blocked the Columbia River valley, and 
(2) the existence of a blockage of upper Grand Coulee (by either 
rock or ice). These two controlling factors have been long iden-
tified as key factors in understanding Missoula flood dynamics 
downstream near Quincy Basin (Hanson, 1970; Waitt and Thor-
son, 1983; Atwater, 1987; Waitt et al., 2009; Waitt, 2016). Here, 
we chose three Okanogan lobe positions coupled with either an 
open or closed (blocked) upper Grand Coulee to produce the six 
model scenarios. Initial conditions for each scenario are illus-
trated in Figure 5 and described as follows.

Scenario 1a 
In scenario 1a, the Okanogan lobe is at its maximum extent 

and blocks the Columbia River valley west of the intake to upper 

Figure 5. Comparison of initial conditions of Columbia River valley blockage and blockage of upper Grand Coulee for each of the six scenarios 
tested in this report. The stage in Lake Missoula is at an elevation of 1265 m. Blockages of the Columbia River valley create a Lake Columbia in 
scenarios 1a, 1b, 3a, and 3b, and the existence of this lake interacts with the dam-break flow to create a seiche that influences flooding. The two 
scenarios with an open channel, 2a and 2b, have the longest route and produce the slowest floods and the lowest flood stages on their way from 
Spokane to Umatilla. The most rapid flows and highest stages occur with scenarios 1b and 3b. 
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Grand Coulee, but upper Grand Coulee is open and incised to 
its present depth. This scenario implies a low-level glacial Lake 
Columbia that still drains over the 471 m floor elevation of upper 
Grand Coulee.

Scenario 1b 
The Okanogan lobe is at its maximum extent and blocks 

the Columbia River valley, and rock or ice blocks upper Grand 
Coulee. The Grand Coulee blockage is high enough to produce 
a stage of 685 m for glacial Lake Columbia, based on the eleva-
tions of potential spillover terrain adjacent to the upper Grand 
Coulee channel. This condition forms the largest, most exten-
sive glacial Lake Columbia of all scenarios tested. The block-
age forces all flow through the Cheney Palouse and Telford tracts 
draining southwest into Quincy Basin and results in the shortest 
flood paths to Quincy and Pasco Basins. 

Scenario 2a 
The Okanogan lobe does not encroach into the Columbia 

River valley, which remains open. This scenario is supported 
by field evidence for large Missoula floods down the Columbia 
River valley (Waitt et al., 2009; Waitt, 2016) near Wenatchee, and 
it allows floodwater access to Moses Coulee. There is no glacial 
Lake Columbia. 

Scenario 2b 
As in 2a, the Columbia River valley is ice free, allow-

ing floodwaters access both to the Columbia River valley and 
Moses Coulee. In contrast to 2a, access to the upper Grand Cou-
lee channel from the Columbia River valley is blocked by rock. 
This assumes that the upper cataract in Grand Coulee has not yet 
eroded northward to the Columbia River valley. As for scenario 
1b, the divide crossing associated with upper Grand Coulee is 
reconstructed to be 685 m elevation. 

Scenario 3a 
Here, the Okanogan lobe blocks the Columbia River val-

ley west of Moses Coulee, but it allows floodwater to enter 
into Moses Coulee itself. This results in a smaller glacial Lake 
Columbia with a stage maintained by the 465 m floor elevation 
of upper Grand Coulee. 

Scenario 3b 
The Okanogan lobe blocks the Columbia River valley while 

rock blocks the upper Grand Coulee channel to an elevation of 
680 m. This topography forces glacial Lake Columbia to drain 
through Moses Coulee during a large Missoula flood.

RESULTS

The six scenarios described here create distinctly differ-
ent flood routings between Spokane and Pasco Basin that result 
in significant variations in the amount and rate of filling of 
Pasco and Umatilla Basins, as flood waters become temporar-

ily dammed by slow flow through Columbia River Gorge. The 
dynamics of depth-averaged flow in models for surface flow of 
water produced a consistent pattern: The longer flow paths across 
eastern Washington resulted in more area flooded between the ice 
dam and Pasco Basin and Umatilla Basin, and a longer time to fill 
these large basins.

For all scenarios catastrophic flooding of eastern Washing-
ton filled Pasco and Umatilla Basins at different rates, yet these 
rates were nearly a hundred times faster than the time to drain 
these great basins through Columbia River Gorge. Dynamic flow 
modeling clearly shows that Columbia River Gorge was the pri-
mary bottleneck in the entire flow path from the ice dam to the 
sea. As a result of its location in the entire drainage path, the lon-
ger it took to fill Yakima, Pasco, and Umatilla Basins, the more 
drainage there was through the Columbia River Gorge as these 
basins were filling, and the lower the maximum stage in these 
basins was for any given scenario. Of all six scenarios tested, 
scenario 1b filled Pasco basin the fastest and achieved the high-
est stages in all three basins (Fig. 6). Scenarios 2a, 2b, 3a, and 
3b had more channels open than scenarios 1a and 1b, had larger 
areas of inundation, and thus had lower water surface slopes and 
slower velocities. As a consequence, these latter scenarios filled 
Yakima, Pasco, and Umatilla Basins at the slowest rate (Fig. 7). 
The scenarios with the smallest inundation area and the shortest 
paths from Spokane to Columbia River Gorge (scenarios 1a and 
1b) produced the most rapid flooding and the highest simulated 
flood stages observed (Fig. 8). 

These differences in flooding for each scenario are sup-
ported by field data. When ice blocked the Columbia River val-
ley to form glacial Lake Columbia, a distinctive pattern of flood-
ing formed (Fig. 6), and this showed that a large glacial Lake 
Columbia would have resulted in inundation of the entire Telford 
scabland tract shown to have flooded in Figure 3. In the simula-
tions, the higher the ice blockage of the Okanogan lobe, the larger 
glacial Lake Columbia becomes, and the greater is the discharge 
into the Telford and Cheney Palouse scabland tracts when a Mis-
soula flood occurs. The largest flow through Telford tract, and 
the only one that fits all scabland scars indicated by the image 
in Figure 3, only occurred with the maximum blockage scenario 
1b. All other scenarios produced smaller glacial Lake Columbia 
volumes (Fig. 5) and did not produce flood stages high enough to 
flood all Telford scablands.

When the Columbia River valley was not blocked by the 
Okanogan lobe, the flood scenarios here formed another unique 
set of solutions. The two scenarios that have an open Columbia 
River valley channel, 2a and 2b, flooded the entire channel from 
Spokane to Wenatchee. Along this channel, flow southward and 
downstream at Wenatchee formed giant ripples on Pangborn bar 
at Wenatchee that cannot have been formed by more passive back-
flooding upstream as water backed up the Columbia River val-
ley channel from the south. Nearby erratics indicate a minimum 
floodwater stage of 490 m there (Table 1), but they do not distin-
guish direction of flow. Though flow solutions for 2b achieved a 
maximum stage of 455 m at Wenatchee, this value is still 35 m 
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below the field evidence given by erratics for the highest flood 
stage at Wenatchee (Table 1). Scenario 2a, with water diverted 
from the channel into an open upper Grand Coulee upstream, had 
a lower discharge at Wenatchee that simulated flood stages tens 
of meters lower across Pangborn bar than scenario 2b.

The other major difference between the open Columbia sce-
narios 2a and 2b is revealed by the flooding of Quincy Basin. As 
shown by the snapshot in Figure 8A, when upper Grand Cou-
lee is open (scenario 2b), Quincy Basin is already flooded from 
the east 23 h after dam break. If upper Grand Coulee is blocked 
(scenario 2a), then Quincy fills more slowly, fills later, and fills 
mainly from the west. Field evidence for both scenarios exists 
(Waitt, this volume), providing evidence that these two different 
initial conditions existed at the onset of different floods.

DISCUSSION

There are systematic differences between simulated maxi-
mum model stage and the maximum stage constrained by field 
data across the entire drainage area from Spokane to Pasco Basin. 
These differences not only support separate initial conditions for 
separate floods, but they also suggest that the volume of floodwa-
ters was enhanced during flooding. The field sites listed in Table 
1 are shown in Figure 9, along with their uncertainty in elevation, 
and the flooded contours of differences between the maximum 
stage obtained by any model at the nearest point to a field site and 
the maximum elevation of field data at that site.

Elevation errors in field data are random and have an approx-
imate Gaussian distribution relative to the elevations on the   

Figure 6 (Continued on following page). Scenarios 1a, 1b, 3a, and 3b at 23 h after dam break: (A) scenario 1a; (B) scenario 1b; (C) scenario 
3a; and (D) scenario 3b. All flood Telford scabland. Only scenario 1b produces the broad extent of scarring visible in the satellite image above. 
Flooding of Telford scabland tract requires that the Columbia River valley is blocked, and maximum flooding of Telford scabland only occurs 
when flow into upper Grand Coulee is blocked. 
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digital grid on which we simulated flooding. The digital terrain 
model used here has more precise topographic control, despite 
being a compilation of different spatial data, and it is far more 
accurate than the elevations obtained from field site locations on 
7.5 min topographic maps (regardless of how well the point is 
located on the map). A histogram of the differences between field 
site elevations and our digital terrain model is shown in Figure 
9B. The discrepancies approximate a Gaussian error model with 
a standard error of ~5 m, indicating that errors are random and 
that meaningful differences between model and field data for 
stage should be at least 10 m. Many of the model versus field 
stage discrepancies that we obtained from our model simulations 
are tens of meters at each field location (Table 1), indicating that 
these differences are significant.

Other sources of error include model errors and landscape 
modification during flooding. For model errors, the simulation 
of the Malpasset dam break (George, 2011), with precise timing 

and location of inundation recorded along the flow path, showed 
that model errors resulting from either the shallow-water flow 
approximation or the flow calculation method are insignificant 
relative to field errors for sudden release of a known volume from 
a dam. Erosion of the terrain, particularly during bulking by loess, 
is a significant source of inundation error in the Cheney-Palouse 
scabland, but we are calculating flow on the eroded terrain, so the 
error is included once erosion has occurred and substrate volume 
is incorporated into the floodwaters. The main effect of this bulk-
ing will be increased flood stages downstream of the locations 
where this erosion occurs.

There were systematic variations in the differences between 
our simulated model stages and elevations at the field sites across 
eastern Washington, increasing southwestward from Spokane to 
Pasco Basin (Table 1; Fig. 9C). Maximum model stages exceed 
the field evidence by 20 m to 30 m or more at Spokane and match 
field data along much (and probably all) of the northern reach 

Figure 6 (Continued). 
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of the Columbia River valley to the entrance of upper Grand 
Coulee, but systematically fall short of field-determined stages 
along the drainage paths (mainly in the Cheney Palouse and 
Telford tracts) toward Pasco Basin. Along other drainage paths, 
maximum model stages (relative to field data) are deficient by 
35 m at Wenatchee, and by at least 40 m in Quincy and Pasco 
Basins (Fig. 9C). These differences show that either additional 
sources of flood volume (such as incorporation of eroded loess) 
or another source of water other than glacial Lake Missoula con-
tributed to these floods. If these floods had been augmented by 
significant flow from a source farther north, as Shaw et al. (1999) 
suggested, then this combined flow would have had to pass north-
ern field sites where modeled flood stages exceeded maximum 
field-determined stages. Thus, our modeling results show that an 
additional glacial source of floodwater north of Columbia chan-

nel is not supported by this study. We consider two alternatives to 
supply excess volumes below.

Alternative sources of flow volume that can remove the 
model–field stage discrepancies are either release of glacial Lake 
Columbia during a Missoula flood, or bulking of floodwaters 
by windblown loess. For the first possibility, failure of the ice 
dam blocking glacial Lake Columbia could have been triggered 
by a rapidly increasing stage from a Lake Missoula dam break 
upstream. Our results show that a Lake Columbia ice-dam fail-
ure is the most likely source to explain the large negative model 
versus field stage discrepancies at Wenatchee. However, this sec-
ondary dam rupture flows mostly toward Wenatchee, and can-
not have produced the flooding that generates negative model-
field stage discrepancies across the Telford and Cheney-Palouse 
tracts. Somewhere along these tracts, the discrepancies between 

Figure 7. Scenarios 2a and 2b at 23 h after dam break: (A) scenario 2a and (B) scenario 2b. The two scenarios, in which the Columbia River val-
ley is open, are required to match the field evidence for high water and erosion of Pangborn bar, the giant point bar forming the big bend in the 
Columbia River at Wenatchee. Scenario 2a floods Quincy Basin from the east; scenario 2b floods Quincy Basin from the west. 
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Figure 8 (Continued on facing page). (A) All scenarios 72 h after dam break, when flooding in each scenario is close to 
maximum stage in the large basins of Pasco, Umatilla, and Yakima. The variations in flooding between scenarios result 
from variations in the route taken to these basins. Between 72 h and 80 h, the stage in each basin begins to decline. Com-
plete drainage of these basins through Columbia River Gorge takes many weeks.
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Figure 8 (Continued). (B) Variation in the rate of filling of Pasco and 
Umatilla Basins for each scenario tested, as determined with a model 
gauge location at Wallula Gap. Maximum stage is achieved first by 
scenario 1b at about 60 h, whereas 72 h is required for scenarios 1a, 
2a, 2b, 3a, and 3b. Compare these results with the different paths taken 
as shown in Figures 6 and 7.

Figure 9. (A) The topography of the 
drainage basin with the locations of field 
control points used in this study and list-
ed in Table 1. (B) Discrepancy between 
the field elevations and the elevations on 
the digital surface used to route floods. 
(C) Differences between the maxi-
mum model stage and the maximum 
field stage in an ensemble in which all 
scenarios are equally likely. All model 
flows exceed field evidence by more 
than 30 m near Spokane and along the 
Columbia River valley to the entrance of 
upper Grand Coulee, and values match 
indicators within Moses and Grand 
Coulees. However, all model flows are 
deficient by about 20 m at Pangborn bar 
at Wenatchee and are more than 40 m  
below high-water indicators down-
stream in Quincy and Pasco Basins. The 
erosion of loess, which creates the dark 
channel–light loess pattern in Figure 3, 
is the most likely volume source in the 
Telford and Cheney-Palouse scablands, 
but deficiencies near Wenatchee may in-
dicate release of glacial Lake Columbia. 
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the model and the field data reverse: Though model flood stages 
are higher than field data stages in Spokane, they are lower than 
field data stages in the lower Cheney Palouse and in Pasco Basin. 
The most likely volume source to reverse the more than +40 m 
model field discrepancies across the Cheney Palouse and Telford 
tracts is bulking of floodwaters by erosion and incorporation of 
thick deposits of windblown loess. 

Evidence for bulking of floodwaters by loess is represented 
by residual plateaus of loess, remnants left by passage of these 
floods (Fig. 2C). Windblown loess will be carried away by surg-
ing floodwaters as suspended load and will be kept in suspension 
nearly indefinitely by turbulence within the flow. Scabland scars 
surround each of the 35-m-high, teardrop-shaped islands of loess 
(Fig. 2C), and the shape and sculpting of each island indicate 
flow north to south during their formation. The eroded loess con-
tributed to large volumes of fine sediment deposits (~10–50 mm; 
Higgins et al., 1985) in slack-water areas such as Burlingame 
Canyon (Fig. 2D) and produced huge volumes of sediment off-
shore (Normark and Reid, 2003).

Only a fraction of the volume of loess eroded from the scab-
lands is sufficient to reverse our model versus field discrepancies 
along drainage paths between Spokane and Pasco Basin. The 
actual erosion will be calculated in subsequent work, but we tested 
to see if the volumes were sufficient to erase model-field stage 

discrepancies. The drainage paths for the most voluminous flows 
across the Cheney-Palouse scabland (scenario 1b) are shown in 
Figure 10. If a loess thickness of 35 m (Higgins et al., 1985) is 
assigned along the rust-colored flood channels in the Telford and 
Cheney Palouse scabland tracts in Figure 10, then removal of that 
loess volume bulks the flow and produces more flow volume. 
With our model flood, we removed all loess along a drainage path, 
and then we used this increased volume to determine the higher 
stage in Quincy and Pasco Basins. We found that removal of all 
loess in each channel in a single flood for scenario 1b would pro-
duce stage increases in both Quincy and Pasco Basins that greatly 
exceed our model versus field stage discrepancies. Only a fraction 
of the volume of eroded loess is needed to remove the model–field 
stage discrepancies. Though each flood may have eroded loess, it 
is likely that one of the largest early floods eroded the most loess 
and produced the model–field stage discrepancies observed. These 
stage increases from loess removal include subsequent drainage 
of the Quincy Basin volume into Pasco and Umatilla Basins. The 
windblown loess, in the highly turbulent floodwaters, could have 
been kept in suspension for weeks by these high-energy flows as 
turbulence was continuously regenerate by flow. Consequently, 
much of the eroded loess would have remained in suspension and 
been transported out to sea to form deposits observed on the sea-
floor (Normark and Reid, 2003). 

Figure 10. Consequence of removal 
of 35 m of loess from the rust-colored 
channels in a single flood will produce 
stage increases in Quincy and Pasco 
Basins that vastly exceed the deficien-
cies between observed stage and model 
stage, shown as yellow numbers here. In 
Pasco Basin, there is an increased vol-
ume as the suspended load in Quincy 
Basin drains into Pasco Basin, because 
this occurs in one day, whereas drain-
age of Pasco Basin takes weeks. These 
stage increases are two to three times 
that required to erase statistically sig-
nificant discrepancies between the field 
and model data in Quincy and Pasco 
Basins. However, the veracity of such 
drastic bulking needs to be tested with 
a dynamic model for erosion, transport, 
and deposition. Grid and terrain map 
produced with an Albers projection with 
a NAD 1983 reference. 
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CONCLUSIONS

Research on the Missoula floods has documented field data 
that were used to inform sophisticated depth-averaged flow 
models for these large floods. Here, we utilized a digital terrain 
model with a 185 m posting (points spaced equally at 185 m N-S 
and E-W), with existing large dams removed, and a continental 
ice sheet added to the topography of eastern Washington in late 
Wisconsin time. Field evidence shows both flooding of multiple 
channels and dozens of floods, yet all channels cannot have been 
occupied for any given position of the Cordilleran ice sheet ter-
minus up to its maximum extent. We constructed three Okano-
gan lobe conditions coupled with either an open or closed upper 
Grand Coulee to produce six representative scenarios, each with 
a different history of inundation. By comparing flood stages for 
each scenario with field data, we determined that: 

(1) The flood scars that are captured in detail on large-scale 
topographic maps (and also visible in Landsat images) 
in the Telford scabland tract require both the maximum 
extent and volume of glacial Lake Columbia and the 
maximum glacial Lake Missoula at the time that Pur-
cell Trench ice lobe impounding Lake Missoula failed. 
Failure of both a smaller blockage of the Columbia River 
forming glacial Lake Columbia and a smaller blockage of 
glacial Lake Missoula does not have the volume required 
to flood and produce all of the channel erosion observed. 

(2) Maximum flood stage indicated by ice-rafted errat-
ics near Wenatchee requires a dam-break scenario in 
which ice did not block the Columbia River valley, but 
in which the entrance into upper Grand Coulee was 
blocked, presumably by rock. This difference in channel 
blockage also would have affected subsequent flooding 
downstream: With upper Grand Coulee blocked, Quincy 
Basin floods first from the west, whereas if upper Grand 
Coulee is open, Quincy Basin floods first from the east. 
As there is field evidence for both flooding scenarios, 
two different initial conditions occurred during separate 
Missoula floods. 

(3) Each dam-break failure of Lake Missoula in the model 
floods drains eastern Washington over a period of three 
to four days, producing peak flood stages in Pasco and 
Umatilla Basins (including Wallula Gap) between 60 h 
and 72 h after a catastrophic dam break occurs. Flood-
waters are stored in Umatilla, Pasco, and Yakima Basins 
because drainage through Columbia River Gorge takes 
weeks. For scenario 1b, the flooding agrees both in inun-
dation patterns and timing with the previous study by 
Denlinger and O’Connell (2010). 

(4) Discrepancies between modeled flood stages and field 
evidence among various scenarios show that blockage of 
both the Columbia River valley by the Okanogan lobe 
and upper Grand Coulee by rock or ice is required to pro-
duce the highest discharge across eastern Washington, 
and gives the maximum modeled flood stages in Pasco 

and Umatilla Basins. This is a result of these blockages 
producing the shortest floodwater paths between Spo-
kane and Pasco Basin, which results in the most rapid 
drainage of eastern Washington. 

(5) Discrepancies between modeled flood stages and field 
evidence for maximum flood stages show a systematic 
variation north to south across eastern Washington: Model 
stages are consistently higher than field stages near Spo-
kane, about equal along the Columbia River valley from 
Spokane to upper Grand Coulee, and consistently much 
lower than field stages in Quincy and Pasco Basins and in 
Columbia River Gorge. Erosion of vast quantities of loess 
from the Telford and Cheney Palouse scabland tracts is 
a plausible source of increasing and systematic deficien-
cies in simulated flood volume as the floods traverse 
scabland tracts. Significantly, only a small fraction of this 
eroded sediment from these uplands is required to bulk 
model floods enough to eradicate model-field discrepan-
cies in Pasco Basin, but erosion of loess on these paths 
cannot explain the model versus field stage discrepancies 
at Wenatchee. Discrepancies in model versus field stages 
at Wenatchee suggest that concomitant dam failure of a 
large glacial Lake Columbia could have augmented some 
of these dam-break floods. 
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