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CONTEXT

A community achieves an elevated level of resilience when its risks are proactively
managed, it is adequately prepared for known and potential disaster events, and it
demonstrates an ability to recover after such events have taken place. To become
resilient, a community’s mitigation planners must first understand risks and ensure their
capacity to manage those risks.

Floods are the most commonly occurring natural hazard in Canada and account for the
largest portion of disaster recovery costs on an annual basis (Public Safety, 2022)
Mitigating flood risks is therefore key to increasing the resilience of affected
communities. By proactively investing in flood risk mitigation activities, a community
may improve its future growth and prosperity, reducing the risk of significant disaster
recovery costs, productivity losses, economic losses, destruction of non-monetary
cultural assets, environmental damage, injuries, and deaths.

Flooding is the temporary inundation by water of normally dry land and can occur on
marine and lake coasts, along rivers, and in low-lying areas. Flooding is caused by
extreme rainfall, rapid snow/ice/glacier melt, strong winds (storm surge and waves),
stream blockages from ice jams or debris, failure of engineering works including dams,
poor drainage characteristics, high groundwater levels, and other sources. Mapping that
accurately depicts flood hazards, including those impacted by future conditions due to
anticipated development or projected changes in climate, serves as the precondition for
mitigation activities and is therefore the first step to increasing community resilience
regarding flooding.

FEDERAL FLOOD MAPPING GUIDELINES SERIES

The Federal Flood Mapping Guidelines Series are resources to advance and
standardize flood mapping projects and activities in Canada. These guidelines address
each step of the flood mapping process and provide advice to individuals and
organizations in Canada that need to understand and manage flood hazards and their
consequences to communities.

FEDERAL FLOOD MAPPING TECHNICAL BULLETINS SERIES

The Federal Flood Mapping Technical Bulletins Series are intended to complement the
documents in the Federal Flood Mapping Guidelines Series. These bulletins cover
specialized subjects that may be discussed only briefly in the guideline series.

This technical bulletin, Geomorphic Considerations in Flood Hazard Mapping, describes
hydrogeomorphic processes. The document discusses the conditions under which
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hydrogeomorphic processes are applicable, and how they should be considered during
the flood hazard mapping process.
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1.0 INTRODUCTION

1.1 Objective

Flood maps are an integral resource for decision-makers tasked with the identification,
characterization, and management of flood-related hazards. Typical flood maps show
the potential inundation area during high flow events and may also show the intensity of
flooding using a combination of flow depths and velocities, indicating the potential
damage to infrastructure and threat to public safety. Flood maps are generally produced
using hydraulic models with varying resolution of topographic data depending on the
size of the study area. For steep creeks on alluvial fans, flood mapping may also include
composite hazard maps that show the combined probability of flood intensity across a
range of event frequencies (e.g., EGBC, 2023).

Existing flood mapping approaches often neglect the interactions between water and
sediment in the characterization of flood hazards. To bridge this gap,
hydrogeomorphology has emerged as an interdisciplinary science that focuses on the
interaction of hydrologic processes with landforms (Scheidegger, 1973; Sidle & Onda,
2004). Floods with sufficient magnitude to cause local landscape changes are referred
to as hydrogeomorphic floods, or hydrogeomorphic processes, because water (“hydro”)
and sediment (“geo”) are transported. Hydrogeomorphic processes can be broadly
characterized as clearwater floods, debris floods, or debris flows.

The amount of geomorphic change occurring during a single event varies with process
type, with the most geomorphic change typically occurring on steep creeks subject to
debris floods or debris flows, and the least on low-gradient meandering rivers subject to
clearwater floods. That is not to say that low-gradient rivers are static, but rather that
change in low-gradient rivers tends to occur progressively over time and in more
predictable locations. The way in which hydrogeomorphic considerations should be
incorporated into flood mapping therefore varies based on the geographic setting and
the dominant hydrogeomorphic processes within the watershed.

This technical bulletin provides guidance on when and how to consider geomorphology
in flood mapping. Hydrogeomorphic processes affect flood inundation and intensity
through changes to the flow density, blocking of river channels or culverts, and
increases or decreases in the riverbed elevation through deposition and scour. They
can also change the spatial distribution of flooding through changes in river size and
planform due to bank erosion or avulsion (the creation of a new channel) and reduce
the stability of hillslopes through slope undercutting.
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1.2 Document Structure

This technical bulletin is targeted at decision-makers commissioning and applying flood
mapping studies and technical practitioners carrying out the work. The document is
structured as follows:

Section 2.0 introduces the terminology discussed throughout the technical
bulletin and is recommended reading for anyone using this document.

Section 3.0 introduces hydrogeomorphic processes (i.e., clearwater floods,
debris floods, and debris flows) and describes ways to identify the dominant
process based on desktop and field assessments. It also discusses the broad,
generalized geographic distribution of these process types in Canada and the
ways they can affect flood mapping. This section is intended to support both
technical practitioners and decision-makers.

Section 4.0 provides a more detailed description of each hydrogeomorphic
process type, as well as guidance for technical practitioners about how to
consider these processes in flood mapping. The potential approaches are
presented at a high-level and practitioners can reference the cited references for
more detailed descriptions of appropriate methods.

Section 5.0 discusses the validity of flood maps and when mapping studies
should be updated. It also presents additional considerations related to future
changes in geomorphic processes related to climate change. This section is
intended for both decision-makers and technical practitioners.

1.3 Limitations

This technical bulletin is intended to highlight the importance of hydrogeomorphic
considerations in riverine flood mapping and to provide avenues for incorporating the
relevant processes. The following limitations should be considered when reading this
document:

The focus of this technical bulletin is on hydrogeomorphic processes as they
relate to flood mapping in a riverine setting.

The technical bulletin focuses on channelized flows and does not consider
hazards occurring on hillslopes (e.g., landslides), though it is recognized that
these hillslope processes often transition into channelized debris flows and
debris floods.

Geomorphic Considerations in Flood Mapping | 2
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e Debris flow considerations are also included in landslide mapping guidelines in
some provinces and territories. Readers should familiarize themselves with all
relevant guidelines for debris flow hazard mapping.

e The flood mapping guidelines do not address risk, which requires also
quantifying the vulnerability of infrastructure or the public.

o Different jurisdictions may use different terms for flood maps or for levels of
mapping. The terms defined in this document reflect generalized map products
and study scales.

Flood mapping and geomorphic analyses should be completed by qualified
professionals.

Geomorphic Considerations in Flood Mapping | 3
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2.0 TERMINOLOGY

This section introduces key terms that are used throughout the remainder of this
technical bulletin and are not currently defined within the Federal Flood Mapping
Guidelines Series documents:

Aggradation: Raising of the stream bed due to an excess of sediment supply relative to
sediment transport capacity. Aggradation occurs through deposition of sediment on the
riverbed.

Alluvial Fan: A fan-shaped landform deposited by a river where gradient and/or
confinement decreases leading to decreased sediment transport capacity. This
landform is more correctly called a colluvial fan or colluvial cone when formed by debris
flows, but for simplicity the term alluvial fan is used throughout this document
irrespective of process type.

Avulsion: Formation of a new channel outside of the existing channel boundaries
through a cutoff between meander bends, reoccupation of a previously abandoned
channel on the floodplain, or incision of a new channel on the floodplain or fan surface.

Bank Erosion: The removal of material along the channel banks leading to widening of
the river or a shift in the river location.

Clearwater Flood: Riverine flooding due to an excess of clearwater discharge from
rainfall, snowmelt, or other sources (e.g., dam release) that does not entrain sufficient
sediment to ‘bulk’ the flow.

Debris Flood: Floods involving exceptionally high rates of coarse bedload transport in
steep channels (typically 5% to 27% gradient). Debris floods are transitional between
clearwater floods and debris flows.

Debris Flow: A rapid, channelized flow of saturated debris containing fine-grained
sediment (i.e., sand and finer fractions). Due to their high sediment concentrations,
debris flows are similar in consistency to wet concrete. They are typically faster than
debris floods and have substantially higher peak discharges and impact forces than
either clearwater floods or debris floods.

Degradation: Lowering of the stream bed due to an excess of sediment transport
capacity relative to sediment supply.

Flood Intensity: A measure of the force associated with a clearwater flood, debris
flood, or debris flow. It is a proxy for the potential damage to infrastructure or threat to
safety and can be quantified based on the flow depth (d) and velocity (v) (e.g., I =

d x v? from Jakob, Stein, & Ulmi, 2011).
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Flow Bulking: The process by which rapidly flowing water entrains bed and bank
materials either through erosion or preferential “plucking.” In the case of debris flows,
bulking may entail entrainment of the entire loose channel debris.

Geomorphic Change: Changes to the landscape through the erosion, transport, and
deposition of sediment. In rivers this occurs through lateral changes (bank erosion and
avulsion) and/or vertical bed changes (aggradation and degradation).

Geomorphology: The study of landforms and landscapes and the processes that
create and change them.

Hydrogeomorphic Process: General term used to describe interactions between
water and sediment in a stream channel that result in geomorphic change. The main
hydrogeomorphic process types are clearwater floods, debris floods, and debris flows.

Reach: A section of a river with relatively consistent stream flow, gradient, bed material
size, confinement, floodplain characteristics, and morphology.

Geomorphic Considerations in Flood Mapping | 5
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3.0 HYDROGEOMORPHIC PROCESSES IN CANADA

Rivers alter landscapes through the erosion and deposition of sediment. These changes
can occur dramatically during a single flood event or progressively over time. Prior to
evaluating the impacts of geomorphology in a flood mapping study it is first necessary to
identify the dominant hydrogeomorphic process(es) as each process may be associated
with different magnitudes and timescales of geomorphic change. This section outlines
the three primary hydrogeomorphic process types, provides guidance on how to
determine the dominant process at a site, explores the geographic distribution of each
process in Canada, and outlines the main flood mapping considerations.

3.1 Hydrogeomorphic Process Types

Hydrogeomorphic processes can be divided into three main types: clearwater floods,
debris floods, and debris flows. Different hydrogeomorphic processes can occur within
the same system at different times. Clearwater floods can transition into debris floods,
for example, when the flow becomes powerful enough to transport all of the material on
the riverbed. Debris flows typically originate as landslides on steep slopes (>27%) with
high sediment concentrations but can become diluted as they travel downstream,
transitioning to debris floods or clearwater floods. This can occur through injections of
water by tributaries or as sediment is deposited leading to a decrease in sediment
concentration.

Most steep creeks (>5%) also experience different hydrogeomorphic processes during
different high flow events. For example, rivers classified as debris-flow prone may also
be subject to clearwater floods and debris floods during smaller, more commonly
occurring floods. In systems prone to debris floods or debris flows, these rarer, larger
magnitude events typically produce greater damage than more commonly occurring
clearwater floods.

Clearwater Floods

Clearwater floods are high flow events that have a low sediment concentration by
volume; although bedload may be transported, it is present in insufficient quantities to
‘bulk’ the flow. In low-gradient rivers, clearwater flooding can induce significant changes
in bed elevation through aggradation or degradation and contribute to bank erosion and
avulsion hazards. River stability is inversely related to gradient and sediment supply, so
the likelihood (and magnitude) of geomorphic change varies with both properties
(Church, 2006; Figure 3.1).
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Figure 3.1: Stream classification from Church, 2006.

Clearwater flooding can cause substantial inundation, as well as major geomorphic
changes and damage to infrastructure. The flooding on the Nicola River, Coldwater
River, and Coquihalla Rivers in British Columbia in November 2021 provides an
illustrative example. Clearwater floods resulting from an atmospheric river-related
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rainfall event washed out Highway 8 along the Nicola River in more than 25 locations,
requiring nearly a full year to re-open. Highway 5 (the ‘Coquihalla Highway’) was also
damaged in numerous locations, including seven bridge collapses (Figure 3.2), and
Highway 1 was closed for over a week due to inundation.

Road Washout and
Bridge Collapse

& 2021
. JEoldwater River, BC

Figure 3.2: Bridge collapse on Highway 5 due to erosion and scour on the Coldwater River in
November 2021. Photo credit: BGC Engineering Inc.

Debris Floods and Debris Flows

In mountainous terrain, rivers typically have higher gradients and more sediment supply
than in lowland rivers. These rivers are less stable (Figure 3.1) and incorporate
increasing amounts of sediment into the flow during large events, resulting in increased
sediment concentration (i.e., flow bulking). Depending on the watershed conditions,
these steep creeks may be subject to a spectrum of processes ranging, with increasing
sediment concentration, from clearwater floods to debris floods to debris flows

(Figure 3.3).
Debris floods most commonly occur in confined channels or on alluvial fans with

gradients exceeding 5% but can also occur on lower gradient gravel-bed rivers with
watershed areas up to several thousand square kilometers (Church & Jakob, 2020).
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Debris flows dominate in steeper channels (>27%) with smaller watershed areas
(typically <10 km?). Due to high sediment concentrations, debris flows can approach
consistencies similar to wet concrete. They are typically faster than debris floods and
have substantially higher peak discharges and impact forces. They are particularly
threatening to life and properties due to these characteristics. The peak discharge of a
debris flow can be one to two orders of magnitude higher than a 200-year clearwater
flood in the same river system (Jakob, 2005).
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Figure 3.3: Hydrogeomorphic process classification by sediment concentration, gradient, velocity, and morphology.
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Cougar Creek in the town of Canmore, Alberta provides an example of the potentially
damaging effects of debris floods (Jakob & Church, 2020). A debris flood initiated on
Cougar Creek during a multi-day rainfall event in June 2013. The peak discharge of the
event was estimated at 100 m3/s and approximately 90,000 m? of sediment was
deposited on the alluvial fan. The channel widened from approximately 6 m to 30 m (or
more) in a single day as riprap armouring was undermined and failed throughout the fan
(Figure 3.4). Numerous streamside buildings were damaged by foundation exposure
and undercutting.

Channel widening reduced the flow depth within Cougar Creek, thereby reducing the
force associated with the flow. As a result, several metres of sediment deposited on the
channel bed causing substantial aggradation. The high sediment yield blocked culverts,
redirecting streamflow along the Trans-Canada Highway. This led to undercutting and
failure of the highway (Figure 3.4).
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Figure 3.4: Cougar Creek on (a) 19 and (b) 20 June 2013, taken approximately a day apart at the
same location on the mid to upper fan, looking downstream (south). The average
width of the channel in the upper (a) photograph is approximately 6 m; in the lower (b)
image it has widened to approximately 30 to 60 m. c) The channel of Cougar Creek
after the debris flood downstream of the location of (a/b) with the blocked Highway 1
(‘Trans-Canada Highway’) crossing the lower fan. In this section, the active channel
widened up to 90 m. Photo credits: Town of Canmore.

3.2 Steep Creek Watersheds and Fans

Prior to characterizing the effects of hydrogeomorphic processes in a flood mapping
study it is necessary to determine which process types are possible within a watershed.
Steep creek watersheds that experience debris floods and debris flows have distinct
landforms that aid in their identification. These watersheds typically consist of hillslopes,
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small feeder channels, a main channel, and an alluvial fan composed of deposited
sediments at the lower end of the watershed (Figure 3.5).

At the watershed scale, distinct zones of sediment production, transfer, erosion,
deposition, and avulsion may be identified (Figure 3.5). In mid- to upper-reaches, steep
mountain slopes deliver sediment and debris to the main channel through various mass
movement mechanisms (i.e., rock fall, rock slides, debris avalanches, debris flows,
slumps, and raveling). These sediments are then transferred downstream by clearwater
floods, debris floods, and debris flows during high flow events. Debris floods and debris
flows characteristically gain momentum and sediment as they move downstream until
they spread across an alluvial fan where the channel enters the main valley floor. Here,
momentum is lost through a decrease in confinement and reduced channel gradients,
resulting in sediment deposition.
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Figure 3.5: Schematic diagram of geomorphic processes in a steep river watershed. The alluvial
fan provides sediment storage over a time scale of thousands of years. Sketch
developed based on Schumm (1977), Montgomery and Buffington (1997), and Church
(2013).

An alluvial fan is a depositional landform at the outlet of a mountainous watershed. As
alluvial fans are formed through deposition, they are dynamic and potentially very
dangerous (hazardous) landforms that show the approximate extent of past and future
hydrogeomorphic processes. The episodic nature and relative rarity of large events on
some alluvial fans contributes to their danger, as infrastructure and residences are often
constructed on alluvial fans in the interval between large events.

Stream channels on a fan are prone to avulsions, which are rapid changes in channel
location, due to natural cycles in alluvial fan development and from the loss of channel
confinement during debris floods and debris flows (e.g., Kellerhals & Church, 1990; van
Dijk et al., 2009; 2012; de Haas et al., 2018) (Figure 3.6). If the alluvial fan is formed at
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the edge of a still water body (lake, reservoir, ocean), the alluvial fan is termed a fan-
delta. These landforms differ from alluvial fans in that sediment deposition at the margin
of the landform occurs in still water, which promotes the deposition of sediment due to a
backwater effect (i.e., the ponded water downstream reduces the river gradient and
sediment transport capacity of the flow). The magnitude of the backwater effect is
sensitive to the water elevation in the downstream water body; when water level is high
the backwater effect is magnified and the frequency and possibly severity of upstream
aggradation (and avulsions) increases (van Dijk et al., 2009; 2012).

F'alenfan Surface

Avulsion Channel

Figure 3.6: Schematic of a steep creek channel with avulsions downstream of the fan apex. The
paleofan surface represents the portion of the fan that was deposited in the distant
past and is no longer accessible to the present-day river.

3.3 Hazard Process Identification

If the watershed under consideration in a flood mapping study contains mountainous
terrain and landforms indicative of debris floods or debris flows, differentiating between
the dominant hydrogeomorphic processes is a critical next step. The dominant
hydrogeomorphic process type can be evaluated based on two factors: (1) the
characteristics of the watershed, and (2) the nature of the sediment deposits.

Watershed Characteristics

Wilford et al. (2004) presented a diagram for distinguishing between hydrogeomorphic
processes based on the stream length and ‘Melton Ratio’ of the drainage basin.
Figure 3.7 shows a version that has been subsequently refined with larger datasets by
Holm et al. (2016), Lau (2017), and unpublished data at BGC Engineering Inc. The
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Melton Ratio is related to the total relief (H), or difference in elevation between the
highest and lowest points in the watershed, and the watershed area (4) (i.e., M =

H/V/A). It essentially provides a measure of the steepness of the watershed.
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Figure 3.7: Dominant hydrogeomorphic processes as a function of Melton Ratio and stream length. The grouping of classes as shown in

the shaded polygons is based on judgement. Many creeks/rivers are also subject to more than one process.
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Although there is significant overlap between processes in Figure 3.7, the diagram
provides a preliminary method for assessing whether a process has the potential to
occur within a watershed. In a steep watershed with a Melton Ratio of 0.8, for example,
a river with a relatively short upstream length of 0.2 km is likely to be primarily
susceptible to debris flows while a river with an upstream length of 5 km may be
susceptible to debris flows and debris floods.

Sediment Deposits

Follow-up field work is often needed to confirm the active hydrogeomorphic processes
at a given location. Table 3.1 provides a summary of characteristics that can be
observed in the field and used to identify debris flows, debris floods, and clearwater
floods.

While debris flow deposits may either remain entirely unsorted or exhibit inverse grading
(i.e., increasing grain size toward the top of the deposit), debris flood deposits are
sorted and imbricated, or aligned in the direction of the flow, like ‘normal’ clearwater
flood deposits. Debris flows are also distinctive in that they are matrix-supported (i.e.,
dominated by finer-grained material containing clasts) and often deposit levées along
their margins and boulder lobes at the front of their deposits.

Debris floods are transitional between clearwater floods and debris flows, and it can
therefore be challenging to differentiate different debris flood events from other process
types. Although debris flood deposits resemble flood deposits in some ways (e.g., clast-
supported sediments with normal grading), the sand content in debris flood deposits is
usually much higher than in clearwater flood because of how fast these sediments are
deposited, resulting in less effective sorting (Blair & McPherson, 1994). Like debris
flows they may also contain paired terraces and buried or impact-scarred vegetation,
but they typically do not have well-defined boulder deposits or inverse grading.
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Table 3.1: Sedimentary and geomorphic characteristics for different hydrogeomorphic process

types.
Sediment or Geomorphic Clearwater Debris Debris Flows
Characteristic Floods Floods
Matrix-supported deposit stratigraphy No Rarely Yes
Clast-supported deposit stratigraphy Yes Often Rarely
Inverse grading of deposit No No Yes
Clast imbrication (i.e., grains aligned in .
the direction of the flow) Usually Sometimes No
Sometimes, but
Defined boulder deposits at front of N W'tt)h Iesds s.harp Y
deposited lobe ° ounaaries es
than for debris
flows

Boulder levées at edges of deposit No No Yes
Terraces on both sides of the channel at lOr.1Iy .'f lstrelam

S ” is incising into Often Rarely
the same elevation (“paired terraces”) .

alluvial bed

Buried vegetation Sometimes Yes Yes
Impact-scarred riparian vegetation Rarely Often Yes
Fine-grained overbank deposits Usually Sometimes Rarely
Channel gradient (watershed) Typically <27% | Typically <27% | Typically >27%
Channel gradient (fan) <5% 510 9% > 9%

3.4 Geographic Distribution of Process Types

As the dominant hydrogeomorphic process type varies with river and fan gradient, as
well as other factors like sediment supply, it is possible to broadly characterize
susceptible areas based on topography alone. Figure 3.8 shows the high-level
distribution of areas susceptible to debris floods and debris flows in Canada based
simply on gradient. Given that clearwater floods can occur on any river gradient, they
occur throughout Canada. As Figure 3.8 only shows broad geographic trends, it is
important to complete a more detailed assessment to identify all relevant
hydrogeomorphic processes upon initiation of a flood mapping study using the methods
described in Section 3.3.
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Figure 3.8: High-level overview of geographic distribution of debris flood- and debris flow-prone areas in Canada based on topographic
gradient from a 1 km resolution digital elevation model.
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3.5 Mapping Considerations

Once the dominant hydrogeomorphic process has been identified within a study area, it
is necessary to consider the ways in which the related geomorphic processes can
impact a flood mapping study. Sediment erosion, transport, and deposition can
influence flood mapping in three broad ways: by increasing the density of the flood
water, by blocking flow paths with sediment or large woody debris, and by changing the
landscape over which the water flows. Table 3.2 summarizes the relevant mapping
considerations for each hydrogeomorphic process.

Table 3.2: Overview of geomorphic considerations in flood mapping for each hydrogeomorphic
process. The ‘+’ symbols represent the relative importance of each mapping
consideration.

Dominant

Hydrogeomorphic Process Location Mapping Consideration

Clearwater Floods
Sediment/large woody debris blockage (+)

| :\‘Ou Low-Gradient Aggradation (+)
"\\\\ Floodplains and | Degradation (+)
B N Alluvial Fans | Bank Erosion (+)
CNE Avulsion (+)
A

Debris Floods
7 Flow bulking (+)

Moderate Sediment/large woody debris blockage (++)
Gradient Aggradation (+++)
Floodplains and | Degradation (++)
Alluvial Fans Bank Erosion (+++)

Avulsion (++)

Debris Flows
Flow bulking (++)

T e Sediment/large woody debris blockage (+++)
N Steep Alluvial | Aggradation (+++)
Fans Degradation (++)
Bank Erosion (++)
Avulsion (+++)
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4.0 GUIDELINES FOR HYDROGEOMORPHIC HAZARD
MAPPING

4.1 Clearwater Floods

4.1.1 Process Description

Clearwater flooding occurs on low-gradient alluvial fans and floodplains (e.g., channel
gradient <5%) where the mobilized sediment does not significantly bulk the flow.
Clearwater floods can also occur in higher gradient rivers prone to debris floods or
debris flows in the time between larger events, when sediment is recharging after being
scoured and transported away. However, as these clearwater floods have smaller
discharges and are less erosive than their bulked counterparts, they typically do not
govern flood hazard magnitude (or risk) in steeper settings.

Clearwater floods can cause lateral changes (i.e., bank erosion and avulsion) or vertical
changes (i.e., aggradation and degradation). The distribution of change depends on the
relative erodibility of the riverbed and banks (e.g., Millar, 2005; Eaton, Millar, &
Davidson, 2010), as well the balance between sediment supply and transport capacity
within the reach. A gravel-bed river with non-cohesive banks may preferentially erode its
banks, as they are more erodible than the armoured bed, whereas a sand-bed river with
cohesive clay banks may be more likely to erode vertically. Each process can have
important considerations in mapping, as described below.

Bank Erosion

Floods exert high shear stresses on the riverbed and banks, often leading to erosion of
the banks and a change in the river size or position. Bank erosion occurs through two
main mechanisms: (1) erosion at the outside of a meander bend leading to its outward
growth over time, and (2) sudden widening during a flood event (Figure 4.1). The ‘type’
of erosion a river experiences varies primarily based on its morphology and setting but
may also be influenced by flood magnitude.
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Figure 4.1: Overview of (a) progressive erosion and meander migration on a meandering
sand/silt-bed reach of the Beaver River in Saskatchewan, contrasted with (b) channel
widening in a meandering gravel-bed reach of the Nicola River in British Columbia
following an extreme flood in November 2021. Over time the exposed bars will re-
vegetate, narrowing the Nicola River back toward the pre-flood width. Photo credit: (a)
ESRI world imagery, (b) Urban Systems

Low-gradient meandering rivers typically transport fine bedload material (e.g., sand)
with much of their sediment transported in suspension (Church, 2006). During floods,
the fine suspended sediment (i.e., silt and clay) accretes onto the riverbanks, providing
bank cohesion and allowing fine-bed rivers to develop a highly sinuous planform with a
deep and narrow geometry. Bank erosion in these low-gradient rivers is concentrated at
the outside of meander bends as the toe of the bank is undercut where shear stresses
are highest, leading eventually to failure of the cohesive material above (Eaton, 2006;
Darby et al., 2010). Erosion is roughly balanced by deposition of eroded material in
point bars along the inside bank of downstream bends, enabling the river to maintain a
consistent width while migrating across the floodplain (Church, 2006; Fuller, 2007;
Olson, Legg, Abbe, & Reinhardt, 2014).

In low-gradient rivers, meander bends typically extend outward and migrate
downstream (e.g., Figure 4.1a) within a meander belt defined by the outermost points of
existing meander bends (Olson et al., 2014). This process of meander extension and
migration is often progressive over years or decades but can also be punctuated in time
during large flood events through mass failure when a slab of bank material is undercut
by erosion of the bank toe (Darby et al., 2010). In general, these low-gradient fine-
grained rivers tend to be more laterally stable than their coarser counterparts

(Figure 3.1), with erosion occurring in predictable locations.

Higher gradient rivers typically transport coarser bedload and often have gravel- or
cobble-sized bed material. These systems have lower bank cohesion as they do not
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deposit fine clays and silts during floods and therefore adopt a wider and shallower
channel geometry (Church, 2006). Large flood events may also cause sudden widening
as the channel adjusts to convey additional flow through entrainment and erosion of the
non-cohesive bank material (Figure 4.1b). This geomorphic change is often realized
during a single flood as the resisting force of the bed material is exceeded, leading to
large-scale bed mobilization and destabilization (Langendoen & Simon, 2008; Pitlick,
Marr, & Pizzuto, 2013; Eaton, Mackenzie, Jakob, & Weatherly, 2017).

Channel Bed Aggradation & Degradation

Channel aggradation and degradation reflect a general raising or lowering of the
channel bed due to an imbalance between the transport capacity of the river and the
amount of sediment supplied (Church, 2015) (Figure 4.2). Aggradation and degradation
can be triggered by a variety of natural and human-caused disturbances to a watershed
(Figure 4-3). Obstructions such as dams are a common cause of downstream
degradation, as they reduce sediment supply to downstream reaches (Brandt, 2000;
Williams & Wolman, 1984). Conversely, reaches upstream of a dam may aggrade
because of an increase in base-level at a reservoir inlet (Evans, Huxley, & Vincent,
2007).

The severity of the channel response to a fluctuation in sediment supply and/or
transport capacity generally decreases with distance from the initial disturbance but can
propagate for hundreds of kilometers upstream or downstream (e.g., Andrews, 1986).
Degradation and aggradation may persist for decades or longer (e.g., Weatherly &
Jakob, 2014); many major rivers in Canada are still degrading into thick deposits of
glacially-deposited material in response to isostatic rebound associated with the
removal of the ice sheets following the last glaciation 11,000 years ago (Ashmore, 1993;
Church, Ham, Hassan, & Slaymaker, 1999). Despite the potentially long time scale for
adjustment, the rate of bed change is typically fastest immediately after the perturbation
and decreases over time.
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Figure 4.2: Diagram demonstrating the balance between sediment supply and transport capacity
in a river. Schematic adapted from Stein et al. (2012) based on concepts from Lane
(1954), Rosgen (1996) and Federal Interagency Stream Restoration Working Group
(1998).
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Figure 4-3. Example trigger mechanisms driving degradation and aggradation in rivers.

Geomorphic Considerations in Flood Mapping | 24



Federal Flood Mapping Technical Bulletins Series

Avulsion

Rivers can change their course during floods, carving a new flow path or occupying an
active or abandoned side channel in the floodplain. This process, termed avulsion,
involves a combination of flood inundation and vertical erosion. Avulsions occur mainly
through cutoffs between meander bends in high-sinuosity, low-gradient meandering
rivers, and through side channel creation or reoccupation in wandering or braided rivers
(Konrad, 2012) (Figure 4.4). Regardless of the mechanism, avulsions tend to occur
within the limits of historical river migration (Olson et al., 2014).

Meander cutoffs in low-gradient rivers occur in response to gradual bank erosion at the
outer bank of meander bends (Figure 4.4). Over time the outward growth of meanders
leads to an increase in channel sinuosity. As the river length increases relative to the
valley length, the channel gradient and erosive capacity of the flow both decline. When
the gradient of the potential cutoff path becomes high enough relative to the gradient of
the meander bend, an avulsion will occur as the river abandons the parent channel and
follows a new, shorter and steeper path between meander bends (Slingerland & Smith,
2004). Meander bend cutoffs can occur as either neck cutoffs or chute cutoffs. Neck
cutoffs occur when two meander bends intersect because of erosion on successive
bends, while chute cutoffs involve the formation of a new channel on the floodplain
between two meander bends (Figure 4.4).

Channel switching in steeper gradient rivers involves the same processes as a chute
cutoff between meander bends: the river carves a new path on the floodplain or
occupies an active or abandoned side channel. However, this process can also occur in
the absence of meander bends, especially in laterally active wandering or braided
reaches. The large sediment deposits present in wandering and braided reaches, as
well as the shallow and wide geometry associated with these morphologies, promote
overbank flow and the formation of new channel paths (Desloges & Church, 1989)
(Figure 4.4). Channel avulsions are therefore common in aggrading environments
characterized by high sediment supply such as alluvial fans.

Ice Effects

Geomorphic change can also occur through mechanical scouring of the riverbed and
banks by ice or through fluvial erosion during releases of ice-dammed flow. Ice jams are
relatively common on Canadian rivers, with the eastern and northern regions of the
country being generally more prone to ice jam events than western provinces (Rokaya,
Budhathoki, & Lindenschmidt, 2018). Ice jams can impact river morphology both during
the passage of the ice jam release wave during breakup of the jam and associated ice
run (Beltaos, 2007, 2008). During a release, abrupt drops in upstream water levels can
also lead to bank failures resulting from a sudden decrease in pore pressures (Beltaos,
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2008). The factors involved in the formation of ice jams and the magnitude of flood
events associated with their breakup are often extremely variable (Pawlowski, 2020).
These complexities indicate that changes to river morphology as a result of a breakup
event are generally unpredictable.
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Figure 4.4: Typical avulsion types at various length scales, after Olson et al., 2014. Photo credits:
(a) Google Earth, September 24, 2014; (b) Ecoscape Environmental Consultants Ltd,
October 18, 2021; (c) Google Earth, December 12, 2021; (d) Google Earth, May 6, 2014.
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4.1.2 Geomorphic Characterization

The nature and intensity of clearwater geomorphic processes occurring within a study
watershed or reach govern both the analysis methods that should be used and mapping
products that should be developed. The first step when incorporating geomorphic
considerations into flood mapping is to identify the relevant geomorphic processes
within the study area. Air photos, satellite imagery, or other high-quality imagery can be
used to assess changes in the watershed and study area over time. At the coarsest
scale, this may involve simply looking at historical imagery to identify changes in the
river location or channel pattern, as well as sources of sediment supply within the
watershed. In a more detailed study, or in cases where significant river change is
identified, a practitioner may wish to map and quantify changes over time by
georeferencing historical air photos and delineating the location of the riverbanks in
each imagery year.

Given the subijectivity inherent in a historical assessment, it is recommended to develop
standard protocols to be used in the study to ensure consistency between practitioners,
or to have a single practitioner complete the historical data review. Protocols may
include standardizing the number of control points to use for georectifying, the scale of
air photos to include, and the process for delineating the riverbanks (e.g., at the edge of
vegetation at a defined scale). The required scale of the imagery will vary based on the
river size, but in general the river should be clearly visible in the imagery. Photos with
poor resolution or shadows should be avoided to reduce the error associated with the
analysis. It is recommended that practitioners use as long a record as possible; air
photos are available from at least the 1950s onward in most parts of Canada. In some
locations air photos can also be supplemented with earlier maps that show river
locations or land parcel boundaries.

Lidar data is becoming increasingly available and affordable and can also be used to
identify landforms that indicate past river migration (e.g., oxbow lakes or abandoned
channels) as well as sediment sources (e.g., landslides). Digital elevation models
(DEMSs) generated from lidar data can be used to create relative elevation models
(REMSs) that show the floodplain elevation relative to the river elevation, as shown in
Figure 4.5, and provide evidence of the lateral extent of historical migration (see Olson
et al., 2014 for detailed methods).
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Figure 4.5: REM showing the elevation of the valley bottom relative to the Athabasca River and Sakwatamau River elevations.
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Landforms visible in lidar can be used to indicate whether a reach is aggrading or
degrading. The presence of river terraces in a valley, for example, indicates that the
river has or is currently undergoing a period of degradation. Some channels may have
published aggradation or degradation rates due to the impacts they may have on
existing infrastructure, such as bridges, and can be used to characterize the rate of the
observed vertical change. Similarly, data from hydrometric station rating curves can be
leveraged to quantify trends in bed elevation (e.g., Stover & Montgomery, 2001).

Where multiple lidar datasets are available, change detection can also be used to
quantify changes in the riverbed elevation through aggradation or degradation, to
monitor the upstream progression of knickpoints, and to identify bank erosion, avulsion,
or hillslope failures occurring between the lidar datasets (Figure 4.6). Bathymetric
surveys from two or more years can also be compared to quantify channel changes.
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Figure 4.6: Lidar change detection between datasets from April 2018 and December 2021 on the

Nicola River in BC. Blue colours indicate negative vertical change and red colours
indicate positive change.

4.1.3 Modelling and Mapping Methods

Flood mapping typically relies on hydraulic modelling, completed using hydraulic
software packages such as HEC-RAS (Brunner & CEIWR-HEC, 2021), to simulate flood
inundation extent, flow depths, and velocities. Although flow bulking is not a concern
during clearwater floods, sediment deposition may warrant consideration; sediment,
large woody debris, and other debris can block flood infrastructure (e.g., culverts,
bridges) or river channels, increasing flood depth through a backwater effect or raising
the riverbed elevation. Erosion and avulsion can also shift the location or size of the
river, changing the hydraulics in a floodplain.

Depending on the objectives of the mapping study and the relevant hydrogeomorphic
processes in the reach, it may be warranted to model multiple flood scenarios for each
flood discharge. Examples of potential scenarios include:
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e Culvert blockage: this can be modelled by simply removing culverts from a
hydraulic model, which is effectively equivalent to full blockage as a backwater
will develop and the flow will adopt a new path.

e Aggradation: this can be simulated by raising the riverbed elevation throughout
the study area or in local areas where aggradation is anticipated during a single
flood event or gradually over time (e.g., based on historical aggradation rates). In
the case of clearwater floods, this can be especially important in locations where
protective works are present (e.g., dikes) as progressive aggradation reduces
freeboard, potentially resulting in overtopping or breaching of flood infrastructure.

e Degradation: similar to aggradation, this can be simulated by lowering the
riverbed elevation. Although degradation will likely reduce flooding extents, it may
increase the erosive capacity of the flow due to increased confinement,
potentially increasing bank erosion and slope failures. These processes should
be considered separately as they are not adequately captured by hydraulic
models.

e Auvulsion: if a potential avulsion path has been identified based on existing side
channel locations or a REM, the model terrain can be adjusted to reflect the
predicted future alignment (e.g., by ‘burning in’ a new main channel into the
terrain and/or infilling the existing main channel).

e Bank erosion/widening: this can be modelled by adjusting the terrain to reflect the
predicted widened geometry of the river.

The model adjustments presented above should be used to compare hypothetical future
scenarios, not to predict exact hydraulics, as avulsion locations and erosion extents are
difficult to predict based on flood magnitude alone. In studies where hazard probabilities
are quantified, a probability of occurrence can be assigned to each modelled scenario;
the probability will likely vary with flood magnitude in most cases (e.g., the probability of
culvert/bridge blockage increases in larger floods while the probability of the unblocked
flow scenario decreases). Sensitivity testing is also recommended to assess the
sensitivity output to the scenario values (e.g., aggradation depth) and the scenario
probabilities.

In cases where erosion or avulsion pose a hazard they may warrant consideration in
separate hazard maps. Erosion or avulsion hazard mapping involves identifying areas in
a valley or on a fan that are susceptible to river migration (i.e., avulsion or bank
erosion). This should be considered where there is potential for significant lateral
change in a single event, or where there is potential for substantial cumulative,
progressive changes over the time horizon considered in the mapping study.
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Most erosion and avulsion mapping methods employ some combination of the following
approaches: (1) identifying the active area around the river, (2) characterizing erosion
magnitude to define a setback distance or hazard severity, and (3) adding an additional
setback to account for uncertainty or access requirements. Which components a study
should include, as well as the preferred approach and level of detail, will depend on the
study objectives and geomorphic setting. Simpler approaches like defining a standard
setback distance or defining the setback distance based on some characteristic
discharge have been used in the past (e.g., Simons, Li, & Associates, 1996 in FEMA,
1999) but are not recommended in laterally-active rivers as they do not account for
differences in sediment supply or lateral stability between different settings (e.qg.,

Figure 3.1).

The active area around a river can be delineated most simply by defining the meander
belt, a corridor that includes the full extent of all meander bends within a reach

(Figure 4.7) (e.g., Parish Geomorphic, September 27, 2001; Rapp & Abbe, 2003). Other
more robust methods involve defining the historical migration zone (HMZ) of the river,
also sometimes called the modern valley bottom (MVB) (e.g., Piégay et al., 2005; Olson
et al., 2014). The HMZ (or MVB) includes all areas that have been historically occupied
by the river based on an air photo analysis or landforms visible in lidar and can most
easily be identified by creating an REM of the valley bottom or fan (especially in
wandering or braided rivers). Olson et al. (2014) provide detailed methods for creating
REMs and delineating the HMZ.
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Middteten NS

Figure 4.7: Example of a meander belt on the Annapolis River in Nova Scotia. Belt width varies
with meander amplitude and Reach 1 has a wider meander belt than Reach 2. Photo
credit: ESRI World Imagery, October 12, 2019.

The approach used to characterize the future erosion magnitude (and/or erosion
setback) will depend on the channel pattern — and lateral stability — of the river within
the study area. In the case of some low-gradient meandering rivers that are subject to
slow progressive erosion, it may be sufficient to define the potential erosion zone based
on the width of the meander belt or the bankfull width. For example, some guidelines
have recommended defining a ‘meander belt allowance’ based on a set number of
bankfull widths from the centre of the meander belt, or by adding a single meander belt
width to the outside of the existing meander belt (e.g., Ontario Ministry of Natural
Resources [OMNR], 2002). These approaches do not explicitly consider the historical
rate of lateral migration and should therefore be used with caution.

In laterally active rivers it is recommended to use more robust methods to predict the
location and extent of erosion. Future erosion can be estimated by projecting forward
the observed historical rate of erosion over a defined time horizon, while avulsion
hazard areas can be defined based on REMs or hydraulic modelling (e.g., Olson et al.,
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2014). This approach is most appropriate in meandering rivers experiencing progressive
erosion. Cellular-based approaches have also been proposed that predict the location
of future erosion based on the relationship between river characteristics and past
erosion locations (Graf, 2000; Le Cozannet et al., 2020).

In some cases, an event-based erosion magnitude may be needed to account for the
probability of erosion within an area during a given flood. In rivers with cohesive banks,
event-based meander bend erosion can be modelled using the Bank Stability and Toe
Erosion Model (BSTEM), which simulates fluvial entrainment of the bank toe followed by
slab failure over the overlying cohesive bank material and can be run through HEC-RAS
(1D only) or independently in Excel© (see Simon, Pollen-Bankhead, & Thomas, 2011
for a detailed explanation of the model).

In gravel-bed rivers the bed and bank stability are believed to be governed by the
stability of the coarse fraction of the bed material; when the coarse tail of the bed
material (e.g., Dg,) is mobilized the river becomes unstable and widening progresses
until the coarse material re-deposits (Eaton, Mackenzie, & Booker, 2020). Widening in
gravel- or cobble-bedded rivers with non-cohesive banks can therefore be estimated
based on flood hydraulics and grain size using the methods presented in Jakob et al.
(2022).

When predicting the location or magnitude of future erosion it is important to consider
the soils and geology within the erosion hazard area. Erosion is unlikely to progress into
areas containing bedrock and will be slowed by less erodible surficial material such as
basal till or colluvial fan deposits, relative to the historical erosion observed in areas
containing floodplain or glaciofluvial deposits. High terraces of typically erodible material
may also experience less erosion than anticipated because of the larger volume of
material present (Bufe et al., 2019).

When determining setback distances or erosion allowances, it may be necessary to add
an additional allowance for slope failure and/or other considerations such as access
requirements. While high terraces may limit the progression of erosion at the observed
historical rate, undercutting of the toe may cause hillslope failures that have the
potential to impact infrastructure at the top of the slope. In such cases a geotechnical
setback should be considered and will vary based on the slope geometry, soil
composition, and failure mechanism (e.g., Olson et al., 2014). An additional setback
may also be needed for emergency or construction access (e.g., 6 m according to
OMNR, 2002).

Erosion and flood protection measures should also be considered, where present.
Although these measures (e.g., riprapped dikes) may limit or prevent erosion during
most flows, they can also fail during flood events, especially if armouring is undersized
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or poorly placed or if the flood magnitude exceeds the design event. In detailed studies
where flood protection infrastructure is present it may be warranted to evaluate the
stability of the works during a range of floods (e.g., by comparing modelled velocities to
riprap sizing) or to simulate breaches in the protective works.

4.2 Debris Floods

4.2.1 Process Description

Within the past 20 years (Hungr et al., 2001; Wilford et al., 2004), the English term
‘debris flood’ has come into use to describe severe floods involving exceptionally high
rates of coarse bedload transport in steep channels, relative to the rates observed
during clearwater floods. Debris floods typically occur on rivers with channel gradients
between 5% and 27% but can also occur on lower gradient gravel-bed rivers.

Bedload transport in gravel-bed rivers has been characterized in three stages (Carling,
1988; Ashworth & Ferguson, 1989). In stage 1, fine material (typically sand) overpasses
a static (i.e., stable) bed or is mobilized by winnowing from an otherwise static bed.
Streamflows are insufficient to mobilize the bed material at this stage. In stage 2,
bedload transport occurs at low rates with individual clasts mobilized from the bed
surface. This state is defined as “partial transport” by Wilcock and McArdell (1993) and
most of the bed remains stable. In stage 3, the entire streambed becomes mobile, and
activity may extend to a depth of several median grain sizes below the surface as the
result of momentum transfer by grain-grain collisions. A debris flood is then a case of
stage 3 transport. Debris floods are two-phase flows, with ‘clear water’ or water with
substantial suspended sediment load, overlying a slurry-like flow containing a high
concentration of bed material, the finest fractions of which may be suspended (Manville
& White, 2003). Debris floods are relatively rare because stage 3 transport is rare in
gravel-bed channels.

Church and Jakob (2020) developed a three-fold typology for debris floods, which had
previously not been well defined. The three types hinge upon the triggering
mechanisms, but in all cases full bed mobilization is triggered by the exceedance of a
critical force acting on the bed:

e Type 1: a debris flood occurs gradually in association with a storm hydrograph
and the concomitant increase in flow depth and shear stress (i.e., stage 3
sediment transport).

e Type 2: a debris flood develops abruptly through dilution from a debris flow in
which the flow mechanics switch from visco-plastic to Newtonian.
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e Type 3: a debris flood initiates through the collapse of a moraine, ice, landslide,
beaver or artificial dam. Additional details of Type 3 debris floods are provided in
Jakob, Clague, and Church (2015).

While large-scale bed mobilization and bank erosion are all expected outcomes, each
debris flood process type will result in different volumes of debris being generated,
different discharges, sediment concentrations, and scale of bank erosion (Table 4.1).

Table 4.1: Debris flood typology and associated characteristics (after Church and Jakob, 2020).
Typical Qmax Factor
Typical Sediment (i.e., maximum Typical Return

Term Concentration discharge relative Period

(% by volume) to clearwater (years)

discharge)

Type 1 <5 1.05 >2 (>50% AEP)
(meteorologically
generated debris flood)
Type 2 <50 2t05 >50 (>2% AEP)
(debris flow to debris (but possibly larger)
flood dilution)
Type 3 <10 2to 100 >100 (>1% AEP)

(outbreak floods)

(dependent on size of

dam and distance to
dam failure)

Hyperconcentrated flows are a special case of debris flood that can occur as Type 1, 2
or 3 debris floods. The term hyperconcentrated flow was defined by Pierson (2005) as
“a type of two-phase, non-Newtonian flow of sediment and water that operates between
normal discharge (water flow) and debris flow”. However, the use of the term
hyperconcentrated flow should be reserved for volcanic or weak sedimentary fine-
grained slurries, where the concentration of suspended fine sediments is sufficient to
impart yield strength to the fluid and maintain high fluid viscosity (Pierson, 2005). In
such flows, sands and gravels are kept in suspension by turbulence and dynamic grain
interactions.

4.2.2 Geomorphic Characterization

A general goal of debris flood characterization is the development of a frequency-
magnitude

(F-M) relation. The relation addresses the question “how often do events of different
magnitudes occur?”. The ultimate objective of an F-M analysis is to develop a graph
that relates the return period of the hazard to its magnitude (e.g., peak discharge or
sediment volume). The resulting F-M curve then forms the key input to modelling-based
hazard mapping.

Geomorphic Considerations in Flood Mapping | 37



Federal Flood Mapping Technical Bulletins Series

Jakob et al. (2022) provides a comprehensive methodology to assess debris-flood
hazards and is a recommended resource for practitioners. These methods include
desktop studies and field investigations. The latter includes air photo and satellite image
interpretation and analysis, review of lidar data, and historical accounts (see the
recommended methods in Section 4.1.2). Field investigations include
dendrogeomorphology, test trenching for stratigraphic logging and radiocarbon dating of
organics deposited within debris-flood deposits, and bed material sampling. These
techniques can be supplemented by an empirical relation between net sediment
deposited on fan surfaces and the effective runoff, and sometimes average river
gradient, as identified by Rickenmann and Koschni (2010) and validated by work in the
Bow Valley, Alberta (Jakob et al., 2022).

Engineers & Geoscientists British Columbia (EGBC, 2018) have published guidelines
that specifically address debris flood hazard assessments. Those guidelines are
intended for new developments and include the suggested level of effort, typical
deliverables, and return periods to be considered. The required level of effort and return
periods considered vary according to the type of development application.

4.2.3 Modelling and Mapping Methods

Debris-flood hazard assessment typically involves the use of hydrodynamic models to
simulate potential inundation areas and flow intensities. Hydraulic software packages
such as HEC-RAS (Brunner & CEIWR-HEC, 2021), FLO-2D (FLO-2D Software Inc.,
2017), and BASEMENT (Vetsch et al., 2020) can identify inundation area and predict
flow depth and flow velocity with reasonable accuracy, given credible input
hydrographs. Sediment transport algorithms can also be used in these models with
varying degrees of success to simulate zones of aggradation and degradation.

Erosion and avulsion generally cause most of the damage associated with debris floods
(Jakob, Clague, & Church, 2015) and are therefore vital to consider in debris flood-
prone systems. Due to their higher volumetric water concentration, debris floods are
typically more erosive along alluvial channel banks than debris flows. Bank erosion and
excessive amounts of bedload introduce substantial sediment to the river system. This
sediment accumulates (aggrades) in reaches with decreased gradient, often leading to
avulsions. Because storm hydrographs typically fluctuate several times during a given
storm, several cycles of aggradation and remobilization of deposited sediments on
channel and fan reaches can be expected.

Given the high rate of sediment transport and avulsion potential in a debris flood event,
it is recommended to model various scenarios. Example model scenarios include:
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e Bridge or channel blockage: this can be modelled by removing bridge openings
to produce full blockage of the flow or by simulating an impediment to the flow
within the channel (e.g., landslide dam).

e Aggradation: this can be simulated by raising the riverbed elevation throughout
the study area or in local areas where aggradation is anticipated during a single
flood event as aggradation has the potential to cause avulsion, including in
reaches with flood protection (e.g., dikes) by increasing the likelihood of
overtopping. Some hydraulic models are capable of modelling sediment transport
with the user able to choose from a range of empirical equations. However, many
of these bedload transport equations tend to overpredict transport rates in debris-
flood prone creeks and rivers, as they were developed for lower gradient rivers.

e Auvulsion: similarly, if a potential avulsion path has been identified based on
existing side channel locations or a REM, the model terrain can be adjusted to
reflect the predicted future alignment (e.g., by ‘burning in” a new main channel
and/or infilling the existing main channel).

e Flow bulking: in simulating debris flood events it is typically necessary to bulk the
flow to account for the high sediment concentration (as described in Section
4.1.3). Given the uncertainty in bulking values, it can be prudent to model the
same event with multiple bulking values (i.e., sensitivity testing).

e Bank erosion/widening: this can be modelled by adjusting the terrain to reflect the
predicted widened geometry of the river.

e Protective works: the high stream power associated with debris floods can
destabilize armouring (e.g., riprap), which is typically designed for clearwater
floods, through erosion and undermining. The effects of the failure of flood
protection works can be modelled by artificially breaching or removing structures
such as dikes.

Figure 4.8 provides an example of debris flood intensity mapping for scenarios with the
same debris flood magnitude. The more extensive aggradation modelled in Figure 4.8b
produces more widespread inundation across the fan while reducing flood intensity in
the main channel.
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Figure 4.8: Modelled debris flood intensity (where I = d x v?) for the same event magnitude under
two different scenarios: a) following aggradation on the lower fan, downstream from
the highway bridge, and b) following more severe aggradation extending to the upper
fan and blocking the highway bridge. Photo credit: Google Earth, August 12, 2020.

Bank erosion poses a major hazard in debris flood-prone systems and the potential
damage due to bank erosion may warrant separate consideration. Bank erosion is a
complex process that depends on many factors, including the bank material, bank
height and gradient, channel geometry, bed and bank grain size distributions, amount
and type of vegetation, and flood duration (Church & Jakob, 2020).

Hydrodynamic models are not yet capable of simulating bank erosion during a debris
flood event, and it should therefore be considered separately from the hydrodynamic
modelling described above. Debris flood-prone channels typically have coarse bed
material and non-cohesive banks; erosion in these settings therefore typically occurs
through rapid channel widening and can be estimated using the approach described in
Jakob et al. (2022). This method can be used to predict the erosion extent for a range of
return periods throughout the length of a river and therefore lends itself to mapping
erosion hazard zones.

Where possible the erosion modelling should be calibrated to observed erosion from a
historical assessment. In cases where armouring is present, the modelled hydraulics
can be used to evaluate the potential stability of the bank protection under a range of
flows. If there is potential for destabilization of the armouring, this can be simulated by
modelling the potential erosion without armouring.
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4.3 Debris Flows

4.3.1 Process Description

Debris flows were first recognized in Canada in the 1940s; however, most studies of the
topic have been carried out since the early 1980s. A bibliography of Canadian debris
flows is provided in VanDine and Bovis (2002). That bibliography contains 295 citations
which are categorized into various subjects and geographical areas.

A ‘debris flow’, as defined by Hungr, Leroueil and Picarelli (2014), is a very rapid,
channelized flow of saturated material containing fine-grained sediment (i.e., sand and
finer fractions) with a plasticity index of less than 5%. Debris flows are typically initiated
by a sideslope debris avalanche that impacts the main channel at an oblique angle and
transfers its momentum to the channel. Liquefaction occurs shortly after the onset of
landsliding due to turbulent mixing of water and sediment, and the slurry begins to flow
downstream, ‘bulking’ by entraining additional water and sediment until saturation is
reached (often at 6,070% sediment concentration by volume). Bulking may entail
entrainment of the entire loose channel substrate, often leading to scour to bedrock in
the transport zone. Coarse granular debris flows require a channel gradient of at least
27% for transport over significant distances (Takahashi, 1991). Transport is possible at
lower gradients, with the silt-clay fraction being the most important control on debris-
flow mobility (Jakob et al., 2015).

Post-fire debris flows are a special case where the lack of vegetation and root strength
can lead to abundant rilling and gullying. These processes deliver sediment to the main
channel where it mixes with water, leading to the formation of debris flows. In those
cases, no single source or sudden liquefaction is required to initiate or maintain debris-
flow mechanics.

Unlike debris avalanches, which travel on unconfined slopes, debris flows travel in
confined channels bordered by steep slopes. The front of the rapidly advancing flow is
steep and commonly followed by several secondary surges that form due to particle
segregation and upwards or outwards migration of boulders. Hence, one of the
distinguishing characteristics of coarse granular debris flows is vertical inverse grading,
in which larger particles are concentrated at the top of the deposit. This characteristic
behaviour leads to the formation of lateral levees along the channel that become part of
the debris-flow depositional legacy. Similarly, depositional lobes are formed where
frictional resistance from unsaturated coarse-grained or wood-rich fronts is high enough
to slow and eventually stop the motion of the trailing liquefied debris.
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4.3.2 Geomorphic Characterization

As with debris floods, a general goal of debris flow characterization is the development
of an F-M relation, which relates debris flow frequency to a range of magnitudes. Debris
flow frequencies and magnitudes can be reconstructed through application of many of
the same methods used for debris floods. Additionally: (1) Griswold and Iverson (2014)
developed empirical relations between area inundated by debris flow and volume, (2)
correlation of dated deposits between test trenches can provide three-dimensional
resolution of the fan’s architecture and estimates of event volumes (Jakob, 2005; 2013),
(3) Jakob et al. (2020) developed regional frequency-magnitude relationships for
southwest British Columbia and southern Alberta, and (4) where only peak discharges
or debris flow volumes can be measured, empirical relations between these two
parameters can be used (Mizuyama, Kobashi, & Ou, 1992; Jakob & Bovis, 1996;
Rickenmann, 1999). Additional Canadian guidance is provided by Hungr et al. (1984),
VanDine (1985), Bovis and Dagg (1992), and Bovis and Jakob (1999), amongst others.

The resulting F-M curve forms the key input to modelling-based hazard mapping.
Similar to debris floods, EGBC (2023) have published guidelines that specifically
address debris flow hazard assessments.

4.3.3 Modelling and Mapping Methods

There are numerous software packages that can model the non-Newtonian rheology of
debris flows, including the afore-mentioned HEC-RAS and FLO-2D. Other debris-flow
models include RAMMS (Frank et al., 2017), D-Claw (George & Iverson, 2014; Iverson
& George, 2014), and ProDF (Gorr et al., 2022). An overview of the current state of
debris flow modelling is provided in Trujillo-Vela et al. (2022).

Sudden loss of confinement and decrease in channel gradient cause debris flows to
decelerate, drain their inter-granular water, and increase shearing resistance, which
slow the advancing bouldery flow front and block the channel. The more fluid afterflow
(hyperconcentrated flow) is then often deflected by the slowing front, leading to
secondary avulsions. Because debris flows often display surging behaviour, in which
bouldery fronts alternate with hyperconcentrated afterflows, the cycle of coarse bouldery
lobe and levee formation and afterflow deflection can be repeated several times during
a single event. These flow aberrations and varying rheological characteristics pose a
challenge to numerical modelers seeking to create an equivalent fluid (lverson, 1997,
2014).

Despite these challenges, researchers have increasingly had success in using non-
Newtonian hydrodynamic models to model the extent of debris flow inundation (e.g.,
Jakob et al., 2013; Gibson et al., 2022; Yilmaz et al., 2022). Researchers have found
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that model performance is most sensitive to debris flow volume and less sensitive to
flow properties (e.g., Barnhart et al., 2021), illustrating the importance of accurately
characterizing the hazard.

As with clearwater floods and debris floods, it is recommended that practitioners
consider various scenarios when conducting modelling. These scenarios could include:

e Bridge or channel blockage: this can be modelled by removing bridge openings
to produce full blockage of the flow or by simulating an impediment to the flow
within the channel (e.g., landslide dam).

e Aggradation: this can be simulated by raising the riverbed elevation throughout
the study area or in local areas where aggradation is anticipated during a single
flood event. Given the surging behaviour of debris flows, aggradation during
earlier stages of the event may increase the likelihood of avulsion during
subsequent stages.

e Avulsion: if a potential avulsion path has been identified based on flow paths
shown in the debris flow modelling or known historical avulsion locations, the
model terrain can be adjusted to reflect the predicted future alignment (e.g., by
‘burning in’ a new main channel and/or infilling the existing main channel).

e Flow rheology: sediment concentration is high in debris flow events and the flow
rheology varies both as function of sediment concentration and percentage of
fines. There is typically significant uncertainty in the flow rheology and modelling
should be conducted with a range of values.

e Protective works: the high stream power and impact forces associated with
debris flows can destabilize armouring (e.g., riprap) and other protective works,
which are typically designed for much lower magnitude clearwater floods. The
effects of the failure of flood protection works can be modelled by artificially
breaching or removing structures such as dikes.

Channel banks can be severely eroded during debris flows, though lateral erosion is
often associated with the trailing hyperconcentrated flow phase that is characterized by
lower volumetric sediment concentrations. The most severe damage results from direct
impact of large boulders or transported wood against structures that are not designed
for the impact forces. It is nevertheless important to consider potential avulsion paths
and erosion extents based on the observed flow paths from hydraulic models and the
predicted erosion from a physically-based bank erosion model (e.g., Eaton et al., 2017;
Jakob et al., 2022), combined with geoscience judgement (e.g., Figure 4.9).
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Figure 4.9: Composite hazard map showing combined debris flow hazard for all modelled event magnitudes. The potential bank
erosion extent is also shown for the largest modelled debris flow event and was estimated using the methods described in

Jakob et al. (2022).
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5.0 ADDITIONAL CONSIDERATIONS

5.1 Map Validity

Flood maps reflect the watershed, floodplain, and river conditions at the time that the
mapping study was completed. In general, maps should be updated when there are
significant changes to the watershed hydrology, sediment supply, or river morphology or
location. Where possible, practitioners should provide detailed recommendations to
decision-makers about when maps should be updated, including monitoring to identify
changes that will trigger requirements for map updates.

Practitioners should consider what landscape changes affect the relevancy of flood
maps at a given study location. Depending on the location and dominant
hydrogeomorphic process type the following circumstances may impact map validity:

e Occurrence of rare (i.e., high magnitude) clearwater flood, debris flood, or debris
flow events

o Wildfire
e Pest infestation (e.g., mountain pine beetle)

e Change in sediment supply (e.g., construction of sediment retention basin or
cumulative aggradation)

e Shift in channel pattern (e.g., from meandering to braided)

e Change in the channel location through bank erosion or avulsion
e Change in flood or erosion protection structures (e.g., dikes)

e Culvert addition, replacement, or removal.

Changes to vegetation within the watershed alter the flow of water and the provision of
sediment to the river and may be an important consideration, especially in mountain
settings. Wildfire, for example, affects both hydrology and sediment supply in the first 3-
5 years after a fire, increasing debris flow frequency and magnitude in affected
watersheds. The impact is dependent on both burn severity and coverage, and a
practitioner may therefore recommend repeating a mapping study if more than a certain
proportion (e.g., 20%) of the upstream watershed area is burned.

Given the availability of satellite imagery, observed changes in the river and surrounding
hillslopes can also be used to trigger updates to flood maps. A practitioner could
recommend that mapping be repeated if the river avulses or shifts outside of the
historical migration zone or meander belt. A change in the channel pattern may also
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warrant a map update as it indicates changes in the sediment supply and future river
behaviour; a transition from a meandering to braided planform, for example, may
indicate an increase in sediment supply and aggradation, and may in turn increase flood
extent as well as erosion and avulsion potential.

Changes to the flood and drainage infrastructure can also affect the validity of flood
maps, especially in urban settings where there are likely to be the most elements at risk.
A practitioner may therefore recommend a mapping update if there are any changes to
the drainage infrastructure or flood protection (e.g., dike length) within a study area.

5.2 Climate Change

Climate change is impacting temperatures and precipitation worldwide and is changing
the timing and magnitude of peak flows in parts of Canada. The impacts of climate
change on geomorphic processes are inherently complex as geomorphic response is
fairly far removed from changes in temperature, increasing the uncertainty in future
behaviour. However, research suggests that some geomorphic processes are likely to
occur more frequently, or with greater magnitude, as climate change progresses due to
increased rainfall intensity and duration, shifts in hydrological regimes, as well as other
factors such as the thawing of permafrost.

The hazards posed by clearwater flooding are likely to increase with climate change in
some parts of Canada. Areas with a mixed hydrologic regime — where the largest floods
in the year can result from either snowmelt or rainfall — are likely to be the most
sensitive to climate change (e.g., Schnorbus, Werner, & Bennett, 2014). This mixed
regime is most common in coastal watersheds in BC, where flooding results from both
the spring freshet (i.e., snowmelt) and intense rain-on-snow events often caused by
atmospheric rivers in the fall and winter.

Climate change is anticipated to produce an increase in the frequency of a given flood
magnitude (e.g., shifting a ‘200-year’ flood event to a '50-year’ event) and may
potentially increase flood magnitudes in affected watersheds (Curry, Islam, Zwiers, &
Déry, 2019). These shifts are likely to increase the frequency and/or magnitude of bank
erosion associated with clearwater floods and debris floods. Climate change may also
impact ice jam dynamics; for example, periodic mild temperatures in the winter may
lead to multiple cycles of freezing and break-up in a single winter with the potential for
increased scouring and erosion (e.g., Turcotte, Burrell, & Beltaos, 2019).

Climate change also has the potential to impact the frequency of debris flow events
through changes in hillslope processes, as debris flows typically initiate from landslides
on steep valley sides. Research in southwestern BC found that the frequency of
landslides exceeding 10,000 m3 had increased since the early 2000s and projected a
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300% increase in shallow landslides by 2100 (Jakob & Owen, 2021). Debris flow
volumes were also observed to have increased over the same historical time period.
Overall, the increased frequency of intense rainfall and upslope transition of the freezing
line is expected to produce more frequent small debris flows as the threshold for full bed
mobilisation is exceeded more frequently.

Research on debris avalanches, which can produce very large debris flows, also
suggests that their frequency may shift with climate change. The frequency of debris
avalanches has been declining over time since glaciation as the effects of glacial
debutressing wane and the landscape stabilizes. However, several recent failures in
southwestern BC (at Mount Meager in 2010, James Turner Mountain in 2015, Mount
Currie in 2017, and Joffre Peak in 2019) suggest that the frequency of debris
avalanches (and very large debris flows) may be increasing as permafrost thaws.

Given the potential impacts of climate change on hydrology, it is now typical in many
studies to use projected future streamflow values in hydraulic modelling and flood
mapping. However, the potential geomorphic impacts of climate change should also be
considered (e.g., increased potential for blockage by landslide dams). This can be
accomplished through modelling a range of scenarios, as described in Sections 4.1.3,
4.2.3, and 4.3.3. Climate change is also likely to produce emergent impacts that are not
yet well understood or quantified, and practitioners and decision-makers should be
prepared to update mapping studies when watershed conditions change (see

Section 5.1).

Geomorphic Considerations in Flood Mapping | 47



Federal Flood Mapping Technical Bulletins Series

6.0 REFERENCES

Andrews, E.D. (1996). Downstream effects of Flaming Gorge Reservoir on the Green River,
Colorado and Utah. GSA Bulletin, 97(8), 1012-1023. https://doi.org/10.1130/0016-
7606(1986)97%3C1012:DEOFGR%3E2.0.CO;2

Ashmore, M. (1993). Contemporary erosion of the Canadian landscape. Progress in Physical
Geography, 17(2), 190-203. https://doi.org/10.1177/030913339301700206

Ashworth, P.J. & Ferguson, R.I. (1989). Size-selective entrainment of bed load in gravel bed
streams. Water Resources Research, 25(4), 627-634.
https://doi.org/10.1029/WR025i004p00627

Barnhart, K.R. et al. (2021). Multi-model comparison of computed debris flow runout for the 9
January 2018 Montecito, California post-wildfire event. JGR Earth Surface, 126(12).
https://doi.org/10.1029/2021JF006245

Belatos, S. (2007). The role of waves in ice-jam flooding of the Peace-Athabasca Delta.
Hydrological Processes, 21(19), 2458-2559. https://doi.org/10.1002/hyp.6791

Beltaos, S. (2008). Progress in the study and management of river ice jams. Cold Regions
Science and Technology, 51, 2-19. https://doi.org.10.1016/j.coldregions.2007.09.001

Blair, T.C. & McPherson, J.G. (1994). Alluvial fans and their natural distinction from rivers based
on morphology, hydraulic processes, sedimentary processes and facies assemblages.
Journal of Sedimentary Research, A64, 450 — 489.

Bovis, M.J. & Dagg, B.R. (1992). A model for debris accumulation and mobilization in steep
mountain streams. Hydrological Sciences Journal, 33, 589-604.
https://doi.org/10.1080/02626668809491292

Bovis, M.J. & Jakob, M. (1999). The role of debris-supply conditions in predicting debris-flow
activity. Earth Surface Processes and Landforms, 24, 1039-1054.
https://doi.org/10.1002/(SICI)1096-9837(199910)24:11<1039::AID-ESP29>3.0.C0O;2-U

Brandt, S.A. (2000). Classification of geomorphological effects downstream of dams. Catena,
40, 375 — 401. https://doi.org/10.1016/S0341-8162(00)00093-X

Brunner, G.W. & CEIWR-HEC. (2021). HEC-RAS river analysis system, 2D modeling users
manual. US Army Corps of Engineers Institute for Water Resources Hydraulic Engineering
Center.

Bufe, A. et al. (2019). Controls on the lateral channel-migration rate of braided channel systems
in coarse non-cohesive sediment. Earth Surface Processes and Landforms, 44, 2823-2836.
https://doi.org/10.1002/esp.4710

Carling, P. (1988). The concept of dominant discharge applied to two gravel-bed streams in
relation to channel stability thresholds. Earth Surface Processes and Landforms, 13(4), 355-
367. https://doi.org/10.1002/esp.3290130407

Church, M. et al. (1999). Fluvial clastic sediment yield in Canada: scaled analysis. Canadian
Journal of Earth Science, 36, 1267-1280. https://doi.org/10.1139/e99-034

Church, M. & Jakob, M. (2020). What is a debris flood? Water Resources Research, 56(8).
https://doi.org/10.1029/2020WR027 144.

Geomorphic Considerations in Flood Mapping | 48


https://doi.org/10.1130/0016-7606(1986)97%3C1012:DEOFGR%3E2.0.CO;2
https://doi.org/10.1130/0016-7606(1986)97%3C1012:DEOFGR%3E2.0.CO;2
https://doi.org/10.1177/030913339301700206
https://doi.org/10.1029/WR025i004p00627
https://doi.org/10.1029/2021JF006245
https://doi.org/10.1002/hyp.6791
https://doi.org.10.1016/j.coldregions.2007.09.001
https://doi.org/10.1080/02626668809491292
https://doi.org/10.1002/(SICI)1096-9837(199910)24:11%3c1039::AID-ESP29%3e3.0.CO;2-U
https://doi.org/10.1016/S0341-8162(00)00093-X
https://doi.org/10.1002/esp.4710
https://doi.org/10.1002/esp.3290130407
https://doi.org/10.1139/e99-034
https://doi.org/10.1029/2020WR027144.

Federal Flood Mapping Technical Bulletins Series

Church, M. (2015). Channel stability: Morphodynamics and the morphology of rivers. In P.
Rowinski, A. Radecki-Pawlik (Eds.) Rivers — Physical, Fluvial and Environmental Processes
(pp. 281 — 321). Switzerland: Springer International Publishing.

Church, M. (2013). Steep headwater channels. In E. Wohl and J.F. Shroder (Eds.), Treatise on
Geomorphology, (vol. 9, pp. 528-549). San Diego: Academic Press.
https://doi.org/10.1016/B978-0-12-374739-6.00253-0

Church, M. (2006). Bed material transport and the morphology of alluvial river channels. Annual
Review of Earth and Planetary Sciences, 34, 325-354.
https://doi.org/10.1146/annurev.earth.33.092203.122721

Curry, C.L. et al. (2019). Atmospheric rivers increase future flood risk in Western Canada's
largest Pacific River. Geophysical Research Letters, 46, 1651-1661.
https://doi.org/10.1029/2018GL080720

Darby, S.E. et al. (2010). A physically based model to predict hydraulic erosion of fine-grained
riverbanks: The role of form roughness in limiting erosion. Journal of Geophysical Research,
115. https://doi.org/10.1029/2010JF001708

de Haas, T., et al. (2018). Avulsions and the spatio-temporal evolution of debris-flow fans.
Earth-Science Reviews, 177, 53-75. https://doi.org/10.1016/j.earscirev.2017.11.007

Desloges, J.R. & Church, M.A. (1989). Wandering gravel bed rivers. The Canadian Geographer,
33(4), 360-364. https://doi.org/10.1111/j.1541-0064.1989.tb00922.x

Eaton, B.C. (2006). Bank stability analysis for regime models of vegetated gravel bed rivers.
Earth Surface Processes and Landforms, 31, 1438-1444. https://doi.org/10.1002/esp.1364

Eaton, B. et al. (2017). Assessing erosion hazards due to floods on fans: Physical modelling
and application to engineering challenges. Journal of Hydraulic Engineering, 143(8).
https://doi.org/10.1061/(ASCE)HY.1943-7900.0001318

Eaton, B.C. et al. (2020). Channel stability in steep gravel-cobble streams is controlled by the
coarse tail of the bed material distribution. Earth Surface Processes and Landforms, 45(15),
3639-3652. https://doi.org/10.1002/esp.4994

Eaton, B.C. et al. (2010). Channel patterns: Braided, anabranching, and single-thread.
Geomorphology, 120(3), 353-364. https://doi.org/10.1016/j.geomorph.2010.04.010

Engineers & Geoscientists British Columbia. (2023). Professional Practice Guidelines —
Landslide Assessments in British Columbia. Version 4.1.

Engineers & Geoscientists British Columbia. (2018). Professional Practice Guidelines —
Legislated Flood Assessments in a Changing Climate in BC. Version 2.1.

Evans, J.E. et al. (2007). Upstream channel changes following dam construction and removal
using a GIS/remote sensing approach. Journal of the American Water Resources
Association, 43(3), 683 — 697. https://doi.org/10.1111/j.1752-1688.2007.00055.x

Federal Emergency Management Agency [FEMA]. (1999). Riverine erosion hazard areas:
Mapping feasibility study.

Federal Interagency Stream Restoration Working Group. (1998). Stream corridor restoration:
Principles, process, and practice. Springfield, VA: Department of Commerce.

FLO-2D Software, Inc. (2017). FLO-2D reference manual. Build No. 16.

Geomorphic Considerations in Flood Mapping | 49


https://doi.org/10.1016/B978-0-12-374739-6.00253-0
https://doi.org/10.1146/annurev.earth.33.092203.122721
https://doi.org/10.1029/2018GL080720
https://doi.org/10.1029/2010JF001708
https://doi.org/10.1016/j.earscirev.2017.11.007
https://doi.org/10.1111/j.1541-0064.1989.tb00922.x
https://doi.org/10.1002/esp.1364
https://doi.org/10.1061/(ASCE)HY.1943-7900.0001318
https://doi.org/10.1002/esp.4994
https://doi.org/10.1016/j.geomorph.2010.04.010
https://doi.org/10.1111/j.1752-1688.2007.00055.x

Federal Flood Mapping Technical Bulletins Series

Frank, F. et al. (2017). Debris-flow modeling at Meretschibach and Bondasca catchments,
Switzerland: sensitivity testing of field-data-based entrainment model. Natural Hazards and
Earth System Sciences, 17, 801-815. https://doi.org/10.5194/nhess-17-801-2017

Fuller, I.C. (2007). Geomorphic work during a “150-Year” storm: contrasting behaviors of river
channels in a New Zealand catchment. Annals of the Association of American
Geographers 97(4), 665-676. https://doi.org/10.1111/].1467-8306.2007.00576.x

George, D.L. & Iverson, R.M. (2014). A depth-averaged debris-flow model that includes the
effects of evolving dilatancy. II. Numerical predictions and experimental tests. Proceedings of
the Royal Society A: Mathematical, Physical and Engineering
Sciences, 470(2170). https://doi.org/10.1098/rspa.2013.0820

Gibson, S. et al. (2022). Prototype scale evaluation of non-Newtonian algorithms in HEC-RAS:
Mud and debris flow case studies of Santa Barbara and Brumadinho. Geosciences, 12(3),
134. https://doi.org/10.3390/geosciences12030134

Graf, W.L. (2000). Locational probability for a dammed, urbanizing stream: Belt River, Arizona,
USA. Environmental Management, 25, 321-335. https://doi.org/10.1007/s002679910025

Gorr, A.N. et al. (2022). A progressive flow-routing model for rapid assessment of debris-flow
inundation. Landslides, 19, 2055-2073. https://doi.org/10.1007/s10346-022-01890-y

Griswold, J.P. & Iverson, R.M. (2014). Mobility statistics and automated hazard mapping for
debris flows and rock avalanches. United States Geological Survey, Scientific Investigations
Report, Version 1.1.

Holm, K. et al. (2016). Identification, Prioritization, and Risk Reduction: Steep Creek Fans
Crossed by Highways in Alberta. GeoVancouver 2016. Vancouver, Canada.

Holm, K. et al. (2016, Octobre 18-20). An inventory and risk-based prioritization of steep creek
fans in Alberta. 3rd European Conference on Flood quidel Management: Innovation,
Implementation, Integration. Lyon France.

Hungr, O. et al. (2014). The Varnes classification of landslide types, an update. Landslides, 11,
167-194. https://doi.org/10.1007/s10346-013-0436-y

Hungr, O. et al. (2001). A review of the classification of the landslides of the flow type.
Environmental and Engineering Geoscience, 7(3), 221-238.
https://doi.org/10.2113/gseegeosci.7.3.221

Hungr, O., Morgan, G.C., & Kellerhals, R. (1984). Quantitative analysis of debris torrent hazards
for design of remedial measures. Canadian Geotechnical Journal, 21, 663—677.
https://doi.org/10.1139/t84-073

Iverson, R.M. (2014). Debris flows: behaviour and hazard assessment. Geology Today, 30(1),
15-20. https://doi.org/10.1111/gt0.12037

Iverson, R.M. & George, D.L. (2014). A depth-averaged debris-flow model that includes the
effects of evolving dilatancy. I. Physical basis. Proceedings of the Royal Society A:
Mathematical, Physical and Engineering Sciences, 470(2170).
https://doi.org/10.1098/rspa.2013.0819

Iverson, R.M. (1997). The physics of debris flows. Reviews of Geophysics, 35(3), 245-296.
https://doi.org/10.1029/97RG00426

Geomorphic Considerations in Flood Mapping | 50


https://doi.org/10.5194/nhess-17-801-2017
https://doi.org/10.1111/j.1467-8306.2007.00576.x
https://doi.org/10.1098/rspa.2013.0820
https://doi.org/10.1098/rspa.2013.0820
https://doi.org/10.3390/geosciences12030134
https://doi.org/10.1007/s002679910025
https://doi.org/10.1007/s10346-022-01890-y
https://doi.org/10.1007/s10346-013-0436-y
https://doi.org/10.2113/gseegeosci.7.3.221
https://doi.org/10.1139/t84-073
https://doi.org/10.1111/gto.12037
https://doi.org/10.1098/rspa.2013.0819
https://doi.org/10.1029/97RG00426

Federal Flood Mapping Technical Bulletins Series

Jakob, M. (2005). Debris-flow hazard analysis. In M. Jakob, and O. Hungr (eds.), Debris-flow
Hazards and Related Phenomena (p. 411-437). Springer-Verlag Berlin and Heidelberg
GmbH & Co.

Jakob, M. (2013). Events on fans and cones. Recurrence interval and magnitude. In M.
Schneuwly-Bollschweiler et al. (eds.), Dating Methods on Alluvial Fans and Debris Cones (p.
95-108). Springer Science and Business Media.

Jakob, M. & Bovis, M.J. (1996). Morphometric and geotechnical controls of debris-flow activity,
southern Coast Mountains, British Columbia. Zeitschrift fir Geomorphologie, Supplement,
104, 13-26.

Jakob, M. et al. (2015). Rare and dangerous: Recognizing extra-ordinary events in stream
channels. Canadian Water Resources Journal, 41(1-2), 161-173.
https://doi.org/10.1080/07011784.2015.1028451

Jakob, M. et al. (2022). Debris-flood hazard assessments in steep streams. Water Resources
Research, 58. https://doi.org/10.1029/2021WR030907

Jakob, M. et al. (2013). Debris-flow simulations on Cheekye River, British
Columbia. Landslides, 10, 685-699. https://doi.org/10.1007/s10346-012-0365-1

Jakob, M. et al. (2020). Regional debris-flow and debris-flood frequency-magnitude curves.
Earth Surface Processes and Landforms, 45(12), 2954-2964.
https://doi.org/10.1002/esp.4942

Jakob, M. & Owen, T. (2021). Projected effects of climate change on shallow landslides, North
Shore Mountains, Vancouver, Canada. Geomorphology, 392,
https://doi.org/10.1016/[.geomorph.2021.107921

Jakob, M. et al. (2011). Vulnerability of buildings to debris flow impact. Natural Hazards, 60(2),
241-261. https://doi.org/10.1007/s11069-011-0007-2

Kellerhals, R. & Church, M. (1990). Hazard management on fans, with examples from British
Columbia. In A.H. Rachocki and M. Church (eds.), Alluvial fans: a field approach
(p. 335-354). John Wiley & Sons.

Konrad, C.P. (2012). Reoccupation of floodplains by rivers and its relation to the age structure
of floodplain vegetation. Journal of Geophysical Research, 117, GOON13.
https://doi.org/10.1029/2011JG001906

Lane, E.W., & Borland, W.M. (1954). Riverbed scour during floods. American Society of Civil
Engineers: Transactions, 119, 1069-1079. https://doi.org/10.1061/TACEAT.0007046

Langendoen, E.J. & Simon, A. (2008). Modeling the evolution of incised streams. Il: Streambank
erosion. Journal of Hydraulic Engineering, 134, 905-915.
https://doi.org/10.1061/(ASCE)0733-9429(2008)134:7(905)

Lau, C.A. (2017). Channel scour on temperate alluvial fans in British Columbia [Master’s thesis,
Simon Fraser University].
http://summit.sfu.ca/system/files/iritems1/17564/etd10198 ClLau.pdf

Le Cozannet, G. et al. (2020). Detecting changes in European shoreline evolution trends using
Markov chains and the Eurosion Database. Frontiers in Marine Science, 7(326).
https://doi.org/10.3389/fmars.2020.00326.

Manville, V. & White, J.D.L. (2003). Incipient granular mass flows at the base of sediment-laden
floods, and the roles of flow competence and flow capacity in the deposition of stratified

Geomorphic Considerations in Flood Mapping | 51


https://doi.org/10.1080/07011784.2015.1028451
https://doi.org/10.1029/2021WR030907
https://doi.org/10.1007/s10346-012-0365-1
https://doi.org/10.1002/esp.4942
https://doi.org/10.1016/j.geomorph.2021.107921
https://doi.org/10.1007/s11069-011-0007-2
https://doi.org/10.1029/2011JG001906
https://doi.org/10.1061/TACEAT.0007046
https://doi.org/10.1061/(ASCE)0733-9429(2008)134:7(905)
http://summit.sfu.ca/system/files/iritems1/17564/etd10198_CLau.pdf
https://doi.org/10.3389/fmars.2020.00326

Federal Flood Mapping Technical Bulletins Series

bouldery sands. Sedimentary Geology, 155, 157-173. https://doi.org/10.1016/S0037-
0738(02)00294-4

Millar, R.G. (2005). Theoretical regime equations for mobile gravel-bed rivers with stable banks.
Geomorphology, 64, 207-220. https://doi.org/10.1016/j.geomorph.2004.07.001

Mizuyama, T. et al. (1992). Prediction of debris flow peak discharge. Interpraevent, 4, 99—108.

Montgomery, D.R. & Buffington, J.M. (1997). Channel-reach morphology in mountain drainage
basins. Geological Society of America Bulletin, 109(5), 596-611.
https://doi.org/10.1130/0016-7606(1997)109<0596:CRMIMD>2.3.CO;2

Olson, P.L. et al. (2014). A Methodology for Delineating Planning-level Channel Migration
Zones. Washington State Department of Ecology.

Ontario Ministry of Natural Resources (2002). River & Stream Systems: Erosion Hazard Limit
[Technical Guide].

Parish Geomorphic. (2001). Belt width delineation procedures. Prepared for Toronto and Region
Conservation Authority.

Pawlowski, B. (2020). Ice jams: Causes and effects. In P. Maurice (ed.), Encyclopedia of Water:
Science, Technology, and Society (p. 1-9). John Wiley & Sons, Inc.

Piégay, H. et al. (2005). A review of techniques available for delimiting the erodible corridor: A
sustainable approach to managing bank erosion. River Research and Applications, 21, 773-
789. https://doi.org/10.1002/rra.881

Pierson, T.C. (2005). Hyperconcentrated flow — Transitional process between water flow and
debris flow. In M. Jakob, & O. Hungr (eds.), Debris flows and related phenomena (p. 159—
202). Springer.

Pitlick, J. et al. (2013). Width adjustment in experimental gravel-bed channels in response to
overbank flows. Journal of Geophysical Research: Earth Surface, 118, 553-570.
https://doi.org/10.1002/jgrf.20059

Rapp, C.F. & Abbe, T.B. (2003). A framework for delineating channel migration zones [Final
Report]. Washington State Department of Ecology and Washington State Department of
Transportation.

Rickenmann, D. & Koschni, A. (2010). Sediment loads due to fluvial transport and debris flows
during the 2005 flood events in Switzerland. Hydrological Processes, 24, 993-1007.
https://doi.org/10.1002/hyp.7536

Rickenmann, D. (1999). Empirical relationships for debris flows. Natural Hazards, 19, 47-77.
https://doi.org/10.1023/A:1008064220727

Rokaya, P. et al. (2018). Trends in the timing and magnitude of ice-jam floods in Canada.
Scientific Reports, 8(5834) https://doi.org/10.1038/s41598-018-24057-z

Rosgen, D.L. (1996). Applied river morphology. Wildland Hydrology.

Scheidegger, A.E. (1973). Hydrogeomorphology. Journal of Hydrology, 20(3), 193-215.
https://doi.org/10.1016/0022-1694(73)90061-9

Schumm, S.A. (1977). The fluvial system. Wiley.

Schnobus, M. et al. (2014). Impacts of climate change in three hydrologic regimes in British
Columbia, Canada. Hydrological Processes, 28, 1170-1189.

Geomorphic Considerations in Flood Mapping | 52


https://doi.org/10.1016/S0037-0738(02)00294-4
https://doi.org/10.1016/S0037-0738(02)00294-4
https://doi.org/10.1016/j.geomorph.2004.07.001
https://doi.org/10.1130/0016-7606(1997)109%3c0596:CRMIMD%3e2.3.CO;2
https://doi.org/10.1002/rra.881
https://doi.org/10.1002/jgrf.20059
https://doi.org/10.1002/hyp.7536
https://doi.org/10.1023/A:1008064220727
https://doi.org/10.1038/s41598-018-24057-z
https://doi.org/10.1016/0022-1694(73)90061-9

Federal Flood Mapping Technical Bulletins Series

Sidle, R. & Onda, Y. (2004). Hydrogeomorphology: overview of an emerging science.
Hydrological Processes, 18(4), 597-602.

Simon, A. et al. (2011). Development and application of a deterministic bank stability and toe
erosion model for stream restoration. Geophysical Monograph Service, 194, 453-474.
https://doi.org/10.1029/2010GM001006

Simons, Li, & Associates. (1996). State standards for watercourse systems sediment balance.
Arizona Department of Water Resources, Flood Warning, and Dam Safety Section.

Slingerland, R., & Smith, N.D. (2004). River avulsions and their deposits. Annual Review of
Earth and Planetary Science, 32, 257-285.
https://doi.org/10.1146/annurev.earth.32.101802.120201

Stein, E.D. et al. (2012). Hydromodification Assessment and Management in California.
California State Water Resources Control Board Stormwater Program.

Stover, S.C. & Montgomery, D. R. (2001). Channel change and flooding, Skokomish River,
Washington. Journal of Hydrology, 243(3-4), 272-286. https://doi.org/10.1016/S0022-
1694(00)00421-2.

Takahashi, T. (1991). Debris flows. Balkema.

Turcotte, B. et al. (2019). The impact of climate change on breakup ice jams in Canada: State of
knowledge and Research approaches. CGU HS Committee on River Ice Processes and the
Environment: 20th Workshop on the Hydraulics of Ice Covered Rivers.

Trujilo-Vela, M.G. et al. (2022). An overview of debris-flow mathematical modelling. Earth-
Science Reviews, 232. https://doi.org/10.1016/j.earscirev.2022.104135

van Dijk, M. et al. (2012). Contrasting morphodynamics in alluvial fans and fan deltas: effects of
the downstream boundary. Sedimentology, 59(7), 2125-2145. https://doi.org/10.1111/].1365-
3091.2012.01337.x

van Dijk, M., et al. (2009). Autocyclic behaviour of fan deltas: an analogue experimental study.
Sedimentology, 56(5), 1569-1589. https://doi.org/10.1111/].1365-3091.2008.01047 .x

VanDine, D.F. & Bovis, M. (2002). History and goals of Canadian debris flow research, a
review. Natural Hazards, 26, 67-80. https://doi.org/10.1023/A:1015220811211

VanDine, D.F. (1985). Debris flows and debris torrents in the southern Canadian Cordillera.
Canadian Geotechnical Journal, 22, 44—67. https://doi.org/10.1139/t85-006

Vetsch, D.F. et al. (2020). High performance computing in river modelling: A novel two-
dimensional software for river hydro-and morphodynamic simulations. In River Flow 2020 (p.
1401-1408). CRC Press.

Weatherly, H. & Jakob, M. (2014). Geomorphic response of Lillooet River, British Columbia, to
meander cutoffs and base level lowering. Geomorphology, 217, 48-60.
https://doi.org/10.1016/[.geomorph.2014.04.002

Wilcock, P.R. & McArdell, B.W. (1993). Surface-based fractional transport rates: mobilization
thresholds and partial transport of a sand-gravel sediment. Water Resources Research,
33(1). https://doi.org/10.1029/92WR02748

Wilford, D. et al. (2004). Recognition of debris flow, debris flood and flood hazard through
watershed morphometrics. Landslides, 1, 61-66. https://doi.org/10.1007/s10346-003-0002-0

Geomorphic Considerations in Flood Mapping | 53


https://doi.org/10.1029/2010GM001006
https://doi.org/10.1146/annurev.earth.32.101802.120201
https://doi.org/10.1016/S0022-1694(00)00421-2
https://doi.org/10.1016/S0022-1694(00)00421-2
https://doi.org/10.1016/j.earscirev.2022.104135
https://doi.org/10.1111/j.1365-3091.2012.01337.x
https://doi.org/10.1111/j.1365-3091.2012.01337.x
https://doi.org/10.1111/j.1365-3091.2008.01047.x
https://doi.org/10.1029/92WR02748

Federal Flood Mapping Technical Bulletins Series

Williams, G.P. & Wolman, M.G. (1984). Downstream effects of dams on alluvial rivers
[Geological Survey Professional Report #1286]. United States Department of Interior.
https://pubs.usgs.gov/pp/1286/report.pdf

Yilmaz, K. et al. (2022). Debris flow modelling and hazard assessment for a glacier area: a case
study in Barsem, Tajikistan. Natural Hazards. https://doi.org/10.1007/s11069-022-05654-8

Geomorphic Considerations in Flood Mapping | 54


https://pubs.usgs.gov/pp/1286/report.pdf

	TABLE OF CONTENTS
	List of Tables
	List of Figures
	ACKNOWLEDGEMENTS
	NOTICE
	Disclaimer of Liability
	Additional Information

	CONTEXT
	Federal Flood Mapping Guidelines Series
	Federal Flood Mapping Technical Bulletins Series
	1.0 Introduction
	1.1 Objective
	1.2 Document Structure
	1.3 Limitations

	2.0 Terminology
	3.0 Hydrogeomorphic Processes in Canada
	3.1 Hydrogeomorphic Process Types
	Clearwater Floods
	Debris Floods and Debris Flows

	3.2 Steep Creek Watersheds and Fans
	3.3 Hazard Process Identification
	Watershed Characteristics
	Sediment Deposits

	3.4 Geographic Distribution of Process Types
	3.5 Mapping Considerations

	4.0 Guidelines for Hydrogeomorphic Hazard Mapping
	4.1 Clearwater Floods
	4.1.1 Process Description
	Bank Erosion
	Channel Bed Aggradation & Degradation
	Avulsion
	Ice Effects

	4.1.2 Geomorphic Characterization
	4.1.3 Modelling and Mapping Methods

	4.2 Debris Floods
	4.2.1 Process Description
	4.2.2 Geomorphic Characterization
	4.2.3 Modelling and Mapping Methods

	4.3 Debris Flows
	4.3.1 Process Description
	4.3.2 Geomorphic Characterization
	4.3.3 Modelling and Mapping Methods


	5.0 Additional Considerations
	5.1 Map Validity
	5.2 Climate Change

	6.0 References
	gip_159e_cover.pdf
	© His Majesty the King in Right of Canada, as represented by the Minister of Natural Resources, 2025
	Natural Resources Canada
	Geomorphic considerations in flood mapping
	2025

	NATURAL RESOURCES CANADA
	GENERAL INFORMATION PRODUCT 159e



<<

  /ASCII85EncodePages false

  /AllowTransparency false

  /AutoPositionEPSFiles true

  /AutoRotatePages /All

  /Binding /Left

  /CalGrayProfile (Dot Gain 20%)

  /CalRGBProfile (sRGB IEC61966-2.1)

  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)

  /sRGBProfile (sRGB IEC61966-2.1)

  /CannotEmbedFontPolicy /Warning

  /CompatibilityLevel 1.4

  /CompressObjects /Tags

  /CompressPages false

  /ConvertImagesToIndexed true

  /PassThroughJPEGImages true

  /CreateJobTicket false

  /DefaultRenderingIntent /Default

  /DetectBlends true

  /DetectCurves 0.0000

  /ColorConversionStrategy /LeaveColorUnchanged

  /DoThumbnails false

  /EmbedAllFonts true

  /EmbedOpenType false

  /ParseICCProfilesInComments true

  /EmbedJobOptions true

  /DSCReportingLevel 0

  /EmitDSCWarnings false

  /EndPage -1

  /ImageMemory 1048576

  /LockDistillerParams false

  /MaxSubsetPct 100

  /Optimize false

  /OPM 1

  /ParseDSCComments true

  /ParseDSCCommentsForDocInfo true

  /PreserveCopyPage true

  /PreserveDICMYKValues true

  /PreserveEPSInfo true

  /PreserveFlatness false

  /PreserveHalftoneInfo false

  /PreserveOPIComments false

  /PreserveOverprintSettings true

  /StartPage 1

  /SubsetFonts true

  /TransferFunctionInfo /Apply

  /UCRandBGInfo /Preserve

  /UsePrologue false

  /ColorSettingsFile ()

  /AlwaysEmbed [ true

    /CambriaMath

  ]

  /NeverEmbed [ true

  ]

  /AntiAliasColorImages false

  /CropColorImages false

  /ColorImageMinResolution 300

  /ColorImageMinResolutionPolicy /OK

  /DownsampleColorImages true

  /ColorImageDownsampleType /Bicubic

  /ColorImageResolution 600

  /ColorImageDepth -1

  /ColorImageMinDownsampleDepth 1

  /ColorImageDownsampleThreshold 1.00000

  /EncodeColorImages false

  /ColorImageFilter /DCTEncode

  /AutoFilterColorImages true

  /ColorImageAutoFilterStrategy /JPEG

  /ColorACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /ColorImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000ColorACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000ColorImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasGrayImages false

  /CropGrayImages false

  /GrayImageMinResolution 300

  /GrayImageMinResolutionPolicy /OK

  /DownsampleGrayImages true

  /GrayImageDownsampleType /Bicubic

  /GrayImageResolution 600

  /GrayImageDepth -1

  /GrayImageMinDownsampleDepth 2

  /GrayImageDownsampleThreshold 1.00000

  /EncodeGrayImages false

  /GrayImageFilter /DCTEncode

  /AutoFilterGrayImages true

  /GrayImageAutoFilterStrategy /JPEG

  /GrayACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /GrayImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000GrayACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000GrayImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasMonoImages false

  /CropMonoImages false

  /MonoImageMinResolution 1200

  /MonoImageMinResolutionPolicy /OK

  /DownsampleMonoImages true

  /MonoImageDownsampleType /Bicubic

  /MonoImageResolution 1200

  /MonoImageDepth -1

  /MonoImageDownsampleThreshold 1.50000

  /EncodeMonoImages true

  /MonoImageFilter /CCITTFaxEncode

  /MonoImageDict <<

    /K -1

  >>

  /AllowPSXObjects false

  /CheckCompliance [

    /None

  ]

  /PDFX1aCheck false

  /PDFX3Check false

  /PDFXCompliantPDFOnly false

  /PDFXNoTrimBoxError true

  /PDFXTrimBoxToMediaBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXSetBleedBoxToMediaBox true

  /PDFXBleedBoxToTrimBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXOutputIntentProfile ()

  /PDFXOutputConditionIdentifier ()

  /PDFXOutputCondition ()

  /PDFXRegistryName ()

  /PDFXTrapped /False



  /CreateJDFFile false

  /Description <<

    /ENU ([Based on 'Press Quality\(2\)'] [Based on 'High Quality Print\\0502\\051'] Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)

  >>

  /Namespace [

    (Adobe)

    (Common)

    (1.0)

  ]

  /OtherNamespaces [

    <<

      /AsReaderSpreads false

      /CropImagesToFrames true

      /ErrorControl /WarnAndContinue

      /FlattenerIgnoreSpreadOverrides false

      /IncludeGuidesGrids false

      /IncludeNonPrinting false

      /IncludeSlug false

      /Namespace [

        (Adobe)

        (InDesign)

        (4.0)

      ]

      /OmitPlacedBitmaps false

      /OmitPlacedEPS false

      /OmitPlacedPDF false

      /SimulateOverprint /Legacy

    >>

    <<

      /AddBleedMarks false

      /AddColorBars false

      /AddCropMarks false

      /AddPageInfo false

      /AddRegMarks false

      /BleedOffset [

        0

        0

        0

        0

      ]

      /ConvertColors /NoConversion

      /DestinationProfileName ()

      /DestinationProfileSelector /NA

      /Downsample16BitImages true

      /FlattenerPreset <<

        /PresetSelector /MediumResolution

      >>

      /FormElements false

      /GenerateStructure true

      /IncludeBookmarks true

      /IncludeHyperlinks true

      /IncludeInteractive false

      /IncludeLayers false

      /IncludeProfiles true

      /MarksOffset 6

      /MarksWeight 0.250000

      /MultimediaHandling /UseObjectSettings

      /Namespace [

        (Adobe)

        (CreativeSuite)

        (2.0)

      ]

      /PDFXOutputIntentProfileSelector /NA

      /PageMarksFile /RomanDefault

      /PreserveEditing true

      /UntaggedCMYKHandling /LeaveUntagged

      /UntaggedRGBHandling /LeaveUntagged

      /UseDocumentBleed false

    >>

    <<

      /AllowImageBreaks true

      /AllowTableBreaks true

      /ExpandPage false

      /HonorBaseURL true

      /HonorRolloverEffect false

      /IgnoreHTMLPageBreaks false

      /IncludeHeaderFooter false

      /MarginOffset [

        0

        0

        0

        0

      ]

      /MetadataAuthor ()

      /MetadataKeywords ()

      /MetadataSubject ()

      /MetadataTitle ()

      /MetricPageSize [

        0

        0

      ]

      /MetricUnit /inch

      /MobileCompatible 0

      /Namespace [

        (Adobe)

        (GoLive)

        (8.0)

      ]

      /OpenZoomToHTMLFontSize false

      /PageOrientation /Portrait

      /RemoveBackground false

      /ShrinkContent true

      /TreatColorsAs /MainMonitorColors

      /UseEmbeddedProfiles false

      /UseHTMLTitleAsMetadata true

    >>

  ]

>> setdistillerparams

<<

  /HWResolution [2400 2400]

  /PageSize [612.000 792.000]

>> setpagedevice



