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PREFACE

This report deals with the problem of defining flood hazards of areas with distributary systems
of channels and stable paths of flow. Several local hydrologists, engineers, and geologists
have expressed concern that the method used by the Federal Emergency Management

Agency (FEMA) to define the flood hazard on alluvial fans should not be used on landforms in
Arizona with stable paths of flow. These concerns have been mostly ignored and the Flood
Control District of Maricopa County(FCD) is considering their next recourse in the FEMA
appeal process--to take the issue to U. S. District Court.

The author was hired to assess the issue and advise the FCD on whether they should take

the issue to court. The author researched the development of the alluvial fan method and
performed an exhaustive critical analysis of the method. "No punches are pulled" because
there is a significant and unjustified potential loss of property value resulting from the

misuse of the method. Also, the information provided herein could be used in court by the
FCD. The author gives little or no benefit of doubt to the developers of the FEMA alluvial fan
method. It is the professional opinion of the author that the numerous critical comments made
in this report are justified.

Aug. 18, 1993 H. W. Hjaimarson
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SUMMARY

The present status of the disagreement between the Flood Control District of Maricopa
County(FCD) and the Federal Emergency Management Agency(FEMA) over the depiction
of flood hazards for fans 5 and 6 near Carefree, Arizona is evaluated by: (1) critical
examination of the development and application of the FEMA alluvial fan method,

(2) consultation with present and retired personnel of the Corps of Engineers,

and (3) critical examination of the FEMA flood maps for fans 5 and 6.

Suggestions about "where do we go from here?" are offered including (A) we should
pursue all means possible of resolving the issue between FEMA and the local communities
before going to court, (B) we need dialogue between FEMA and the FCD on as much of
a factual basis as possible, (C) consider publishing facts and decisions based on facts in
technical journals if the letter of map revision process proves unsatisfactory, and (D) the
FCD should produce a better method rather than criticize the FEMA alluvial fan method.

Alluvial fans are complex landforms that commonly form by deposited debris when
floodwater leaves the confines of mountain canyons and narrow channels. Alluvial
fans are in various stages of progressive aging. Young fans are actively aggrading
and flow paths move over wide areas depositing debris and spreading floodwater.

As fans age they become large relative to the drainage basin upstream. There is less
floodwater and debris per unit area of the alluvial fan and large areas become isolated
from debris deposition and floodflow. Some alluvial slopes have networks of incised
distributary channels that appear to be very old alluvial fans that are stable or slightly
eroding. The paths of flow on old fans are stable while flow paths on young fans are
unpredictable and can change during flooding

The basis for FEMA alluvial fan method incorrectly assumes that paths of flow on all fans are
unpredictable. Recent FEMA guidelines have recognized this error and caution the study

contractor of the problem. The development of the FEMA alluvial fan method is based on

several unsupported assumptions. A reference to a particular channel geometry formed
during floodflow as based on "field evidence" is misleading. The original development of the

method is seriously flawed by the unsupported assumption that the paths of flow are random

on all alluvial fans. A subsequent study sponsored by FEMA makes the claim that the location

of any stream channel on a fan is random but this conclusion appears unfounded. In fact, an

overall channel stability is indicated for the 15 fans used for the study. There are no data

available which substantiate the basic assumptions or the methodology.

The guidelines and specifications for study contractors of FEMA alluvial fan studies lack
technical instruction for detailed studies The guidelines ignore the identification of an alluvial
fan and the discrimination between active fans and "systems of distributary channels on
pediments. There are no instructions on how to define the apex and boundaries of alluvial
fans. Terms such as "alluvial fan processes" should be defined because several processes are
described in technical literature by geologists. The undefined methods and techniques cause
confusion among technical specialists.
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The Corps of Engineers has no published standards and guidelines for the definition of
flood hazards of alluvial fans. The Corps does recognize there are active and inactive
alluvial fans but the flood hazards are defined by individual offices. Apparently there are
methods published in design memos for flood control projects that include alluvial fans.

The work of two Corps engineers in Albuquerque, New Mexico was referenced in the
development of the alluvial fan method. A lengthy discussion of the method with one of the
engineers revealed there was little data on which the alluvial fan method was developed.

The method used by the study contractor to define the flood maps for fans 5 and 6 is not
clearly in accordance with the published FEMA alluvial fan method. The published guidelines
are unclear and the study contractor gave little technical detail on how the flood hazard was
defined. For fan 6, four small alluvial fans seem to be defined at the ends of defined stream
channels and the location of a single apex in accordance with the FEMA definition of "apex".
is unclear. In fact, there may not be an apex for the system of channels. The fact that alluvial
fan processes are absent because there is no mountain in the drainage basin is ignored. The
apparent assumption that the site is subject to alluvial fan flooding in accordance with FEMA's
definition of "alluvial fan flooding" is unsubstantiated. Several hydrologic and geologic
characteristics of fan 6A. ignored in the report by the study contractor, that show the flow
paths are stable are presented in this report.

Suggested steps to solving the problem are: (1) Show where the Alluvial Fan Method is
inapplicable and why; (2) Examine the development of the FEMA methodology and request
documentation of every assumption made. Also, ask for any unpublished data used to
develop the method; (3) Present the documented evidence to FEMA and ask that we get
together to resolve the issues and solve the problem. Journal articles should be considered to
present the technical issues. Technical journal articles can carry significant weight among
hydraulic engineers, hydrologists and tlood plain managers throughout the U.S.. If FEMA
won't work with us, then colleagues can serve as the referee; (4) Don't ever throw FEMA's
method out. Rather, define where it applies and where it may not apply. Keep as much ot
FEMA on the table as possible; (5) Develop a better method of defining flood hazards.

FEMA has left the burden on state and local agencies to develop methods of identifying the
kinds of flood hazards on alluvial fans. FEMA has greatly oversimplified the hazard with the
alluvial fan methodology and has skirted it's responsibility as the national leader of the flood
insurance program. FEMA has ignored the expressed concerns of many engineers,
hydrologists and geologists familiar with alluvial fans in the arid southwestern United States.
[ feel FEMA's application of the alluvial fan methodology has departed from the spirit of
federal, state and local agencies working together to reduce flood losses. FEMA's attitude
toward sponsoring applied research and incorporating research results into it's operational
efforts ought to be reviewed(National Academy of Public Administration, 1993).
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INTRODUCTION

On February 26, 1992 the Flood Control District of Maricopa County submitted an
appeal to preliminary FIRMS for FEMA designated fans 1-6 of the North Scottsdale
Flood Insurance Study. The appeal for fans 5 and 6 was not resolved to the satisfaction
of the FCD. The intent of this report is to (1)quantify whether the FCD should take
the issue to U.S. District Court, (2) assess deficiencies in the FEMA methodology and
the appeal by the FCD, (3) further define hydraulic conditions of fans 5 and 6,

(4) present new information related to the stability of flow paths of fans 5 and 6,

and (5) make recommendations for resolution of technical issues. The applicability

of the FEMA alluvial fan methodology to fans S and 6 was examined based on
topographic and geomorphic conditions. Published assumptions made in the
development of the alluvial fan method were examined in detail and discussed with

Mr. Dave Dawdy, the original author of the method{Dawdy, 1979), and Mr. Boyd
Lare, the Corps of Engineers engineer referenced by Dawdy(1979, p. 1409).

Several federal agencies including the U. S. Army Corps of Engineers were

consulted to obtain published standards and guidelines for the definition of flood
hazards on alluvial fans. A small scale copy of the revised Flood Insurance

Rate Maps(FIRMs) was reviewed and the methods used by the study contractor

were examined. Fan 6A was examined in detail using (1) detailed topographic maps and
aerial photographs, (2) a detailed examination of soil characteristics with the assistance
of U. S. Soil Conservation Service soil scientists, (3) a detailed field examination of
hydraulic conditions, (4) a review of field notes from previous studies of the area
(Hjalmarson, 1978), and (5) field reconnaissances with technical specialists including
Mr. Dave Dawdy(See a summary of Dawdy's comments in appendix A).

The reader is reminded that this critical examination focuses on weaknesses rather

than strengths of the alluvial fan method and related publications. Even with it's

weaknesses, the alluvial fan method developed by Dawdy is considered a useful engineering
approach to the definition of flood hazards of active-aggrading alluvial fans. Some of the
assumptions made by Dawdy in the development of the method are unsupported by data.
The FEMA alluvial fan method is considered inapplicable for fans 5 and 6 where the paths of
flow and the area of the fan are considered stable.

Allavial fans and distributary flow areas

Alluvial fans are landforms characterized by-an.apex where floodflow becomes

unconfined and a land delta below the apex is formed where stream channels have a radiating
pattern. Distributary flow is flow that divides into two or more distributary channels. A
distributary channel flows away from the main(other) channel, is separate from the main
channel, and commonly does not return to the main channel. Distributary flow is diffuse
flow where there is at least one distinct diffluence at the outflowing branch of a stream.
There generally are channel forks, joins, and outlets for a system of distributary channels

and the number of outlets is more than the number of forks. These flow systems, which have




little to do with topographic refief, are called distributary flow areas(DFAs) Sheet flow also
is diffuse, generally occurs where there is little topographic refief, commonly is unconfined
and spreads freely, and is not considered to be distributary flow. Floodflow that leaves
distributary flow areas onto base-level plains such as playas commonly is sheet flow. Areas
with distributary flow(DFAs) have at least one channel fork or diffluence where at least two
channel links are formed. Thus, DFAs are not landforms but rather areas of land where the
drainage pattern is distributary as opposed to areas with the more common tributary drainage
pattern. Because floodflow on alluvial fans commonly is distributary, ailuvial fans are
considered to be DFAs. Floodflow on some pediments is distributary and these erosional
areas are also considered to be DFAs. Both aggrading landforms(alluvial fans) and degrading
landforms (pleistocene sediments and pediments for example) have systems of distributary
channels.

Movement of flow paths

The stability of flow paths on alluvial fans is an integral part of the nature of aliuvial fan
flooding. According to FEMA(1990A), alluvial fan flooding means flooding occurring
on the surface of an alluvial fan or similar landform which originates at the apex and is
characterized by high-velocity flows; active processes of erosion, sediment transport,
and deposition; and unpredictable flow paths. Apex means a point on an alluvial fan

or similar landform below which the flow path of the major stream that formed the fan
becomes unpredictable and alluvial fan flooding can occur. Clearly, the method of
defining flood hazards of alluvial fans or similar landforms by FEMA(1990B) is for
surfaces with unpredictable flow paths.

List of acronyms

CofE U.S. Army Corps of Engineers
DFA Distributary-flow area
FCD Flood Control District of Maricopa County
FEMA Federal Emergency Management Agency
PD Primary diffluence
SC Study contractor
SCS U.S. Soil Conservation Service
TEG Technical evaluation contractor
USGS U.S. Geological Survey -
9.




FEMA ALLUVIAL FAN METHOD

The initial author of the FEMA methodology, Mr. Dave Dawdy, was consulted on
several occasions and also was hired to exammine fan 6A(Dawdy's comments are in
Appendix A). Dawdy's original paper(1979) and the subsequent study by DMA
consulting engineers(DMA, 1985) were critically examined. Finally, the alluvial fan
methodology given in thel985 and 1993 publications of FEMA 37 were critically
examined.

Consulted with Dave Dawdy as follows:

Date Commun  Remarks
-ication
Dec. 1992 Telephone Review of "Potential flood hazards and hydraulic

&written characteristics of distributary flow areas in Maricopa
County, AZ". This report was written while | was with
the U.S. Geological Survey. I reviewed my notes and
Dave's written comments about the report. Sites 2 and 3
of the report are FEMA fan sites S and 6.

May 1993 Telephone  Asked Dave to comment on final draft of the above
report and discussed Dave's ASCE paper(1979).

June 1993 Telephone  Discussed Dave's progress with his re-review of the
above report. Also discussed characteristics of FEMA
fan 6A and invited Dave to visit the site at my expense.

June 29, 1993 Field visit  Visited fan 6A with Win Hjalmarson and Joe Tram.
& written. Discussed stability of flow paths of fan 6A
and how fan 6A compared with sites in the DMA
study.

Telephone conversation

The following is an excerpt from our phone conversation during May, 1993, The actual
conversation is presented because Dawdy's thoughts and insights given in his own
words are considered important.

WIN.--The purpose of my paper "Potential flood hazards and hydraulic characteristics
of distributary-flow areas in Maricopa County, Arizona" was to show there are

differences among alluvial fans.

DAVE .-- "That was stated in (my) the original procedures. Say if you've got

=]10-



Pearson Type 111 distribution. To prove otherwise is complex and probably
inconclnsive partly becanse of the limited long-rerni records of anmnmal peaks for
streams draining small-arid basins. Dawdy's developnient of the method is clever
but is based on a flawed model of random flow paths. Suggest the FCD nof take
issie with the mathematical development becanse the problem lies m the nnderlying
assumptions discussed previously and later i this report.

At issne is the random movement, or more basically, whether there is movement at
all of flow paths on all alluvial fans. The results of my comparison of flow paths
depicted on two sets of aerial photographs for fan 64 are given later. I regard to
the statement by Dawdy concerning the random position of flow paths. surely
interested hydrologists, engineers and earth scientists are deserving of facnial
support of such a profoind statenment.

Critical examination of the DMA(1985) report.

This report "Alluvial fan flooding methodology an analysis" was prepared by DMA consulting
engineers for FEMA in October 1985. This report and the journal article by Dawdy(1979) are
the only references which pertain to alluvial fan flooding given in FEMA(1990). The
conclusions reached in this report are problematic and seem to contradict observations of
channel movement(or lack of channel movement) following large floods at fans in California
and Nevada(Appendix H).

The report is an admission by FEMA that the assumptions(Dawdy, 1979) are unsubstantiated.
FEMA commissioned DMA to conduct the study to verify two key assumptions. The first, is
that the [ocation of any stream channel on a fan is random, that it has an equal probability of
occurring anywhere across the fan. Second, is that the flow forms it's own channel and
remains in one channel throughout the flow event except that the location of the channel can
change through avulsion. Because Dawdy was employed by DMA, which was the TEC for
FEMA at that time, an examination of Dawdy's assumptions by Dawdy himself is potentially
biased and not an ideal scientific approach. The selection of the sample of alluvial fans for the
study is a sound scientific approach except for (1) the sample was taken from a small
geographic area of the arid southwestern U.S ., and (2) the selection of sites within the small
geographic area was not random. Some of the most active alluvial fans in the United States
are in the area used by DMA and even then the conclusions reached may be unfounded. The
sites were selected because the effects of recent flooding at the sites was more easily seen on
aerial photograghs. The flow paths of recent flooding can be depicted more readily than flow
paths of old floods. In other words, the sites were selected for hydraulic considerations and
not necessarily for hydrologic considerations. It appears that the sample of DMA fans may
include the more active alluvial fans, or fans which tend to flood more often or more
noticably, in the area.

-14-




COMMENTS: A review of measurements of basin, channel, peak flow, and hydranlic
characteristics made by DMA and the USGS is recommended. The anthor personally
reviewed much of the peak flow data collected by the USGS in the Great and Colorado River
Basins. About three years ago, [ asked the Nevada district of the USGS 1o examine the
records at Hnmbolt River Tributary near Rye Paich, NV. A revision to the drainage area has
since been made. A brief examination of the data used by DMA revealed an error in the
drainage area for Las Vegas Wash near Henderson, NV(09419697) as shown in Table | of
this report.

Table [.--Basin characteristics of DMA sites with USGS gaging stations located in the
Great Basin and the Colorado River Basin.

SITE AREA  ELEV EVAP  INISI  PRECIP
Name USGS No. sq. ft. St in. in hr in.
Las Vegas 09419697  1.17°% 2370 79.1 3.00 6.0
Pinte 09423300 340 3670 747 400 6.0
Tahquitz 10258000 16.90 6800  61.3 SH 240
Whitewater 10256000  57.50 5600 60.5  5.85 26.0

SITE LENGTH  LAT LONG
(cont.) mi.

09419697 2.84 36.0314 115.0300
09423300 2.76 35.4667 114.9390
10258000 9.30 33.8050 [116.5580
10256000 17.40 33.9467 116.6400

Sonrce: USGS Streamflow and Basin Characteristics computer file.

*% Onp.23 and Tables 2 and 3 of the DMA report the area is
incorrectly listed as 0.06 sgnare niiles.




On January 29-31, 1992 I was a member of a team of USGS surface water specialisis who
met in San Bernardino, CA to discuss problems with indirect measurements made on high-
gradient streams and streams with nustable chainels. Que of the areas in the [7.S. where
past indirect measuremerits of peak discharge may be in error is the area nsed by DMA.
Several USGS indirect measurements may be affected by debris flow or excessive sconr that
was not recognized when the measurements were made. Mr. Robert Meyer of the USGS CA
district is reviewing these records and measurements. [ visited several alluvial fans in ithe
San Bernardino area which potentially were much more hazardons thair most allnvial fas in
AZ.

The conclusions reached by DMA appear unfounded. For several of the sites the flow was in
more than one entrenched channel and DMA separated these sites as shown in the DMA
report by Figures 18 and 19 and Table 3(DMA. 1985). DMA also did not show that channel
relocations will occur during the FEMA regulatory flood. In fact, an overall channel stability
may be indicated by the report based on observations of the absence of channel movement at
most of the fans used for the study. There was apparent channel movement at only one site
and possible movement at a few other sites(Table 2). At 11 of the 15 fans the floodflow
apparently followed the pre-existing network of channels. The lack of observed channel
movement following large floods on fans like Lytle and Cucamonga indicates such fans have
stable flow paths.

A split-channel methodology resulted from the DMA study(Appendix H). Two
methodologies are presently used - the single and multiple channel methods(FEMA, 1990).
This practice is inconsistent with the original model where Dawdy(1979, p.1408) states "The
degree of flood hazard is approximately equal for all points that are radially equidistant from
the fan apex." If there is a uniformity of flood-hazard degree then how can two distinct
methods be used? DMA appears to suggest that parts of alluvial fans are stable and other
parts are not. Such logic is fuzzy.

The tirst paragraph of the Theoretical Aspects on p. 8 is separated in parts to show the
hypothetical stages of fan development as follows:

Alluvial fans develop from the outwash of a canyon draining an erodible upstream watershed,
which is subjected to high intensity and short duration rain storms. The sediments eroded
from the watershed by the rain storms are transported downstream by the canyon flow and
discharged onto the valley floor below the mouth of the canyon.

A.--Due to the spreading of water and the flat valley floor, the flow on the valley floor
slows and becomes shallow. This results in low sediment transport capacity and

causes the sediment to drop out, initially near the mouth of the canyon.

B.--As the deposits continue to accumulate, the slope of the alluvial deposits increases,
and so does the sediment transport capacity of the flow.
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Table 2.--Flow pattern and channel movement characteristics of DMA sites.

{ Note: The characteristics below are based on information given in the puhlished report,)

Site Fan-like Channel Remarks
floodflow movement
Northunderland yes no Confined uatil became radial pattern.
Mason yes no No developed channels depicted on
photos.
Humbolt-Rye Patch  yes unclear Expanded to braided sheet flow.
: Unclear if flood channels were defined.
Rocky Canyon yes recent Entrenched in multi-channels until

became braided pattern. Recent
movement indicated.

Humbolt-Oreana yes no Entrenched in 2 channels until became
braided. Tendency for future channel
relocation. :

Las Vegas no no Single channel. Braided after combining
with adjacent fan.

Piute no no Single channel to confluence with
channel from adjacent fan.

San Antonio no no Flow in channels.

Lytle yes no Single channel became braided.

Day yes yes One new channel. Levees.

Deer yes no Became braided.

Cucamonga yes no Levees and structures.

Tahquitz yes unclear Two channels with braided flow
between. Levees.

Palm Canyon yes no Most flow in one channel.

Whitewater yes no Several channels.

C .--The sediments are therefore carried and deposited further downstream.

D.--When the alluvium reaches the canyon bed elevation, flood channels are developed by
the momentum of the canyon flow.

217-




E.--At this time, the deposition of sediment is extended further downstream along the
channels. For unusual events, the sediment discharged onto the alluvial fan is so great
in quantity that rapid deposition of sediment occurs at a point along a channel.
Sediment deposition lessens the channel slope above the point of deposition, but also
steepens the slope below the point. Lessening of channel slope further accelerates the
deposition process already begun.

F.--The deposition process rapidly extends upstream along the channel reach to a point
that channel overflow occurs and a new channel is developed to transport the flood
water,

G.--This process of backfilling an existing channel and developing a new channel is cailed
an avulsion.

COMMENTS: In Arizona not all fans are on the valley floor as stated i item A.
Several fans are inset in old-fan remuiants on piedmont stopes. In regard to item B, the
slope of the upper part of the fan decreases as does the sediment transport capacily of
the flow. Only on the lower part of the fan are the slopes steeperied.

The above development of a fan, as depicted by DMA, is for the early siages whein the
fan is increasing in volume and area. [In the later siages of fan development the fan is
large and the sediment delivered per unit of fan size is less than in the early more active
stage of developmen. Areas on the fan become isolated from floodflow and iribuiary
channel systems develop on these areas.

The sample of fans used by DMA appears to include fans in various stages of development.
Some fans appear more stable than others. On the more stable fans large areas may not be
subject to the FEMA regulatory flood. The failure to investigate the apparent different flood
hazards associated with fans of different ages and different geographic locations in the U.S. is
considered a major weakness of the DMA report. For example, the slope of fans 5 and 6

is less than the slope of all but one of the DMA fans(Figures 1 and 2). Also, as shown in
figure 2, a rough estimate of the expansion angle(Figure 1, Appendix H) for fans 5 and 6, -
defined to include the flooded areas(Appendix E), is less than the expansion angles for most
DMA fans. The computed expansion angle for fans 5 and 6, however, has limited meaning
because there are small fans nestled within the area encompassed by the angle. The estimated
expansion angles for fans 5 and 6 are not comperable to the expansion angle depicted by
DMA(Figure 1, Appendix H) mostly because the incised channels of fans 5 and 6 are stable.
In fact, the upper end of "FEMA fan 6" is on a pediment.
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Critical examination of Appendix 5. of FEMA 37(FEMA, 1985).

An important test of the alluvial fan methodology is how well the flood prone area maps
depict the flood hazard for sites such as fans 5 and 6. Another important test is the
reproducibility of the method by other hydrologists and engineers. This implies that standards
and guidelines are available that can be followed by engineers and hydrologists and the bounds
for scientific judgment are not too soft. Lastly, the methodology should accurately model the
active geologic and hydrologic processes of fans 5 and 6. For example, a methodology based
on aggrading processes when applied to a system of distributary channels incised in
Pleistocene sediments can arbitrarily emphasize the random movement of flow paths and lead
to systematic bias of the model. '

This "Guidelines and specifications for study contractors" of FEMA flood insurance studies
dated September 1985 included alluvial fans with split flow conditions. The method outlined
in the guidelines is based on procedures developed by Dawdy(1979) and later modified by
DMA(1985) to account for split flow conditions generally found in the lower reaches of active
alluvial fans. There are at least two typographic errors. For the last equation on page A5-4,
lambda is the exponent for previous term(Appendix I). For the first equation on page AS5-5,
the exponent of e is both of the terms which should be within a single parenthesis. A critical
examination of the latest guidelines dated March 1993 follows this critical examination. The
following comments are intended to identify deficiencies and sources of confusion in the
guidelines of September 1985. In general, the guidelines lack specific technical procedures
for defining the boundaries of alluvial fans.

There are a few terms such as "alluvial fan processes" and "active alluvial fans" that need
definition. Alluvial fans are in various stages of development and some fans are aggrading
today while other fans are stable or even eroding today. These different fans may be
subject to debris flows, aggradation, degradation, or hydraulic processes. Some fans

are more active that other fans. Some areas are subject to frequent inundation and debris
deposition while other areas are stable or eroding with developed tributary drainage
systems. Some of the more stable fans have large trees along the distributary channels
and brush, grasses and trees scattered over much of the areas between the channels.

Other alluvial fans have little vegetation. Thus, what are alluvial fan processes and what
are active alluvial fans?

Unsupported statements such as “the channel will occur at random locations at any place on
the fan surface" are considered inappropriate.” There is no proof of the statement. The
"geologic" reasoning that there is equal accumulation of sediment on the same contour also
is unsupported. Therefore, the assumption that the frequency of flooding is the same along
the contour is flawed. For example, no explanation for the fact that points of a particular
contour of an alluvial fan are at different distances from the apex is given. The contours of
some alluvial fans are not symmetrical about the apex(See for example figure 6.2.5 of
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Appendix C). If sediment accumulation is equal on the same contour, there would be
more symmetry of the contours about the apexes of fans than is observed on topographic
maps. Also, fan processes are progressive and old-mature tans may, in fact, have a
network of channels eroded in cemented Pleistocene or Holocene sediments.

The guidelines are unclear about how the topographic, geologic. and soils maps are to be
used to define the apex and boundaries of a particular alluvial fan. FEMA has stated in
writing(letter of 4/12/93 to Jim Bruner in Appendix F) that they are not charged with the
geologic description of landforms but the more informed hydrologist may realize that the
nature and extent of flood hazard is. in fact. related to the geology. The soil maps may show
younger soils on parts of the fan and older cemented soils on other parts of the fan. Is the
hydrologist to ignore this data and if not. how is the hydrologist to use this information?
FEMA suggests that geologic and soils maps should be used in a reconnaissance but how
these maps are to be used is unclear. These undefined methods and techniques cause
confusion amoung hydrologists and engineers.

The following are comments about specific statements within the subject guidelines:

Sec. A5-2a.,1st sentence(p.AS5-1). I agree that flow does not spread evenly over the
fan surface.

Sec. A5-2a..2nd sentence. 1 guess there is a single channel at the apex of most alluvial
fans but not at site 6 near Carefree, AZ where there are at least 2 distinct channels
in the pediment area at the apex. These channels are at, upstream of, and
downstream of the apex. In fact, there really is no apex at fans S and 6(See
comments in Appendix A). [ also cannot agree that the single channel is formed by
erosion of the loose material that makes up the fan. At inset fans, for example,
the channel is eroded in the old fan material on which the present (active) fan is
depositing material.

Sec. A5-2a..3rd sentence. What are the slopes relative to? ['m confused because not all
fans are steeper at the top than at the middle and bottom. Also, where is the flow
critical; in the main channel(s) and/or on the adjacent land? The overflow areas of
any alluvial fan in Arizona is covered with boulders, bushes, and scattered trees.
Critical velocities for shallow floodflow seems unlikely. Any direct measurements of
flow velocities and depths in the upper regions of alluvial fans should be given or
referenced. Do we reaily know this statement is a fact for all alluvial fans oris it a
judgment based on indirect measurements on some fans?

Sec. AS-2a.,4th sentence. I've never seen an analysis of data that supports this statement
of apparent fact. Hjalmarson and Kemna(1991) found this to be true for fans with
a high degree of hazard but not for all fans(DF As). Appears this statement is an
unsupported judgment perhaps based on experienced observation but not based
on rigorous mathematical methods.

-2 |.=




Sec. A5-2a.,5th sentence. Dawdy uses this assumption based on the unpublished work
of Lare and Eyster. For a rectangular channel the slope of stage-discharge
relations 1s 2.5 or the exponent of the hydraulic geometry relation is 1/2.5 or
0.4. [ examined this exponent for 12 sites in Maricopa County and could not find
support for an average exponent of 0.4 for mean channel depth. Apparently, this
statement is unsupported and perhaps influenced by the hypothetical width-depth
model used by Dawdy to estimate the depth of floodflow on AFs.

Sec. AS-2a.. 2nd paragraph. Dawdy uses this concept of a single equivalent channel
without supporting it with physical documentation. This assumption of a single
equivalent channel appears to be a judgment call only. This assumption may be
considered a useful engineering approach to sclving the problem of managing
development on some fans but there is no physical documentation that the single
equivalent channel applies to all alluvial fans.

Sec. AS-2b. and Sec. AS-2¢c. Depends on the previous assumed conditions.

Sec. A5-2d. This statement appears to be based on an assumption that avulsions occur
during an average 100-year period. It is assumed that on the average, there are
enough avulsions to cause an equal probability of flooding at any point on the AF.
There are no data to support the assumption except for the geologic reasoning
discussed previously.

Sec. A5-4,1. The use of D = pressure + velocity head is not supported. The addition of
velocity head appears arbitrary and may depict an unrealistically high degree of
hazard. The use of total head for flood depth appears to be all judgment and
is in disagreement with Boyd Lare(retired engineer, CofE), one of the first
engineers to define flood hazards of alluvial fans in New Mexico. Boyd's
comments are given in discussion item B of this report.

COMMENTS: Where are the daia that suppori the several factual appearing
Statements in the guidelines? Also, can FEMA explain why several of the
apparently unsupported statements do not to apply for fans in AZ(Hjalmarson
and Kemna, [991)? For example, why did the study contractor for site 6 not
use a single channel at the upstream end of the fan?

Critical examination of Appendix 3. of FEMA 37(FEMA, 1993).

These revised guidelines and specifications for studies of alluvial fan flooding may be
an improvement over previous guidelines but remain based on unsupported assumptions,
many of which are discussed previously in this report. The added comment in the
introduction concerning the lack of active deposition on some portion of a fan is
unsupported by facts or reason. Does it mean that some areas of inactive deposition,
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perhaps with significant erosion of stream channels traversing the alluvial fan, may not be
subject to FEMA's methodology? Or, instead, does it mean that eroding areas of
Pleistocene sediments are subject to FEMA's methodology because there is remote
chance that because of a climate change the channels may now aggrade?

A major source of irritation with the methodology continues to be the assumption that the
flood follows a random path down the fan surface. There is considerable evidence that
some alluvial fans(DF As) have distributary channels eroded in Pleistocene sediments that
are resistant to erosion and lateral bank movement. FEMA continues to ignore this fact
that some sediment surfaces of alluvial fans are degrading and are incised by a network
of distributary channels not subject to relocation under natural conditions. It is unciear
why FEMA continues to ignore the concerns expressed by numerous technical experts
familiar with floodflow conditions of the arid southwestern United States.

The author attempted to obtain data which support the relation discussed in item 3 on page
AS-2. No data were available from Boyd Lare or the CofE office at Albuquerque. FEMA
backs up Dawdy's claim that data are available from the CofE(Appendix K) but the CofE
says there are no data. '




CONSULTATION WITH CORPS OF ENGINEERS

The purpose of this discussion item was to consult with the Cof E and substantiate whether
or not fans S and 6 are represented by fans studied by FEMA and thereby determine if the
FEMA methodology is appropriate. Little information was available from the Cof E and the
greatest source was Mr. Boyd Lare. retired engineer, U.S. Army Corps of Engineers. Both
Boyd Lare and Gary Eyster are referenced by Dawdy(1979) on page 1409 of his paper as the
source of the dd/dw =-.005 relation. Gary Eyster was unavailable for comment because he is
on a year leave without pay from the Cof E. During May 1993 I discussed the Dawdy(1979)
method with Boyd Lare. The following is an account of my contact with the Albuquerque
office of the Cof E and my conversation with Mr. Boyd Lare.

Dawdy says the relation is based on field evidence and there is an implication(Dawdy, 1979, p.
1408) that the field evidence was for flow on alluvial fans. Boyd Lare and the U. S. Army
Corps of Engineer's office at Albuquerque, New Mexico have no field data to support this
relation. Boyd Lare and Gary Eyster coauthored an unpublished paper which they presented
at a FEMA meeting. Mr. Frank Jaramillo, U. S. Army Corps of Engineer's, Albuquerque,
New Mexico, mailed a copy of a draft of this paper to me during May 1993. Frank said there
were no data available that support the relations in the paper. I attempted to contact Mr.
Gary Eyster but Frank said he was on a year leave without pay from the CofE. The following
analysis includes comments by Mr.Boyd Lare during a telephone conversation between Boyd
Lare and myself on this subject.

According to Dawdy(1979, p. 1408) there is field evidence that supports his estimate that a
channel stabilizes approximately at the point where dd/dw = - 0.005. Dawdy attributes the
use of this relation to geomorphologic reasoning and principles but there are no data that
support his reasoning. According to Lare:

1. The relation of dd/dw = -.005 is not really based on a whole lot of field data.

2. It was developed by taking a look at the hydraulics of the situation. You obtain a

plot of depth and width for a channel cross section. You get a point where the

depth doesn't decrease very much as width increases.

For that type of channel there is the potential to create a channel anywhere across

the fan when the channel avulses. You can assume it will establish a channel that

looks pretty much the same and the depth would be pretty close.

4. You are determining the maximum the flow will spread out because it can't get
any shallower. Boyd seems to mean that at dd/dw = -0.005 the flow is at a
maximum attainable width and a minimum attainable depth.

5. You are trying to bottle up the flow into an area of the alluvial fan and see what

the maximum width might have been.

w2
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There appears to be no data to support the relation dd/dw = -0.005. The relation was
developed by Boyd Lare and Gary Eyster using assumed hydraulic conditions. Boyd admits
he used judgment and not facts to represent what happens on an alluvial fan. Apparently,
Boyd developed the method based on his field observations of flow in sand channeis and
simply used his judgment to transfer his hypothetical relation to the channel that potentially
could form on an alluvial fan. The width of floodflow simply occurs where the depth doesn't
get much smaller as indicated on the relation of width and depth.

The following is an examination of the relation dd/dw = - 005(dw/dd= -200) as used by
Dawdy(1979, p. 1408).

The overland flow condition in Fig. 7 of Magura and Wood(1980) is first examined(See

Appendix D). The relations in Figure 7 are from unpublished work of Boyd Lare that is
referenced by Dawdy(1979, p. 1409).

At critical velocity, V = (gd)l/2 ................................... el s Sl L - (1)

and for the cross section of the assumed overland flow condition

Q =vdw (2)
where ,
d = critical depth({average depth because bed of channel is flat and at same
elevation),

v = avg. velocity,
w = width of flow path.

Combining equations (1) and (2)

Q=wd¥2gl2 )

and rearranging equation (3)

w=CQ 33/2 where C = l/gl/2

differentiating the function of w with respect to-critical depth(d),

dw/dd = -3/2CQ d-3/2 (4)

-2 Y=




at g =32.2,-3/2 C =-264 and the equation becomes

dw/dd = - 264 Q d->/2 (5)

for the hypothetical value of dw/dd = -( 1/.005) = -200 (from p. 60 of Magura and
Wood(Appendix D), with the correction for the missing negative sign)

d=00705 Q4

and for the values of discharge, Q, shown in figure 7 of Magura and Wood,

Q d w
1000 1.12 149
4000 1.95 260

12000 3.02 403
18000 3.55 474

Thus, the method used by Magura and Wood is unnecessary because, as shown above, there
is a direct solution of width and depth for a given value of dw/dd. The use of Manning's
equation is unnecessary to define the width versus depth relations shown in Figure 7 of
Magura and Wood(1980).

The Manning equation can be used to examine the hydraulic conditions for the imagined
overland flow conditions used by Dawdy(1979).

Manning's equation is
Q =(1.486/n) AR%3 5172 (6)
where
A = area of cross section{A = wd),

R = hydraulic radius(R = d for the overland flow conditions),
S = friction slope(S = slope of alluvial fan surface for the overiand flow

conditions),
n = roughness coetficient.
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Rearranging and substituting

wSY2= 1486 wdd3 (7)

Equations 5 and 7 are used to examine the Manning roughness coetficients needed to satisfy
the hydraulic conditions for the assumed overland flow.

For a given surface slope of an alluvial fan the roughness coefficient must be less than the
roughness coefficient needed to maintain the critical velocity for the assumed conditions. If
the surface of the alluvial fan is rough and the flow is turbulent, critical velocities cannot be
attained because of high energy losses. For the range of surface slope conditions of most of
the fans studied in Arizona by Hjalmarson and Kemna(1991, p. 48), the computed roughness
coetlicients are shown in table 1. The depths(d) and widths(w) are computed for the four
discharges in Figure 7 of Magura and Wood(1980) and the roughness coefficients(n) are also
computed for slopes of 0.007, 0.01, 0.02 and 0.03. Three values of dw/dd are used to show
the effect of larger and smaller values of dw/dd on the assumption that dw/dd=-200(Tabie 3)
Critical velocity is maintained for all values of dw/dd.

For the assumed overland flow condition, the roughness coefficient(n) for critical velocities
increases as the slope of the fan surface increases from 0.007 to 0.03. The computed
roughness coefficient also increases as the computed critical depth(d) increases. Thus, to
accomplish the condition dd/dw = -.005 assumed by Dawdy(1979), the roughness coefficient
of the surface of the alluvial fan must change with depth of flow and slope of the fan.

The alluvial slopes of fans in Arizona typically are composed of sand, gravel and scattered
cobbles and boulders. The slopes typically are covered with scattered grass, brush, cacti, and
small trees. The surfaces also are typically irregular and dissected by numerous rills and smalil
channels.

Values of Manning's n for alluvial fan surfaces can range from 0.020 to more than 0.080.
Typical base values of roughness coefficient range from 0.025 for soil and sand(Thomsen and
Hjalmarson, 1991) to about 0.060 for cobbles and boulders. Adjustment factors to the base
value typically are from 0.005 to 0.010 for irregularity of the fan surface, 0.002 to 0.005 for
obstructions such as fallen trees and cacti, and 0.010 to 0.050 for vegetation such as weeds
and dense brush and bushes. For flow depths less than 2 feet, roughness coefficients less than
about 0.035 are considered uncommon.
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Table 3.--Hydraulic characteristics of overland flow condition by Lare and Eyster
(unpublished report, 1978) and referenced by Magura and Wood
(Figure 7, 1980) and Dawdy(1979, p 1408).

[Q, discharge, in cubic feet/sec.; dw/dd, first derivative of w = function
of d with respect to d; d, critical depth, in feet; w, flow path width, in
feet. Based on FEMA methodology dw/dd only occurs at -200}

Q dw/dd d w Computed value of Manning's n at
indicated amount ot slope
0.007 0.0] 002 0.03

1,000 -10 370 25 0027 0033 0046 0.057
-200  1.12 149 022 027 038 .046
-1.000 .59 392 .020 024 034 041

4,000 -10 645 43 .030 036 051 062
-200 195 260 025 .029 041 031
-1,000 1.02 682 .022 .026 .037 046

12,000 -10 10.0 67 032 .039 055 067
-200  3.02 403 026 .032 .045 055
-1,000 1.59 1,059 .024 .028 .040 049

18,000 -10 11.8 79 033 .040 056 .069
-100 6.18 206 030 036 050 062
-1,000 1.87 1.245 024 029 041 050

- —— o e e . e

For each of the four discharges the computed maximum allowable roughness coefficient
appears smaller than is typically found on alluvial on alluvial fans in Arizona for shallow
depths and small slopes. Thus, one of the most important elements(critical velocity) of the
assumed flow condition is not satisfied for most alluvial fans in Arizona with slopes less than
about 0.01 or depths of flow less than about one foot. The surface of these fans is relatively
rough and critical velocities of floodflow are considered unlikely. Roughness coefficients for
overland flow on many other active alluvial fans with greater slopes and potential flow
depths also exceed the computed values(Table 3). Except along the defined channels

of typical fans with slopes less than about 0.02, the attainment of critical and supercritical
velocities over much of the fan surface is considered unlikely for the three values of dw/dd
and four values of discharge(Table 3). At dw/dd = -200, larger roughness coefficients

than the maximum roughness coetficients shown in Table 3 are common over much of the
surface of alluvial fans in Arizona. The adjustment factor to base values of Manning's n for
vegetation commonly is large because the surfaces of alluvial fans(distributary-flow areas)
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in Arizona are relatively stable and the vegetation is undisturbed by floodwater.

The presence of large desert trees, smaller desert vegetation, and incised channels on
many alluvial fans in Arizona is evidence that floodflow does not erode a new channel to
the parameters defined by Dawdy(1979) and FEMA. The 'n' value thus obtained is not
substantiated by field data.

Although there are no known direct measurements of floodflow depth and velocity on
alluvial fans in the arid southwestern United States, it is a well known fact that Manning's n
is inversely related to depth of flow for relatively shallow depths(Barnes, 1967).
Emmett(1970, figure 14) found for depths of less than 0.1 ft., values of Manning's n from
about 0.2 to more than 1.0 on hillsides in west-central Wyoming. Jarrett(1984, figure 2)
presented several relations of Manning's n and hydraulic radius for defined channels which
depicted significant inverse relations. The effects of roughness elements on or near the land
surface tend to diminish as the depth of flow increases. The effect of vegetation depends
greatly on depth(Thomsen and Hjalmarson, 1991). Because the vegetation tends to be
more dense on alluvial fans than on adjacent land, the Manning roughness coefficient can be
large and depth dependent. Reconnaissance photographs of five alluvial fans considered
representative of alluvial fans in Maricopa County depict hydraulically rough fan surfaces
covered with bushes and scattered trees(Hjalmarson, 1993, in press).

A letter from Vern Bonner, Chief of the Training Division, Hydrologic Engineering Center,
U.S. Army Corps of Engineers, Davis, CA. during late May, 1993(Appendix B) indicates the
CofE does not have published guidelines for defining flood hazards on alluvial fans.

A review of a draft ot a Cof E engineer manual(EM) "Stability of flood control channels”
dated January 1990 which was scheduled to be incorporated in EM 1110-2-1601,

Hydraulic Design of Flood Control Channels indicates the general characteristics of alluvial
fans are descnibed in section 2.1.2 and design characteristics for stability are given in section
6.2.3.. These two sections are in Appendix C. The report discusses fans that are actively
aggrading and fans in a stable or degrading state. It recognizes that fans with a perched
principle channel in relation to ground equal distances from the apex and that are unvegetated
are likely to be actively aggrading. Fans with perched principle channels are dipicted by Boyd
Lare(Appendix B) The report also recognizes that fans that are vegetated with an entrenched
primary channel may be stable or degrading.

COMMENT: Mr. Boyd Lare should be credited with the ideas which led to the Dawdy(1979)
method. Clearly, Boyd hypothesized the wide-flat channel that stabilizes at dd dw = -.003.
He also had observed critical and supercritical velocities on alluvial fan in New Mexico.
However, when Dawdy offered Boyd co anthorship of his paper, Boyd refused. Boyd 1old
me during our conversation in May [993 that he felt Dawdy's method had gone beyond
reality.




FEMA FLOOD MAPS FOR FANS 5 AND 6.

As previously stated, an important test of the alluvial fan methodology is how well the flood
prone area maps depict the flood hazard for sites such as fans 5 and 6.. Another important
test 1s the reproducibility of the method by other hydrologists and engineers. This implies
that standards and guidelines are available that can be followed by engineers and
hydrologists and the bounds for scientific judgment are not too soft. Lastly, the
methodology should accurately model the active geologic and hydrologic processes

of the particular DFA. For example, a methodology based on aggrading processes

when applied to a system of distributary channels incised in Pleistocene sediments can
arbitrarily emphasize the random movement of flow paths and lead to systematic bias

of the model. )

It seems there are no published standards that clearly define the method used by

the study contractor to delineate the apexes and flood boundaries of fans 5 and 6 .
According to Ed Mifflin of Michae! Baker, Jr., Inc., the technical evaluation
contractor(TEC) for FEMA, the apexes and boundaries of the "alluvial fans" were
defined using topographic maps and aerial photographs. The study contractor(SC)
(for fans 5 and 6 the SC also appears to have served as the TEC) next assumed that
floodflow could inundate the entire area(See Appendix E) within the boundaries
defined and gave the areas a zone designation of AO. Because the FCD wanted
the depths and velocities defined, the study contractor used the FEMA alluvial fan
methodology to define the depths and velocities(Ed Mifflin, oral communication).’
The FEMA alluvial fan method was used to define the downstream limit of zone AO.

Before discussing the depiction of flood hazards(Appendix E) it is important to note
that the original flood boundaries that were reviewed by the TEC were for much

larger areas for fans S and 6. The apexes were further upstream and large areas
adjacent to large incised channels which effectively conveyed the 100-year peak
discharge were included in zone AQ. Thus, the author feels the latest flood maps
represent an improvement in the depiction of the potential flood hazard of fans 5 and 6.
The areas prone to flooding in the upper reaches are approaching those described in
general terms by Hjalmarson and Kemna(1991).

The flood maps(Appendix E) appear odd and unlike common fan like areas

(FEMA, 1990B). The apex of fan 6 is undefined and there is no mountain in the

drainage basin. On June 29, 1993 David Dawdy, Joe Tram and [ visited fan 6A

from the "apex" to a few miles downstream(Appendix A). Flow is constricted by

granite outcroppings at the edge of the bedrock pediment. These lateral constrictions form
the "apex" of the eroding surface. The stream profile is fairly uniform for about 15,000 ft.
above and 30,000 ft. below the "apex"(Hjalmarson, fig.7. in press). Four separate "alluvial
fans" are depicted by the SC at the ends of defined channels which convey the computed 100-
year discharge. It is unclear if four apexes are modeled and if so, the SC has not explained
how the floodflow can divide into four stable channels. Does the fan start at the uppermost
diffluence? If so, the SC did not explain the presence of a fan on the pediment. Hjalmarson
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and Kemna(1991) applied methods by Doehring(1970) to discriminate between the pediment
and alluvial plain for fans 5 and 6 and found that the two uppermost diffluences are on the
pediment. The SC also has neglected to explain how the channel forks above fan 6A are not
unlike those below the "apex" of fan 6A(not shown in Appendix E).

What happens to the flood hazard in the defined channels below the northern three "fans"?
The SC has spread the floodwater in semiconfined fan like areas while not defining the hazard
in the entrenched channels downstream. A significant flood hazard remains undefined below
the three small fans as stated in the FEMA report for the site(Appendix E).

The channels in fan 6A are incised in Pleistocene sediments separated by Pleistocene and older
Holocene interfluves. The soils of these sediments are well developed with distinct B horizons
of carbonates. The channels and surface are stable or slightly eroding. The SC has depicted
widespread inundation where several large-stable interfluves are above the level of flooding.
The SC has not explained how this dipiction was made or the basis for such widespread
inundation.

The SC to some extent may have followed the latest guidelines for study contractors (FEMA.
1993). Unfortunately these published guidelines do not explain how to use available
topographic, geologic, and soils maps(FEMA, 1993, p.A5-3) to define the apexes and
boundaries of alluvial fans. In fact, the guidelines do not explain precisely how to identify if a
particular landform is an alluvial fan or how to distinguish an alluvial fan from a pediment.

Some hydraulic, soil and geomorphologic characteristics pertinent to the definition of flood
hazards of fans 5 and 6(fan 6A in particular) follow.

Floodflow and sediment movement of fans S and 6.

The soils adjacent to the major streams are on tan terraces that have been eroding slightly
during the past few hundred or perhaps thousand years. The soils of these terraces are well
developed and commonly are oxidized to depths of 1 1/2 to 2 feet. There is a distinct B
horizon with a build up of limy clay from leaching of clay minerals from the surface part

of the soil to the lower part of the soil. There are systems of tributary channels developed
in these eroding areas that are commonly located between the several distributary channels
that emanate from the primary diffluences(PDs). In the lower parts of the DFAs the soils
contain more gravel and are not as well developed. The calcareous gravely sandy loam is
resistant to erosion along the washes and the hazard to runoff erosion is slight(Camp, 1986,
p.71). The infiltration of rainfall is moderately rapid and the residual amount of runoff is
small.

The channels and adjacent floodplains of streams emanating from the PDs are composed of
sandy loam and gravely-sandy loam. The stream channels are composed of more granitic type
gravel than the floodplains. The channel beds can easily erode and the channel banks are
susceptible to erosion especially where unprotected by vegetation. The banks generally are
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calcareous sandy loam starting from a few inches below the surface. The amount of
cementation by the calcium carbonate varies along the channel banks and commonly affords
slight to moderate resistance to erosion. Some channeling, deposition and streambank erosion
is common during infrequent flooding. Most of the erosion and deposition occurs along the
unstable streambeds which scour and fill as sandy-gravely material is moved and deposited by
ephemeral runoff and infrequent floodflow. Soils along the major streams are not developed
and are stratified by deposits of sediment and organic material. The deposits occasionally are
washed away by large floodflows. The beds of the major streams have cut into the

underlying old fan remnants or fan terraces as described by Camp(1986).

Although there are no continuous records of streamflow for streams draining nearby similar
basins, the runoff characteristics can be estimated from records of streamflow in the region.
The coefticient of variation for ephemeral streams at similar latitude in the southwestern U. S.
probably is more than one(Hjalmarson, 1991) and there are many years with no flow. Runoff
typically is only a few hours each year. Most of the runoff over periods of several years
probably is from one, two, or possibly three storms.

Floodflows are competent to move most of the bed material of the channels that emanate
from the primary diffluences of sites 5 and 6. Hjalmarson(1993, in press) showed the channel
competence of the 2-year flood was several times more than the grain size of the bed material
at the primary diffluences. The channel competence along the channels in the DF As appears
considerably larger than the grain size of the channel beds(SCS, 1986, table 13). Most floods
are not of suthicient duration and magnitude to move sediment past the PDs and through the
DFAs. Typical floods that originate above the PDs or within the DFAs are short lived and
floodwater is completely lost to infiltration into the sandy channel beds. The complete loss of
floodwater to infiltration and evaporation within a few hours is common in central and
southern Arizona(Hjalmarson, 1984). Sediment is moved during these short periods of
floodflow and deposited downstream until it is again remobilized by another infrequent
floodflow perhaps a year or two later. Sediment passes into and through the DFAs in pulses
and seldom does much sediment pass through the DFA during a single floodflow.

The amount of sediment transported into the DFA and from within the DFA can
appear to be more than actually occurs. Sediment is deposited in the many roadway
dip crossings during runoff mostly because the dip crossings act as sediment traps.
The banks of the stream channels are steeper and the channels are narrower above
and below the dip crossings. The flow expands as it enters the dip crossings, looses
kinetic energy, and deposits some of it's sediment load. The streambeds are
composed of gravelly sandy loam of granitic origin that is moved short distances

by small flows. The beds of the channels that emanate from the PDs are soft and in
places difficult to walk in and can give the false appearance that large amounts

of sediment move into the area.

Because of the distributary nature of the channels, high energy floodflow at the PD

is split into several channels with permeable sand beds. Large amounts of floodwater
are lost to infiltration and flashy peaks are attenuated as flow divides. As found on
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other DFAs in the arid southwestern U.S.(Thomas and others, 1993, in press),

most of the peak discharge of large floods on the DFAS of sites 5 and 6 can be lost
to attenuation and infiltration. The DFAs of sites 5 and 6 are unusually large relative
to the area drained above the PDs because the areas are old and relatively

inactive. The area presently drained above the PDs is a mild sloping pediment where
mountains once stood. Nearly all active alluvial fans are formed below, but not
necessarily at the toe of steep mountains. Lesser active fans, like those for sites 5
and 6 are found below milder slopes such as pediments.

The channels of sites 5 and 6 are formed by erosion of the Pleistocene sediments

and the channel banks typically are lower than the adjacent land(figure 3). The channels

are lined with trees and bushes and there are scattered bushes and trees on the

interfluves. There are a few channel banks that are higher than the shoreward land

but these typically are erosional features. The channels depicted by Boyd Lare(written
communication) for alluvial fans that Dawdy(1979) based his model on are formed by
aggradational processes. The channel banks are depositional mounds and are higher

than the shoreward land(figure 4). When these channels fill with debris or the banks are
overtopped, avulsions occur and floodwater spreads over adjacent areas. Because of the
unstable nature of "Lare's" fans, there are few trees and older vegetation along the channels.

According to Hjalmarson and Kemna(1991, p. 29) there is a general relation between
DFAs with small drainage basins and discharge intensity--flood peak discharge at the
PD divided by the DFA. Sites like fans 5 and 6 with a low discharge intensity
(Hjalmarson and Kemna, 1991, Table 4, sites 3 and 2, respectively) have a lower
relative degree of flood hazard than sites with large discharge intensities. The low
degree of hazard is common to DF As with relatively stable flow paths(less active
alluvial fans).

Channel movement

On June 8, 1993 [ examined two sets of aerial photographs of FEMA fan GA in the
sections S and 6 of T.4 N., R. 4 E., and sections 19-23, 26-32 of T.SN.,R. 4 E..
The areal photographs were furnished by Mr. Joe Tram of the Flood Control
District of Maricopa County. Both sets of photographs were of good to excellent
quality. There was no cloud cover and the resolution was satisfactory for the
identification of small trees and low-order stream channels. The scale of both sets
of photographs was 1 inch = 1,200 feet or approximately 1:14,500. The
photographs were black and white. Horizontal registration of the mylar overlays
was made using road intersections and prominent trees as control points.
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Additional characteristics of the photographs are:
Set Date taken Identification

I March 8, 1953 Nos. 66,68 and 69. 1.D. on no. 68 is:
VV BE MI AMS * MAR. 53 1145
52.22 31,000 33 degrees 48 min. N
115 deg. 55 min. W. Physical size of the glossy
prints was about 3.1 ft. x 3.1 ft.

2 March 30, 1991 Nos. I-17 and I-18. Taken by Landiscor
Aerial Photo, Inc., 3816 North 7th St.
Phoenix, Arizona 85014.
Physical size of the prints was about
1.7 ft. x 1.7 ft. Physical size of the
negatives was 8-1/2 x 11 inches.

The network of stream channels depicted on the two sets of aerial photographs were
examined and no differences in the locations of the stream channels were found. There also
were no discernible changes in channel width for streams located in the areas listed above.
The display of the negatives over the glossy prints when placed on a light table revealed no
movement of the stream channels or the formation of new stream channels.

While employed as a hydrologist with the U. S. Geological Survey(USGS) I studied the
potential flood hazards of the Cave Creek quadrangle which include much of the area in the
sections above. Stream channels were examined from a helicopter on several occasions in the
mid 1970s as part of this study. Also as part of this study and subsequent studies in the late
1980s and early 1990s, there were many on-site investigations of the stream channels and
associated potential flood hazards. A major objective of these studies was to assess the
potential movement of the channels. The following publications are the resuit of these studies:

Hjalmarson, HW., 1993, Flood characteristics of alluvial fans in Arizona:
Association of State Floodplain Managers, Arid West Conference
Proceedings, 1992, in press.

Hjalmarson, H.W.,1993, Potential flood hazards and hydraulic characteristics
of distributary-flow areas in Maricopa County, Arizona: U.S. Geological
Survey Water-Resources Investigations Report, in press.

Hjalmarson, H.W., 1978, Delineation of flood hazards in the Cave Creek
quadrangle, Maricopa County, Arizona: U.S. Geological Survey
Miscellaneous Investigations Series Map [-843-B, I sheet.

Hjalmarson, HW_, and Kemna, S.P., 1991, Flood hazards of distributary-
flow areas in southwestern Arizona: U.S. Geological Survey Water




Resources Investigations Report 91-4171, 68 p.

The potential flood hazards, stream channels, topography, physiography, soils and
geology that I have observed, studied and reviewed as part of these studies are
sufficient in my professional opinion to enable me to make the comments and draw
the following conclusions:

1.--To a degree of reasonable engineering certainty, I do not believe that the stream
channels emanating from the south channel of site 2(Hjalmarson and Kemna,
1991) otherwise known as FEMA fan 6A will change location significantly
under natural processes during engineering time or approximately 100 years.

2.--The systems of both tributary and distributary channels are considered relatively
stable unless manmade obstructions to floodflow are constructed in the
channels and adjacent floodplains. The distributary channels are incised in
old-fan remnants and the old-fan remnants are slowly eroding.

3.--The relative amounts of floodflow in distributary channels downstream of forks
will change some from one flood to the next. Precise estimates of the
distribution of floodflow in the system of distributary channels cannot be made
because the channel beds scour and fill. However, for major floods any scour
and fill in the relatively small entrenched channels will have little affect on
total channel conveyance of the channel forks.

4.--The construction of homes, buildings, roadways and other obstructions in the
distributary channels and adjacent floodplains can cause lateral migration of the
channels. If such disturbances of the natural system of channels are large, new
channels may form and existing channels may be abandoned. There
presently(June 9,1993) are a few homes and roadways that form obstructions to
runoff and floodflow.

5.--Small amounts of lateral movement of channels caused both naturally and by
man occurs throughout the area. Observed scour and fill is local and commonly

on the order of a few feet laterally and less then about I fi. vertically.

Channel entrenchment

The report "Flood hazard identification and floodplain management on alluvial fans" by two
FEMA employees, Magura and Wood(1980), was critically examined. Additional remarks
are in the Consultation with Corps of Engineers section of this report. The following
comments address references to and implications of channel stability.

The following paragraph is from the Federal Emergency Management Agency,
1985, Flood insurance study guidelines and specifications for study contractors:



Federal Emergency Management Agency Report 37, Appendix 5, p. 1-14. Of
interest is the term "entrenched channels".

When it is determined that an area in a community is subject to alluvial fan flooding,
a thorough reconnaissance of the alluvial fan should be made in order to determine
the source of flooding, the apex of the fan, the boundaries of the fan, the areas of
coalescence of contiguous fans, the limits of entrenched channels, single and muitiple
channel regions where evident, and the areas of active alluvial fan processes. The
reconnaissance should make use available topographic. geologic. and soil maps; aerial
photographs; historic records; and site inspection.

According to Magura and Wood(1980, p60), most alluvial fans analyses of alluvial fan
flooding will be performed on areas where natural fan processes such as trenching, lateral
migration of channels, and sediment deposition are free to take place. There are two
general categories of these fans: 1) where the fan is untrenched and 2) where the fan is
entrenched. Magura and Wood define entrenched fans as those where an unbroken

flow path exists which conveys up-canyon flow down-fan to a point where sediment
deposition takes place.

COMMENTS: Are continuous channels with defined bariks considered to be unbroken
flow paths? Are two or more defined distributary channels considered nnbroken flow
paths? Are flow paths considered broken at the intersection point of the

distributary chammel?

Magura and Wood continue with "Such entrenched channels may be straight or meandering
single channels, or a network of interwoven channels. In either case, an average channel cross
section is determined for each reach from either field inspection, large-scale topographic
mapping, or actual field survey."

COMMENT: This is an interesting description of an entrenched chamiel where it
seems to include braided chaimels. To me, braided chaimels are networks of
interwoven chaimels which appear to be part of a single large channel that has
defined banks. On page 59, however, they refer to differences in flow
characteristics that occur where reaches change from entrenched chammel 1o
braided channel.  Thus, it is nnclear what an entrenched charmel really is.

For site 6 there may be several entrenched chanmels which form a network of
interwoven "braided" chaimels. In many places these entrenched chaimels are
separated by areas of tributary channels. These interfluvial areas appear free
from flooding that originates from the apex(PD).

Magura and Wood, like Dawdy(1979), also make the assumption that the main channel
may shift just below the fan apex during a flood, forming a new channel elsewhere on
the surface of the fan. Magura and Wood(1980) do not substantiate that this assumption
applies to all alluvial fans. No data are presented to support this assumption.
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Hydraulic geometry

Dawdy(1979,p.1408) models the assumed overland flow on alluvial fans(condition he
attributes to Lare and Eyster) by defining hydraulic geometry relations for the rectangular
channel. The method by Dawdy is based on geomorphologic principles that were first
presented for river channels by Leopold and Maddock (1953). Dawdy's method is based

on the assumed flow condition with a rectangular channel and is based on the premise that the
hydraulic geometry relations apply to the 100-year flood. While plots of channel width and
depth for wide-flat alluvial channels commonly have a depth where dd/dw = -.005, the
discharge corresponding to this depth commonly is much less than thel 00-year flood. Thus,
the assumption that the channel is rectangular and defined by dd/dw = - 005 is problematic.
Dawdy (1979, p. 1412) also assumes " that each flood event forms a single channel and flow
remains in that channel throughout the event." Data do not support this last assumption.

The hydraulic geometry relations at a given cross section or at various cross sections
along a stream for channel width, depth, and velocity are:

W = CwQP (8)
where .
W = width of the channel in feet,
Cw = constant related to the size of the channel,
Q = peak discharge, in cubic feet per second, that formed
the channel, and
b = constant exponent.

D = cbQf ©)
where
D = mean depth of the channel,
Cb = constant related to the size of the channel, and
f = constant exponent.

V=CvQ™M (10)
where
V = mean velocity of the discharge that formed the channel,
Cv = constant, and
m = constant exponent.

The exponents of b= 0.4, f=0.4, and m = 0.2 given by Dawdy (1979, table 1) are difficult to
evaluate using indirect methods because the discharge of the floodflow that formed the
channels is unknown. The exponents at a particular location, however, can be computed and
compared to the theoretical and average values for the "at a station" relations by Leopold and
Maddock (1953, p. 26) and Leopold and others(1964).



To test if the above hydraulic geometry equations apply to streams in Maricopa County cross
sections of the stream channel were surveyed at the apexes (primary diffluences) of 13 alluvial
fans where the floodflow is in a single channel (Hjalmarson, 1993). The control for the reach
at the PD's was the channel and the cross sections commonly were in fairly uniform reaches.
Using conveyance-slope methods, the exponents for the cross sections at each site were
computed for the values of peak discharge of the 2-, 10-, and 100-year floods(Hjalmarson,
1993). The mean values for the exponents of the sites were then computed for the 2-, 10-,
and 100-year floods (table 4).

Table 4.--Theoretical, average, assumed and computed hydraulic-geometry exponents for
channel cross sections.

Theoretical Average Assumed Computed
values(!) values(?) values(®) values(*)
Ephemeral Mid-  Used Average value for
Non-  streams  western for peak discharge at
Component Cohesive cohesive insouth- United FEMA indicated
bank bank western  States  method recurrence
material material  United interval
States 2-yr  10-yr 100-yr

Width 0.25 0.50 0.29 0.26 0.40 032 027 0.11
Depth 43 27 36 40 40 41 44 53

Velocity e 23 34 34 20 e a .29 36

(1) Leopold and others (1964, table 7-8).

(2) Leopold and others (1964, table 7-3).

(3) Dawdy(1979)

(4) Hjalmarson(1993, in press). Average exponents for 13 sites
in Maricopa County, Arizona.

The method is limited because the channel geometry for the 2-, 10-, and 100-year
floods is estimated by the surveyed cross sections when there was no flow. The
differences between the geometry of the channels at the peak discharge of interest
and at the time that the cross sections were surveyed is unknown. Small differences
because of scour and fill during subsequent flow are considered likely.




The average of the exponents of the thirteen sites in Maricopa County for the
10-year flood (table 4) are similar to the exponents for the streams in the midwestern
United States. The exponents of the 10-year flood for the sites in Maricopa County
also are similar the theoretical exponents for cohesive bank material. The small
differences are well within the potential error of the data because of the scatter of the
width, depth, and velocity exponents for the sites. The computed average exponents
for the 2-year flood also are similar to the exponents computed by Leopold and
Maddock (1953).

The level of the 2-year flood was below the banks of the active channel as defined
by several authors including Hedman and Ostercamp (1982). Because the active
channel was difficult to define at the PD for several sites, it is uncertain if the level
of the 10-year flood was below the top of the banks of the active channel. At most
of the sites, however, much of the flow of the 10-year flood may be within the
active channel.

The average exponents for the channel width, depth, and velocity for the 100-year
flood are different than the exponents for the smaller floods (table 4). At all sites,
the level of the 100-year flood was above what appeared to be the active channel
but was below the top of the confining banks. At several of the sites, the level of
the 100-year flood was above the small flood plains adjacent to the active channel.
Hydraulic geometry equations for 100-year flood are different than the hydraulic
geometry equations for the 2- and 10-year floods. -

There appears to be no basis for assuming that hydraulic geometry relations with average
exponents can be applied over a wide range of discharge. At many channels, the floodflow of
the 100-year flood spreads over low terraces and other gently sloping land. For these
channels, the width increases rapidly, and as reported by Leopold and Maddock (1953}, the
hydraulic relations are expected to be different.

The average exponents for fifteen sections in fan 6A(Table 5 and figure 5) closely agree with
the exponents for sections with cohesive bank material(Table 5). This further indicates the
channels are stable and do not move about freely.

The assumed condition used by Dawdy(1979) and defined by hydraulic geometry
exponents(Tables 4 and 5) is not supported by data. The average hydraulic geometry
exponents for alluvial fans in Maricopa County are different than those for a rectangular
channel but are similar to the theoretical exponents for a channel with cohesive bank material.
The flow condition use by Dawdy and the assumption that channels are formed freely(non-
cohesive bank material) are not supported by reason or facts.
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The assumption that the channel is rectangular does not have a significant affect
on the "Dawdy Method". The shape could also be triangular or parabolic and the
computed depths and velocities from the FEMA Fan Method would be about the
same for the wide-shallow condition.

Table 5.--Computed hydraulic-geometry exponents and
soil type for channels cross sections in fan 6A

Site Exponents Soil*
(elevation, --- -—-- type
in ft.) Width Depth Velocity

1843 .20 48 32 3
1850 25 45 30 3
1866 31 44 25 3
1872 .40 49 11 3
1874 16 51 33 3
1960 39 35 26 3
1998 38 37 .85 3
2191 22 47 31 6
1735 .20 47 33 90
1808 44 ST 19 90
1876 30 47 23 90
1969 .29 44 27 90
2002 30 42 28 96
2006 41 34 23 96
1763 b4 50 29 98

Mean 30 44 26
Standard 084 053 055
deviation

*--From maps of soil types in Camp(1986).
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GENERAL COMMENTS

The following comments are respectfully submitted as a summary of suggestions made
during several conversations with Joe Tram.

Suggest we pursue all means of resolving the issue between FEMA and the local
communities before taking the issue to U.S. District Court. The judge may assume the
Alluvial Fan Method that FEMA recommends for study contractors is correct and based

on facts and reason. The "playing field" will slope toward FEMA and they will "own the
goal". We will be following FEMA's rules. The burden of proof will be up to the local
communities and it will be a difficult task to show that the FEMA method is inappiicable for
fans 5 & 6 and other similar landforms. “A tie probably will go to FEMA.

Do we really know how the FEMA method was applied to fans 5 and 6? Are published
standards available to study contractors and if so, were the published standards followed? As
[ understand the process, an early step in the process is to define the boundaries or lateral
extent of potential flooding. I've never seen published standards for the definition of the apex
and boundaries of alluvial fans. Is the best available topography used? If so, how is it used?
[s the 100-year peak discharge used for the definition of the boundaries? If so, how? If not,
why not? For sites 5 and 6, did the study contractor follow established guidelines and did the
technical evaluation contractor(TEC) follow established guidelines. Because there is no clear
documentation of how the TEC revised the study contractor's work, how do we really know
the method used to define the potential flood hazard of fans 5 and 6? In other words, if the
FCD takes FEMA to court, what is the issue to be resolved?

If the issue is that the FEMA alluvial fan method is inapplicable for fans 5 and 6, there is

a good chance that FEMA will agree. It seems to me there may be no standards for the
method used for fans 5 and 6 by the study contractor. The study contractor(SC) defined the
apexes and boundaries. The SC next assumed that floodflow could inundate the entire area
within the boundaries. Based on a recent conversation with Ed Mifflin, because the FCD
wanted the depths and velocities defined, the study contractor used the FEMA methodology
to define the depths and velocities. The SC may argue that approximate methods were used
and that the FEMA method was used only to estimate the depths and velocities as requested
by the FCD. If the designation of fans 5 and 6 was FEMA's doing, is this designation their
present position? These issues are raised as an attempt to anticipate FEMA's and the SC's
positions in a court of law. Thus, caution is advised if the FCD is to take issue with FEMA in
a court of law.

We need to get the dialogue on as much of a factual basis as possible. Throughout the
discussions there have been issues based on judgment. The original paper by Dawdy(1979)
had several assumptions and judgements in the development of the alluvial fan method that
became FEMA's model. To me, judgment is a catchall phrase for people who didn't do their
homework, with a certain amount of respect. We should examine all of the unsupported
judgments and assumptions on which the Alluvial Fan Method is based and try and put these
judgments on a factual basis.
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Suggested steps to solving the problem are:

1. Show where the Alluvial Fan Method is inapplicable and why.

2. Examine the development of the FEMA methodology and request
documentation of every assumption made. Also, ask for any unpublished
data used to develop the method.

3. Present the documented evidence to FEMA and ask that we get together
to resolve the issues and solve the problem. Journal articles should be
considered to present the technical issues. Technical journal articles can
carry significant weight among hydraulic engineers, hydrologists and flood
plain managers throughout the U.S.. If FEMA won't work with us, then
colleagues can serve as the referee.

4. Don't ever throw FEMA's method out. Rather, define where it applies
and where it may not apply. Keep as much of FEMA on the table as
possible.

5. Develop a better method of defining flood hazards.

I realize the FCD has made considerable effort to resolve the issue but throughout thie
resolution process the above steps should be followed.

Suggest we obtain all guidelines and techniques used by Federal Agencies for defining flood
hazards of alluvial fans. Joe Tram and I contacted several agencies including the U.S. Army
Corps of Engineers(CofE), U.S. Soil Conservation Service(SCS), FEMA, and the Federal
Highway Administration. According to the CofE(1988,p.13) each district and division within
the CofE uses methods appropriate for their specific problems. A careful examination of the
1993 publications catalog of the Transportation Research Board of the National Research
Council revealed nothing pertaining to alluvial fans. Apparently, there are no published
guidelines and techniques endorsed by Federal Agencies except those used by FEMA. [
consider this the first and most important level of factual documentation and unfortunately
there are no known guidelines and techniques published by agencies other than FEMA.

The second level of factual documentation are published papers in technical journals

and government papers. Many of these publications are given in the attached references.
Little data are available that define the hydraulic conditions of alluvial-fan flooding. I
know of no direct measurements of flood depths and velocities on alluvial fans and
distributary-flow areas. Journal articles are just one person's opinion that hasn't yet
made it's way into the regulatory domain.

The potentially best method of obtaining facts on the type and degree of potential flood
hazard on fans like 5 and 6 is to collect and analyze floodflow data and define the topology,
topography. physiology, geology, soils. vegetation, etc. of the areas. This method obviously
is expensive and time consuming but is proving to be necessary to resolve the issue with
FEMA. Perhaps others can share in the cost of data collection and analysis.

-44-




Consider publishing facts and decisions based on facts in technical journals. When you are not
satisfied with FEMA's appeal and CLOMR processes, valid issues with the FEMA alluvial fan
method and the proper application of the method are better presented in technical journals
than in a court of law. Suggest high-level journals with colleague reviews and opportunities
for comments to be published. 1 feel rather strongly that FEMA does not want this issue
discussed in technical journals because their assumption that flow paths are free to formin a
random fashion on alluvial fans is incorrect. Also, the FCD needs to show a method of
defining the flood hazards on the more stable alluvial fans. The FCD method does not
necessarily need to be compared with the FEMA method but instead, simply described in a
technical journal for a particular alluvial fan.

A judge may feel that because the FCD has not produced a better method, there is no

issue to be resolved. How can the FCD justify criticism of the FEMA method when they
haven't produced a better method of defining flood hazards on alluvial fans? A judge may not
look favorably on this. It is one issue to show that FEMA's assumptions are incorrect but it is
another issue to produce a better method. I suggest that a judge may feel that all state

and local agencies in the arid southwestern U. S. have neglected to produce a better method.
If a better method had been presented to FEMA, [ feel they will argue in a court of faw that
the method would have been given serious consideration. Again, these issues are raised for
consideration as an attempt to anticipate FEMA''s and the SC's positions in a court of law.

FEMA has left the burden on state and local agencies to develop methods of
identifying the kinds of flood hazards on alluvial fans. FEMA has greatly oversimplified
the hazard with the alluvial fan methodology and has skirted it's responsibility as the
national leader of the flood insurance program. FEMA has ignored the expressed
concerns of many engineers, hydrologists and geologists familiar with alluvial fans in
the arid southwestern United States. I feel FEMAs application of the alluvial fan
methodology has departed from the spirit of federal, state and local agencies working
together to reduce flood losses. FEMA's attitude toward sponsoring applied research
and incorporating research results into it's operational efforts ought to be reviewed
(National Academy of Public Administration, 1993).
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SITE VISIT. MARICOPA COUNTY, JUNE 29, 1993

On June 29 I was taken on a site visit by Wen Hjalmarson to
the southern and eastern most channel for Site 2 in Hjarlmar-

son's report. We were accompanied by a Maricopa County flood
engineer.

We followed the channel from the upper end, or 'apex',K well
down the fan. There is no true apex, because the deposits are

from a general outwash, with concentration to an 'apex' because
of outcroppings of granite bedrock. At the upper end there were
large granite boulders, and at one point the right bank of the
channel is actually against a granite outcrop. The channel in
this reach is either a stable or an eroding channel. Evidence
for this is the fact that the bedrock outcrops and room sized
boulders indicate that there has been no extensive deposition.
Evidence for erosion is an outcrop of caliche somewhat further
downstream where there is a fall of about 3-4 feet in some 25-30
feet. The caliche forms a local grade, with slopes above and
below seemingly similar, with the drop caused by erosion.

On a short time scale the system is in quasi-equilibrium.
The material being transported at the uppermost reach of the
channel is composed of pea-gravel sized decomposed granite.
There is no source for debris flows, and the sediment transport
seems to be hydraulically controlled almost all of the time. I
say 'almost', because in the long term it appears to be degrad-
ing, but in the short term what comes in goes out.

Where the channel has downcut, there are deposits of caliche
in the banks. This also indicates an erosional environment.
Caliche forms 2t the depth of maximum water penetration, where it
deposits dissolved constituents. On an active alluvial fan there
are caliche deposits in the soil column, but they seldom outcrop,
and they are usually at depth, with several caliche layers at
different depths resulting from the different cycles of deposi-
tion., The several layers of caliche in the stream cut banks
indicate a previous depositional environment, with the present
channel downcutting through those earlier deposits.

The channels in the upper two miles below the apex have
caliche exposed at the surface or at shallow road cuts. There is
little evidence of a fining of the channel bed materials in a
downstream direction. What fining there is can be explained by
infiltration reducing the competence in a downstream direction.

July 1. 1993

David R. Dawdy
Hydrologic Consultant
3055 23rd Ave.

San Francisco, Cal. 94132
(415) 681-0957 '
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Evaluation of Flood Hazard on Alluvial Fans

By Boyd D. Lare and Gary L. Iyster

Introduction

As urban development radiates away from population centers the alluvial
fan often becomes a priﬁe area for new expansion. In the western United
States where fzns occur frequently, factors such as topography and
public land boundaries may necessarily restrict urban growth to alluvial
fens. Because untold economic resources will be expended in such
developnent, it is imperative that a uniform technique for evaluating
flood hazard of such areas be available which is based on sound scienti-
fic knowledge and reasoning. The approach pres;nteq herein has been
developed from considerations of fan formatioﬁ and evolution, and
application of known hydraulic principles. It is intended to produce
accurate analyses of depth and velocity of flow at various locations

on a fan resulting from specific flows for use in planning optimal

development and determining flood insurance hazard factors.
Fan Morphology

Steep mountzin canyons provide the slope necessary to transport the
trependous quantities of sediment produced by hieavy storms in their
watersheds. The size of such sediment ranges from colloidal clay to
massive boulders. As the mountain streams suddenly emerge onto com~
paratively mild slopes at the foor of the mountains, velocity of flow -

decreases dramatically with subsequent loss of entrainment capacity.

As a result, nuch of the transported sediment is deposited in a very




short distance. In the geological time frame deposits several thousand
feet in thickness and extending on the order of 20 miles have accrued,

The building of such fans has been accomplished by iInnumarable episodes

of sediment deposition or debris flow during which the fan has assumed

different forms in response to changes in streamflow, supply of sedi-

ment, and wountain building processes. ften a number of canyons flow

out of the mountains nmext to each other resulting in coalescence of

neighboring fzns. The result of this situation is a compcsite alluvial

apron, known as a bajada (btah-hah'-da) in the southwestera states,

Modern fans have been classified into two types (Bull, 1364). Tne

first is vhen deposition takes place near the fan apex and the downfan
P

area is largely undissected. In the second case a fanhead trench has

developed which conveys sediment-laden water to the toe of the fan

where it is deposited., The local relief on fans is generally small

(6@ the order of 5 feet) except at fanhead trenches vhich may be incised
2s much as 50 feet. Channels may occur at any location on the fan

and are characterized by rapid lateral migration and change in flows

delivered to each channel. Such channels are especially susceptible

to changes in forn and alignment due to the highly erosive nature of

materials rzking up the fan,

Another factor contributing to lateral nigration of watercourses is
the variation in shape of the fan surface in a radial direction. The
overall radial profiles of most alluvial fans are concave upward,

Krumbein (1937), in studies of the San Antonio Canyon fan in southem
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California, concluded that slope could be expressed as a negative
exponential function of distance downslope from the fan apex. In,
contrast, fans in western Fresno County, California have beeh‘f&hhd
to have slopes which decrease in discreet segments (Bull; 196G4). 1In
any case, a c%ange in slope often produces a change in the cross section
of a channel., Karak{ et. al., (1974) indicate that changes in slope,
along wizh discharge ané-sediment si;e, can induce changes in the form
of a channel, with decrease in slope generally inducing braiding of
the channel. Schumm (1975) has induced that geomorphic thresholds
exist at which, upon reaching certain values of discharge, bed material
size or quantity, or slope, a channel may abruptly chgnge from a single
main channel to a braided, shzllow channel. This may be the reason

for the intersection point on a trenched fan where an entrenched channel

suddenly spreads or braids downslope.

Flood Hazard

High velocities and sedirent deposition are thne chief hazards to which
econormic development on an 2lluvial fan are subjected: Flood control
may be established by construction of up-canyon dams, channel deepening
and stzbilization méasures, and fanhead.diversions. Where such struc-
tures are in place, evaluation of flood hazard may be accomplished

by established hydrauliec analysis. HoweQer, development more often
takes place gradually in such a way that costly structural measures

are not irmediately justified., In such cases, flows on the fan are
p)

esseatially unmodified and processes such as fanhead trenching, braid-

ing, aad lateral migratlon are free to occur. 'The layman's conception




often is that channels are immobile and that distributaries are fully
competent to convey the split flows delivered to them. In reality,
braided channels in the highly erodible alluvium are highly mobile

and threshold changes at the intersection point or fanheéd can radically
change the quantity of water and sediment delivered to a particular
distributary. The relief-in the vicinity of a braided channel or
distributary is often aé-little as a few feet, giving the false ix-
pression that flows in the watercourse are inconsequential and infre-
quent. Therefore, structures are built adjacent to or encroaching

upon distributaries., Distributaries, in fact, have been filled in

and structures built on the sites.

Historical studies of the Kosi River fan in easéern India reveal the
mdgratory character of river channels on alluvial fans (Gole and Chi;
tale, 1966), Tne brzided main channel and distributzaries of thz Xosi
have shifted 70 miles from east to west in the last 200 years with
episodes of spectacular avulsion, Over 3500 sq. miles have bean laid
waste with sand deposits giving the Kosi the name river of sorrow.
The migration of the Xosi River is illustrative of processes on dry
fans in the western United States. As the main channel or distribu-
taries gradually £ill with sediment, alternate routes become more
eff{icient for conveying flow. The channel. then breaks inte adjacent
flow areas some of which may have been inactive recently or may have
formed as drairage courses of fan areas. This erratic, unpredictable

behavior subjects all areas of the fan to danger regardless of their

location relative to active watercourses.




The behavior of flocd flows and, thus, flood hazard varies radially
downSIOpe‘from the apex. Conversely, in emphasis of the above para-
graph, flood hazard i§ comparable at any site along the ;ocus-og.points
equidistant from the apex. If adequate structural measures exist to
positively control lateral migration of the main channel for a givén
discharge then areas on each side of the controlled channel may be
designated safe for that discharge. fn general, however, where signi-
ficant change in the conveyance characteristics occurs (i.e. inter-

section point, meander to braiding) the nature and severity of flood

hazard changes.

Quantitive Analysis

The technique for quantitatively evaluating floéd h;zard presented
herein is based on the ﬁremise that when channel gradient approaches

or exceeds critical slope, the critical state of flow may be assumed

to accurately represent potential depth and velocity of flow., While
slopes in excess of critical slope may produce depths less than critieal
depth, minor changes in energy due to variations in channel roughness,
cross section, slope, or deposits of sediment or debris may cause depth
to approach critical depth (Chow, 1959&. As long as béd slope exceeds

critical slope, however, the flow will not revert to the subcritical

alternate depth.

The first step in a quantitative determination of flood hazard is to
compute magnitude of flood flows. This is a matter of hydrology which

is beyond the scope of this paper. Techniques for frequency analysis




in mountainous areas are widely available (Water Res. Council, 1970).
Knowing the magnitude of flow to be analyzed, the investigator must

compute the depth, velocity, and areal extent of flooding. _

Because of the variation in flow characteristics radially on the fan,

several reaches may have to be designated. Possible reach boundaries

are: fan apex, intersection point, substantial change in entrenched

channel cross section, change in overbank encroachments (structures),

Each reach will have unique properties of cross sectional area, shape

factor, slope, and width to which overbank flow may practically spread.

In many cases fan developrment is sparse and topography does not limit
the extent to which flow may spread. Yet, practically, some limit

nust be defined for purposes of analysis. TFor a channel of constant
cross section the criticgl depth, overbank velocity, and percent of
discharge conveyed by overbanks were computed for varying overbank
width. The computations were made for a range of discharges and channel
configurations. Representative results are presented in figures 1, 2,
and 3. TFor flows well in excess of channel capacity at critical depth,
the computed depth decreases as top widths increase with the rate of
change gradually approaching zero. Apparently, the rate of change
never zctually reaches zero so that for an infinitely wide top width
depth of flow becomes infinitesmal. In ;hé practical situation neither
the fully-contained flows or the infinitesmal depth occur. Rather,

some intermedizte characteristic depth is established at a cross section

wherein a balance of forces and momentur exists. The important aspect
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in formulating flood hazard policy is to accurately estimate the depth
and velocity of flow which may reasonably be expected at particular

’

locations when the fan is subjected to a given flow.

Wnile a simplified technique may be employed in general, no analysis

can be expected to be accurate unless each individual fan is analyzed
e

on a reach by reach basis. Analysis for each recach may than take one

of the following forms:

I. Areas within the canyon. Such areas should be approached
with established techniques of hydraulic computations. In cases where
structural flood control measures are 1in place, design computations

- . 2 C - .
may be used if they are available and are deemed agurate. Otherwise,

standard procedures of gradually varied flow computations and valley

or reservoir routing may be used.

II. Area2s on fan protected by structural works. BHydraulic analysis
of diversions and stablized channels should be carried out with parti-
cular attenticn to structural integrity and sediment transport capabi-

lity.

. IIT, Majority of areas, in which natural fan processes such as
trenching, migration, and avulsion are free to take place. By far,
cost analyses fall into this cafegory. fﬁo general sub-categories
exist here: The untrenched fan and the fan which is entrenched at

the upper end.




The untrenched fan will be discussed first. Such a feature often issues
from a relatively small canyon and immediately upon leaving tbe poun=
tains flow Spréads evenly. Critical depth analysis has been carried

out for this case and is presented in fig. 4. After the expected
discharge is computed it can be applied to the figure and the depth

may be established at the point on thg curve at vwhich Ad/AW becomes
sufficiently small. Based upon field experience and floods of record
this 4d/4&W has been established as .Ogéift/ft. At this rate of change

an increazse in width of flow of 100 feet results in a change in depth

~of flow of 0.5 ft. Additional increases in W result in rapidly de-

" creasing changes in d, The critical concept to ponder at this point

is that this method establishes the potential for flooding at a point.
The depth and velocity so obtained are applied to the locus of points
equidiszant from the apex regardless of the position relative to an
apparent f{lowcourse. On such fans minor drazinage patterns often develop
in response to runoff generated on the fan itself. ilowever, it cannot
be expected that flows origzinating up-canyon will follow such courses

to the exclusion of lesser-developed flowpaths.

Toe second sub-category is for cases where an ;nbroken flowpath exists
which conveys canyon flows downfan for aeposition elsevhere, Such
channels may be straight or meandering singic chanéels or a network
of intervoven, braided channels. In either case, for each reach an
average channel cross-section is determined and, for the discharge

of interest, a curve of d vs. W is develcped. Potential flood depth




may be determined using the .005 ft/ft criterion. The depth is applied
across the entire fan under the assurmptien that the main channel may
shift at the fan apex during a flood, forming a new channel elsewﬁcre
on the fan., Wherever flow charateristics change sufficiently a;.discussed
above a different reach is established and analyzed independently. Using
this technique a typical floodplain delineation on a sparsely developed
fan would take the form shown in fig., 5. In a given zone bounded by
reach limits 2nd the boundary of coaiescence, the potential for flooding

may be defined by the velocities and depths of flow computed as outlined

above.

Conclusions

Flows rarely spread evenly on ean alluvial fan, Rather, flow is concen-
trated in an identifiablg temgorary channel or is séread on an isolated
vortion of the fan. Such flowpaths are prone to laterzl migration and
to sudden relocation to any area of the fan duriag 2 given runoff event
such that the degree of flood hazard is similar'at all points a given
distance dovnslope from the apex. Therefore, a site distant from an
identifiable channel has approximately the sace potential for flooding

as a site near an identifiable flowpath at 2 similar elevation on the

fan.

A techrique is presented for determining the depth and velocity of flow
which may reasonably be cxpected on a sparsely developed fan. In evalu-
ating a particular segment of a fan it is recognized that the slope of

almost all fans is in the supercritical range, TFurther, a natural cross




section rarely sustains a supercritical normal depth due to variations

in chaanel roughness, shape, slope, and deposits of debris. Therefore,

rd

flood hazard is defined using critical depth computed wi;h an'ove}bank
width beyond which further increases in width result in iﬁsignificant
changes in computed depth. For sparsely developed fans on which natural
processes are free to act, this technique provides an accurate means

for estimating potential depth and velocity of flooding at any point.
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October 18, 1978

Mr. Boyd lLare

U.S. Army Corps of Engineers
Rew Mexico District
Albuquerque, NM 87103

Dear Boyd,

After consicderable delay, a study finally was approved
and completed on alluvial fan flooding. A copy of my administra-
tive report to FIA is enclosed. I realize that your name is taken
in vain in it, beczuse what FIA calls the "lLare Method" really was
not endorsed by you. It was based on your ideas {was it in January),
but much extrzpolated. At any rate, I intend to publish the results
in ASCE someday soon, and want to give you credit Tor your ideas.
Certzinly the c¢D/dW = - ,002 is. yours. Did you ever publish your
peper? If not, I will credit personal communication. I will send
you a copy of the paper if I ever finish it, so you can have a first
crack at a discussion in ASCE, anyway.

I hope to see you in A\Tbuquerque again_ some day.

Sincerely,

Dames & Moore

,Zéﬂ/yim/

David R, Dawdy
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Hjalmar W. Hjalmarson,P.E.
HC75 Box 3558
Camp Verde, AZ 86322
602 567-6755
May 25, 1993

Mr. Vernon Bonner

Department of Army

Corps of Engineers

Hydrologic Engineering Center
609 Second Street

Davis, CA 95616-4687

Dear Vernon,

I've recently retired and ['m working part time with the

U.S. Geological Survey to complete my studies of flood hazards
on alluvial fans. As I'm sure you're aware, I take exception
with the FEMA alluvial fan method. Many fans in southern Arizona
are geologically older and less active than fans depicted by

the FEMA method.

I'm writing you for two reasons. First, in my efforts to

examine Dawdy's method(ASCE, 1979) which of course is the basis

of the FEMA method, I contacted the C of E office in Albuquerque.
I hoped to contact Boyd Lare or Gary Eyster because Dawdy gives
credit to them for the relation of width and depth of overland
flow on fans. Boyd has retired and Gary is on a years leave

from the Corps without pay. Mr. Frank Jaramillo sent me a

rough draft of their unpublished paper on alluvial fans and

said there were no data available at your Albuquerque office

that support the relation dd/dw =-0.005 which Dawdy attributes

to Boyd and Gary. Frank suggsted I contact you. Second, I

was curious why you were at the Arid West Conference at Las

Vegas last year. I hope you found the report by Hjalmarson

and Kemna useful. I have another report on fans in Maricopa
County that uses many photographs to describe flood characteristics
of typical fans. The report will be published soon.

I assume you are neck deep in the assessment of structural
approaches to flood control on alluvial fans, I recall that
the program started in late 1990 toc determine how well typical
flood control measure perform on alluvial fans.

As vou probably guessed, [ want something. First, are there data
for alluvial fans that support the work of Lare and Eyster? [f
so, how can [ obtain copies of the data or where can [ examine
the data. ['m prepared to travel almost anywhere to examine
floodflow and hydraulic data for alluvial fans. Second, does

the Corps have manuals or published methodology for making

" hydrologic, hydraulic or geomorphologic determinations on fans?




If so,
Third,
such as

how can I obtain the manuals? I1f not, why not?

do you know of any
the SCS of FHA?

With respect,

such manuals by other federal agencies

Hijalmar W. Hjalmarson,P.E.



DEPARTMENT OF THE ARMY
WATER RESOURCES SUPPORT CENTER, CORPS OF ENGINEERS
HYDROLOGIC ENGINEERING CENTER
609 SECOND STREET
REPLY TO DAVIS, CALIFORNIA 95616-4687

ATTENTION OF June 2’ 1993

Training Division

Hjalmar W. Hjalmarson
HC75 Box 3558
Camp Verde, Arizona 86322

Dear Hjalmar:

Congratulations on your retirement. It sounds like you are continuing your work just
on your own schedule?

1 have completed the final draft of the study report "Assessment of Structural Flood
Control Measures on Alluvial Fans" for FEMA. FEMA still has the report under review. I
attended the Arid West Conference in Las Vegas to coordinate with the FEMA Project Officer
on the report and to present our tentative findings at the conference. Unfortunately, the
conference proceeding still has not been distributed.

Our contract with FEMA specifically excluded two topics from consideration: FEMA
Alluvial Fan Methodology and Non-structural measures to reduce flood damage. I believe
Non-structural measures are being reviewed by another contractor. Our report references
to the Dawdy method are limited to acknowledging its use for hazard mapping and
suggesting that more site-specific analysis would usually be required for planning and
designing flood reduction measures.

Frank Jaramillo knew we were reviewing existing projects on alluvial fans because
we contacted him for examples. However, we did not look into the Dawdy Method or review
its background. Dr. Richard H. French, Desert Research Institute, University of Nevada,
2505 Chandler Ave.. Las Vegas, NV, 89102, has written several reviews of the FEMA Alluvial
Fan Model. Perhaps he can provide you some information on the history of the method.

It was good to hear from you. [ did use your report as an example of the type of
regional information that may be available for local studies. Goad luck on your research.

Sincerely,

Vern Bonner
Chief, Training Division

(916) 756-1104 - Office (916) 756-8250 - FAX




July 22, 1993

Dear Win:

Personal communication unrelated to this report.

I am glad to hear that Maricopa County has taken advantage of your expertise. I called around to some
CofE ofTices and this is what I found:

- The latest edition of the CofE report, "Stability of Fiood Control Channels”, will be incorporated into an
existing Engineering Manual entitled, "Hydraulic of Flood Control Channels, EM 1110-2-1601". I called
the Waterways Experiment Station (601-634-2608) and they said that the new EM should be ready for
publication in the near future.

- I called the Los Angeles District office of the CofE to find out what they know about CofE policy
regarding alluvial fan flood hazards. I talked with Grigor Grigorian (not Icclandic name), Chief of Flood
plain Management (213-894-5375). He said that the CorE had no written policy endorsing any method
for delineating flooding on alluvial fans. He said that the Cof E does not endorse any particular method.
He also said that he didn't know of any CofE publications that dealt with a suggested method for attacking
the problem. The LA District uses different methods for different purposes. He said that the FEMA
method would be the method of choice if their oflice was working with FIS contracts for FEMA. Yet, on
another project where he was trying to justify a Cof E project (not directly related to FEMA) he felt
comfortable using an ad hoc method based on hydraulic principles and logical assumptions.

- Another engineer that I talked with at the LA District was a woman named Janice Lera-Chan (213-894-
6239). She works for one of their alluvial fan experts, Glenn Mashburn, who was out of the office. She is
working on a project that defines the area flooded by a Probable Maximum Flood occurting downstream
of a dam. Since the FEMA method cannot handle the PMF event they are using HEC-2 with some
engineering judgement to draw some conciusions. She confirmed Mr. Grigorian's statement that there are
no CofE guidelines or publications concerning alluvial fan flooding.

Well, I hope you keep me posted on your progress. [ trust that your orchards are fruitful. Please give my
regards to your better half.

Sincerely,

Steve Kemna
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Papers in this series have rasulted from technical activities of the
Hydrologic Engineering Center. Versions of some of these nave been
published in technical journals or in conference proceedings. The
purpose of this series is to make the informaticn available for use in the
Center's training program and for distribution within the Corps of
Engineers.

The findings in thic report are not to be construed as an official ;
Department of the Army position uniess so designated by other -
autharized documents. :

The contents ot this report are not to be used for advertising,
publication, or promotional purposes. Citation of trade names does not
constitute an official endorsement or approval of the use of such
commercial products.
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' REVIEW OF THE U.S. ARMY CORP8 OP ENGINEZRS INVOLVEMENT
WITH ALLUVIAL FAN PLOODING PROBLEMS®

The Hydrologic Engineering Center?

INTRODUCTION

The U.S. Army Corps of Engineers has shared responsibility for
resolving flood problems in the United States. Alluvial fans are
areas of special interest that present some of the most complex
analytical and managerial challenges to engineers and floodplain
managers. Successful analysis and management of alluvial fan
flooding problems are often elusive and gquite costly. There are
many different analytical approaches used to assess flood hazards
on alluvial fans. The present consensus among experienced
engineers and geologists, however, is that there is no single,
clearly superior method for accurate assessment of flood hazards
on alluvial fans. The choice of methods should be based on the
goals and objectives of the particular study, the complexity of the
hazard situation, the applicable regulatory policies, and the
availability of field data. Experience and good engineering
judgement are the most important factors in the successful
selection and application of any technique.

This paper presents a general overview of the Corps of
Engineers past involvements, present practices, and the future
roles in dealing with alluvial fan flooding problems.

Mission and Historical Perspective

The U.S. Army Corps of Engineers is the largest water
resources development and management agency in the federal
government. The Corps began its Civil Works program in 1224 when
Congress first appropriated money for improving river navigation.
Since then, the Corps' mission has been expanded to include
activities for reducing flooding, controlling beach erosion,
continuing to improve river navigation, developing hydropower,
providing urban and industrial water supply, regulating development
in navigable waterways and on floodplains, managing a nationwide
recreation program and conserving fish and wildlife resources.

June 1988, marked the 52nd ahniversary of the Flood Control

Act of 1936 that officially established flood ccntrol as a fFederal

» ‘Presented at the Association of State Floodplain Managers
Conference on "Arid West 1Issues," 19-21 October, 1988, 1in Las
Vegas, NV. Authors: Robert C. MacArthur and Douglas L. Hamilton.

‘Department of the Army, Water Resources Support Center, Corps

of Engineers, The Hydrologic Engineering Center, 609 Second Street,
Davis, CA 95616-4687,
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responsibility. The purpose of flood control is ta regqulate flood
flows and thereby reduce flooding damage. This is accomplished
primarily through structural methods that are planned, designed and
constructed by the Corps in conjunction with state, county and
local agencies. The Corps also addresses the Nation's flood
problems by providing (upon request) flood hazard information,
technical assistance and planning guidance to other Federal
agencies, states, local governments and private individuals. The
data and assistance are designed to reduce unwise use of
floodplains, correct present flood praoblems, and to avaid future
flood hazards. In fiscal year 1988 alone, the Corps provided some
87,000 responses to inquiries relating to potential floodplain
development valued at over $14 billion.

The Corps 1is intent upon using up-to-date methods and
technical procedures for solving complex flooding problems in the
areas of planning, design, construction and management. Close ties
with the private engineering community and universities ensure the
availability and use of sophisticated state-of-the-art technology
wherever and whenever possible. This is particularly true when
dealing with complex flooding problems such as those often found
on alluvial fans in the arid West.

THE CORPS OF ENGINEERS' APPROACH TO ALLUVIAL FAN FLOODING

The degree of flood hazard at different locations on an
alluvial fan is difficult o predict except in a simplified
probabilistic or general way. Behavior of individual flood events
on alluvial fans depends on the history of past events as well as
the geoloagical, topographic and hydrologic characteristics of the
drainage basin and fan area during the present event. Non-unifeorm
distribution of flow and of sediment and debris loads over the fan
surface during an event may result in scour, deposition, blockage,
avulsion and redistribution of flow over the fan. The size,
direction and location of the main channels and distributaries can
change rapidly during a severe event. The net result is that a
flood moving across the upper portion of an alluvial fan may not
follow the same flow path, have the same velocity, depth, and
distribution of flow, have the same sediment load, or cause the
same channel blockages as previous floods with the same peak flow
characteristics. Cultivation, grading and urbanization activities
often contribute to the erratic nature of the movement of water
and debris during a flood. These 1inherent characteristics of
alluvial fans make quantitative analysis of fan processes extremely
difficult.

Analytical Methods

Although many flood assessment procedures for alluvial fans
have been developed during the past 10 to 15 years, no single
procedure is clearly superior or completely appropriate for general
application. Consequently, the Corps of Engineers may use several
different procedures depending on the nature of the flooding
problem and purpose of the particular study. Those procedures

2




g CmpEry e N e T VRN %t A Y T o o LRSI
. 5 r YT AL . g fus AY o diaa e S le s v Aot . .. o8 :
C ” 5 T T TR vy P PRI D ey LR o S \

. s -

Losbaihi

Laesariginines

i AN I R RRIRGEEHSRR RU AN R v i I GUHRRRER R s e aba iR e i

.addressing, according to the project's purpose and the specific

include methods reported by Tatum (1963), Dawdy (1979), Magura and
Wood (1980Q), Anderson-Nichols and Company, Inc. (1981), FEMA (1983,
1985), Edwards and Thielmann (19B4), Squires and Young - (1984), DMA
Cansulting Engineers (1985), the Hydrologic Engineering Center
(1985), the L.A. County Flood Control District (Kumar and Pederson,
1986), MacArthur and Hamilton (19B6), French (l1987a), Hamilton, et
al. (1987), MacArthur, et al. (198B7), Los Angeles District Corps
of Engineers (1987a, 1987b) Omaha District Corps of Engineers
(1988), and the Hydrologic Emgineering Center (1988). An excellent
synopsis of the presently available management and technical
practices for alluvial fan areas has just been completed by Ward
(1988). This document should be available from the Arizaona
Department of Transportation or the Federal Highway Administratian
in a few months.

“-n!i.'.yy'-.-‘:o-'.,'ﬁ- CiVer veY el e

At the present time the Corps does not have any specific
Nationwide gquidelines or engineering manuals for conducting
alluvial fan analyses. This is because of the simple fact that was
mentioned previously - there is no method yet available that is
valid for generalized applications on alluvial fans. Ccnsequently,,
each Corps district 6fficeuses methods and procedures they feel
are the most appropriate . for the specific problems they are’

characteristics of the fdn area. As more praject investigations
are completed by the various district offices, more and more
experience will develop. Eventually, if there is enough demand
within the Corps to conduct these kinds of flooding studies
reqgularly, official engineering procedures manuals will be
developed. Haowever, a few special projects reports and draft
guidelines for conducting specific kinds of analyses on alluvial
fans have been recently completed. The Los Angeles District
recently prepared &two draft dacuments entitled "Engineering
Standards For Flood Protection af Single Lot Developments On
Alluvial Fans" (L.A. COE, 1987a) and "Los Angeles District Method
Far Prediction of Debris Yield From Coastal Southern California
Watersheds" (L.A. COE, 1987b). The Omaha District just completed
3 draft project report entitled "Mudflow Modelling, One- and Two-
Dimensional, Davis County, Utah*® (Omaha COE, 1988a). The
Hydrologic Engineering Center (HEC) has also completed a draf
Special Projects Report entitled "™Incorperating The Effects of
Mudflows Into Flood Studies On Alluvial Fans," (HEC, 1988). The
Corps will continue to work claosely with Federal Emergency
Management Agency (FEMA), the U.S. Geological Survey (USGS),
Association of State Floodplain Hanaqers (ASFPM), state and local
agencies and the universities to develop better and more standard
procedures for alluvial fan flooding problens.

French (12872) provides a thorough and up-to-date evaluation
of--the most commonly used methods and procedures in his book
entitled Hydraulic Processes On Alluvial Fans. Ee concludes that
further basic and applied research is necessary 1in order to
incorporate geomorphologic fan processes into present analytical —
procedures. Numerical models capable of estimating the lccation  des
and size of channels formed by unsteady, high Froude number flows or
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on alluvial fans s3hould also be developed. The Hydrologic
Engineering Center (1985 and 1987) developed a pair of "first
generation” models faor simulating the dynamics of mudflow events
in confining channels and on alluvial fans. These toocls show good
promise but need further refinement for general applications. Case
study results from the application of these methods are presented
later in this paper.

Model verification is an essential, yet often difficult part
of model development. Coordinatea physical and numerical model
studies with field verification of the results must be designed and
conducted. An example of this type of study was the laboratory and
numerical verification of the one-dimensional mudflow model
conducted by the Portland District Corps of Engineers (MacArthur,
et al., 1987). Computed results from their numerical mudflow model
were compared to experimental data for laminar and turbulent dam
break problems using various concentrations of bentonite slurries
in an adjustable slope flume.

Finally, in those areas where adequate stream gaging records
are not available, new methods for estimating accurate hydrologic
characteristics of single event storms must be developed. Present
regional methods and envelope curve methods are often inappropriate
for some situations and drainage basins in t1.2 arid west. At the
present time, the Corps has not developed any new approaches for
synthesizing the hydrology on alluvial fans because there hasn't
been the project support to dc so. However, recent work by the Los
Angeles District Corps, with assistance from HEC (Brunner, 1988),
evaluated the applicability and accuracy of the HEC-1 Kinematic
Wave method for estimating "feasibility level™ hydrology for the
Las Vegas Drainage Basin for Clark County, Nevada (HEC, 1986 and
Brunn2r, 1988). As further urbanization and development occurs aon
alluvial fans and population centers in and around these kinds of

gzoiogical features grow, more need for improved methods will
develop.

CASE STUDIES

Selected case studies conducted by the Corps of Engineers are
presented here. They provide examples of the types of projects
conducted by the Corps and the variety of analytical methods used
by the Corps to evaluate different kinds of flooding problems.

Alluvial Fan Flood Protection 8tudies In Coachella Valley, CA.

The City of Rancho Mirage is located in the Coachella Valley,

about’ 10 miles southeast of Palm Springs, California. Figure 1
presents an aerial view of Rancho Mirage after the July, 1979
flood. Situated on the alluviai fan of Magnesia Spring Creek, the

community of Rancho Mirage is subject to high velocity flood flows
and associated sediment and debris deposition. Flooding events in
13576 and 1979 caused widespread destruaction that led to the design
and construction of a flood control project by the Corps' Los
Angeles District. The project consists of a debris retention basin
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with a spillway and a concrete-lined flood channel with an energy
dissipator at the downstream end where it enters the Whitewater
River. Figure 2 shows the components of the preferred plan
developed by the Los Angeles District. The project is designed to
provide standard project flood (SPF) protection for the community.

The Corps used traditional procedures to develop the SPF
hydrology. However, in order to size and design the sediment
retention basin, the L.A. Diztrict engineers worked closely with
geologists, soil scientists and Coachella Valley Water District
personnel to evaluate soil erodibility and the Dbasin sediment
production volume for the SPF. Working together, the multi-
disciplinary team modified the Tatum Method (1963) so it could ke
applied to the Magnesia Spring Canyon drainage basin. Based on the
soil type, vegetative cover, slope angle and soil erodibility, the
team estimated that a 10-year Tatum purn recurrence condition would
best represent the drainage basin sediment production
characteristics. Computed sediment yield values compared favorably
to observed yield values from a similar debris basin located in
Coachella Valley near Rancho Mirage. After verifying the sediment
and debris production volume 4as accurately as possible with
measured field data, the sediment basin was sized to capture the
SPF sediment load. The spillway and concrete channel sections were
designed according to standard Corps of Engineers flood control
structures design procedures found in EM~1110-2-1601 (USACE, 1970).

Two sinilar projects wo.e investigated by the L.A. District
in Coachella Valley at the reguest of the Coachella Valley Water
District. The communities of Palm Desert and La Quinta both had
similar alluvial fan flooding problems. The Coachella Valley Water
District constructed the Corps-designed floed control project for
the community of Palm Desert. However, following reconpaissance
and feasibility level studies conducted by the Corps, the costs
associated with the La Quinta project were too high to justify
construction of the proposed project.

Mudflow Studies On The Alluvial Fans of Davis County, UT.

In the spring of 1983, widespread flooding and mudflows caused
an estimated $250 million in damages to communities located on the
numerous alluvial fans along the base of the Wasatch Mountains in
Utah. The destruction was so extensive that 22 of Utah's 28
counties were declared national disaster areas. Flash flooding and
mudflows resulted from a rapidly melting snow pack that triggered
over 1000 landslides in the steep .canyons above the communities.
Detailed flood 1insurance studies had been completed for the
commurrities in Davis County just prior to the events. Traditional
steady state, clear water {lood insurance study methods were used
to delineate. potential flood hazard zones for the communities of
Farmington, Centerville and Bountiful. However, these studies did
not account for mud and debris flows or the magnitude of the damage
they cause. As a result, the predicted hazard regions within Davis
County were considerably smaller than the actual damage areas that
occurred. Therefore, the Corps' primary objectives for this case
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study were to develop new flood hazard maps for FEMA considering
the potential for the combined effects of mudflows as well as clear
water flooding. The Hydrologic Engineering Center (HEC) was asked
to develop practical methods for use in these studies, capable of
simulating the dynamic behavior of the mudflow events that occurred
in Davis County, Utah, in 1983.

Many of the mudflows that occurred in the region can be
described with reference tc Figure 3. A naudflow is initiated by
a landslide occurring in region A. The flow then proceeds down a
steep confining canyon along path A-B. At point B, the apex of
the fan, the channel opens onto an unbounded plain (alluvial fan)
that no loncer confines the fluid. The mudflow then spreads out
over the fan-shaped area depicted by region B-C-D. After
determining that there were no methods available for handling these
types of non-Newtonian flow proklems, the Corps, with the help of
the Universi-y of Utah, developed two first generation mudflow
routing models for use in these studies. The one-dimensional
mudflow simulation model (Schamber and MacArthur, 1985) is used to
describe the mudflow behavio. between points A and B. Results from
the one-dimensional model provide the mudflow hydrograph
characteristics needed at the apex of the fan. The Corps' two-
dimensional mudflow model (MacArthur and Schamber, 1986 and
MacArthur, et al., 1586) uses results from the one-dimensional
model to describe the midflow movement in the region B-C-~DO. At the
end of a simulated mudfiuw event, the maximum depth and velocity
at each computational grid pciaui in the hazard region is determined
and displayed as contour maps of depth and velocity. Figure 4
shows computed results for a simulated mudflow event in Rudd Creek,
Utah. Figure 5 shows a map outlining the actual damage area for
the 1983 event and the simulated damage area from the modeling
results. The agreement is quite good.

A similar approach was used to evaluate the other canyons in
Davis County, Utah (Omaha District, Corps of Engineers, 1988hb).
Using these methods, flood insurance study mappings for 15
different streams along the Wasatch Range were prepared. The new
modeling procedures provide a practical method for simulating
mudflow behavior on alluvial fans that can be used to address some
special kinds of flood insurance study needs. The HEC, the Omaha
District, and FEMA do not profess that these new methods have been
finalized or are now the recommended methods to use. Additional
refinement of the codes and generalization of the procedures are
necessary.

SIX IMPORTANT ISSUES FOR THE FUTURE

The amount of =scientific research necessary to develop a
closed form approach to alluvial fan management is almost in-
tinidating. The development of solutions and even the formulation
of the problem statement cannot be conducted without regard to a
wide range of issues. While conducting projects dealing with
alluvial fan flooding, the Corps has identified six important
issues that need to be a part of an effective management apgroach.
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Issues of Historical Perspective

It is well established that the degree of public reverence for
natural hazards decays with time after an event. Immediate post-
event concern, however, has initiated some of the most significant
contributions to our understanding of arid west processes.
Consider the 1983 debris flows in Davis County, Utah, for example.
The Hydrologic Engineering Center (1988), Keaton and Mathewson
(1988), MacArthur, et al. (1986), Wieczorek, et al. (1983), Jeppson
and Rodriquez (1983), along with several other significant works
came as a response to these events. Our challenge for the future
on this issue takes place along two different time scales. The
first is to incorporate the knowledge gained by geologic and
paleohydrologic investigation. The second is to document the
relevant data contained in our relatively short written and oral
history. This can take place as hydrologists and hydraulic
engineers have more contact with their colleagues from the
geological sciences.

Iasues of Technical Knowledga

Issues dealing with technical knowledge focus on the
collection of data, the conceptual and mathematical description of
physical processes, and the formulation of structural and non-
structural approaches to flood problems. Unlike humid region
flooding, there are two major fields of technical knowledge
involved in understanding arid region processes. Alluvial fan
management requires the confrontation of not only a hydrologic
process but also a complex geologic process. Hydrologists tend to
iocus on developing short-term solutions to allow safe development.
Geologists tend to 1look at the classification of long-term
erosional and depositional trends (French, 1987a). The challenge
for the future on this issue is again to combine the experience and
knowledge in the fields of hydrology, geology and geomorphology in

order to develop an "integrated approach" to alluvial fan flooding
problems.

Issues of Analytical Ability

Issues dealing with analytical ability are similar to those
of technical knowledge but revelve around the actual solution and
implementation of techniques, guidelines, procedures and
computations. One common test for the usefulness of a technique
is its reproducibility. If two people perform independent studies
using the same methods they should arrive at generally the same
conclusions. This does not always occur for alluvial fan flooding
studies because many of the methods employed by analysts are based
on- judgement and personal experience. Imposing humid region pro-
cedures on arid region studies can be as much of a barrier as it
is a guide. There may be site specific factors for each alluvial
fan that cannot be generalized into a standard procedure without
sacrificing the realism of the solution. As technical knowledge
increases, the level of standardization and reprnducibility for
alluvial fan flooding procedures may increase. The present lack of




I I e T L M A

a generalized approach should not be viewed as a weakness but as
an opportunity to set the direction for future work.

Issues of Institutional leadership

Public institutions, such as the Corps of Engineers, have
historically been the leaders in the construction of flood control
projects and the development of related practical knowledge. There
is currently no organization -clearly recognized as a source of
information, guidance, and authority for arid region flood
management. However, the Arid West Committee of the Association
of State Floodplain Managers has done significant work within the
last 3 to 4 years in providing institutional leadership. The great
needs for fundamental research, continuous technology transfer and
a centralized data base will probably remain unful{illed for some

time until the roles of public agencies and their abili*y to fund
such endeavors change.

Issues of Public Behavior

Recent increases in research efforts in arid region hydrology
partially result from the tremendous acceleration in residential
development occurring on alluvial fans and the increasing flood
damage potential associated with that development. As more people
move to these high hazard areas, increasing flood damage inspires
greater understanding and more mitigation measures. Part of the

reason for the damage is the transfer of flatland housing concepts

to steep, high hazard areas. The most common types of develcpments
are large, high density housing tracts with designs that attempt
to divert water around their perimeter. Floodplain management
often takes the form of a response to such development. Although
it is doubtful that residential growth in alluvial fan areas will
stop, guidelines for creative approaches to drainage can be set
forth in advance in order to shape public behavior. “"Complete
basin master planning® for flood control and drainage along with

tougher zoning and drainage ordinances are becoming essential in
many rapidly growing desert communities.

Issues of Legal Implication

Public agencies, developers, consultants, and private
landowners have become aware in the past few years of the increase
in litigation relating to "natural®™ hazards. Without comment on
the litigation process, the response to this issue should be more
care in planning and more awareness and application of state-of-
the-art methods. As professional skill, knowledge and specialized
expertise continue to improve and be applied to arid region

floodplain management, there will be a decrease in the number of
issues that need to enter the legal arena.

TEE CORPS' PUTURE ACTIVITIES AND INVOLVEMENT

_ ‘At the present time there are no active research activities
within the Corps for the development of improved methods for
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analyzing alluvial fan flooding problems. Each district and
division within the Corps is presently using methods and procedures
their planning and engineering offices feel are the nmost
appropriate for their specific problems. Wherever and whenever
possible, the Corps utilizes the most up-to-date methods available
from other state or federal agencies, or from universities or
private individuals. Through the project reporting and review
process, all project reports prepared by Corps district offices
are thoroughly reviewed by experienced staff in each division
office and eventually by technical staff in the Headquarters
offices in Washington, D.C. Often criticized for taking too long,
this required review process ensures consistent, accurate and
defensible results from the Corps' planning and design activities.

As more projects are completed by the district offices, more
and more experience will develop. Eventually, if there is enough
demand within the Corps or if there are special assistance requests
from FEMA or other agencies to conduct these kinds of flooding
studies regularly, official engineering procedures manuals may be
develaoped.

The Corps will continue to work closely with FEMA, the USGS
and the Association of Floodplain Managers to eventually develop
and document the best possible pracedures for evaluating alluvial
fan flooding problems.
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Selected references on the geomorphology and hydraulics of stream systems are listed in the
Bibliography at the end of this chapter.

2.1.2 Common channel types. A number of common channel types and their characteristic
stability problems are described beiow and summarized in Table 2.1.1.

Mountain torrents. These are high-velocity streams on steep slopes, often exnibiting a
sequence of drops and chutes controlled by large boulders. deadtalls etc. (Figure 2.1.3). Erosion and
deposition is sometimes confined to severe flood events. Some mountain torrents on very steep
slopes are subject to the phenomenon of “debris fiows or "debris torrents” whereby under severe
flood conditions the bed becomes fluidized and a virtual avalanche of boulders and gravel runs down
the mountainside. In some regions, debris flows are caused by deforestation which increases flood
runoff and destabillzes streambanks.

Aliuvial tans. Fans generaily occur where a stream eamerges from a mountain valley on to
relatively flat land (Figure 2.1.4). Fans are Ww& characterized by coarse
aliuvial matenials, unstable muitiple channels subject to frequent shifts or “avuisions®. The main
channel is often “perched® on the highest ground. Sometimes the fan is inactive depasitionally and
the-stream Is-eroding into-eailer depoakd’™ Fans are usually easily recognizable on airphotos and
sometimes on topographic maps. In wooded country they are not always easily recognized on the
ground.

Potential stability problems on aliuvial fans include avuision of the stream at a point upstream
of training works or channeiization, thereby by-passing the works, and infilling of the designed
conveyance channel by coarse sedimant deposits. Flood contral works shouid be carried sufficiently
far upstream and consideration should be given to trapping or removal of coarse sediment upstreamn
ot the flood control zone. Location of the lood contral channel requires consideration of local

{eatures and processss.

Bralded rivers. Braided rivers consist of a network of interiacing channels with unstable bars
and Islands (Figure 2.1.5). They generaily occur in the upper and upper-middle zones of a basin.
Bed materials are usually gravels or cobbles, but braided sand rivers are found occasionally. Bed-
material transport tends to be high, at least in fiood periods. For flood-control purposes the wide
braided flats are sometimas confined by training works to a singie channel or floodway. Stabllity
problems inciude how to maintain through transport of the bed-material load, and how to avoid
serious disturbances of the longitiudinal profiie. Points that require consideration are the planned
cross-gection, the alignment In plan, end provision for future shifting and erosional attack,

23
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Figure 6.2.4 Suggested relationship between bankfull (channel-forming) discharge and meander
wavelength for layout of new channel. (After Ackers and Charton 1970).

6.2.2 Multi-channef streams. Some streams consist of two or more sub-channels over substantial
parts of their length. Examples include the Snake River near Jackson Hole, Wyoming as described in
Section 3.2.4 and the Tanana River at Fairbanks, Alaska as described in Section 3.2.9. Braided rtvers
(Figure 2.1.5) constitute a limiting case.

In utilizing a multi<channel stream for lood control conveyance, it is usually more econamical o
avoid interference with the stream itself. Levees set back clear of the active channel shift zone are
preferred. Altemative locations for levees in such a-situation are lllustrated in Figure 3.2.6 in the
context of a discussion of bank protection in the Snake River.

6.2.3 Alluvial fans. The general characteristics of alluvial fans are described in Section 2.1.2. A
typical development on an altuvial fan in Califomntia is iiustrated in Figure 2.1.3. It Is Important to
determine whether the fan Is actively aggrading or in a stable or degrading state. If the fan is



generally unvegetated and the principal channel is "perched” in reiation 1o ground at equal d:stanzss
from the apex (Figure 6.2.5), the fan is likely 1o be actively aggrading. On the other hand. if tre 'z~ =
generally vegetated and the main channel is somewhal entrenched. it may be stable or degracding

perched ma:n channel

SECTION A-A

PLAN

Figure 6.2.5 Perched channel on aggrading alluvial fan.

Developments requiring flood protection on aggrading alluvial fans should in many cases be
discouraged. It is difficult to keep the main fiow in its existing channel without expensive special
measures. The channel may plug with the bedioad during a flood and the main fiow may divert 1o a

lower route.

One workable although expensive method of fiood control is to build a debris basin at the
head or apex of the fan with pravision for period cleanout (Figure 6.2.6}. Deprived of bed load, the
channel then tends to antrench and degrade to a flatter slope. To avoid excessive erosion it is
qenerally necessary to line the lood control channel with concrete or riprap {Figure 6.2.7) or to
provide grade control structures. Before committing to a debris basin at the apex, however, it is
advisable to confirm that the main supply of coarse sediment is dertved from the upstream channel cr
gorge and not from terrace erosion farther downstreah, as Is sometimes the case (Figure §.2.8).

in some places where development has occurred on closely adjacent alluviat fans all issuing

from the same mountain range, cross-slope interceptor channels have been used to pick up flows
from a series of fans (Figure 6.2.9). Debris basins are located at the head of each fan,

66
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Figure 6.2.8 Debris basin and dam at head of alluvial fan

—_ Figure 6.2.7 Concrete-lined channel on alluvial tan below debris dam.
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Figure 6.2.8 Principal active source of fan bed load may be downstream of apex.
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Figure 8.2.9 Cross-slopa Interceptor channels collecting fiood flows from ad|acent alluvial fans.
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APPENDIX D.--Report on flood hazard identification and flood plain management
on alluvial fans by L. M. Magura and D. E. Wood
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FLOOD HAZARD IDENTIFICATION AND FLOGD
PLAIN MANAGEMENT ON ALLUVIAL FANS!

Lawrence M. Magura and Durrel E. (Vood?

ABSTRACT: Rocoemtion af the (Mood hazard that oxists on alluvial |
[uns has serioudly fuyeed beling (he jccoynition of ather mrase ceaven-
ranal Nood hazards such as those assoaated with most nivers, This de-
lay in recognttion was due. Ln Gl recently. o 2 general {ack of czonoie
myvestmen{ and development m these areas and @ soncomitant tuck ol
hictorical alfuvial fap [Tood daontoge.  Dramalic recent events, sueh as
Trapical Storm Kathileun, ciphasized to (he Federal Tnsurance Admin-
stzapon (F1&} tie need foc developine an appropriate methoceiopy io
identfv flood Dazard arces on alluvial fans.  This paper presents the
methadology now enipioyed by FFIA gs well us foad plain management
sansideranans Uit vould fedoce St leod seiated damugze 10 com-

munities developmg in these arcas. (

(KEY TERMS: alluvigl tyns: ool imurance: Tood plain manasement,

western United Siates)

INTRODUCTION

As part of the Nadonal Flood Gisurance Program. the
Federal lInsurance Adpunistralhom (31A) is responsible jor
identifying flood tazard arcas and developiitp iTood phnn an-
syement reguiations for (he ocurdy 20.000 Nood prone com-
muntties in the United States. Most of these communthies cin
Save thewr fleod-prone sreas delineated by convention:l meaas
ainy such techniques as anuiysic of shcam gaving stution re-
cords, and sep-backwater hiyvarauiic compuier progiias,
However, when the [ood-prone communty is sitnated onihe
surtace of an afluvial fun, as o facge number ol rapudly powiny
scuthwustern communitios are. Nood hazard wdeniification be-
comes a majoer problem,

Alluvial lans are found throughout tie aid western Unired
States. The natuwie and characrevistics ol Toading on aifuvial
fans are such that conveational rverine flood mscance stady
preceduses capnot be employed. Tdeanfiable siveant chamels

are frequently discontinuous and often appear o be seattered

al jandom across the fan's surface. with ¢avh chamed capuble Figure 1. Aerid View of the City of Palm Desert, Californiz.

Taken Shortly After the Flood of September 9-10. 1976

e \ , 11 R bk disclarge. [0 ore- - a .

of conveying only 3 franmr\\ offa tloed pruk ¢ ALTHIEE £ ‘_c (Tropical Storm Kzthdeen). Flood waters of approxynately
sponse to the special flooding problems that exist on afluvial 100-vexs frequency roared down Dead ladian Canven (in
fars, und the concomitant special Tood plain cumagemend re- hackground). breaching a 1lood control dike near the top of

the aituvial fan on which the town is built and raced through
the vommunily beJow, Note the clsariy visable path of the
water. Photo Credil: Fred Bauman.

gulations necessary to reduce luture tood-relited damage. FIA
is experimenting with a special oo msurance zone designa-
ton.  This special zone is idendified by the letters AF {for

'Papcr No. 79031 of the weter Resenaces Grdleiin Discussivns are open unid Qeroaber 1, 1980,
2Respectively, Hydraulic Lnpmeer. Corps of Fugineess, Noeeh Pacific Divisian, P.Q. Bey 2870, Portland. Oregan 97208 (formetly Assistant Dycctor
for Engincering Services. Region 1N Offiee, Tedorad insurmaee Vdaunisianion, Saa Franviseo, Cahfornia 941010 und Waier Resources Engnees, PRC

Teups Corporation, 4 (30 Nar(he Z4th Sievve. Phoctas. Arjzeas 3301
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alluvial fan) and is now being applied by FIA study contrac-
tors to identify those portions of an alluvial fan surface that
are subject to flooding from a 100-year flood event. This
paper will focus on the special study procedure that FIA has
developed and is requiring its flood insurance study contrac-
tots to utilize tor identifying AF zones.

TROPICAL STORM KATHLEEN SPURS DEVELOPMENT
OF AN APPROPRIATE STUDY PROCEDURE

The need for the deveiopment of an appropriate alluvial
fan hazard identification procedure was dramatically empha-

sized ‘by the passage of Tropical Storm Kathieen over the de-

sert areas of Southern California on September 9 and 10,
1974, Kathleea was the most severe storm to pass cover this
pormally very arid region since at least September 1939. Many
locations received as much rainfall on September 10, 1976, as
would normally fall over am entire year. The precipitation
gage at Palm Springs recorded 2.76 inches of rainfall for this
date, 2nd nearby Indio recorded 2.67 inches. These amounts
compare with pormal annual precipitation totals for the com-
mupities of 5.33 and 3.00 inches, respectively. These one-day
rainfall totals mearly equal the published NOAA 100-year 6-
hour rainfall of 2.80 inches for this area. The California De-
partraent of Water Resources estimated that portfdns of the
drainage basins located in the high, rugged mountains near
these communities may havc rcccwed as much as 1001 [1 in-
ches of rainfal] on this single day. Many newspaper accounts
referred to tius event.as the “storm of the century™ for this
reglon, and no subst:mnve apalysis ha.s yet been published that
would dispute this n,omenuon

Palm Descrt, California, Immediatcly After the
Flood of Seprember 9-10, ) 976 (Tropical Storm Kathieen).
This home was severely damaped by the rapidly moving flood
water which uadermined its foupdation, resulting in a partia)
collapse of the structure. Cleajly visible high water marks on
the [ronl of the home ndicates 2 depth of Now being less

Figure 2.

than 3 fee. Photo Credit: PRC/Toup: Corporatioa and
Riverside Couunty Sheriffs Department, California.
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Figure 3. Example of Damage Caused by Debris Deposition
by Flood of September 9-10, 1976 (Tropical Storm Kathieen)
in Palm Desert, California. This one-story home is partially
buricd by approximately {ow feet of accumutaied silty sand,
gravel, and large boulders. Photo Credit: PRC/Toups Corpor-
atlon and Riverside County Sheriffs Department, California.-

The pattern of flood damage left by Kathleen was more ty-

_pical of ﬁlid;evcs\em tornado damage; certain localities were

extremely hard hit, while areas immediately adjacent 2xper-

‘tenced little dr no stmctural damage. Asanexample,ineastern
" Riverside County, the City 'of Palm Sprirgs was essentizly un-

damaged while Palm Desert "loeated only a few miles away,
suffered over six millidn dollars’ worth of property damage.
(Flg‘ures 1, 2. and 3 dramaticaily show the impact of Kathleen
on the City of Palm Desért.) Flood-related damage included
the near total destruction of seven expensive homes, such as
the one shown in”Figure 2 (one home was valued at over
$125.000) and lesser damage to several hundred others, This
less severe damage ranged from the deposition of sediment
and debris in homes and swimming pools, to the scouring away
of expensive landscaping. Throughout Riverside County
alone, total damage from Kathleen was estimated at 538.S
muillion by the California Department of Water Resources.
Total damages caused by Kathleen in the desert areas of
Southem California are estimated to have exceeded 350 mil-
lion.

The basic cause of this substantial flood damage was a
failure on the part of local planning and building officials and
developers to recognize the true degree of flood hazard that
exists on alluvial fans. In part, the iesponsibility for not recog-
nizing this flood hazard belongs to FLA, which, prior to the
experience gained from Kathleen, had failed to develop an en-
gineening procedure that could reasonably define this type of
flood hazard. But to a larger degeee, the responsibility is due
to the lack of sufficient historical precedents. Prior to Kath-
Icen, the last damaging flood in Southem California desert
areas occurred in 1939, when the area had a very low popuia-
tion density and a concurrznl Jow level of economic
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development. la the absence of any historical record of flood
damage, tt'is casy to understand how the severty of the ai-
luvial fan flooding problemn fas gone unrccognized for so long.

CHARACTERISTICS OF ALLUVIAL FAN FLOODING

Flow rarely spreads svenly ovey the surface of an alluvial
fan or oceurs to depths of more than 3 few foet (as Figure 2
indicates). Typically flow is concentrated in an identifiable
temporary chaunel, or it is confined to only portions of the
fan surface. Such flow paths are prone to lateral migration 2ad
a sudden reiocation to any other portion of the fan during a
runoff event. This erratic, unpredictable behavior subjects al-
most all portions of the fan to potential flood hazard. regard-
less of location. Therefore, 4 site that is distant from an iden-
tifiable channe} has approximately the same potential for
flooding as a site at the same elevation near an identifiable
channel. The zone at nisk from [Q0-year flooding is therefore
much larger than any single 100-year flood plain computed by
conventional means.

Alluvial fans can geperally be grouped into two classes
{Bull, 1974): Type ! fans are those wherg sediment deposition
takes place ncar the fan apex, and the lower portions of e
fan are largely undissected, Type 2 fans possess a characteris-
tic fanhead trench which conveys sediment-laden watet to the
lower porton of the fan, where it spreads out and the sedi-
ment i3 deposited. Local selief on alluvial fans is usually
small {on the order of 5 to 10 fcet) except at fanhead trenches,
which may be incised up to 50 feet or more. Identifiable
channels may occur at any locztion on an alluvial fan, but they
are usually very small in refation to the magnitude of expected
flood discharges and are subject to rapid alteration and change
in geometry due to the highly erosive naturc of the materiais
of which nan alluvial f2n is composed.

High velocities, rapid bank erosion, and sediment deposition
are the major flood-reiated hazards to which economuc de-
velopment on ari alluvial fan is subjected. Conventional struc-
tural flood control may be imposed by construction of up-
canyon dams and diversion structures, channel deepening or
realignment. and bank stabilization measures (Bishop, 1978).
Where such structural solutions are in place, remaining {lood
hazards can usually be evaluated through the use of established
hydraulic analysis techauques, However, development on allu-
vial fans usuaily takes place gradually. so that costly structural
solutions to flooding problems can scldom be economically
justified. Also, the pervasive poor recognition of alluvial fan
flood hazards gencrally means that structural flood control
measures are all too often not considered to be necessary. In
most cases, therefore, flood flows on fans are essentially un-
modified and processes such as fanhead trenching, braiding of’
distributary channels, and channel abandonment take place
unconstrained by the works of man.

The behavior of flood flows, and the associated flood ha-
zard, is largely a function of locatiop below the apex of the
fan, The degree of flood hazard can be considered to be equal
for all points that are radially equidistant from the fan apex.
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If adequate structural measures exist, so that [atcrai mugrauon
of the main channel is controlled up t0 a certain design dis-
Charge, then arcas on each side of the controlled channel can
be designated as not-atrisk from discharges of that magnitude
or less, In general, however, where significant change in the
conveyance characteristics occur {i£., at breakpoints in local
gradient, or transitions {fom a meandesing to a braided chan-
nel) the nature and severity of the {lood hazard changes.

The basic premise of the technique that FIA is now experi-
menting with for quantjtatively evaluating the degree of flood
hazard on alluvial fans is that when channe] gradient ap-
proaches or exceeds a certain critical slope, then the critical
state of flow may be assumed to accurately represent the po-
tential depth 2ad velocity of flow at that point. Critical slope
is simply defined as the dlope or S term from Manning's Equa-
yon;

Q= A 1486 p2/3g1/2
n

where:

discharge, cfs.;

- channel cross-sectional area, ft2;
hydraulic radius, ft;

slope, ft/ft;and.

a dimensionfess roughness coefficient.

v oxm
wod

Critical slope s thus the slope required to kmpart the minimum
specific energy to a constant unit of flowing water, that will
cause it to flow at critical depth. This is usually expressed in
terms of the Froude Number, Ng, which for critical depth, s
defined as being equal to . While siopes in excess of critical
slope would theoretically produce higher velocitics ang: shal-
Jower depths (super<crtcal flow), the combined effects of
minos varistions in channel roughness, geometry, slope, and
sediment scour and deposition will usually cause flow depth to

3&9}3&3&&& but not exceed critical depth. In reality, super-

critical flow in natural alluvial chaanels is a transitory pheno-
menon and not a3 representative steady-state condition. AS
long as channcl gradient exceeds criucal slope, the flow will
not revert to the subcritical altemnate depth. For the majonty
of alluvial fans, critical slope or greater appears to be the
natural condition across the entire surface of the fan.

FLOOD HAZARD DETERMINATION

The mechanics of the procedure adopted by the FIA for
alluvial fan flood hazard identification is based on unpublished
work by B. C. Lare and G. L. Esyter of the Albugquerque Dis-
trict, Corps of Engineers. Before the procedure can be em-
ployed, however, it is first necessary to develop 100-year flood
discharge values at the apex of the fan. Recent experience by
FIA has shown that hydrologic analyses in desert and arid re-
gions frequently become very complicated because of the
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general Jack of sufficient hydrologic data to perform a conven-
tional discharge frequency analysis. Not only are stream gag-
ing station records usually of short length, when they exist at
all, but the record itself is usuaily composed of many low out-
liers and only a few meaningful values. Rainfall-runoff modei-
ing and regional regression equations frequently have to be
developed, although the solutions generated by these means
have many uncertainties associated with them. Once the mag-
pitude of flood discharge at the top of the fan has been deter-
mined, the alluvial fan flood hazard identification procedure
can bc applied to determine the depth, average velocity, and
aeral extent of flooding on the fan surface.

Duc to the varation in flow charactersistics on alluvial fans,
separate reaches, where flow characteristics are more or less
the same normaily have to be designated. Possible reach
boundaries are: the fan apex, intersection points with main
valley and canyon sides, points of substantial change from en-
trenched channel to braided channeli, change in overbank en-
croachments (structures). or points of substantial change i i~
aradient. Each reach wiil have unique but relatively constant”
properties of channe] crosssectional area, shape, slope, and
width to which overbank flow can spread.

In many cases. development on aljuvial fans is very sparse
or confined to a relatively small portion of the fan surface,
and topography does not limit the extent to which flow may
spread. From a practical point of view, some limit must be
definced for purposes of analysis, since overland flooding can-
not extend infinitely. For a channel of constant cross section,
the critical depth overbank veloctty and percent of discharge
conveyed in the overbauk area has been computed for dif-
ferent overbank widths. Computations utilizing the Corps of
Engineers HEC-2 step backwater computer program have been
made for a runge of discharges and chanpel configurations and
tabulated by Lare and Eyster. Represcntative results are pre-
sented as the curves in Figures 4 through 7. The 30-foot chan-
nel width and S-foot depth shown on Figures 4 through 6 rc-
preseat the average channel geometry for an area investigated
by Lare and Eyster in New Mexico. The investigator may in-
terpolate or extend these results to meet his specific needs as
required, or compute 2 new family of curves if the gross con-
veyance charactenstics modeled by these curves do not appear
to fif a particular area under study. The flow regime presented
in Figure 7 is perhaps the most typical situation, wherein
identifiable channels are so insignificant that they are not
effective in conveying substantial flows, and a true sheetflow
condition exists. For flows well in excess of channel capacity
at critical depth, the computed depth decrcases as flowpath
width increascs, with the rate of change gradually approaching
zero. Theoretically, this rate of change can never actuaily
rcach zero, because for an infinitely wide flowpath width, the
corresponding depth of flow would become infinitesimally
small. In reality, neither fully contained flows nor infinite-
simally small depths occur. Rather, some intermediate charac-
zentsric depth can be generalized at some cross sectional point
wherein a bulance of forces and momentum can be considered
to earst. No analysis of flooding on an alluviai fan can be con-
sidered 1o be realistic unless it is composed of individual
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separate analyses for each identified reach of the fan surface.
It is suggested that the analysis of each of the reaches that to-
gether comprise the fan surface conform to the appropriate
guidelines Jisted below for the various types of reaches:
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Figure 5. Relationship of Velocity in Qverbanks vs. Flow
Path Width, W, Compiled 'From Multipic-HEC-2 Runs by
Lare and Eyster for a Channel and Overbank Configuration
as Shown Schematically Above. Individual curves are for
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W, for Overland Flow Conditions (no channei). Original data
compiled from multiplc HEC-2 runs by Lare and Eyster. In-
dividual curves are for discharges of 1,000, 4.000. 12000,
and 18,000 cfs, respectively.

i. Areas within the canyon, or areas on the fan surface
where a deeply enrenched channel exists — Such areas should
be approached with established techniques of hydraulic com-
putations, bearing in mind that super<ritical flow cannot be
sustained in natural channels. In cases where structural flood
control measures are in place, design computations may be

used if they are available and decmed to still reflect the hy-
drologic regime of the watershed. Otherwise standard hy-
draulic procedurcs utilizing varable flow computations in
valleys and reservoir routing may be used.

2. Areas on an alluviel fan protected by structural works —
Hydraulic analysis of diversions and stabilized channels should
be carried out with particular attention to the structural inte-
grity and design adequacy of the structures. The long-term
ability of the structure to retain adequatc capacity for passing
100-year flows in a region of heavy sediment transport and
deposition must be assessed.

3. Majority of areas where natural fan processes such as
trenching, laterol migration of channels, and sediment deposi-
tion are free ro lake place — Most analyses will probably fall
into this category. Two general subcategories can be defined:
the untrenched fan and the fan which is entrenched at the up-
per end.

a. Untrenched Fans. The lack of entreachment often oc-
curs on fans with relatively small upstream canyons where,
immediately upon leaving the canyon mouth, flow spreads
out. Critical depth analysis alone is employed in these cases
and is represented in Figure 7. Ifithe range of discharges pre-
sented on this figure is pot appropriate for a particular area
under study, the investigator can easily compute ope that
meets his specific requirements by using any hydraslic com-
puter model. After the 100-year discharge has been com-
puted, it can be applied to Figure 7 and a resultant depth may
be established at the point on the curve to which the ratio
Ad/AW, where Ad is the difference in depth of flow and AW is
the difference in width of the flowpath, becomes sufficiently
small. Based upon field cxperienca accrued from obscrm ns
of historical flood ‘éverits-on’ alluvial fans, an average v
for the ratio of Ad/AW has been established as 0.005 feet per
foot. This value should be used for all cases unless a different
ratio appears to bc more representative for a particular situa-
tion based on observational or other mitigating evidence.
Utilizing the established ratio, an increase in the width of flow
of 100 feet results in a change in depth of flow of 0.5 feet.
Additjonal increases in W result in a rapid decrease in d. Since
the AF zones are tounded to the nearest one foot depth in-
crement for flood insurance study purposes, this characteristic
depth and associated velocity are applied to the locus of points
equidistant from the apex of the fan, regardless of location on
the fan relative to an apparent flow path. On larger alluvial
fans in thie category, minor drainage pattems often develop in
response to runoff generated on the fan surfacc itself. How-
ever, it cannot be expected that flows originating up-can o_p
will follow such courses to the exclusion of lesser-developed
fiow pathe, e T E

b. Entrenched Fans. This second category should be ap-
plied to those cases where an unbroken flow path exists which
conveys up-canyon flow down-fan to a point where sediment
deposition takes place. Such entrenched channels may be

straight or meandering single chanuels, or z network of inter-
woven channels. In either casc, an average channe! cross sec-
tion is determined for each reach from either field inspection,
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Jarge-scaie topographic mapping, or zctual field survey. For
the discharge of interest, a curve of d vs. W is developed. Po-
tential flood depth may be determined using the 0.005 feet
¢ foot criterion, unless this ratio seems nappropriate. The
resuitan! depth is applied across the entire fan under the as-
sumption that the main channel may shift at the fan apex dur-
ing a flood. forining a new channel ¢lsewhere on the surface of
the fan. Wherever flow characteristics change sutficiently. as
discussed above, a different reach is established and analyzed
separately. Using this technique. a typical flood plaip delinea-
tion on a sparsely developed fan may take the form shown in
Figure 8. [n a given zone bounded by reach limits, the poten-
m;l for flood dumage may be defined by the velocitics and
depths of flow cumputed by the method outlined abave.
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Figurc % Example of Application of Alluvial Fan Flood
Hazard Analysis Procedurz to a Portion of an Alluvial
fan Ncar Apache Junction, Arizona.

FLOCD PLAIN MANAGEMENT ON ALLUVIAL FANS

Conventional flood plain management techmques such as
the regulatory floodway concept wherem 3 porticn of a stream
channel is reserved for the conveyance of the 100-year flood
event with a surcharge of one foot. are not appropriaie on allu-
vial faps.  Obviously. as recent flood damape expenence in
communities such as Palm Desert has shown, construction of

structures with the first finished floor at essentially the ground
level (slab-on-grade) is not approprate. Also, the raising of a
structure to above the calculated {00-year flood elevation
using filJ material is not appropriate due to the extremely high
erosion potentjal that exists from fairly shallow water flowing
at high velocity. Finally, the application of structural flood
control on alluvial fans through the development of dikes or
levees i3 not generally apprapriate. Typically, what happens is
that in an effort to safeguard a particular structure or develop-
meat, a builder will construct a diversion structur¢ which has
the effect of deflecting and concentrating tlows into the imme-
diate adjacent area. The effect of implementing unintegrated
structural controls in these areas then is to provide localized
protection at the expense of greatly increasing flood risks to
adjacent unprotected areas.

At present, FIA has over 40 communities under study for
flood insurance purposes in the southwest where the aliuvial
fun study procedure described in this paper is being apptied.
flood plain management regulations for areas now bewng iden-
tified utilizing the alluvial fan study procedure are still being
developed by FTIA. While rthe specific focus of these regula-
tions is not known at the present time. it may be reasonably
assumed that they will include recognition that some portions
of an alluvial fan are simply too hazardous to allow any struc-
tural development. These areas may include the entire upper
portions of funs where flood flows are still concentrated by the
orifice of the canyon mouth. Farther down the surface of the
fan, where flows have had an opportunity to spread out and
dissipate some of their damage<ausing cnergy. flood plain
management regulations may include the elevation of all new
construction on some form of bridge system (i.e.. piers, pues,
or columns) that would allow for the free passuge of flood
waters underneath the structure, Only on the lowest portions
of a fan can engineered ftl) safety be used for raising structures.
Other regulations may address the requirement that all arterial
streets be depressed below surrounding ground elevation so
that during flood periods, the streets themselves would provide
the principal conveyance for flood flow thereby reducing the
risk of flood damage in the adjacent areas.

CONCLUSION

Reduction of future flood-related damage through a prou-
gram of flood hazard identification and flood plain manage-

_ment regulation is the uitimate goal of the Natjonal Flood [a-

surance Program. The alluvial fan tlood hazard identification
provedure presented in this paper represents the first attempt
to apply the goals of this program to arcas where in the past,
the degree of flood hazard has gope unrecognized. In com-
parison to other flood hazard ideatification techniques cur-
rently being appiied to more conventionai flood problems. this
technique 1s fairly crude. Undeniably. the procedure presented
in this paper will be superseded by subsequent improvement(s
and modifications. If this paper nas succeeded in stimulating
the creative efforts of wther water resources professionals.
then it has accomplished its intended purpose.
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APPENDIX E .--FEMA flood map for fans 5 and 6
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TOLLESON; CITYIOF & v s 4w 5 o6 a's @ 010085
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NOTICE TO
FLOOD INSURANCE STUDY USERS

Communities participating in the National Flood Insurance Program have
established repositories of flood hazard data for floodplain management and
flood insurance purposes. The Flood Insurance Study may not contain all data
available within the repository. It is advisable to contact the community
repository for any additional data.

This publication incorporates revisions to the original Flood Insurance
Study. These revisions are presented in Section 10.0
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Table 3.

Summary of Discharges (Cont'd)

Drainage Area

Peak Discharges (cfa)

Floodinpg Source anq Location (Square Miles) 10-Year 50-Year 100-Year 500-Year

Basin 1A

At Apex 1,46 348 2,148 4,083 14,981
Basin 1B

At Apex 1.79 234 1,787 3,661 15,663‘
Basin 2A

At Apex 0.80 169 1,063 2,036 71,5172
Basin 2B

At Apex 71.87 1,243 5,782 9,949 29,836
Basin 3

At Apex 0.46 86 482 887 3,021
Basin 4A

At Apex 0.63 222 848 1,360 3,544
Basin 4B

At Apex 0.78 153 706 1,210 3,620
Basin 4C .

At Apex 1.78 452 2,108 3,629 10,918
Basin 4D 3

At Apex 9.70 901 4,062 6,912 20,276
Basin 5

At Apex 3.09} 358 1,659 2,849 8,535

ncludes portion of Basin 4D from which runoff can be diverted into Basin 5



Table 3. Summary of Discharges (Cont'd)

Drainage Area Peak Discharges (cfs)
Flooding Source and Location (Square Miles) 10-Year 50-Year 100-Year 500-Year
Basin 6A
At Apex 3.32 322 1,831 3,382 11,709
Basin 6D
At Apex 0.43 100 358 562 1,400
Basin 6C
At Apex 1.49 182 854 1,475 4,451
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10.3 Third Revision

This study was revised on , to provide detailed
flood hazard information for the alluvial fans located in the area
north of the Central Arizona Project Canal and between the McDowell
Mountains and Cave Creek. Six major drainage areas were identified
as the sources of flooding for the study area. The hydrologic
analysis revealed that those six areas cofitdined 13- distinct apexes-
(concentration points). The streams that drain the basins
associated with each of those apexes are identified on the Flood
Insurance Rate Map. Each stream 1is labeled with & number
corresponding to one of the six major drainage areas, followed by a
letter for streams draining areas having more than one distinct
apex. A label identifying the source of flooding is provided on
Flood Insurance Rate Map panels where the apex corresponding to the
ma jor drainage basin is shown on another panel.

The flood-frequency curves in this revision were rtaken to be log-
normal. The means and standard deviations of the curves were
computed from the 2- and 100-year discharge values determined at
each apex using the U.S. Army Corps of Engineers HEC-1 computer
program (Reference 78). Discharge values for selected recurrence
intervals are presented in the Summary of Discharges (Table 3).

Floods from Basins 6B and 6C flow within a well-defined network of
channel reaches until they are approximately 0.5 to 1.0 mile

downslope of Scottsdale Road. There are three points in that
network where one reach splits 1into two. The flood-frequency
curves at the three outlets of the network were estimated by
simulating 10,000 floods from each of the two basins. The

probability density function describing the percentage of flow that
takes either the right or left path below each split was taken to
be uniform. TFloods from each basin were treated as independent.
At each outlet, the resulting flow values and their frequency of
occurrence from the simulations were fit to a log-Pearson Type III
distribution by the method of least squares.

This revision reflects floed hazards associated with runoff from
the watersheds above the apexes only. Therefore, it should be
noted that runoff. resulting from rain falling directly on the
Special Flood Hazard Areas (SFHAs) has not been considered. Runoff
generated on the SFHAs 1s usually conveyed downslope as shallow
overland sheetflow that eventually flows into and down the many
channels on the alluvial fan surface. The flood hazards associated
with that kind of runoff are usually considered minimal (because of
the relatively small drainage area contributing to any one
channel). However, care should be taken that those local
drainageways be preserved. If shallow flows, which under natural
conditions are distributed over a very large area, are somehow
concentrated in a few small channels, the increase in flow depths
and velocities and, consequently, the associated flood hazards, may
be great.
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The SFHAs presented in this revision were delineated using
topographic maps, aerial ophotographs, and soil survey maps
(References 66 and 79 through 88). The downslope limits of the
SFHAs were determined using the FEMA methodology for analyzing
areas subject to alluvial fan flooding. That limit denotes the
boundary, downslope of which the probability of a given point being
inundated by more than 0.5 foot of floodwater is less than 0.0l in
any given year. That probability will_be exceeded within well-
defined washes below the limits shown on the Flood Insurance Rate
Map. Because the flood hazards within a well-defined wash are
self~evident and because of map scale restrictions, the SFHAs
within those individual washes are not delineated on the Flood
Insurance Rate Map. Obviously, sound floodplain management
requires that those washes remain unobstructed.

Also note that downslope of the SFHA limits, the hazards associated
with alluvial fan flooding are just as severe as those upslope of
the limits. The distinction between the zone designations
downslope and upslope of the limits should be regarded as a
distinction between flooding potentials and not a distinction
between the severity of damages to be expected in the event of a
flood.
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APPENDIX F.--Letter to FCD from John Matticks of FEMA




Federal Emergency Management Agency
Washington, D.C. 20472

APR 12 1993

FLOOD CONTRCL CISTRICT
RECEIVED
Q
CERTIFIED MAIL APR 16 1“93
RETURN RECEIPT REQUESTED CHENG P aPM
. DEP | | [HYDRO
The Honorable Jim Bruner o T
Chairperson, Maricopa County NATE FIE
Board of Supervisors Yy
Office of the Board of Supervisors - oen |
County Administration Building ' TEVATKS
301 West Jefferson
Phoenix, Arizona 85003

Dear Chairperson Bruner:

With a letter dated July 9, 1991, we transmitted to then Chairperson Bayless
the preliminary Flood Insurance Rate Map (FIRM) and Flood Insurance Study
(FIS) report for Maricopa County, Arizona and Incorporated Areas. That map
showed the results of our analyses of the alluvial fan flooding between the
McDowell Mountains and Cave Creek, and north of the Central Arizona Project
Canal. In a letter dated February 26, 1992, Maricopa County appealed our
determination in that area. That appeal was resolved in our letter dated
January 4, 1993, to Chairperson Bayless.

In the appeal resolution letter we noted that we would delay processing for
30 days to permit review of the revised FIRM. In a letter dated January 25,
1993, Mr. Joe Tram of the Flood Control District of Maricopa County (FCDMC)
requested that we extend the 30-day review period.

In a letter dated February 8, 1993, we informed Chairperson Bayless that we
had received Mr. Tram's letter and would address all comments received
through February 19.

In a letter dated February 4, 1993, Mr. David R. Johnson, Chief Hydrologist
of the FCDMC, commented on the appeal resolution letter. Mr. Johnson also
attached a letter that was sent to him on February 3, 1993, by the Arizona
Geological Survey (AGS). The AGS letter contained comments pertaining to the
appeal resolution letter.

Mr. Johnson sent an additional letter -to us, dated February 19, 1993.
Enclosed with that letter was a letter dated February 8, 1993, from the
Arizona State Land Department (ASLD) to Chairperson Bayless.

This is in response to Mr. Johnson's letters and their attachments.




The FCDMC requested clarification of the following statement in the FIS
report in terms of the definition of alluvial fan flooding given in Section
59.1 of the National Flood Insurance Program (NFIP) regulations:

Floods from Basing 6B and 6C flow within a well-defined
network of channel reaches until they are approximately
0.5 to 1.0 mile downslope of Scottsdale Road

The statement is in the FIS report to explain how flood frequency was defined
downslope of Scottsdale Road. Because the amount of flow taking any of the
various paths available within the network of <channel reaches 1is
unpredictable, we describe in the FIS report how we account for that
unpredictability. More precisely, the FIS report describes how the
probability density functions which: quantify the probability that a given
flow would follow a given path within the network, were defined. As you can
see, contrary to the FCDMC's inference that the report contradicts the
definition, it is precisely because the areas so identified are subject to
alluvial fan flooding that flood frequency had to be defined as described in
the FIS report.

The FCDMC also suggested that the Federal Emergency Management Agency (FEMA)
"references that the system is stable" by including the following statement
in the FIS report:

Because the flood hazards within a well defined wash are
self-evident . . . the SFHAs within those individual
washes are not delineated . . .

The paragraph in the FIS report which contains that statement describes how
the downslope limits of the Special Flood Hazard Areas (SFHAs) were
determined. The paragraph cautions that, even below these limits, washes
that exist convey floodwaters from storms more frequent than those considered
to determine the extent of the SFHAs and, therefore, should remain
unobstructed. :

It should be recognized that a drainage system does exist in the area and,
regardless of the stability of that system, simply grading over an existing
wash and constructing a building on the new grade is unwise. Because those
washes are not shown on the FIRM, we point out in the FIS report that they
can be easily identified in the field (well-defined) and they obviously
present a flood hazard (self-evident). Please note that the flood hazards
are not restricted to the existing washes. However, downslope of the SFHA
limit and outside of the existing washes, the probability of flooding is less
than 0.0l in any given year. In other words, the downslope SFHA boundaries
demarcate a change in flood frequency, not -flood hazards.

Please note that the fact that a wash exists does not imply that it is
1" "
Stable .

Before considering the comments from the AGS, it should be noted that the
fundamental purpose of the FIRM is related to flood insurance. We are
charged with identifying areas subject to inundation at least once in 100
years, on the long~term average. We refer to those areas as SFHAs. We are
not charged with determining the geologic description of a landform, and we
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do not make such determinations. We do, however, make determinations of the
nature of the flooding within the SFHAs and, to the extent possible, quantify
the associated hazards in terms of elevation or depth and, in some cases,
velocity of flood waters.

Three determinations were made in developing the preliminary FIRM dated
July 9, 1991. Those determinations were:

e Which areas are subject to flooding at least once in 100 years, on
the long-term agverage —— the SFHAs

® The areas within those SFHAs where the average of the 100-year
depths and the 100-year velocities at each point is within 0.5 foot
and 0.5 foot per second of the nearest integer depth and velocity,
respectively -- the depths and velocities shown on the FIRM

® That the area is subject to alluvigl fan flooding

The first determination, the extent of the SFHAs, was accomplished by
developing flood frequency curves for each flooding source, consulting aerial
photographs and topographic maps, and inspecting the results in the field.
Please note that the determination was revised using the flood frequency
information submitted with the appeal for all flooding sources studied and
using detailed topographic information that was submitted with the appeal for
Washes 5 and 6.

The second determination was accomplished wusing our methodology for
determining depths and velocities in areas subject to alluvial fan flooding.
Please note that although that methodology applies to areas subject to
frequent debris flow (areas sometimes referred to as classic active alluvial
fans), its use is by no means restricted to such areas. The methodology
applies anywhere that given a flow value, the exact paths of that flow or
portions of it are unpredictable. The methodology is, simply, applying the
definition of the 100-year flood (which 1is ©probabilistic under any
circumstances) under those conditions.

The methodology was first documented in a paper by Mr. David R. Dawdy
published in 1979 in the American Society of Civil Engineers' Journal of the
Hydraulies Division. In that paper, Mr. Dawdy demonstrated the method of
applying the definition of 100-year flood under simple boundary conditions --
such as a flood is Jjust as likely to follow a new path as an existing
channel. Under those simple conditions, the mathematical treatment can be
followed without much difficulty. Under more complicated boundary
conditions, the mathematics may become more cumbersome, but the methodology
applies just as well. For example, if a flood is more likely to follow an
existing channel than a new path, and if under the less likely condition that
a new path is followed, some new paths are more likely than others, one
simply replaces the uniform distribution used by Mr. Dawdy in his paper with
a function that describes the likelihood of the various paths possible.

The AGS seems to be inferring that because Washes 5 and 6 do not strictly
adhere to the situation described in Mr. Dawdy's paper they are not alluvial
fans and, therefore, are not subject to alluvial fan flooding. We trust that
we have made it clear that that inference does not follow from adhering or




not adhering to the simple conditions in Mr. Dawdy's paper. The important
point is not whether the simple function Mr. Dawdy used in his paper should
be used but rather is to determine the function that should be used.

The third determination was that the SFHA was subject to alluvial fan
flooding. Please note that the methodology is not used in making that
determination. The determination is made by characterizing the nature of the
flooding: are the floodpaths predictable; is the area susceptible to
erosion} what is the potential for relatively large amounts of localized
deposition?

We define alluvial fan flooding as:

flooding occurring on the surface of an alluvial fan or
similar landform which originates at the apex and 1is
characterized by high-velocity flows; active processes of
erosion, sediment transport, and deposition; and
unpredictable flow paths.

Our determination was based on field inspections, inspection of aerial
photographs and topographic maps of the area, and review of the U.S. Soil
Conservation Service (SCS) soil survey of the area. For Washes 5 and 6, we
also used the maps from the report entitled Geologyand Soils Study for a Nine Square
Mile Area in the Northwestern Portion of the City of Scottsdale, Arizona, dated August 1988, and
prepared by Cella Barr Associates, Inc. (CBA).

Field reconnaissance revealed that the surface material in that area is sand
and gravel. Thus, the area is very susceptible to erosion. The washes in
the area contain the same material, making them an abundant source of
sediment available for transport and deposition. The aerial photogrepks &nd
topographic maps indicate that the susceptibility to erosion and the sediment
supply available in the area have resulted in the drainage pattern that
exists. That pattern is characterized by numerous splits in the existing
washes., The number of splits (and consequently the number of existing
washes) increases, and the flood-carrying capacity decreases, with a decrease
in elevation (downslope).

As a resident of the area, you may find it helpful to understand our
determination from a personal perspective. For example, alluvial fan
flooding might affect local residents by depositing 1 or 2 feet of sediment
at a road crossing, thus causing the road to be closed until it ig cleared.
Other evidence of alluvial fan flooding (on a much smaller scale than
something approaching a 100-year flood) may be underground utilities that are
exposed after a downpour, or scouring occurring downslope of a new road
shortly after it is paved.

The AGS letter listed three comments regarding the discussion of alluvial fan
flooding given in the appeal resolution letter.

(1) The appeal resolution letter pointed out that the question is not
only how old the surfaces are between the channels, but also how
long those channels have existed. The AGS noted that the real
issue is how long channels have occupied the same positions on the
pledmont., We are pleased that the AGS agrees.




(2)

(3)

The AGS noted that, obviously, the 1issue 1is what exa.cly
constitutes alluvial fan flooding. We trust that our previous
discussion has clarified what we mean by alluvial fan flooding. We
believe that the issue is not whether alluvial fan flooding occurs
in the SFHAs; instead, we believe that the issue is how frequently
such flooding occurs within the SFHAs. Specifically, the issue is
how frequently that type of flooding takes paths other than the
channels present —-- closer to the real issue of Item (1) above.

The AGS asked, "Do relatively minor changes in channel patterns
that might have occurred during the past 10,000 years constitute
alluvial-fan flooding?"

In areas such as the SFHAs associated with Washes 5 and 6, changes
in the channel patterns indicate that alluvial fan flooding has
occurred. We are not quite sure what the phrase ''relatively minor
changes in channel patterns" means, but if it means that new
channels are being formed and old channels are being abandoned,
then it would seem that relatively minor changes would mean
relatively infrequent changes. Because one, two, or three events
per 100 years or 100, 200, or 300 events per 10,000 years is
infrequent, it would seem that the AGS would categorize the changes
in the channel patterns as relatively minor. Nevertheless, those
are the frequencies of occurrence on which our determinations are
based. Please note that regardless of the frequency, when alluvial
fan flooding occurs, the threat to life and property can hardly be
characterized as relatively minor.

In the appeal resolution letter, we noted that the geomorphic
information submitted sheds some light on the frequency at which
alluvial fan flooding occurs. The AGS commented that:

(i) Because of map scale limitations, all of the active channels
in the area are not shown on the map submitted with the
appeal.

(i1) The areas mapped Unit Y, Holocene terrace deposits, 0 to
10,000 years old, represent overbank or sheet—flood deposits
and active channels too small to represent at a scale of
1:6,000. Although some areas mapped as Unit Y may represent
channels that have been abandoned in the past 10,000 years, it
does not follow that the total extent of Units Y. and Y
records the cumulative area occupied by channels in the past
10,000 years. ' ‘

(iii) The drainage systems are not composed solely of channels (Unit
Ye). Significant portions of map Unit Y exist because they
are inundated during floods. They do not represent areas of
former channels that were abandoned.

(iv) Local topography is modest, but it influences where new
channels may form. Evidently this modest amount of relief has




been enough to preclude development of channels during the
past 10,000 years.

(v) Even if the questionable assumptions that are used in FEMA's
reanalysis of our map data are accepted, it is still clear
that broad areas that have not been subject to significant
flooding in the past 10,000 years are included in the "100-
year" floodplain.

Please note that the assumptions made in our resolution were that
the information submitted was accurate. We understand that that
accuracy 1is limited by map scale. However, recognizing that limit,
we believe that our analysis of the geomorphic information
described in the appeal resolution letter 1is correct. Regarding
the distinction between modern channel' deposits and Holocene
terrace deposits (as it is referred to in the appeal documentation)
or between channels and smaller channels, overbank flow areas, and
sheetflow areas (as it is now referred to in the AGS letter), it
may be helpful to think in terms of alluvial fan flooding.
Specifically, the ages of the deposits left by past alluvial fan
flooding are given by the geomorphic information. Whether one
refers to a flood path 1 to 2 feet deep and up to hundreds of feet
wide as a channel, overbank flow path, or sheetflow path, those
flows left behind enough sediment to enable the AGS to identify
their occurrence tens of thousands of years later. The discussion
in the appeal resolution follows if one simply exchanges the phrase
"path of an alluvial fan flood" for the word 'channel."

In addition, the FCDMC mentions two publications in their February 4 letter.
Those publications are Soil Survey of Aguila-Carefree Area, Parts of Maricopa
and Pinal Counties, Arizona, issued by the SCS in April 1986; and Flood
Hazards of Distributary Flow Areas in Southwestern Arizona, Open-File Report
91-4171, published by the U.S. Geological Survey (USGS) in December 1991.

Please note that both of those publications were considered in our
determinations., We met with the SCS in their office in Phoenix in August
1990, to discuss how the information in the soil survey. could be applied for
flood insurance purposes. In addition, the USGS sent us a draft copy of
their report in February 1991 and requested that we provide them with a
technical review of the manuscript.

The FCDMC closed their February 4 letter by requesting documentation that
supports our resolution. The technical data used to resolve the appeal were
the data submitted with the appeal. We believe that the discussion in the
resolution letter clearly documents that the data submitted do not support
the conclusions of the appeal, and how those data were used to develop the
appeal resolution.

In their letter to the County, the ASLD expressed support for objections to
the appeal resolution that were raised in discussions between their staff and
representatives of the Cities of Scottsdale and Phoenix, and the FCDMC. That
letter has been added to our files.



In his February 19 letter, Mr. Johnson indicated a desire to meet with us to
discuss the appeal resolution. If you believe that a meeting is still
required, we can arrange to meet with you or your staff. If you desire such
a meeting, please contact your National Flood Insurance Program State
Coordinator, Ms. Terri Miller of the Arizona Department of Water Resources in
Phoenix at (602) 542-1553 or Mr. Johnny Taylor of our Regional Office in San
Francisco, California, at (415) 923-7192. Ms. Miller and Mr. Taylor are
coordinating the arrangements for a meeting in Phoenix sometime in the middle
of May. We have extended the same offer to meet with the Cities of
Scottsdale and Phoenix, if they so desire.

Please note that the appeal is resolved. If the aforementioned meeting is
arranged, we will come prepared to answer questions regarding our processing
procedures, our regulations, and the resolution. The purpose of the meeting
will not be to review new data or analyses. Requests for such a review must
be submitted as provided for in Part 65 of the NFIP regulations.

As promised in our letter to Chairperson Bayless dated February 8, 1993, we
have addressed all comments received up to February 19. The next step in the
processing of the FIRM is the issuance of the final determination letter. We
anticipate sending the final determination letters on June 3, 1993,

If you have any questions regarding this matter, please contact Mr. Karl Mohr
of my staff in Washington, DC, either by telephone at (202) 646-2770 or by
facsimile at (202) 646-3445.

Sincerely,

hrt L. M&ttiCk§

ds¥stant Administrator

Office of Risk Assessment
Federal Insurance Administration

oM viNaRnelohoRonEng,,

FCDMC

Mr. William Erickson
City of Scottsdale



APPENDIX G.--Original report by David Dawdy entitied Flood-frequency
estimates on alluvial fans

‘Nl N BN PR BN == .

-56-




“——-----' —-n--w-i--

NOVEMBER 1879 Y1[ ¢ 15001 NOVEMBER 1979 HY 11

1406

l,- = lengthscale describing maximum rise for plume, ase ]
l,, = length scale describing transition (rom momentum (o buoynnl in- .
/ lrt‘:l:\ut‘lccscalc describing maximum risc for jet; A 4 J O U R N A L O F T H E
. = ] M .
M = sou&rccmomcmumﬂux E ’, HYDRAU LICS D]VIS]ON
m = local kinematic momentum flux per unit lcnglh, , |
@ = source volume (lux; ) ‘
q = local volume flux per unil length; ' FLooD FrREQUENCY ESTIMATES ON ALLUVIAL FANS
R, = Richardson number defined by local ﬂuxcs. ' S
S, = average jet dilution S, = ¢/Q; : By David R. Dawdy, M. ASCE
w = vertical jel velocity; P ‘
w, = local charactcristic vertical vclocny, funcuon of z only; :
w, = source vertical velocity; = INTRODUCTION
x = transversec coordinale pcrpcndtcular Lo jel uxls 3
Z. = maximum height of risc; The Nationnl Flood Insurance Act of 1968 was cnacted Lo provide previously
: = vertical coordinate paraliel.to jet axis; | unavsiluble flood protection to property owners in Nood-prone arcas. 1o general,
a = ecntrainment cocfficient; o v the Federal Insurance Administration (FIA) has chosen the 100-yr flood (that
a, = plume entrainment cocelficient; Nood which has a 0.01 probability of occuring in any year) as the regulatory
a, = jecl cnirainmenl cocfficient; . Mood for the dctcrminulign of ﬂoqd hazards and [or sctling insurance rates.
B = local buoyancy flux; 'Thc 100-yr flood and its resulting depth have well-dcfined mcnni‘ngs in the
¢ = stratification.parameler € = (~ g/p)dp./dz), riverinc environment, They arc based on flood frequency analysis for the
A = factor rcla(mg difference in widlhs of velocity and densily profiles; determination of discharge and the assumplions of a rigid boundary channel
p, = ambiecnt densily; ; and of steady flow to determine flood depth. However, in the case of flooding
p = jet source densily; and on an alluvial fan, the 100-yr ﬂoodmg cvenl and its depth are more dilficult
po =. ambienl density at level of source. \  to define. Still, F1A must determine the flood dcplh which has a 0.0 probabilily
. " i of occurrence al any pomt on an alluvial fan in order 10 set rales for {lood
.e s = IDSUI'BDCC
i ’ Onc of the major problems in the determinalion of shallow flooding probabililies

. on alluvial fans is (hat the probability with which a flood occurs sl the apex

of a fan docs not alone delermine the probability of [ooding or of resuliing
flood depth at any point on the fan below the apex. As an alluvial fan widens,
*  the probability of Mooding of a given magnitude al & given point should, in
gencral, decrcase. A meihod is presented in this puper 10 asscss that chonge
in probability, and (o develop a strategy for computing such a probubility al
any point on an alluvial fan,

Alluvial fans are found throughout the western United States. The nnture
und characteristics of flooding on alluvial fans urc such thut conveniionnl riverine
flood insurance study procedures cannol be cmployed. Flows rarcly spread
[ evenly over the surface of an’ alluvial fan. Typically, Mow is concentraled in

an_identifiable temporary. channel, or. it is confined 1o only portions of the
fun surl‘ﬁcc. Such flow pathsare prone (o Jateral migration and 10 sudden relocation
lo any other portion of the [an "during a single runoff “event. This erratic,

Note.—Discussion open until April I, 1980, To cxiend the closing date one month,
a wrilten request musl be filed with the Editor of Technical Publications, ASCE. This
paper is parl of the copyrightcd Journal of the Hydraulics Division, Procecdings of the
American Society of Civil Engincers, Yol. 105, No. HY 11, November, 1979. Menuscript
was submiticd for revicw for possible publication on April 10, 1979,

'S Hydro., Demes & Moore, Washingtlon, D.C.
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widens a channel by bank erosion Lo meel those condilibnsy

‘that the channcl'stabilizes approximately-at thal point-where dD/dH -
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unpredictable behavior subjects all portions of the fan to potential flood hazard,
regardless of location, Therefore, a sife distant from an identifinble channel
s approximalely the same potential for flooding as a site at the samc clevation
ncar an identifiable flowpath, :

The local reliel across alluvial fans is usually small (on the osder of 5 I
to 10 f1) excepl at fanhcad (renches, which may be incised up (o 50 [t or
more. ldentifiable channecls may occur al any location on an alluvial fan, but

tliey are usually very small in relation 1o the magnitude of expecied flood
discharges and are subject (o rapid alteration and changes in gcometry duc
to the highly erodible nature of the materials that make up an alluvial fan, ~

The behavior of Mood Mows, and the associaled flood hazard, is largely a function
of location below the apex of the fan. The degree of flood hazard is approximately
cqual for all points that arc radially equidistant from the fan apex. A basic
premise for a technique (hal is to be used for quantitatively dvaluating the
dcgree of Mood huzard an an alluvial fan is that when channel gradient approaches
or excceds critical slope, then critical Mow will occur, The cl{nnncls thot are
formed on the face of the atluvial fan arc shaped by the Mlow itself. Any lemporary:,
state of supercritical Mow. will erode the chennel banks so as (o achieve a
wider, shallower Mow at critical depth: In reality, supercritical low in natural
alluvial channels is a transitory phenomenon, and not a representative sicady-siale
condition. For the majority of alluvial fans, critical slope will be the natural
condition.

ArrroAcH TAKEN

Allyvial fans are the result of a dynamic geomorphologic process. Mud flows
deposit large amountis of ungraded material al the apex of the fan. Smaller
food evenis may rework thoscmalerials, but the major portion of this sediment
load also is deposiled upon the surface of the fan. Only the larger flood cvents
will carry major amounis of sedimenl to the toe of the fan. The result of
this process is the typlcal fan shape with a relatively uniform slope (rom apex
to toc.-The-channels:formed upon- the surface of the fan by majo_r",[l_go_q;gchls'.

-are modified and often filled by the more numerous smaller sediment depositing”

flood events. Thercfore, when a major evenl occurs, it does nol necessarily
follow the path of a previous event. Rather, its position on the surface of
the fan lends to be random. ' _
Ocomorphg}ggighgfasgniug can be used 1o arrive at some hydraulic propertics”’
of aliuvial”fan”(looding. Onc cannol assume that the probability of a flood
of a given magnilude occuring at any point on the fan is the same as the
probability of & flood of that magnitude at the apex. As an alluvial fan widens,
the probability of flooding of a given magnitude al a point should, in general,
decrease. Flood NMows on alluvial fans tend to form their own channels during
the Mood cvenl. In addilion, they tend (o form that channcl so as to flow
at critical depth and critical velocity, which is the most cfficient movement
of water and sediment down the fan. Ficld expericnce;has:shown that”the Mow
' Asithe;widthiinereascs,
the depth of "Mow dccréascsi‘-1&“hua'€bccni»'cs(_ima}cd.”;’.b_as_c,d;jon'.?;ﬁcld',;cxigcrncz', :
i .-00 '
or where a decrease in depth creates a iwo hundred-fold increase in width

- —— e g ——

aE ww e i oes e

i

HY 11 FLOOD FREQUENCY ESTIMATES 140¢

(Boyd Lare, U.S."Army Crops of Engincers, Persons}l Communicalion, 1978).
Under those conditions, the channel formed by a Nood flow on an abluvial
fan should stabilize al a width of *

WaBST0™ o cossanainnadosnsnsansnsnenesivnd i (H
and a depth of

F 1) 5 (2)
in which W ="the widih of (he channel in fect; D = the depth of the channel,

in fect and Q = the Nood Mow, in cubic feci per second, forming the channcl.
Leopold and Maddock (3) describe and evaluate from ficld dela the hydraulic
geomelry of river channels by a sci of relations as follows: ¥V a Q™) D «
Q7 and W o Q° in which ¥ = the mean velocily; D = mean depth; W =
surface width; Q = mean discharge; and m, /, and 4 = constanl coelMicicnis.
Based on the field data, they developed values for m, f, and b. Later, l.ecopold

TABLE 1.—Comparlson of Hydraullo Qeomstry Exponents lromn Flald Data for Mid-
waatern Unlted Statea (3) and lor Ephemeral Streama In Saml-arld Unitad Statss
{4), fram Thearetical Developmeant {2}, and from This Papar

VALUES OF EXPONENTS OF HYDRAULIC GEOMETRY
= Field Data
Variable Midweat Semi-arid Theorolical Deawdy
(1 (2) (3) {4) {5)
Velocily m 0.10 0.2 0.09 02
Depth / 0.40 0.3 0.36 0.4
Width & 0.50 0.5 0.55 0.4

1
and Langbein (2) developed theoretical values. Those values in sddition 1o valucs
resulting from (his study are shown in Table 1, )
_%Agi_spls-o{ cxponents are based on lhc assumplion that the channels are
formed by the Mow, The first three sets arc based on changes in a downsiream
direction, but they should be comparable to values for alluvial fan channcls
becnuse similar processes are at work and the channcls on alluvisl fans develop
much more rapidly in response (o flow conditions than for the riverine casc.
A mpjor difference is that the theoretical values of Leopold and Langbein assunie
Manning's equation applics, the ficld data of Leopold and Maddock include
many sand-bed streams that more nearly approximate a Chezy law (1), and
this study nssumes critical depth. Therefore, one should expect velocily 1o be
less for the theoretical, interinediate for the field case, and greatest for crifical
depth, Apparently Lhe major,c}mnn;lnd_jusl@énl to'acgomodate greater velocily

is a narrowing lo decreasc area. ?
DeveLorMenT o METHOD

If'we let y = log @, then Ref. 5 treals y as Pearson 111;
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= A/a’ = 5}; and skew of logarithms = 2/\'"* = G,. Therclore:
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m=y'——£; m=)7—25' ........................ (4c) i
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The probability that a given flood will inundatc & particular point on the
fan may be less than the probability of that flood occurring at the apex, because
at a particular contour on the face of the fan, the probabilil'y that a given
flood Mows past & particular point on that contour will depend, among other
things, on the width, Wc, of the fan al that contour and on the number of |
possible Mow paths down the fan. If it is assumed thal a channel caused by ; !
a given Mood has an cqual probability Lo cross at any point on a contour,
then that probability would be

w 9.50%

pr(Q)= —H-; = W,

The probability that a flood of size greater than Q, occurs al the apex of
an alluvial fan may be broken into two parls

S P, (Q)dQ = E (1P.(@pa@) + (11 = pi pa(@)) dQ - - - ©®
e @ .

in which the term in the first sel of brackets is the probability that Nood will
inundate a particular point on & contour; and the sccond term is the probability I

that it will not.
The proposed method for the three parameter log Pcarson 11 lcads 1o a

solution as follows:

dz
a'(z = m)*™" exp [~alz —m)} — M

o BT s 9.5C (-
0 — Q" T e
g\ 5PN

Q c Wt log Q
in which @ = a — 0.92 (0.92 = 0.4 log 10); and

a\* ' (
C=|—] xp@I2ZM) + » cov s imasmsvmre v v asTE LS (8)

a

Thus the integral on the right-hand sidcisa pscudo-distribution that has parameters
a, A, and m, which yiclds :

2
G, = ;‘T/T isunchanged . . . .0 o000 ‘ " dEEEE s Ya)
bl A . . o .
S =3 (varniance increased to positive skew, decreased for ncgative) (9b)
a

e wm am wm Ry

/ " - ; .
.~ with the relations: mean of logarithms = m + A/a = p; variance of logarithms

(] _ _ FLF EO...‘- ESF' -‘ - I-

A a
i=m -+ — (mean increased) ..., .., (%¢)
R R R R L RS @ v {

a

for use in Rel. §,

. This method requires the use of a log Pearson 1l annlysi; and can be
implemented with the usc of Ref. 5, Similar analyses could be 'crform 3‘( ;
other d.islribulions. The method will produce anomalous rcsuuspif a -CO 9? s
That will occur only for very large values of skew. The highest skew v;lu"'
shown as an isopleth oo the regionnl skew map of Ref. 5 is 0.7, The \arg::; .
arcnl‘ value shown is [.84 in Montana. The constant, 0.92, has no particular
physn_cal significance. It is a lunction of the assumplions concerning the pawer
function relaliug width to discharge and the applicability of the log Pearson
Ill’ distribution. Similarly, the transformed variable, Z, has no intrinsic meaning
It is merely an operational variable (o transform the problem so that the solu\ior'l
can be derived solely through the usc of the Pearson 11 tables.
For skew of zcro, log Pearson 11l becomes a log normal with a deasity of

T Y —(y = 7)
f():)—u\/i;—cxp[ - ] ......................

Tl:ic transformed distribution, developed from cquation 6, is similar to Eq
7 and is .

B 9.5 (* Q° ~(y =)
qu;(Q)pA(Q)dQ-—--P;: Sqmcxp{—‘;‘;,—“] --------- (i
which leads o a constant similar lo equation §, of
C=exp(0.925 +0420™). .. .... R o L e o (12)
The mean changes o
FH+0Na’=37......... o el o et o R o TR (13)

Tlxc variance stays constant, The 0.01 event lor o given depth, D, of looding
is then compulted as * '

9.5C S “ 7
— (YT SBOBY s o 5 9 50 08 5 55 5 45 50 m 8w
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can be compuled from the tables in Ref. 5 for the mecan, standard devintion,

and skew of the transformed distribution developed in the foregoing. Thus, -

!hg__: width of contour across the fan at which a flow, Q, will be the 0.0l evenl
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Thus for a given depth of Now, D, the discharge, Q, cun be compuled (rom
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and then, the width of the channel formed can be computed from E

/ Thc probability of lhc discharge Q for tho transformed distributlon can be

computed (rom Rel. 53 Finally, by use of Eq. 16, the width of contour can

be computed at which that flood will have a 0,01 probabllity of occurrence,

The contours that are at the limits of flood zones of a pnrllcular depth may
be computed, and the zone thus delineated.

Conciusion

A uniform method has been presented for the determinalion of flood flow
frequencics on alluvial fans. The method is based on geomorphologic principles,
and has general applicability, There are three basic assumplions underlying the
proposed method. The [irst assumes that a log Pearson III distribution appliesy
to the distribution of flood flows at the apex. The assumplion is operational,
and is based upon the fact thal the Water Resources Councll has chosen that
istribution administratively for uniformity of analysis in (he Federal government.

ther distributions may be used if they are felt more applicable. However,
a closed form solution may be more difficult for other distributions. The sccond
basic assumption is that cach event forms & single channel and flow remaing ,
in that channcl throughout*the event, Braided flow is not a problem with lhc
slopes which occur on alluvial fans, but avulsions are, If an avulsion occurs
at any flow greater than that for the 100-yr flood, then more than one channel
may cross & given contour on the fan during different times during the event,
Thus, the probability of an event crossing a coantour at a point is probably
greater than (hat derived above. Similarly, the estimated contour width for 2
given flow is probably less than that derived above, because width is inversely
rcjated to (he probability. This could be handled by an "avulsion cocfliclent,”
X, which is a measure of the “average avulslons per event.,” The equation
for width of contour then becomes

9.5 CKP (2= log Q)
W, = LA R R S )

i 0.0}

in which 1.0 = K. The determination or estimation of X should be based on®

geomorphological principles.

Finally, the (hird basic assumption Is (hat flood channels are distributed’
uniformly scross any contour: The concept is basically reasonable, but il ignores
the fact that equally valid assumplions concemning placing of channels and placing
of centers of channels would result in different probabilities, particularly within
one stream widlh of (be edge of an alluvial (an. In particular, near the apex
of the fan where the width of the contours is less than the width of the computed
channel, other concepts must apply by physical reasoning,
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The following symbols are used in this paper:
a = parameter of log Pcarson 111 distribution for Z (0 = « — 0.92);
b = Leopold gecomorphic exponent relating width to discharge;
C = coastant resulting from transformation from y 1o z;
D = depth of flow in channel;
S = Leopold geomorphic exponent relating depth 1o discharge;
G = skew of logarithms of discharge;
K = ‘*'avulsion cocfficient,”* average number of avulsions per Nood event;
m = Leopold gcomorphic exponent relating velocily to discharge;
m = parameler of Pearson 111 distribution;
P, = probability of floods at apex of alluvial fan;
P. = probability of floods al point on contour on alluvial fan;
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S = standard deviation of logarithms of discharge;
V = velocity of flow in a channel;
W = velocity of flow in a channel;
W. = widih of contour across alluvial fan;
y = log Pearson III variable;
2 = transformed log Pearson 1] variable;
a = parameter of Pearson 1] distribution; and
A = parameter of Pearson 111 distribution.
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1.0 INTRODUCTION

Alluvizal fans are estimated to cover approximately one third of the land area in
the southwestern United States. Although mostly associated with arid and
semiarid regions, alluvizal fans also exist in humid regions and occur ‘throughout
the country. Because of their relstively gentle slopes and well draining
characteristics, alluvial fans are subject to urbanization at an increasing pace
as the supply of flat bottom land is exhausted. Development on fans is subject

to damage from floods because of the unpredictable and violent nature of flood

waters.

To minimize loéses as a consequence of flooding and to protect those living in
flood prone areas, the Federal Government passed the National Flood Insurance Act
of 1968 which is administered through the Federal Emergency Management Agency
(FEMA). Its purpose is to provide insurance against flood losses and to provide
guidelines for regulating flood plain development. Implementation of the act has

required that FEMA address the flooding issues particular to alluvial fans.

To determine the flood risk and flood prone areas of fans, FEMA adopted a
methodology based on work by Dawdy (1979). The existing methodology is based on
two key assumptions which have not been verified in the past; The first of these
is that the location of any stream channel on a fan is random; that it has an

equal probability of occurring anywhere across the fan. The second is that the

flow forms its own channel and remains in one channel throughout the flow event,

except that the location of the channel can change through avulsion. FEMA

commissioned DMA Consulting Engineers to conduct a study to verify the




appropriatenesa of the asaumptions and, should the need be shown, to modify the
method. Thia study has focused on the development of a historical data base
of floods on alluvial fans. Fans for which flow measurements are available were
identified and aerial phctographs covering the flood events were sought. In
developing the data bage the goal was to bracket a flood event with before and
after photographs so as to define the-physical nature of the flood event on the
alluvial fan proper. Personnel from Federal and local agencies in Arizona,
California, Nevads, and New Mexico were contacted to obtain information of
alluvial fan floods. A review of the literature ﬁas-made, including a detailed
analysis of a 1981 hydraulic investigation which was performed by the firm of

Anderson - Nichols & Company.
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2.0 LITERATURE REVIEW

A search of available literature was undertaken including a computer search
through 12 data bases and the follow up of material referenced in the literature
reviewed. Over 50 publications dealing with the subject of alluvial fans were
reviewed. The overwhelming number of publicg:t.ions dealt with geologic and
geomorphologic descriptions of fans. This included descriptions of fan material,
fan make-up, fan deposits, fan age, and fan formation. Although it is
universally agreed that water flow plays the key role in the fan formation
process, very few of the publications addressed the hydrologic and,. hydraulic

processes on fans.

The majority of investigations describe fans in the regions of the southwest.

Bull (1960a, 1960Db, 1961, 1963, 1964, 1966, 1968, 1973) studied fans on the east
slopes of the Diablo Range in Western Fresno County, California. Denny (1965)
gives a comprehensive description of fans in the Death Valley region. His study
focused on three areas from the Panamint Range and the Funeral Mountains. He
developed relationships between mean sediment size and fan slope, drainage area
and width of wash, drainage area and fan slope, width of channel and slope of
channel, and mean sediment =size variation with distance from fan apex. Finally
an expression was developed for the size of fans in terms of fan area as s

function of drainage area.

Zckig (1928) gives a description of fans on the northern part of the San




Bernardino Basin in Southern California. Blissenbach (1954) discussed formation
processes and alluvial fan deposits with emphasis on three fans in the Santa

Catalina Mountains of Arizona.

An overview of alluvial fan characteristics is presented by Ansey (1965). This
study discusses characteristics of both arid and humid region fans,
clasgification of alluvial fans, and the incidence of alluwvial fans, with
particular emphasis on the Basin and Range Province. Such characteristics as fan

gradient, width and radius are quantified on a’g‘rosa basis.

Hooke (1967) describes two distinct types of alluvial fan deposits: water flow
deposits and debris flow deposits. Water flow deposits are those laid down by
running water while debris flow deposits are those flows having p;roperties
different than water with much greater specific densities and viscosities,
resulting in non-newtonian flow. The sediment load of water flows may vary as a
result of the processes of erosion and deposition. A debris flow. on the other
nand wiil not exnibit such a characteriatic. It will flow as an entity, with the
debris load coming to rest at a terminal point at which its momentum can no
longer carry it further along the fan. Consequently debris flow deposits are
characteristically sheetlike with lobate tongues that are well defined and
terminate abruptly. Debris flows consist of ;r;uddy mixtures of gravel, sand and
clay which can carry boulders in excess of 8 feet in diameter. Sharp and Nobles
(1953), and Pierson (1981) have reported that these mud mixtures rhave waler
content between 20 and 40 percent by weight. Pierson (1981) has measured mud
flows moving at velocities in excess of 15 feet per second on fans with siopes of

3 to 7 degrees.




Beaty (1974) argues that the primary agent in the formation of alluvial fans is
the debris flow as opposed to what he terms the "so-called normal stream
processes.” In describing the formation of alluvial fans at the base of the
White Mountains, along the California-Nevada border, Beaty contends that no more
than 10 - 15 percent of the fan materials have been deposited by sediment- laden
waters. In arguing the probability of occurrence qf debris flows Beaty points out
that during the 35 year period prior to 1970 there had been at least seven
gignificant debris flows from canyons along the Western flanks of the White
Mountain Range. He further cites, based on newspaper files and discussions with
long time area residents, that two to three times as many debris flows occurred
during the historical period dating back to the 1860's. The significant causative
agent leading to debris flows according to Beaty are storms with precipitation
intensities in excess of 50 - 70 mm/hr. Beaty believes that debris flows are

highly wunlikely without intensities equal to or exceeding those:

It is -important to note that Beaty’s work, although extensive, has been in the
desert ranges of the Great Basin which have little or no vegetative cover. Such
watersheds have ideal conditions for generating mud flows. However, it is
arguable that for canyons with vegetation'in the upland areas the frequency of
debris flows would not show such a strong one to one relationship with preci-
pitation intensity. If fan formation is dependent on catastrophic events then
one is looking at events which may occur with relative infrequency to create the

fans observed today. Beaty (1970) gives a rather simplistic but

illustrative example of this. The Milner Creek fan on the western siopes of the




White Mountains is estimated to be 700,000 years old. The volume of the fan is
2.25 billion cubic yards. Assuming the fan was built at a constant rate, the
average rate of deposition required would be 3,200 cubic yards per year. This
translates to between 3 and 6 inches of deposit per 1000 years if the material
were equally distributed over the growing fan. However, analysis of debris flow
deposits indicates quite a different scenario. On July 26, 1852 a major debris
flow occurred depositing 1,125,000 cubic yards of material on the fan. With
debris flows of such a magnitude, only one event e»:ery 350 years, on the average,

would be required to create the present fan.

Drainage basin lithology is an important factor in the determination of the size
of the fan and ron the make-up of fan materials. Bull (1964) points out that fans
derived from source areas underlain by mudstones and shales are lerger than fans
orginating from equal sized drainage areas underlain by sandstone. The larger
fans are due ta the greater erodibility of the mudstones and shales in comparison

to sandstone. The greater erodibility leads to a larger source of fan make-up

material.

Two investigations included laboratory model studies of fans. In the first there
was no attempt to develop a model fan and the basis of similitude criteria
(Hooke; 1967, 1968, 1979). A gross scaling was used whereby small fans were
created under laboratory conditions for the purpose of observing the overall fan
buildiné phenomenon. No protatype fans were used for comparison. Flow rates
were selected arbitrarily ovér a range of value from low to high relative to the
size of the fan. The second laboratory investigation was by Anderson-Nichols and

Company (1981) and will be discussed in detail herein.



2.1 Discusmion of "Flood Flain Management Tocla For Alluvial Fans

FEMA commissioned Anderson-Nichols and Company (ANCO) of Palo Alto, California
to conduct a study of flood processes on alluvial fans and to develop management
guidelines for regulations on alluvial fans. In 1981 ANCO completed a report
documenting the resuits of their study. The ANCO report consists of two
volumes. The first presents their results and recommendations. The second gives
detailed documentation for their study, including mathematical formulation and
description of model testing., The emphasis of th; study was on the development
of physical models representative of idealized and actual fan conditions. The
physical models were used to model specific flood events on actual fans as well
as to study tﬁe overall flooding phenomenon particular to alluvial fans. In
addition, the models were used to test the effectiveness of using various
structural and non-structural measures to reduce flood damages to buildings and

other structures on salluvial fans.

As a result of the modeling effort three hydreulic zones are identified as
occurring along the length of the fan. The first zone is immediately downstream
of the fan apex and is categorized by a single channel. This one is followed by
one where the flow is in a split channel. The last zone is towards the toe of
the fan where the flow becomes braided, relatively shallow and wide. The results

of this study confirm the existence of the three zones as identified by ANCO.



3.0 FAN FORMATION AND PROCESS

Alluvial fans develop below the mouth of a canyon by the outwash from the canyon
draining an upstream watershed. Tlooding on an alluvial fan is part of the
natural process for the formation of the fan. Urbanization on an alluvial
fan imposes potential obstruction to .the flood flows, therefore structures are
subjected to flood hazard. In this chapter, the formation and processes of
alluvial fans are described first. The characteristics of alluvial fan floods
are then investigated using aerial photographs of alluvial fans taken before
and after specific flood events. Finally, the results of case studies aré pre-=
sented. These will be used as a data base for the evaluation of the current

FEMA method for the analysis of fan floods.
3.1 Theoretical Aspects

Alluvial fans develop from the outwash of a canyon draining an erodible upstream
watershed, which is subjected to high intensity and short duration rain storms.
The sediments eroded from the watershed by the r=zin storms are transported
downstream by the canyon flow and discharged onto the valley floor below the
mouth of the canyon. Due to the spreading of water and the flat valley floor,
the flow on the valley floor slows and becomes shallow. This results
in low sediment transport capacity and causes the sediment to drop out, initially
near the mouth of the canyon. As the deposits continue to accumulate, the siope
of the alluvial deposits incréases. and so does the sediment transport capacity

of the flow. The sediments are therefore carried and deposited further

downstream. When the alluvium reaches the canyon bed elevation, flood channeis




are developed by the momentum of the canyon flow. At this time, the deposition
of sediment is extended further downstiream along the channels.

For unusual events, the sediment discharged onto the alluvial fan is so great in
quantity that rapid deposition of sediment occurs at a point along a channel.
Sediment deposition lessens the channel sldpe above the point of deposition, but
also steepens the slope below that point. Lessening of channel slope further
accelerates the deposition process already begun. The deposition process rapidly
extends upstream along the channel reach to a point that channel overflow occurs
and a new channel is developed to transport the flood water. This process of
backfilling an existing channel and developing 2 new channel is calied an
avulsion. The new channel developed by avulsion is likely to have a different
direction along the fan slope. Water and sediments are now carrieq by this
new channel to a new deposition area on the fan. Repeated occurrence of
avulsions on an alluvial fan over a long period of geologic time results in a
cniform fan slope in the radial direction from the apex. The steepening of the
cnannel slope below the deposition point also enables the downstream channel to
carry more sediment further downstream. Massive deposition of sediment at the
downstream area may also result in a low cross-fan debris dam, which leads to
steepening the fan slope below the dam. The flood waters passing the openings of
the debris dam would develop new individual alluvial fans below each opening.

This process also advances the formation of the fan.

Although the avulsion process for fan floods is the major mechanism for creating

a uniform fan slope in the radial direction over geologic time, avulsions may not

occur often over a planning horizon. Thus, the relocation of a flood channel by

avulsion is only associated with the rare flood events, such as the debris flow

9
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resuiting from a severe high-intensity short~duration rainstorm on z highly
erodible watershed, or massive landslides, etc. Frequently, flood channeis are
found to be deeply incised onto the fan due to repeating uses by consecutive
floods. The flood channels are stable until relocated by channel avulsion in &

severe debris flow.

The formation process of an alluvial fan may be affected or modified by human
activities, such as the installation of levees or of a lined channel to guide the
flood water, the construction of dams to reduce the peak discharge on the
alluvial fan, and the construction of a debris dam to intercept the sedimerﬁ. and

debris. The above activities will either lower the rate of fan formation or

direct the further development of the alluvial fan in designated directions.

3.2 Case Studies

The selection and study of allu;rial fans using serial photographs are described

in the following subsections.
3.2.1 Selection Criteria for Alluvial Fans

The characteristics of alluvial fan floods were studied using USGS topographic
maps and aerial photographs of the alluvial fans. The topographic maps were used
to determine the fan slope, expansion angle, upstream watershed drainage ares,
canyon siope, and the geog.raphic relationship to adjacent alluvial fans. The
aerial photographs were used to determine the fan flood characteristics including

channel patterns (such as singie channel, spiit channels, and braided channels),

10




and channel direction, length, and width. Aerial photographs within three years
before and after major floods were compared and thechanges recorded todetermine
the changes in channel patterns by floods, particularly large floods which

usually shape the channel patterns.

The slluvial fans siudied were selected from California and Nevade. Fans were
selected based on the following criteria:
[,

o The fan must be well-defined so that the fan characteristics can be
abstracted from the USGS topographic map and the aerial photographs.

fo! There must be a USGS gaging station for the measurements of flood
discharge or there must be estimates of major flood discharges made by
USGS.

o Thex;e must be aerial photographs covering the fan area within three

vyears before and after the major flood considered. {Feor some alluvial
fans, this criterion could not be met.)

The alluvial fans studied ranged from nearly undeveloped fans in Nevada to fans
subjected to highly developed fans in California. For nearly V"irgin alluvial
fans, the process which actually forms the alluvial fan can be seen. For the
densely populated fans, the modification of fan floods as a result of man-made
structures such as levees, dams, roads, buildings, etc. can be observed. The
gourcea of aerial photographs of alluvial fans used in the present study are

summarized in Table 1.
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TABLE 1 SOURCES OF AERIAL PHOTOGRAPHS FOR ALLUVIAL FANS

ALLUVIAL FAN

EXPOSURE

DATE

SOURCE OF PHOTOS

Northumberland Canyon
near Austin, NV

Mason Valley Trib.
near Mason, NV

Humboldt River Trib.
near Rys Patch, NV

Rocky Canyon near
Oreana, NV

Humboldt River Trib.
near Oreana, NV

Las Vegas Wash Trib.
near Henderson, NV

Piute Wash Trib.
at Searchlight, NV

San Antonio Wash Trib.
near Tonopah, NV

Eldorado Valley Trib.

near Nelson, NV

Lytle Creek near
Fontana, CA

Dey Canyon near
Etiwanda, CA

6/19/81

10/7/68, 10/25/72

6/23/73

6/23/73

6/23/73

10/21/71, 12/20/72

6/25/75, 7/4/80

10/7/68

8/29/73

1/24/73, 5/12/72

4/13/33, 9/8/3S

3/4/69

. 3/10/38, 4/17/67
10/12/67, 1/30/869,

9/8/35, 3/10/38

3/30/66, 1/30/689,

2/27/69

12

USGS EROS Dats
Canter

USGS EROS Data
Center

USGS EROS Data
Center

USGS EROS Data
Center

USGS EROS Data
Center

USGS EROS Data
Center

USGS EROS Dats
Center

USGS EROS Dsata
Center

USGS EROS Data
Center

Whittier College,
LA; San Bernardino
County, CA

Whittier College,
LA; San Bernardino
County, CA




TABLE 1 (continued)

SOURCES OF AERIAL PHOTOGRAPES FOR ALLUVIAL FANS

ALLUVIAL FAN EXPOSURE DATE SOURCE OF PHOTOS

Deer Canyon near 8/8/35, 1/30/68 Whittisr College,

Guasti, CA 2/27/868 LA; San Bernardino

: County, CA

Cucamonga Creek 3/10/38, 1/30/69 San Bernardino

near Upland, CA 2/27/69 County, CA

San Antonio Creek 3/10/38 J San Besrnardinoe

near Claremont, CA County, CA

Tahquitz Creek near 4/20/59 San Bernardino

Palm Springs, CA County, CA

Palm Canyon near 11/5/40 Whittier College,

Palm Springs, CA LA

Devil Canyon near 2/17/37 Whittier College,
3/10/38 San Bernardino, CA

LA; San Bernardino

Whitewater River 6/8/386 Whittier College,
near Whitewater, CA LA. &

3.2.2 Observations of Alluviasl Fans

The observed resuits for individual alluvial fans based on the use of aerial
photographs are presented in the case studies. The characteristics of alluvial

fan are defined in Figurs l.

Northumberiand Canyon near Austin, Nevada

The Northumberiand Canyon, located on the eastern slope of the Toquima Range in
Nevada, drains an upstream watershed of 15.1 square miles. The reiativeiy miid

13
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slope of 0.033 extends upstream into the canyon beyond the mountain front. The
cutwash from the canyon has developed &8 downstream alluvial fan with a slope of
0.033 at the upfan area and an expansion angle of 60 degrees. The upstream
watershed is sparsely vegetated below 7600 feet. However, the region from
elevation 7600 feet to 8800 feet is well vegetated. Tlooding is usually caused
by summer thunderstorms in the upstream watershed. A peak discharge of 7680 cfs
was estimated for the fan flood on August 7, 1379, Channel patterns due to fan
flooding were identified from an aerial photograph taken on June 19, 198] (see

Figure 2).

Analysis of the aerial photograph indicates the flood water was appsarently

confined in a single channel for a distance of approximately 3300 feet below the

mouth of the canyon. Beyond this point to a point about 14,500 feet below the

mouth of the canyon the flow continued in a single channel, but the channel width
increased. The floodwater then broke out into & radial flow pattern with a 35
degree expansion angle. Further downstream, the flood became a braided-sheet
flow with isolated elevated dry patches. The variation of the width for the

single channel, obtained from aerial photograpns is as follows:

DISTANCE
IN FEET 0 2000 3300 4500 10400 12500
WIDTH IN FEET 100 127 137 403 462 383

where the channel distance is mersured from the mouth of the canyon.

Two neighboring alluvial fans, subjected to the same thunderstorm on August 7,
1979, were also studied using the same aerial photograph. It was found that

these two fan floods, starting with noticeable single channels at the fanhead,

15
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spread into a radial sheet flow with an expansion angle of 25 degrees and 40
degrees, respectively. The apex for each individual radial sheet flow appeared to
be quite random, but probably depended upon the deposition and erosion patterns
resulting from the previous flood, the present discharge, etc. There is evidence
of extensive mining at the mountain front and the mine tailings seem to have

altered the flow pattern extensively on these neighboring fans.

Mason Vsalley Tributary near Mason, Nevada

!
!

The alluvial fans in this region have been developed by the outwash from tribu=-
taries to Walker River in the Mason Valley and are located along the eastern
slope of thg Singatse Range. The village of Mason is situated on one of the fans
and is about 1500 feet below the mouth of the canyon. The upland watersheds are
all sparsely vegetated and drained by canyons of relatively mild slope. The
alluvial fan on which Mason is located has a slope of 0.035 and an upstream
canyon channel slope of 0.058. Although the upstream watershed has a drainage
area of only 2.6 square miles, the USGS estimated a peak discharge of 4500 cfs
for the flood of June 30, 1870. Two sets of aerial photographs, taken on October
7, 1968, and October 25, 1972, were used to identify the flow patterns of the
1970 flood. The aerial photograph of October 7, 1968, and the tcpographic map
for this alluvial fan are shown in Figure 3. Examination of the aerial
photographs showed no clear evidence of flood channels developed on the alluvial
fan. There are, however, flood channels identifiable on the two other alluvial
fans located south of the gauged -alluvial fan. Those two alluvial fans have been

developed by McConnell Canyon and Nevada Canyon, respectively (see Figure 3).

17
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McConnell Canyon The flood water branched into three channels immediately

below the mouth of the canyon. The north channel spreads into a2 braided-sheet
flow with an expansion angle of 20 degrees. The south channel, flowing along the
southern boundary of the alluvial fan, bifurcated within a short distance below
the mouth of the canyon. After passing the cross-fan West Side Canal, the
southmost channel split into three branches but shortly rejoined into an
apparently wide sheet flow. The midéle channel maintained a single channel flow

until it bifurcated shortly after passing the West Side Canal.

Nevada Canyon The flood water split into two branches immediately below the

mouth of the canyon. The north branch further split into one large and three
small chaqnels. The large channel merged V{ith one of the small channels at the
cross-fan West Side Canal, then again separated into two channels of similar
width below the West Side Canal. These two channels expanded radially into
braided-sheet flows further downstream. One of the other small channels with
relatively small flow apparently merged into the West Side Canal. The remaining
channel bifurcated after passing the West Side Canal. The south branch consisted
of a large and a small chanﬁel. The large channel expanded radially in a
30-degree angle while the small channel remained approximately the same width.

Both of these channels slightly reduced their widths after passing the West Side

Canal.

Comparison of those two sets of aerial photographs showed obvious shifting in
major flood channels before and after the flood, even though the channel patterns

were similar in appearance. This tends to show that the formation of those

flood channels for those fans are random.
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Humboldt River Tributary near Rye Patch, Nevada

This alluvial fan is located along the western slope of the Humboldt Range in
Nevada. The upland watershed is barely vegetated and has a drainage area of 0.85
square miles. The canyon channel, with a slope of 0.11 near the mouth of the
canyon, discharges flood water onto the alluvial fan with a slope of 0.071 and an
expansion angle of S0 degrees. -f‘looding generally results from summef
thunderstorm activity. The USGS has estimated a peak discharge of 8940 cfs for
the flood of May 31, 13973, which is questionably high judging by the size of
watershed. An aerial photograph taken on June 23, 1973 (see Figure 4) was used to

determine the flood channel pattern.

The =serial photograph showe& that a singlé channel had been developed near the
center of the fan. The channel width of about 35 feet at the mouth of the canyon
gradually increased to about 60 feet at a location 500 feet below the canyon
mouth. The channel then shifted slightly toward the north and its width reduces
tc about 40 feet at a location 1,060 feet below the canyon mouth. Below that
point, the channel expanded radially into a braided-sheet flow pattern with a

30-degree expansion angle and eventually discharged into the Humboldt River.

Rocky Canvon near Oreana, Nevada

The alluvial fan developed by Rocky Canyon is located along the western slope of
the Humboldt Range near Oreana, Nevada. The canyon has a slope of 0.108 near the
The

mouth and drains a sparsely vegetated watershed of 4.05 square miles.

alluvial fan expands in an angle of 110 degrees. The fan slope decreases gradual-

20
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ly from 0.058 near the canyon mouth to 0.013 near the east bank of the Humboldt
River. Floods that discharge onto the alluvial fan are caused by summer
thunderstorms. A peak discharge of 14,370 cfs has been estimated by the USGS for
the flood on May 31, 1973. The fan flood pattern was identified for the flood
of 1973 using an aerial photograph taken on June 23, 1973 (see Figure 4), less
than one month after the flood. The flood flow split into two channels at about
1,500 feet above the canyon mouth wit;h the north channel being wider than the
south. The north channel, which probably carried the major portion of the
floodwater, bifurcates at a point about 1,000 feet below the canyon mouth. The
northmost channel further split into two branches at a point about 1,800 feet
below the canyon mouth. One of the branches again bifurcates at a point about
2,200 feet belo;v the mouth of the canyon. The south channel maintained a single
channel pattern for about 5,000 feet below the canyon mouth and then became
braided. Along the middle section of the fan, numerous braided channels
apparently developed by previous floods could be seen. This indicated that
shiftimg of flood channels has occurred in the recent past. The soutl} channel

maintained a width varying between 70 feet to 30 feet before the channel spiit at

a point about 1000 feet below the canyon mouth.

Humboldt River Tributary near Oreana, Nevada

This alluviél fan, located along the west.:arﬁ slope of the Humboldt Range, has
been developed by an unnamed small tributary to the Humboldt River. The basin
has a drainage area of 0.76 square miles, is sparsely vegetated, and is drained
by a canyon with a channel slope of 0.124. The alluvial fan has an expansion

angle of 90 degrees. The alluvial fan slope decreases from about 0.07 for the



upfan area to about 0.02 near the east bank of the Humboldt River. Similar to
the other Eumboldt River tributaries in this area, the fan floods are due to
thunderstorrﬁ activity. The USGS has estimated a questionably high peak discharge
of 6000 cfs for the flood of May 31, 1973. The fan flood pattern was identified
using the aerial photograph of June 23, 1373 (see Figure 4). The flood channel
bifurcated near the middle section of the fan immediately below the canyon
mouth. The channel on the south appa;rent.ly transported the major portion of the
floodwater, and maintained a nearly constant width of 45 feet for some 1,500 feet
and then became braided. The channel on the north traveled as a single channel
for 1,300 feet, then bifurcated and rejoined after 4,200 more feet. Numerous
highly braided old flood channels at the outfan area could be seen from the same

aerial photograph. This indicates the likely tendency of channel relocation in

future flood events on this fan.

Las Vegas Wash Tributary near Henderson, Nevada

The Las Vegas Wash is composed of many alluvial fans that have been developed by
the canyons originating from the northern slope of the McCullough Range near
Henderson, Nevada. The.se canyons flow mostly northward and eventually discharge
into Duck Creek. The upstream watersheds of the canyons have little vegetation.
The principal cause of floods is summer thunderstorms. The USGS maintains a
gaging station, #09419697, on one of the alluvial fans, which measures stream
discharge from an upstream watershed of 0.06 square miles. The alluvial fan slope
extends into the canyon upstream of mountain front. The canyon draining this

watershed has a slope of 0.058. The alluvium below the canyon is narrowly

confined by the adjacent alluvial fans on both sides and has a slope of 0.050.

23
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The major floods recorded by the USGS gaging station during the observation
pericd had peak discharges of 655 cfs occurring on July 30, 1968, and 1290 cfs

on July 1, 1980.

The flood chanrnel pattern for Las Vegas Wash was studied using four sets of
aerial photographs taken respectivel.y on October 21, 1971, December 20, 1972,
June 25, 1975, and July 4, 1980 (see Figure 5). Examination of the aerial
photographs showed that the flood water flowed in a single channel 68 feet
wide for 3,075 feet below the mouth of the canyon. The flood flow the_n merged
with the flow from the adjacent fan and changed to a braided-sheet flow pattern
further downstream. Comparison of aerial photographs taken on different dates
further indicated that there was no apparent channel change during the period
covered by the aerial photographs. One additional alluvial fan in the Las Vegas
Wash area, designated as Fan A, with a canyon slope of 0.061 and fan slope of
0.056, was selected for the study using the same aerial photographs. The flood
water in Fan A flowed in a single channel 183 feet wide for 3,250 feet below the
canyon mouth, and then split and eventually changed into a braided-sheet flow.

There were no apparent changes in channel pattern during the period 1971 - 1980.

Piute Wash Tributary at Searchlight, Nevada

The alluvial fan under consideration is only one of the mziHy alluvial fans
composing the Piute Wash near Searchlight, Nevada. This alluvial fan has been
developed by the coutwash from a canyon draining a watershed of 3.4 square miles.

The alluvial deposit extends into the canyon upstream of the mountain front. The
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canyon therefore has a very mild slope of 0.016 near the canyon mouth. Similar
to the other alluvial fans in the Piute Wash the studied alluvial fan has a mild
slope of 0.016 and coalesces with the adjacent tributaries to form an apron
characterized by straight, parallel contours. Summer thunderstorms, charac-
teristic of this area, cause fan flood. USGS gaging station #09423300, located
near the mouth of the canyon, recorded such floods with peak discharges of 207

cfs on August 4, 1970, 370 cfs on Se‘ptember 11, 1576, and 200 cfs on August 12,

-

1978.

The fan flood channel pattern was identified using an aerial photograph taken on
October 7, 1968 (see Figure 6). The flood water flowed in a singie channel down
the fan to the confluence with the channel from an adjacent fan. This seemed to
be the tyi:ical flood channel pattern in the wash, probably resulting from the

lack of slope in the radial direction which generally characterizes other

alluvial fans. ‘

San Antonio Wash Tributary near Tonopah, Nevada

San Antonio Wash near Tonopah, Nevada, consists of many alluvial fans developed
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by tributaries originat.ing from the eastern slopes of the San Antonio Mountains.

The upland watersheds are sparsely vegetated and the fan floods result from
summer thundersiorms. USGS gaging station #10243135 is situated near the toe of
one of the alluvial fans in the area. The upstream watershed above the gaging
station has a drainage area of 3.42 square miles and is drained by a canyon with
a slope of 0.070. The alluvial fan below the gaging station has an expansion
angle of 60 degrees and a slope of 0.053. The maximum recorded fan flood had a
peak discharge of 660 cfs on August 13, 1372. An aerial photograph taken on
August 29, 1973 (see Figure 7) was used to determine the channel patterns for the
fan floods. The aerial photographs showed an elevated ridge with three openings
spanning acrosa the fan width about two miles below the apex. Several isolated
hills are located downstream from the ridge on the southern section of the fan.
The flood water flowed in a single channel near the northern boundary of the fan
for a distance of 2,250 feet from the mouth of the canyon. Below this point it
branched into numerous channels covering the northern half of the fan. Those
channels, obstructed by the cross-fan ridge, concentrated and passed through the

ridge at three openings to lead to three individual downstream alluvial fans.

For the northern downstream alluvial fan the flow stayed in a single channel for

3,000 feet below the opening of the ridge. 3Beyond this point the channel

bifurcated and rejoined within 1,750 feet and stayed as a single channel to the

fan toe. For the middle downstream alluvial fan the flood water flowed in a

single channel along the southern boundary of this fan. It collected flows from

two small channels originating outside the fan before reaching the fan toe. For

the southern downstream alluvial fan there was no evidence of flood channels. A

well defined channel was, however, located slightly off and parallel to the

southern border of the fan.
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Eldorado Valley Tributary near Nelson, Nevada

These alluvial fans are developed by tributaries originating from the Eldorado
Mountains near Nelson, Nevada. The upstream watersheds for these tributaries
have little vegetation and floods result from thunderstorm activity. The
alluvial fans coalesce to form an_ alluvial apron a short distance below the
canyon. USGS gaging station #10248510 is located at one of the canyons, which
drains an upstream watershed of 1.4 square miles. The alluvial deposit extends
into the canyon above the mountain front to result in a canyon slope of 0.036
near the canyon mouth. The alluvial fan below this canyon has a similar slope of
0.036. The gaging station has recorded floods with peak discharges of 530 cfs
on August 4, 1970, and 232 cfs on June 8, 1372. Two sets of aerial photographs,
taken on May 12, 1972, and July 24, 1973 (see Figure 8 for the latter),
respectively, were used to identify the flood channel pattern on the fan. The
aerial photographs showed that the flood water flowed in a wide, shallow, and not
well-defined channel for about 2000 feet below the canyon mouth. Downstream of
that point it changed into a braided-sheet flow pattern and eventually coalesced
with the flows from the adjacent fans in a complete sheet flow pattern. The

above observed flood channel pattern seemed to be typical for the fans in this

area.

A comparison of the two sets of aerial photographs indicated that there was no
obvious change in channel pattern and locations although a flow of 232 cfs
occurred in the period between the times that these two sets of aerial

photographs were taken.
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Lytle Creek near Fontana, California

The alluvial fan developed by the outwash from Lytle Creek is located at th\e
northern end of Fontana, California. Lytle Creek, originating from the San
Gabriel Mountains, has an upstream watershed of 46.3 square miles. The canyon
slope is about 0.031 near the mouth of the canyon. The upstream watershed is
vegetated with sparse forests. The climate is mesothermal humid, of
Mediterranean type with hot dry summers, and abundant winter rainfall in the
mountains. The major fan floods are usually caused by the winter storms with
intensive short duration rainfall. The alluvial fan below Lytle Creek has an
expansion angle of 95 degrees and a slope of 0.026 at the upfan areé. Lytle
Creek flows on the fan to meet Cajon Creek about three miles below the mouth of
the canyon. The alluvial fan is densely developed and is protected by levees
along many sections of the creek. USGS gaging station #11062000 is situated
about one mile above the mouth of the canyon. The discharge recorded by the
gaging station shows great variation over the observation period., For-instance,
the annual peak discharge ranged from 65 <fs on April 28, 1951, to 25,200 cfs on

March 2, 18938, and 35,900 cfs on January 25, 19689.

The fan flood patterns and their potential changes due to major floods were
identified using the aerial photographs of April 13, 1933, September 8, 13835,
March 10, 1938, April 17, 1967, October--12, 1967 (see Figure §), January 230,
1969, and March 4, 1963. Examination of the aerial photographs indicated that

the canyon became wider below the Penstock Ridge, located about one mile above

the mouth of the canyon, and that the flood waters flowed in almost a single
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channel with some isolated dry patches. The flood however, became highly braided

from about one mile below the mouth of the canyon to its confluence with Cajon

Creek.

Comparison of aerial photographs of 1835 and March 10, 1938 indicated that the
flood of March 2, 1938, with a peak discharge of 25,200 cfs, essentially followed
the old channels developed by previou.s floods from the mouth of the canyon to its
confluence with Cajon Creek. Comparison of aerial photographs of 1367 and 1969
also indicated similar flood channel patterns and channel locations before and
after the 1969 flood with 35,900 cfs peak discharge. The above findings
indicated that the major fan floods essentially follow the previous channels and,
if they exceeded the channel capacity, widened and deepened the channels by

erosion to accommodate the flood flow.

Day Creek near Etiwanda, California

Day Creek originates in the southern part of the San Gabriel Mountains, has a
canyon slope of 0.149 near the canyon mouth, and drains an upstream watershed of
11.9 square miles. The upstream watershed is covered with sparse forests. The
alluvial fan has a slope of 0.103 near the fan head and gradually decreases in
the radial direction. The expansion angle of the fan is about 80 degrees. The
fan floods in Day Creek are usually caused by winter storms between November and
April. The annual peak discharge in Day Creek varied from 16 cfs on April |,
1964, to 4,200 cfs on March 2, 1938, and 9,500 cfs on January 25, 1869, as
recorded by USGS gaging station #11067000, located at the mouth of Day Canyon.

The alluvial fan has been only sparsely developed in the far fan area, and
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vineyards and orchards are the most common land use of the fan. To protect those
developments, levees have been built to confine the flood water to the western

part of the fan, and they eventually direct the flow to a lined channel at the

far fan area.

The channel pattern for major fan floods was identified using the aerial
photographs of September 8, 1935, I\;{arch 10, 1938, March 30, 1966, January 30,
1969, and February 27, 1869 (see Figure 10). The aerial photographs show that
the flood water flowed in a single channel about 268 feet wide along the west
boundary of the fan for 2,400 feet below the mouth of the canyon. Below this
point, the width of the channel increased to about 870 feet at a point about
3,660 fee.t below the canyon mouth. Beyond, the flood channel repeatedly
bifurcated to cover almost the entire eastern half of the fan (see Appendix A).
The flood water within this region, however, was confined by two levees, which

gradually tapered to form a single channel for Day Creek to pass through

Etiwanda.

The aerial photographs of 1935 and 1338 were used to determine changes in
flood channel patterns due to the fan flood occurring on March 2, 1538. Except
for a new channel about 15 feet wide and 5700 feet long branched from the single

channel reach, no apparent change in channel pattern was detected.

Comparisons of the aerial photographs of 1938 and 1966 showed that the flood
channel pattern remained essentially unchanged except for those areas affected by

the levees constructed after 1338.
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Comparison of the aerial photographs of 1966 and 1969 also showed that the flood

of January 25, 1969 flowed essentially in the channels developed by previous

floods.

The above findings on the flood channel patterns tends to indicate that the flood

channels in this case are rather stable even when subjected to a wide range of

flood discharge.

Deer Creek near Guasti, California

Deer Creek alluvial fan is located west of and adjacent to Day Creek alluvial fan
at the southern foothills of the San Gabriel Mountains. Deer Canyon has a slope
of 0.168 and drains an upstream watershed of 3.4 square miles and is covered
with sparse forests. The alluvial fan below Deer Canyon has an expansion angle
of 90 degrees and a slope of 0.109 near the fanhead. There is no gaging station
installed at Deer Canyon. However, it is reasonable to assume that the same
winter storms that caused floods to the adjacent Day Creek would also cause
floods on Deer Creek. Therefore, the aerial photographs used to determine the
flood channel pattern for Day Creek could be used for Deer Creek as long as

they covered the Deer Creek area (See Figure 10).

Examination of aerial photographs indicz;t.éa that at about 600 feet immediately
below thei mouth of the canyon the flood flow changed from a single channel flow
to a highly braided-sheet flow covering the eastern half of the alluvial fan.
The flood water continued to flow southeastward until it was deflected back to

the southwest direction at the boundary between the Deer and Day alluvial fans.
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Comparison of aerial photographs for January 30 and February 27, 1969, indicated
no apparent change in flood channels as a result of February 25, 1969 flood. The

Deer Creek channels may be considered stable in this case.

Cucamonga Creek near Upland, California

Cucamonga Canyon, with a slope of 0.075, drains a sparsely forested upstream
watershed of 10.] square miles in the southern margin of the San Gabriel
Mountains. The alluvial fan has a slope of 0.048 near the fanhead. An
entrenched channel about 20 feet deep has developed within the 1.5 mile reach
below the mouth of the canyon. A series of percolation basins has been built in
this reach. For the next two miles, more percolation basins, incorporating
levees, have been built to confine the flood water along the east side of the
percolation basins. Further downstream, Cucamonga Creek is confined by levees

on both banks to transport the flood water through the alluvial fan.

The discharge for Cucamonga Creek is usually less than 5 cfs for most of the
yvear. Major floods, however, result from high-intensity short-duration winter
storms. USGS gaging station #11073470, located at the mouth of the canyon, has
recorded major floods with peak discharges of 10,300 cfs on March 2, 1938, 14,100
cfs on January 25, 1969, and 4,090 cfs on February 25, 1969.

The channel patterns for major floods were identified using the aerial
photographs of March 10, 1938, January 30, 1969 (see Figure 11), and February 27,

1969, each taxken shortly after a major flood event.
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Examination of aerial photographs indicated that the flood water occupied the
entire channel within the 1.5 mile reach below the canyon mouth probably as a
result of the obstruction by percolation basins. Below that reach the flood water
was mainly transported by the channel located east of the lower percolation
basins. When flood water exceeded the channel capacity it spilled over the
levees to form small braided-sheet flows in the lower percolation basins and
gsplit-braided flow along Cucamonga Creek. Channel patterns remained essentially
unchanged except for those areas being affected by hew structures constructed
after 1938, and for a slightly wider flooded area for the larger flood of 1968.
Aerial photographs of January 30 and February 27, 1969, indicated that the flood
water for the.smauer flood of February 25, 1969 essentiaily followed the old
channels developed by the previous flood of January 25, 1963. The above findings
on the flood channel patterns tend to support the conclusion that the flood

channels are relatively stable in this case.

San Antonio Creek near Claremont, California

San Antonio Creek alluvial fan is located near Claremont, California. San
Antonio Canyon has a slope of 0.055 and drains a sparsely forested upstream
watershed of 26.2 square miles in the southern margin of the San Gabriel
Mountains.. The alluvial fan expands from.rtkvxme apex with a 90 degree angle and has
a slope of 0.046 for the upfan area. San Antonio Dam, a flood-control reservoir
with a capacity of 7,620 acre-feet, is located at the mouth of the canyon. A

spillway is situated at the west end of the dam to release flood water to San

Antonio Creek. Percoiation basins are built on either side of the channel for

40




groundwater recharge. The major fan floods here are usually caused by winter

storms. USGS gaging station #110730000, located about 4 miles above the mouth

of the canyon, recorded a peak discharge of 21,400 cfs for the flood on March 2,

1938. USGS gaging station #11073200, located at the outlet channel of San

Antonio Dam, recorded a maximum flood water release of 8,420 cfs on January 25,

1969, the largest since the initial operation of the gaging station in 1962.

The only set of aerial photographs available to identify the flood channel

pattern on San Antonio alluvial fan were taken on March 10, 1838 (see Figure
12), about one week after the major flood of March 2, 1938. San Antonio Dam had

not yet been built. The aerial photographs show that the flood water flowed in a

single channel, restricted along the east bank by a series of percolation basins

and levees for about 8,200 feet below the mouth of the canyon. Below this reach

the channel bifurcated. The variation of channel width with distance measured

from the mouth of the canyon is as follows:

DISTANCE

IN FEET 0 1200 3400 4950 7300
WIDTH

IN FEET 810 3585 630 410 3350

Tahquitz Creek near Palm Springs, California

Tahquitz Canyon drains an upstream watershed of 43.5 square miles in the San
Jacinto Mountains with a slope of 0.lll. It is well vegetated in the highlands
but barely vegetated in the lowlands. The alluvial fan, with a slope of 0.046,

has experienced development as part of the growth of the city of Palm Springs.
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Floods on the fan result from winter storms, although most of the year the creek
iz completely dry. A peak discharge of 2,900 cfs was recorded on November 22,
1965, and on January 25, 1969. The only set of aerial photographs available to
identify the flood channel pattern was taken on April 20, 1959 (see Figure 13). A
peak discharge of 1570 cfs occurred on August 31, 1954. The =erial photograph
showed that the flood water flowed in .a northeastern direction and bifurcated at
a point about 2,000 feet above the mouth of the canyon. The south channel turned
toward the east at a location about 600 feet below the mouth of the canyon to
lead to a lined channel to pass Palm Springs. The north channel flowed in a
northerly direction to meet the flood flow from an adjacent fan. The channel
banks for both channels seemed naturally stabilized with trees. Numerous
abandoned small braided channels, however, were developed between those two
channels. Currently the alluvial fan has been densely developed and is protected

by levees on the upfan aresa.

Palm Canyon near Palm Springs, California

Palm Canyon originates from the San Jacinto Mountains and flows in a northerly
direction to develop Palm Canyon Wash, ron which part of Palm Springs 1s now
located. It has a slope of 0.058 and drains an upstream watershed of 93.3 square
miles. The wate.rshed is covered with spaftsé forests above 4000 feet in elevation
and is lightly vegetated below. Below the canyon mouth, two small alluvial fans
have been developed by the eésterly flowing Murray and Andreas Canyons against
the northerly flowing Palm Canyon flow. This forced the alluvial channel below

Palm Canyon to develop along the eastern wall of the valley. The alluvial
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fan has an expansion angle of 25 degrees and a slope of 0.055. The floods are
usually caused by winter storms. USGS gaging station #10258500 has recorded

peak discharges of 3,850 cfs on February 6, 1937, 2,380 cfs on March 2, 1938, and

2,900 cfs on December 24, 1941.

There is one set of aerial photographs available to correlate the flood channel
patterns on the alluvial fan. This‘set of aerial photographs was taken on
November 5, 1340 (see Figure l4), some three years after the flood on March 2,
1938. Examination of the aerial photograph indicated that the flood water flowed
in a single channel 550 feet wide for about 3,825 feet below the mouth of the
canyon. It then gradually widened to 3,000 feet at 1.92 miles below the mouth of
the canyon. Below this point, numerous small channels branched out from the
west bank of the flood channel to flow down the alluvial fan. The major portion

of the floodwater, however, continued to flow in the main channel to its junction

with Tahquitz Creek.

Devil Canyon near San Bernardino, California

Devil Canyon., near San Bernardino, California, has a slope of 0.085 and drains a
sparsely vegetated upstream watershed of 5.51 square miles. The alluvial fan has
a radius of 6,400 feet and an expansion angle of 33 degrees. The fan slope Is
0.062 at the upfan area. Below the mouth of the canyon are three percolation
basing, with levees to guide flood water into the basins. Downstream of those
percolation basins levees are built to further divert the flood water through

the opening of an elevated cross-fan ridge at the fan toe to a lined channel

leading to Cajon Creek. A percolation basin is aiso located at the eastern side
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of the fan toe immediately above the cross-fan ridge.

Flooding is generally caused by winter storms. USGS gaging station #11063680,
situated 2t the mouth of the canyon, recorded peak discharges of 3,320 cfs on
March 2, 1938, 3,720 cfs on January 25, 1969, and 1,800 cfs on February 25,
1969. The flood channel pattern on the alluvial fan was identified using aerial
photographs taken on February 17, i937, and March 10, 1938 (see Figure 15),

respectively{ before and after the flood on March 2, 1938.

Comparison of the above two sets of aerial photographs indicated that the flood
water of March 2, 1938, essentially flowed in the old channels developed by
previous floods. The flood water, which entered the percolation basins, however,
overtopped the downstream levees of the basins to develop a sheet flow pattern
below the levees. The flood water eventually discharged into the percolation
basin at the eastern side of the fan toe. Discharges of the magnitude of the

13938 peak are apparently controlled by the man-made structures.

Whitewater River near Whitewater, California

The Whitewater River flows in a north-to-south direction, discharging onto an

alluvial fan just upstream of its junction with the San Gorgonio River. Near the

toe of the fan, the Whitewater River collects the flow from the San Gorgonlo
River and then turns eastward downstream. The upstream watershed is sparsely
vegetated in the highlands. The river has an average slope of 0.034 and a width
of about 1500 ft. USGS gaging station #102560000, operated from 1948 to 1981,

was located near Whitewater with a drainage area of 57.4 square miles. The river
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discharges are generally derived from winter rainstorms. Peak discharges were
recorded of 42,000 cfs on March 2, 1938, 24,000 cfs on November 22, 1565, 16,200
cfs on January 25, 1969, and 13,500 cfs on February 25, 1868. The alluvial fan
below the river mouth has an expansion angle of 70 degrees and a radius of 1.7
miles from the apex, the fan slope ’is 0.030. The alluvial fan is undeveloped,
however, Ihterst.at.e Highway 10 crosses the fan near the apex, and State Highway

111 and the Southern Pacific Railroad cross the fan near the toe.

The flood channel patterns on the alluvial fan was identified using an aerial
photograph taken on June 8, 1936 (see Figure l6). No major ;eaks prior to
that date were available. State Highway 111 had not yet been built and Highway
66, the predecessor to Highway 10 crossed the Whitewater River, at a location
slightly above the river mouth. The flow approach to the bridge was constricted
by upstream dikes and the embankments of the bridge. The flow passed under the
bridge in a single channel, which gradually widened to 640 feet at a location
about 880 feet below the bridge. Below this point, the flow bifurcated to form
one larges and one small channel. The large channel again bifurc.atec’. vsithin a
distance of 800 feet to two channels of approximately the same width. Further
downstream, numerous small channels branched out from those three channelis to

form a complex braided channel pattern before meeting the flow from the San

Gorgonio River.

There is only one set of aerial photographs available for the present study,
therefore, no comparison of aerial photographs of different dates were made
to detect if the channel locations were random. However, judging from the
shallow flood channels and the braided channel pattern it is likely that shifting

of channels might occur for different floods.
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32.2.3 Resgultas of Cage Studies

Case studies have been conducted to cover alluvial fans in California and Nevada.
The characteristics of flood channel patternsl included single channels, spiit
channels, and braided channels. The factors that may affect the fan flood
including upstream watershed drainage ares, canyon slope, alluvial fan slope,
angle of expansion and radius of allu';n'al fan, were also determined using aerial
photographs and USGS topographic maps, Table2 summarizes those characteristics

of alluvial fans in the present study.

The results of the present case studies can be summarized as follows:

Channel Pattern

The flood channels on alluvial fans were found to occur in three patterns,
namely; single channel, split channel, and braided channel. The flood channel
generally was found to be a single channel immediately below the mouth of the
canyon, followed by a split channel segment, and finally terminating in a braided

channel.

Channel Location

Treating the studied alluvial fans as a group, the relative location of a single
channel immediately below the mouth of the canyon on an alluvial fan was found
to be random as shown in Figure 17. Each data point in Figure 17 represents

the reiative location of a single channel on an alluvial fan, defined as the
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ratio of the anglé between a single channel and left fan boundary, when looking
downstream, (o the expansion angle of an alluvial fan. The relative locations of
the single channels on alluvial fans are summarized in Table 2. It can be seen
from Figure 17 that the data points spread rather uniformly over the entire
range of relative single channel location from 0.0, which represents left fan
boundary, to 1.0, which represents right fan boundary. This finding indicates
that there is né: preferential locatien for forming a single channel on an
alluvial fan when compared with the relative locations of the single channels on

other alluvial fans.

The present FEMA method assumes a random location for the 100—year event.
Therefore, the random distribution across the fan as shown in Figure 17 is
germane only if the process is ergodic, that is, if the synoptic view in space
holds in the time domain at a fan. Figure 17 thus presents supportive evidence of

the present method.

Although the locations of the flood channels were found to be stable for some of
the alluvial fans which are subjected to urbanization and well vegetated upstream
watersheds, such as those at Lytle, Day, and Deer Creeks in Califorma,
relocations of fload channels were evident for those undeveioped alluvial fans
with barely vegetaied upstream watershedsin Nevada. Basedonthe presentstudy,

the agsumption of randem channel location should be retained in the analysis.

Single Channel Pattern

The length of a single channel below the mouth of the canyon on an alluvial fan
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was found to be correlated to the ratio of canyon slope to fan slope as shown in
Figure 18. It can be seen from this figure that the length of 2 single cnannel
decreases with the ratio of canyon slope to fan slope. This indicates that flood
flow can sustain a longer single channel when emerging from a canyon onto a fan
of a similar slope than onto a fan of a smaller slope. An empirical relationship
between the single channel length and the ratio of canyon siope to fan slope is

proposed in Figure 18 based on the data of the present case studies.

The width of a single channel on an aliuvial fan can be reasonably predicted by
the FEMA method. Figure 19 shows the relationship between the fan siope avnd the
ratio of calculated width using the FEMA method to observed width for a single
chennel. _The caiculated single channel widths and the ratios of calculated width
to observed width for alluvial fans are summarized in Table 3. It ca.n be seen
from this figure that most data points are scattered around the line of perfect
agreement between the caiculated and observed widths, except for the data points
associated with questionably high flocod discharges for Las Vegas Wash and
HEumboldt River tributary near Rye Patch in Nevada. Based on the flood discharges
reported by the USGS, the amounts of peak discharge contributed by a unit area of

upstream watershed were 10,517 cfs per square mile for the tributary of Humboldt
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River near Rye Patch on May 31, 1973, and 10,917 cfs per square mile for Las

Vegas Wash on July 30, 1868.

It is also to be noted in Figure 19 that the observed singie channel width for
Day Creek stayed almost unchanged for the floods with peak discharges of 4,200
cfs on March 2, 1938, and of 9,500 cfs on January 25, 1969. This indicated that
the single channel width did not var.y with flood discharge, perhaps, because of
the relatively stable channel banks of Day Creek. In this case, if the flood of
1938 flowed at bank full, the flood in 1969 deepened the channel to increase the

channel capacity in order to accommodate the flood discharge.

Split Channel Pattern

The total width of multiple channels across the fan width for a given radius from
the apex in a split channel region was found to be approximately 3.8 times the
channel width in a single channel region as shown in Figure 20. This finding was
derived based on the detailed accounts of multipte channel widths for the
alluvial fans of Rocky Canyon and Las Vegas Wash Fan A in Nevada and Day Canyon
and Deer Canyon in California, which displayed well-defined multiple channels on
aerial photographs used in the present case studies. The detailed accounts of the
multiple channel widths for the alluvial fans shown in Figure 20 are included in
Appendix A. This assumes that zall split cgannels were flowing in a set pattern
during the peak flow which formed them. On the other hand, they may have resulted
in some cases from an avulsion, or an "almost avulsion”, in that near the peak

one of the channels formed and robbed most of the flow from the previously main

channel. If the flow split evenly between two branches, the cocmbined width would
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be predicted by the present method to be 1.5 times the width prior to branching,
and four equal channels would have a combined width 2.3 times the single flow

channel. Unequal branches would produce smaller expected combined widths.

Avulsion Coefficient

The present method assumes that a new channel is formed with every cther
occurrence of a 100-vear flood, on t:he average. Some of the fan floods caused
relocation of the channels a2s a result of the floods, and some of the flocds
studied were probabiy not 100-year floods. More flood occurrences and an analysis
of their return periods are necessary before the assumption of 1.5 for an
avulsion coefficient can be better defined. On the basis of the present study, no

change should be made.

3
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4.0 FAN FLOOD ANALYSIS METHODOLOGY

In this chapter, the current methods for the analysis of fan floods are discussed
firste Then alluvial fans are classified according to their characteristics from
the standpoint of flood analysis. Finally, the practical consideratiions for fan

flood analysis are presented.
4,1 Current Methods For Fan Flood Analysis

There are two methods - published for the: caiculation of alluvial fan floods,

namely, the standard FEMA method and Edwards and Thielmann’s modification.

4,1.1 FEMA Method
The FEMA method is based primarily on the following assumptions:

L. The fan flood is in a critical flow condition. Therefore the flow
velocity can be calculated from the flow depth.

2 An alluvial channel will continue to widen by lateral erosion with a
corresponding decresase in flow depth until the point is reached where a
decrease in depth results in a two hundred fold increase in width.

Therefore for a given peak discharge of a fan flood, the flow depth, channel
width, and the flow velocity can be calculated. To calcuiate the risk of a fan
flood at a particular location on the fan, it is further assumed that the

probability of a flood channel occurring at any location across the fan width at

the same radial distance from the apex is equal. The equations for the
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calcuiation of channel width, W, flow velocity, V, and flow depth, D, are as

4

follows:
04

W =9.5@Q

0.2

V=15

0.4

D= .07TQ

4

4.1.2 Edwards and Thielmann’s Modificaticn

Fl

Edwards and Thielmann {1982) modified the FEMA method by assuming that the flood

water would fiow at normal depth as described by Manning’s equation, instead of

at critical depth. The modification results in the following a'quat.ion for the

i

calculation of channel width, flow depth, and flow velocity:

i

W = 17.16 Q2 n: e
S

D= 014 Qn s
S1/3

V = 0.14 QUs sus

n3/4

in the above equation, n is Manning’s roughness coefficient, S is the fan sibpe,
W iz the width of a single channel, D is the flow depth, and V is the flow
velocity. [t may be shown that under most situations, the width of a single
channel calculated using Edwards and Thielmann’s modification is smaller than
that calculated using the FEMA method (see Figure 21 and Table 3). For the
comparison shown in Figure 21 and Table 3, Manning’s roughness, n, is taken as
C.020, 0.025, and 0.030 respectively. It is noted in Figure 21 that the data

points for the tributary of Humboldt River near Rye Patch and Las Vegas Wash in
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Nevada are a considerable distance from the line of perfect agreement. The
reported peak discharges were 10,817 cfs per square mile for the Humboidt
River tributary near Rye Patch on May 31, 1973, and 10,917 cfs per square miles
for Las Vegas Wash on July 30, 1968, as mentioned earlier these values are

questionably high.
4,1.3 Discussion of the Current Methods

The major assumpticns used in the FEMA method and Edwards and Thieimann's

modification, are discussed as follows:

1. Assurﬁption of single channel pattern: The resuits of the present

case studies indicate that the flood channel remains in a single channel for a
distance below the mouth of the canyon. The length of the single channel can be
estimated by use of Figure 18. Below the single channel region, theres is a split

channel segment and then a braided channel pattern forms.

2. Assumption of random channel location: The resultsof the present case

studies revesl evidence of channel relocations for the undeveloped aliuvial fans
with sparesiy vegetated watershedsin Nevada, even though channel locations were
found to be stable within the study pgr?Pd for some of the alluvial fans in
California, which tend to have well-vegetated watersheds. The present study data
base does not provide sufficient evidence to indicate that channel relocations

will not occur during the FEMA regulatory 100-vear flood.
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4.2 Major Factors Affecting Alluvial Fan Floods
The major factors that shape the flood flow on ailuvial fans include the alluvial
fan characteristics, canyon flow characteristics, and watershed characteristics.

They are briefly discussed as follows:

Alluvial fan characteristics:

1. Fan slope: The fan slope is the natural topographic feature that guides
the flood flow. The distinct feature of an ideal alluvial fan is that the slopes
in all radial directicns from the epex are approximately the same. Therefore an
initial channel direction at the fanhead may very well determine the general
direction for the rest of the fan flood. In addition, the fan slope represents
the relative efficiency of an alluvial fan to transport the flood water to the

area below the fan. -

2. Man-made structures on alluvial fans: Levees, dikes, and lined
channels, when able to withstand the major floods on alluvial fans, will guide
the floodwaters to follow the designated paths, unless overtopped by the floods
exceeding the design capacity. Man-made s_:tructures where they exist determine the

boundaries of alluvial fan flooding during the fan floods.

Canvon Flew Characteristics:

Canyon Slope: The flow conditions at the mouth of the canyon may
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significantly affect the flood channel pattern at the upfan ares. The canyon flow
characteristics may be represented by the canyon slope. For instance, a flood
flow can sustain a longer single channel when emerging from a canyon onto an
alluvial fan of a similar slope than onto an alluvial fan of a much smaller

slope.

Upsiream Watershed Characteristics:

1. Water discharge hydrograph: A hydrograph describes the rate and time
distribution of flood water delivered from the upstream watershed o.nto the
alluvial fan. A hydrograph with a longer duration and mcre gradual discharge
increase will allow more time for the flood to adjust the existing channels to
accommodéte any flood which exceeds the existing channel capacity than a
hydrograph with a short duration and sharp increase in discharge. This will
reduce the possibility of channel avulsion. Floods which result from frontal
storms will tend to be less flagshy than those which result .from summer
thunderstorms. In addition, a water discharge hydrograpn reflects the general
vegetative coverage condition of the upstream watershed. A well-vegetated
upstream watershed tends to yileld a hydrograpn with a8 more smooth increase in

discharge than a barely-vegetated upstream watershed.

2. Sediment discharge: Debris flow, resulting from rapid sediment
deposition zlong flood channels, has been cited to be the major cause for channel
avulsion. High sediment discharge is related to poor upstream watershed
coverage. A well-vegetated upstream watershed tends to deliver less sediment

onto the aliuvial fan than a barely-vegetated upstream watershed.
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4.3 Classification of Alluvial Fan Floods

Alluvial fans may be clagsified based on the major factors aiffecting fan flooding

as discussed in the last section.

1. Urbanized vs. Unurbanized Alluvial Fans: The urbanized alluvial fans
are often modified by man-made structures ;such ‘as levees, dikes and lined
channels to guide the flood waters; upstream water retention dams to reduce the
peak water discharge; and debris basins toreduce the mud and debris entering the
alluvial fan. The above structures all aim to, and,- in some cases do confine the
flood channels to be within designated portions of the alluvial fan. Many of
the alluvial fans in California fit this category. For the unurbanized alluvial
fans, the flood flows have less constrzaint in developing channels and therefore

the flood channels may be more randomly located over the alluvial fans.

2. Alluvial fans with well-vegetated vs. barely-vegetated watersheds: The
probability of debris flows from a well-vegetated watershed is generally smaller
than from a barely-vegetated watershed. Thus factors to trigger the channel
avulsion process are less likely to oceur, and flood channels are more stable
and less likely to shift location for an alluvial fan with a well-vegetated

watershed than for one with a barely-vegetated watershed.

[nsummary, urbanizationand a well-vegetated upstream watershed may be the main

reasons why the flood channeis on those alluvial fans located in the southern San
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Gabriel Mountains area show a high degree of stability.

4.4 Practical Considerations for the Analysis of Alluvial Fan Flooding

Practical considerations in the development of a valid method for the analysis

of alluvial fan floods are as follows:

Stability of Flood Channels

The channels developed by previocus floods, especially deeply entrenched channels,
may be used by future floods. The smaller flood tends to develop thalwegs
within thg exis.t.ing channels while a larger flood tends to widen and deepen the
existing channels, or develop additional channels to accommodate the flood
waters. The stability of flood channels for some of the alluvial fans in
California, which are subjected to urbanization and well-vegetated watersheds,

support these findings.

Some evidence of random channel relocation exists for some of the alluvial fans
in Nevada, which are not subject to urbanization and have barely-vegetated
watershed. Channel relocation should resuit mainly from channel avulsion. It
does not appear that channel avulsions asscciated with debris flow occur for
every 100-vear flood. (The present FEMA method uses an avulsion coeificient of

1.5, which implicitly assumes that half of the i00~-year flood events create

avulsions).

Probability of Channel Avulsion
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The channel avulsion is the main factor responsible for the random nature of
channel relocation for fan floods. Channel avulsion is trig;gered by the rapid
deposition of sediment and debris along the flood channel or by rapid bank
erosion. Thus, it can occur under the combination of high water and sediment
discharges such as debris flow or under the condition of side scour creating or
exposing a new or different path for .ﬂow. The sediment discharge is dependent
on the erodibility of the upstream watershed. Therefore, one would conclude
that debris flow, and consequently channel avuision, is most likely to occur for
an alluvial fan with a barely-vegetated watershed, or a watershed which has
recently suffered a brush or forest fire and then is hit by a severe rain storm.
However, there is insufficient evidence in the present study to better define

the probability of an avulsion and its relation to causative factors.

Flood Channel Patterns

The flood channels for most of the case study alluvial fans exhibit three
distinct patterns, namely, single channel, spiit channel, and braided channetl
patterns. The flood flows remain in a single channel for a distance below the
mouth of the canyon. That distance may be estimated by use of Figure 18. Channel
splitting, mostly by bifurcation, starts to occur along the channels at some
point below the apex of the fan. Eventu.al'lny, a braided channel pattern prevails
at the toe of the fan. The applications of the existing methods, specifically,
FEMA and Edwards and Thielmann’s methods, are limited to the single channel
reach. The extension of the current methods to the split and braided channel

patterns is needed.

70



RBoundaries for Alluvial Fan Floods

Man-made structures such as levees, dikes, al;:d lined channels may restrict the
flood channels to be within only portions of the alluvial fans. Therefore the
boundaries of fan flood shouid be defined in the analysis of the FEMA 100-year
regulatory flood by accounting for tha effects of those man-made structures if

they are considered capable to withstand the 100-year flood.

4,5 Proposed Modification of the FEMA Method

Althcugh mors studies are needed to identify the process of alluvial fan floods,
modification of the present FEMA method may be made based on the present study

resuits to improve the analysis of alluvial fan floods. The modifications are

proposed as follows.

Singie Channel Region

The present FEMA method should continue to be used in the single channel region

of the fan, which is determined by the ie-ﬁgth of a single channel reach, and in

turn is related to the canyon and fan slopes as shown in Figure 18.

Split Channel Region

The present FEMA method should be modified for the alluvial fan flood analysis in
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the split channel region. An equivalent single channel with its width equal to
2.8 times the channel width in the single channel region may be substituted for
the split channel region as indicated by Figure 20. This indicates that the major
current is not necessarily constant, but migrates from sub-channel to sub-channel
if the basic width formula still holds. Normal flow conditions may be assumed
for the equivalent single channel flow. The fan slope usually decreases with the

radial distance to result in a smaller fan slope in the aplit channel region

than in the single channel region. Incorporaticn of the above assumptions
into the present FEMA method yields the equations for channel width, W, velocity,
V, and depth, D, as follows:

4

6.1 @

- W =
vl 33 a4
- V =0.303 n S Q
" -3 6
D = 0.0917 n S &)

Manning’s equation was used in the derivation of the above equations. The width
of the equivalent single channel may be used for the calculation of the

probapbility of 100-year flood at any given location cn an alluvial fan.

Braided Channel Region

The flooding process in braided channel regions is more complicated than that for

split channel or single channel regions. More studies are needed in order to

develop an accurate method for flood analysis in that region. For the present

’ . o 5

stage it is reascnable to propose that the method modified for the spiit channel

region be extended to the braided channel region because the flooding process in
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ihe braided channel region is more similar to the split channel region than the

single channel region.

The proposed multiple~channelmethod (for both split-channeland braided-channel
regions) of the present study was compared with the current FEMA method and two
other =aliernatives chosen to test the rcbustness of the flow boundary

prediction. The comparison is included in Appendix B.
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5.0 STUDY FINDINGS AND RECOMMENDATIONS

In the present study, a literature review was made for alluvial fan floods. The
report "Flood Plain Management Tools for Alluvial Funs,” by Anderson-Nichols &
Company of Palo Alto, California was reviewed in detail. Case stiudies were
conductied to identify the geomorphié characteristics of fan floods using aerizal
photographs of alluvial fans in California and Nevada. Finally, the FEMA
method for the determination of depth, velocity and frequency of flooding on
alluvial fans was agsessed using ‘he data gathered from the presen.t. case
studies. The study findings and recommendations for the present study are

presented herein.
5.1 Study Findings

o The flood channels on an alluvial fan can be divided into three
patterns, namely; single channel, split channel, and braided channei,
The occurrence of those patterns genersally follow the abeve order from
the fan apex Lo the toe of the fan.

o Based on the results of the present case studies, the length of =z
single channel immediately below the mouth of the canyon is related to
the ratio of canyon slope tc fan slope as shown in Figure 18. The
width of a single channel can be reasonably determined by the present
FEMA method.

o In the split channel region, the total width of all channels across the
fan width at a given radius from the apex is about 3.8 times the
channel width in the single channel region.

o) The flood channels appear to be more stable for the alluvial fans which
are subject o urbanization and well-vegetated watersheds than the
alluvial fans which are neariy undeveloped and originate from sparesly
vegetated watersheds. However, on the basis of the present study,
there is insufficient evidence to conclude that channel relocations
will not occur on those apparently stabie alluvial fans for future
floods. The assumption of random channel location should continue to be
1_Jsed in the fan flood analysis.




5.2

fa The present data base is insufficient to better define the value of
the avulsion coefficient. Therefore the present value of the avulsion
coefficient should continue to be used.

Recommendations

o The current FEMA method should continue to be used in the single
channel region of alluvial fan floods. The single channel region,
defined by the length of the single channel, may be determined using
the relationship shown in Figure 18.

o The alluvial fan floods in split and braided channel regions may be
analyzed by modifying the current FEMA method. An equivalent single
channel may be used to substitute for the multiple channels in that
region. The width of the equivalent single channel will be 3.8 times
the channel width in the single channel region. The equations for the
calculations of width, depth, and velocity for this equivalent single
channel are included in Section 4.5. The width calculated in this
manner may be used to evaluate the probability of 100-year flood occur-
ring at any location on an alluvial fan.

o Avulsions and channel relocations result from debris flows. Further
studies are needed to determine the frequency of debris flows on an
alluvial fan, which, once determined, may be incorporated into the
alluvial fan flood analysis to assess the randoniness of channel
relocation on an alluvial fan. :

o) Stability of existing flood channels should be given proper
consideration in the analysis of the FEMA regulatory 100-year floods
by analyzing the historical flood events using aerial photographs and
conducting field inspection of flood channels. The occurrence of debris
flows in &8 100-year flood should be verified in a future study.

o Future study based on a broad range of alluvial fan conditions is
needed in order to further develop the method for alluvial fan flood
analysis.

o} A proposed modification of the FEMA's FLOOD INSURANCE STUDY :

"Guidelines and Specifications for Study Contractors -- Appendix 6.
Alluvial Fan Studies" based on the present study is inciuded in
Appendix C.
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TABLE A-1

OBSERVED CEANNEL BRANCHINGS FOR ROCKY CANYON

NEAR OREANA, NEVADA (USING AERIAL PEOTOGRAPEHES OF JUNE 23, 1973) )

RADTAL SUM 0F SUM OF WIDetg
SSMEL BT DISTANCE, WIDTY, SIVCLZ CEANTEL
£ T WIDTS
3k0 59 1.00
59’ 340 59 1.20
te7 570 £9
1003 128 2.17
1550 ITT 3,00
20040
2500 167 2.83
2500 335 5,43
k250 324 5.49

AVERAGZ 3.83

Remark:

The channel btifurcated at a point above the mouth of the canyon
with the north channel being wider than the socuth. The south

channel was neglected in this analysis.




TABLE A-2

OBSERVED CEANNEL BRANCHINGS FOR LAS VEGAS WASH,
ALLUVIAL FAN A NEAR HENDERSON, NEVADA

(USING AERIAL PHOTOGRAPE QF OCTOBER 21, 1871)

Ny 4N B

RADIAL SUM OF SUM OF Wio—=/
CTANNEL FRANCITIC DISTAYCZ, WIDTY, STIGLZ CTANSEL
s ™ 0 o
m 187’ ' 1250 187
l 1 167" 2000 167
' 2875 196
/96’
I c87’ 3250 689 377
l a7 69 347" 1625 6013 31.30
' A 4375 §79 3.7
5—7’ 264" 30 z22¢&

Remark: The width of the singlie channel was taken as the average of the three
167 observed values, namely, (187 + 187 + 188)/3 = 183.

Il EE Il N Ny




TABLE A-3
OBSERVED CEANNEL BRANCEINGS FOR DAY CREEX

NEAR ETIWANDA, CALIFORNIA (USING AERTAL PHOTOGRAPHS OF JANUARY 20, 139569)

RADIAL SUM OF SUM OF ¥WIDTI/

CZARNTL ZRANCIIXG - DISTARCE, WIDTH, SINGLT CTAYNZL
24 re vIDTY
2Loo 286 1.00
3660 868 3.2
LLoo 1149 k.30
4800 866 3.24
220" 5720 1063 L, 00
+er 4220 +275’ €200 1172 ’ L,39
| - -L275* §300 1085 k.06
583 ez’ 181" 173" 7200 1038 2,89
378" 136" 3" 397 /87 51 $TLO 1030 3.86




TABLE A4
OBSERVED CEHANNEL BRANCEINGS FOR DEER CREEK

NEAR GUSTI, CALIFORNIA (USING AERIAL PEOTOGRAPES OF JANUARY 20, 1569)

RADIAL S OF SUM OF WOT=E/
CEANNZL BRANCTTICS DISTANCE, WiIDTH, STIGLE CZANFEL

I‘ 4 ” WIDTE

(WY ]
o
(o]
n
-3
AV}
[ 2
.

O
(@]

£00 £22 2.26

1600 1133 ka2

280 1013 3.68

3900 1257 L. ST
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APPENDIX B

COMPARISON CF DIFFERENT ALLUVIAL FAN FLOOD ANALYSIS METHODS

The proposed multiple~.channel method of the present study was compared with the
current FEMA single-channel methcd and two other alternatives (designated as
Alternative I and Alternative II), chosen te test the robustness of the flow
Soundary predictions. Alternative I assumed critical flow conditions for the
calculations of the flow velocity and depth in the multiple channel region., The
method also assumed that the channel width for the multiple channel region is 3.8
times the channel width in the single channel region. Therefere, it is
essentially the present FEMA method with a channel 3.8 times as wide. Alternative
II assumed that, belocw the single channel regicn on the aliuvial fan, the flood
channel split into two sets of sub-channels of the same width, each being equal
to 1.9 times the channel width predicted by the present FEMA single-channel
method with two-thirds of the peak discharge creating the width of each set.
Thus two=-thirds of the peak discharge was assumed to shift alternatively between
the two sub-channels during the flood. This results in a smaller flood causing a
wider channel system because it migrates between channels. That smaller flood
hvpothetically flows in a set of channels 1.9 times the present FEMA method. The
comparsion of the four zalternative methods was based on the flood analysis f{or
three hypothetical alluvial fans of diff;réht gizes, each being typical of a
small, a medium, and a large alluvial fan. All Lthree alluvial fans were assumed
to have a 230 degree angle of expansion for the purpose of illustration.
Log-Pearson IIl parameters assumed for the flood frequency distribution for the

fans are shown in Table B-1.



TABLE B-1
LCG PEARSON III FLCCD FREQUENCY DISTRIBUTION PARAMETERS

ASSIGNED FOR TEE HYPOTHETICAL ALLUVIAL FANS

Distribution Parameters Fan #1 Fan #2 Fan 23
Log Mean, X o 2.0 2:5 3.0
Log Standard Dev., S 0.5 0.5 0.5
Log Skewness, G ;3 0.3 0.3
100-year Flood, cfs 1870 5920 18700

The transiormed parzmeters for the log Pearson III distribution for the

calculation of flood depth boundaries on those three slluvial fans are shown in

' Table B-2.

' TABLE B-2

’ TRANSFORMED PARAMETERS FOR LOG PEARSON III DISTRIBUTION

FOR THE ALLUVIAL FANS IN THYE COMPARISON

i

' Transformed Parameters Fan #1 Fan #2 Fan 33
m = X-2S/G -1.323 -0.833  -0.233

I asz 2/GS 13.333 13.333 13.333
Az 4/G2 44 414 44,4443 44,344

' a = a-0.92 12:413 12.413  12.413

i C = exp{0.92X + 0.425%) £.9¢4 11.078 17.5585
Z=m+ \Ma 2.247 2.747 3.247

l S: =N/ /a : 0.537 0.537 0.537

' G: = 2/2\2 | 0.300 0.300 0.300

' B - 2




Using the above transformed parameters for the log Pearson IIT distribution,
the boundaries for various flood depths, in terms of radial distance from the
apex to those boundaries, were calculated and compared for the proposed
multiple—channel method, the FEMA single~channel method, and Alternatives [ and
II in Tables B-3 through B-6.

TABLE B—-3

FLOOD DEFPTH BOUNDARIES FOR THE HYPOTHETICAL ALLUVIAL FANS
CALCULATED USING THE FEMA SINGLE-CHANNEL METHOD

Flood Depth
FLOOD CEARACTERISTICS

0.5 ft 1.5 ft
Flood Discharge, cfs 49.5 772,
Boundary for Fan #1, ft 5389.(1.07) 786.(1.50)
Boundary for Fan #2, fi 9879.(1.01) 3819.(1.14)xzxxx
Boundary for Fan #3, ft 15914.(1.00)t  11734.(1.00)

Note: see footnotes for Table B-6.

TABLE B-4

G EE En aw o ey B ey D BE B En o

FLOOD DEPTH BOUNDARIES FOR THE HYPOTHETICAL ALLUVIAL FANS

i
PR

CALCULATED USING THEPROPOSED MULTIPLE-CHANNEL METHOD

_ Flood Depth

FLOOD CHARACTERISTICS -_—— -
0.5 f1 1.5 3t

Flood Discharge, cfs 300. 1500.

Boundary for Fan #1, ft TT2 Tl L02) 1186.(1.48)

Boundary for Fan #2, ft 25915.(1.00)  7917.{1.02)xx=xx

Boundary for Fan 33, ft 46706.(1.00)r 32247.(1.C0)

Note: see footnotes for Table B-8.




TABLE B-5

FLOOD DEPTH BOUNDARIES FOR THEE HYPOTHETICAL ALLUVIAL FANS
CALCULATED USING ALTERNATIVE I

Flood Depth
FLOOD CHARACTERISTICS
0.5 £t 1.5 £t
Flood Discharge, cfs 450. 7021,
Boundary for Fan #1, ft 5304.{1.07)x= 96.(1.75)x=zx
Boundary for Fan #2, ft 21015.(1.00)= 1069.(1.53)xxxx
Boundary for Fan #3, ft 52302.{1.00)% 11271.(1.00)

Note: see footnotes for Table B-6.
TABLE B-6

FLCCD DEPTH BOUNDARIES FOR THE HYPOTHETICAL ALLUVIAL FANS
CALCULATED USING ALTERNATIVE II

Flood Depth

FLOOD CHARACTERISTICS - -
0.8 £t 1.8 ft

Flood Discharge, cfs 218. 3400,

Boundary for Fan #1, ft §480.(1.01) 298.(1.859)

Boundary for Fan #2, ft 238357.(1.00)= 4907.(1.09)

Boundary for Fan #3, ft 49613.(1.00}x 14767.(1.00)

() Slope ratio from Figure 18 for the calculated distance

x Multiple-=channel method applicable

Tz 1-ft flood depth boundary at channel bifurcation point,

if less than for single-channel method
*ET Single-channel method applicable
rxxx For slope ratio less than 1.14,single channel method
applies

For 1.14 < slope ratio ¢ 1.33, single channel method
applies to point of bifurcation, multipie-channel!
method applies downstream.

For slope ratio greater than or equal to 1.33, single-
channe!l method applies to point of bifurcation, which
defines the downstream extent of flood hazard.

B -4




For comparison, the computational results of flood depth boundaries for the
abcve-mentioned methods are shown in Figure B-1. It can be seen from this figure
that both 0.5-ft and 1.5-ft flood depth boundaries are longer for the proposed
method than for the FEMA single-channel method, and the difference in the flood
depth boundary between those two methods increases with the alluvial fan size. [n
comparison to Alternatives I and II] it can be seen from this figure that the
1.5-ft flood depth boundary for the proposed method is larger than those for
Alternatives I and II. For the 0.5-ft flood depth boundary, the value for the
proposed metho'd is larger than that for Alternativé I but smaller than that for
Alternative II for the small and medium alluvial fans. For the large alluvial
fan, the 1.5-ft flood despth boundary for the propcsed method is smaller than

those for Alternatives I and II.

It is also noted in Figure B~1 that the 0.5-ft flood depth boundary is almost the
same for both Alternative I and the FEMA single-channel method for Fan #l. As
the size of the alluvial fan increases, the flood depth boundary tecomes longer
for Alternative I than for the FEMA single-channel methcd. The 1.5-ft flood
depth boundary, however, is shorter for Fan #1 for Alternative I than for the
FEMA single-channel methcd. As the size of the fan increases, the difference in
the flood depth boundary becomes smaller. The flocd depth boundaries calculated

using both methods are almost the sar'ne'"for Fan 3.

The 0.5-ft flood depth boundaries for Alternative II as shown in Figure B-1 is
longer than for that for the FEMA single-channel method for all the fan sizes.
The 1.5-ft flood depth boundary for Alternative II is, however, smaller than

that for the FEMA single-channel method for the small fan but larger than that

for the FEMA singie-channel method for the large alluvial fan.
B -5
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In summary, the shapes of the three alternative melthods are quite similar for the
definition of the contour for 0.5 foot depth of flooding. That is the relation
which would most often be used. Flooding will extend further down the fan. The
definition of the contour for 1.5 feet of flooding will be less used, because the
single channel equation would apply more often at that contour than at the
contour further down the fan where the 0.5 foot depth is defined. For the 1.5
feet depth contour, the proposed method predicts its occurence further down the

fan than any other methods considered for comparison.

All of the comparison are based on the hypothetical fans shown in Table B-1, and
all were assumed to have an expansion angle of 30 degrees. Changes in those
assumptions would change the points plotted in Figure B-~1l, but for a gﬁ'ven fan

the points for all the methods would change in a2 similar manner, so that the

qualitative comparison described above will not change substantially.
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A6-4 COMPUTATIONAL INSTRUCTIONS

e. Determine Discharges for Depth znd Velocity Zones

The discharges, depths, and velocity zones for alluvial fan flooding can be
determined by a combination of two methods. They are based on a single channel
region and a multiple channel region in the analysis. The single channel region
is defined by the length of the single channel measured from the mouth of the
canyon to the point where the flood channel splits. The length of the single
channel can be determined using Figure A6.l. Below the single channel region of
the fan is the multiple channel channel region. The fan width aiong the boundary
between the single channel and multiple channel regions can be measured from the
topographic map, once the length of the single channel is known.

I. Single Channel Region
Within this region, discharge, Q (in cubic feet per second), that ccrrespond to
the various depth zone boundaries should be selected using the table below. This

table was derived from the relationship

2.5

Q =280 D

where D is the total depth in feet due to pressure head and velocity heac.

Q 49.5 772 2770 8420 12000

D 0.5 1.5 2.5 3.5 4.5

Depth zones are designated from zone boundaries as foilows:

Depth of Depth of Depth of
Zone Lower Boundary Upper Boundary
1 0.5 LoD
2 1.5 2.5
3 2D 3.5
4 3.5 4.5

Discharges, Q (in cubic feet per second), that correspond to the various velocity
zone boundaries should be selected using the tablie below. This tabile was derived
from the relationship

. §
Q =013V

where V is velocity in feet per second.




' FIGURE AE-1

RELATIONSHIP BETWEEN LENGTH CF A SINGLE CHANNEL

AND RATIO OF CANYON SLOPE TQ FAN SLOPE
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Q 68 240 654 1510 3080 5770
Y% 3.5 4.5 5.5.. 6.5 7.3 8.5

Velocity zones are designated from zone boundaries as follows:

Zone Velocity of Velocity of
Velocity Lower Boundary Uvper Boundary
4.0 3.5 4.5

5.0 4.5 85,9

6.0 5.5 6.5

7.0 6.5 To

8.0 7.5 8.5

II. Multiple Channel Region
Within the multiple channel region, discharges, Q@ (in cubic feet per seccnd),

that correspond to the various depth zone boundaries may be calculated by
iteratively solving the following equation:

’ & -2 .38 -L2 .8 48
D = 0.0817 n S Q + 0.001426 n S Q
where D is the total depth in feet due to pressure head and velocity head, S is
the fan slope, and n is Manning’s roughness coefficient for the alluvial fan
flood channel.
Discharges, Q {in cubic feet per second), that correspond to the various velocity
zone boundaries should be calculated using the equation.
4.17 -1.25 4.17
Q = 99314 n ) \Y

where V iz velocity in feet per second and S is the fan slope.

Depth zones and velocity zones are designated from zone boundaries in the same
manner as shown in the analysis for the single channel region.

h., Compute Fan Widths for Zone Boundaries

The fan widths (i.e., arc lengths from one lateral limit of the fan to the other
taken parallel to contours) that correspond to each upper and lower zone boundary
depth and velocity.listed in Section A6-4e should be computed both for the single
channel region and the muitiple channeli region. The following formulas should be

used.



I. Single Channel Region
Fan Width = 950 ACP
II. Multiple Channel Region
Fan Width = 3610 ACP

In the above two formulas, A is the avulsion coefficient, C is the transformation
constant, and P is the probability of the discharge that corresponds to each
given depth and velocity.

An avulsion coefficient (factor) greater than 1 should be selected by the Study
Contractor in consultation with the Project Officer. A factor of 1.5 is
recommended in Lhe absence of other data.

In summary, the steps for the determination of the flood velocity and depth
boundaries are listed as follows:

1. Compute &all flood depth and velocity zone boundaries by the standard single
channel method. '

2. Determine point of bifurcation into multiple channel region through use of
Figure AB.l1 and the calculation of near fanhead canyon slope to fan siope
ratio.

3. If the point of bifurcation is downfan from the lower boundary of the
one-foot depth zone as computed by the standard single channel method, the
standard single channel method will be used for the determination of ail
flood boundaries on the fan. )

4. 1If the point of bifurcation is upfan from upper the boundary of the one-foot
depth zone as computed by the standard single channel method, the one-foot
depth zone boundaries will be changed to that computed for the muitiple
channel case.

If the point of bifurcation is upfan from the one-foot depth zone boundaries
as computed by the standard single channel method, compute the depth and
velocity at the point of bifurcation by .the standard single channel method.
Compute the velocity and depth boundaries for velocities and depth less than
those determined for the point of bifurcation by use of the multiple channel
method. Substitute those boundaries for the boundaries computed by the
standard single channel method.

w




A6-7 SAMPLE STUDY

c. Determination of Discharges for Depth and Velocity Zones

The discharges that correspond tothe various depth and velocity zone boundaries
were selected from the tables for the single channel region and calculated by use
of the equations for the multiple channel region shown in Section A6-4e of this
Appendix. For Number One Canyon, with the fan slope of 0.03 and Manning’s n of
0.02, these discharges are as follows:

I. Single Channel Region

Depth Discharge
0.5 43.5
1.5 772.0
2.5 2770.0
Velocity Discharge
3.5 68
4,5 240
5.5 654
8.5 1510

Depth Discharge
0.5 310
1.5 3835

Velocity Discharge
3.5 122
4.5 348
59 803
6.5 1611

d. Determine Probabilities of Transformed Discharges and Fan Widths at Zone
Boundaries

The log-Pearson Type III standard deviates (K) were computed for the discharges
(Q) that correspond LQ each depth zone boundary and each velocity zone boundary,
using the equation

log @ - Z

]
1

Sz




The probabﬂity of occurrence (P) of the discharges for the required depth and
velocity boundaries were determined by interpolation of the deviate values (K)
listed in Appendix 3 of Bulletin 17B.

Fan arc widths (W) were computed for each special flood hazard zone boundary
using the equation

W = 950 ACP
for the single channel region and ‘the equation

W = 3610 ACP
for the multiple channel region.
An avulsion coefficient (A) of 1.5 was assumed for each case.
Computations for Number One Canyon were made as fcliows:
Based on the fan slope of 0.03 and near fanhead canyon slope of 0.036, the ratio
of canyon slope to fan slope is calculated as 1.2. The single channel length of
3200 feet was determined from Figure A6.1 using the calculated ratio of canyon
slope to fan slope of 1.2. The fan width along the boundary dividing the singie
channel region and multiple channel region was determined as 1680 feet from the
topographic map based on the calculated value of the single channel length.
I. Single Channel Region
For the 0.5-fooct depth boundary:

Log Q - Z Log 49.5 - 2.29 1.695 - 2.29

Sz 0.4965 0.4965

P{Q>49.5} = P{ K> -1.199} = 0.881

W = 950 ACP = 950 x 1.5 x 7.4 x 0.881 = 9290 feet

For the l.5-foot depth boundary:

Log Q - 2 Log 772 - 2.29 2.888 - 2.29
K 2 - = = - - = 1.204
Sz 0.4965 0.4965
P{ Q772 ) =P { K> 1.204) = 0.118

W = 950 ACP = 950 x 1.5 x 7.4 x 0.118 = 1240 feet

cC -6




For the 2.5-foot depth boundary:

log Q - 2 Log 2770 - 2.29 3.44 - 2.29

K = % - -— = 2.318
Sz 0.4965 0.4965

P(Q> 2770 ) = P { X > 2316 } = 0.0104

W = 950 ACP = 950 x 1.5 x 7.4 x 0.0104 = 110 feet

For the 3.5-feet per second (fps) velocity zone boundary:

lLog Q@ - Z Log 68 -~ 2.29 1.83 - 2.29
XKz ——= 3 = = -0.926
Sz 0.4965 0.4965
P{Q>68}=P (K> -0.826 ] = 0.819

W = 950 ACP = 950 x 1.5 x 7.4 x 0.819 = 8640 feet

For the 4.5-ips velocity zone boundary:

Log Q@ - 2 Log 240 - 2.28 2.38 -2.28
A —— S e = s 0.181
Sz 0.4965 0.4965
P(Q> 240} =P ( ¥K>0.181 } = 0.428

W = 950 ACP = 950 x 1.5 x 7.4 x 0.428 = 4510 feet
For the 5.5-fps velocity zone boundary:
log @ - Z Log 654 - 2.29  2.816 - 2.29

K = ~==-= = - ——— T mmm—————————— = 1.059
Sz 0.4965 0.4865

P{Q)>654 ) =P { K> 1059} = 0.15
W = 950 ACP = 9850 x 1.5 x 7.4 x 0.15 = 1580 feet

For the 6.5-fps velocity zone boundary:

log Q - 2 Log 1510 - 2.29 3.18 -~ 2.29
K = mememeeee © cmmmmmmmmme———mm D mmmmm e = 1.793
S 0.4965 0.4965
P{Q>1510) =P {K)> 1793} = 0.037

W = 950 ACP = 850 x 1.5 x 7.4 x 0.037 = 390



II. Multiple Channsel Regicn
For the 0.5-foot depth boundary:
log @ - Z Log 310 - 2.29

X = = = 0.40585
Sz 0.4965

P(Q> 310} P ( K > 0.4055 } = 0.3438

W = 3810 ACP = 3610 x 1.5 x 7.4 x 0.3438 = 13780 feet
For the 1.5-foot depth boundary:
log Q - Z Log 3835 - 2.29

K = = = 2.6058
Sz 0.4965

P{ Q> 3835} =P { K> 2.6058 } = 0.0047
W = 3810 ACP = 3610 x 1.5 x 7.4 x 0.0047 = 120 feet
For the 3.5-fps velocity zone boundary:
log Q - Z Log 122 - 2.29

K = = = -0.4102
Sz 0.4965

P {Q> 122 } P {K>-0.4102 } = 0.6578
W = 3610 ACP = 3610 x 1.5 x 7.4 x 0.6578 = 25360 feet
For the 4.5-fps velocity zone boundary:
Log @ - Z  Log 348 - 2.29

= = 0.5087
Sz 0.4965

=
"

P{Q> 348} =P ( K> 0.5067 ) = 0.3065
W = 3610 ACP = 3610 x 1.5 x 7.4 x 0.3065 = 12280 feet

Tor the 5.5-fps velocity zone boundary:

log @ - Z Log 803 - 2.29




W = 3610 ACP = 3610 x 1.5 x 7.4 x 0.1089 = 4400 feet
For the 6.5-fps velocity zone boundary:

log Q - 2 Log 1611 - 2.29

K 2 === = = 1.8471
Sz 0.4965
P{Q@> 1611 ) =P { K> 1.8471 } = 0.0331
W = 3610 ACP = 3610 x 1.5 x 7.4 x 0.0331 = 1330 feet

III. Fow Velocity and Depth at Bifurcation Point

The fan width at the bifurcation point is 1680 feet. The probability of
occurrence {P) of the discharge for the velocity and depth at the bifurcation
point can be caiculated using the equations for the standard single channel
method as follows:

W 1680 ‘
Pz ——- = -—-—- = 0.1593
950 A C 950 x 1.5 x 7.4

The standard deviate, K, is then determined to te 1.0207 by interpolation of
probabilities and standard deviates, with skewness G equal to zero, listed in
Appendix 3 of Bulletin 17B. The corresponding discharge, veiocity, and depth may
be calculated using the following formulas,

Log R =2 + K Sz = 2.28 + 1.0207 x 0.4965 = 2.797

Thus Q = 6286 cfs

0.2 0.2

V= 1.5 Q =z 1.5 x (626) = 5.4 fps

0.4 0.4

0.10 Q = 0.10 x (626) = 1.3 feet

@)
n

So, the 0.5 foot depth contour and the 5.5, 4.5 and 3.5 ft/sec velocity
boundaries are determined by the multiple-channel method. All other boundaries
are determined by the single-chnannel method. Fan widths were computed
independently for the fanoriginating from Number Two Canyon. The computed widths
were then fit to the proper contours on the fans to produce the flood hazard zcne
toundaries as shown con the map (see Figure AG6.2).




Wi SN N N B aE W B S T B T T I R T T E

FIGURE A 8-2

DISTRIBUTICN CF SPECIAL FLOOD HAZARDS ZONES

SAMPLE STUDY

» OETERMINED 2Y
ICNE AP
SINGLE~CRANNEL

(CEPTH 2 P ' METHOD

(YELOCITY =d FP3) \

DETERMINED BY

MULTIPLE-CHAMNEL

HETHOO

\
1

| BIFURCATION POINT
!
1
1
4 ICNE ar
(CEZFTH 1 MM
YELOCITY= 3 FPQ]

ZONEK AF
: ZONE aAf

(DEPTH 1 /T
(YELOCITY = 8 Fp3)

(DEPTH2 FT)

(YELQCQITY= 7 7p9)

|

ZONE AF
(CEPTH 2 #TY

(YELOCITY =8 ppa)

SONE AF

(CEPTH 1 FT)
(YELOCITY & FpP=%)

P SIS e O




APPENDIX L-- FEMA 37 sections on alluvial fans
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APPENDIX 5. STUDIES OF ALLUVIAL FAN FLOODING

INTRODUCTION

"Alluvial fan flooding"™ means flceding occurring cn the surface of an
alluvial fan or similar landform, which criginates at the apex and is
characterized by high-velocity flows; active processes of erosion, sediment
transport, and deposition; and unpredictable flow paths. For the purposes
of the NFIP, "apex" means a point on an alluvial fan or similar landform
below which the flowpath of the major stream that formed the fan becomes
unpredictable and alluvial fan flooding can occur. The degree to which
the processes that characterize alluvial fan flooding are present can vary
greatly. For example, the fact that active deposition has not recently
occurred on some portion of the fan surface does not necessarily preclude
the use of FEMA'’s methodology for determining hazards from alluvial fan
floceding.

The methcdology follows directly from the definition of the 100-year flood
as the flood having a l-percent chance of being exceeded (at the point at
which the definiticon is being applied) in any given year. Because the path
cf an alluvial fan flood is unpredictable, the prcbability of the peint
in guestion being inundated by a flood, given that that flood is realized
at the apex, contributes to the definition of the 100-year flood. There-
fore, if H denotes the event of the point in guestion being flooded, then,
by definition, the 100-year flood discharge at that point is the g,;, given
by

o0
.01 =J‘ P (H|0=q) £4(q)dq (1)
Qic0

where P(H§Q=q) is the probability of the point being flooded, given that
a flood with a magnitude of g cubic feet per second (cfs) is realized at
the apex; and f,(g) is the probability density function (pdf) of the
discharge Q occurring at the apex. Replacing Q with D or V and g with d
or v in equation (1) to denote depth or velocity yields the definition of
the 100-year flcod depth cor flood velocity, respectively. Note that when
the flood path is predictable, then P(HIQ:q) = 1 and the 100-year flood
discharge, g, is determined by the definition familiar to those who model
riverine flooding:

0

.01 = j fo(q)dg (2)

Q1co
If the flowpaths cannot be predicted with certainty, then equation (1)
(i.e., the methodology) must be applied. The reader should note that
equation (1) is not an assumption, but is rather the definition of the 100-
year flocd discharge.

The methodology was first described by Dawdy (Reference 1). 1In his paper
Dawdy uses three assumptions to solve eguation (1) for gje-
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p 8 The pdf, f,(q), is log-Pearson Type III. This assumption is in
accordance with the recommendation of the Hydrology Subcommittee of
the Interagency Advisory Committee on Water Data (Reference 2).

2. The conditional probkability, P(H|Q=q), on any contour is equal to
the width of the channel carrying the discharge divided by the width
of the area subject to flooding measured along the contour. That
is, the locations of flowpaths are uniformly distributed within the
area subject to flooding. This assumption follows from the reasoning
that the alluvial fan was formed, over “geologic" time, by the
accumulation of sediment deposited during flood events. Thus, over
the long term, one can assume that points, where there is an equal
accumulation of sediment (i.e., on the same contour), have
experienced, and will experience in the future, the same frequency
of flooding. The modeler nust exercise caution when considering this
assumption to be valid for "engineering” time scales.

3. The width of the "channel" followed by the flood is proportional to
the four-tenths power of the flood discharge. This relationship is
based on observations in;New Mexico that floods on alluvial fans flow
at critical depth in wide approximately rectangular channels and that
the depth of flow decreases until a further decrease results in a
200-fold increase in the width. Further investigations of alluvial
fan flooding in California and Nevada (Reference 3} support the
relationship. From that relationship, one can compute not only the
width of the flood path but also the depth and velocity of the flow
if the discharge is given.

Consequent to adopting the methodology ocutlined by Dawdy, FEMA commissioned
DMA Consulting Engineers to investigate the validity of the aforementioned
assumptions. The results of that investigation indicate that the
assumptions were reasonable in the upper regions of the alluvial fan
flooding studied, but that on many alluvial fans, the flowpaths in the
upper regions (single-channel regions) split into several paths in the
lower regions (multiple-channel regions) (Reference 3). That study further
indicated that the combined width of those multiple channels was
consistently approximately 3.8 times the width of the single channel from
which they were formed. The study also indicated that the flow within
those multiple channels was not at critical depth but rather was at normal
depth.

The SC shall assess the reasonableness of each assumption given above in
light of the existing conditions of the particular area being studied.
That assessment must be fully documented. If the assessment indicates that
one or more of the aforementioned assumptions should be modified, the SC
shall explain, in writing, the proposed modifications and how they would
be used to determine flood depths and velocities. That explanation must
be approved by the Regional PO before the modifications are implemented.
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MAPPING OF ALLUVIAL FAN FLOOD HAZARDS

Before analyzing alluvial fan flooding, the SC should review the available
literature on the subject--especially those documents that discuss the
methodology or its application. Several such documents are listed in the
References and Bibliography section of this Appendix.

The SC may obtain a copy of FAN: An Alluvial Fan Flooding Computer
Program, including the user’s manual and the compiled program on a S5k~
disk, from FEMA by writing to:

Federal Emergency Management Agency
Federal Insurance Administration
Office of Risk Assessment
Risk Studies Division
500 C Street, SW
Room 422
Washington, DC 20472

Reconnaissance

When it is determined that an area in a community is subject to alluvial
fan flooding, a thorough reconnaissance of the area should be made in order
to determine the source of flooding, the apex, the boundaries of the area,
the limits of entrenched channels and the locations of barriers to flow
(natural or manmade) that render some areas more flood prone than others,
and locations of single- and multiple-channel regions. The reconnaissance
ghould make use of available topographic, geologic, and soil maps; aerial
photographs; historic records; and site inspections.

Channel Location

As stated in the introduction, the degree to which the processes that
characterize alluvial fan flooding are present can vary greatly. The
following description is intended to help the reader understand the use
of equation (1) in determining the flood hazards associated with alluvial
fan flooding. It is not a set of conditions to be used as a prerequisite
for applying the methodology.

During a major flood event on an active fan, flow does not spread evenly
over the fan, but is confined to only a portion of the fan surface that
carries the water from the apex to the toe of the fan. In the upper region
of the fan, flood flows are typically confined to a single channel, which
is formed by the flow itself through erosion of the loose material that
makes up the fan. Because of the relatively steep slopes in the upper
region, flood flows are at critical depth and critical velocity. Below
the apex of the fan, the flood follows a random path down the fan surface;
under natural conditions, the flood is no more likely to follow an existing
channel than it is to follow a new flowpath. The flowpath has an
approximately rectangular cross section for which depth, width, and
velocity of flow can be expressed as functions of discharge.
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In the lower region of the fan, flood flows may split and form multiple
channels. Normal flow conditions exist in-the multiple-channel region.

Depth of Flooding

For purposes of mapping alluvial fan flooding, the depth of flooding is
the depth of flow in the channel that carries a given discharge plus the
velocity head associated with that flow.

Velocity of Flooding

For purposes of mapping alluvial fan flooding, the velocity of flooding
is the velocity of flow in the channel that carries the given discharge.

Avulsions

During a flood event, the flow may abandon the path it has been taking and
follew a new one. That occurrence, termed an avulsion, can result from
floodwater overtopping a channel bank and creating a new channel. The
overtopping may be caused by the sudden deposition of sediment and/or
debris or by undercutting and subsequent failure of a channel bank.
Because points below the avulsion may be in the path taken by the floodflow
either before or after the avulsion occurs, the probability of those points
being inundated by the flood is greater than if the avulsion had not
occurred.

Coalescent Areas

In areas subject to alluvial fan flooding from more than one flooding
source, flood depths and velocities are computed by assuming that the event
of inundation by a flood from any canyon is independent of the event of
inundation by a flood from any other canyon. Thus, the union of such
events, which has a probability of 0.01, is used to define depths and
velocities in areas where multiple alluvial fans intersect.

FLOOD HAZARD ZONES

Special Flood Hazard Areas subject to alluvial fan flooding are identified
as Zone AO with the following definition:

Zone RAO: Special Flood Hazard Areas inundated by types of 100-year
shallow flooding where average depths are between 1.0 and 3.0
feet.

Alluvial fan flood hazard areas are shown on the Flood
Insurance Rate Map as Zone AO, and average depths and
velocities of flow are shown. In those areas, the 100-year
flood depths may exceed 3.0 feet. Development on alluvial fans
is subject to a more severe flood hazard than would normally
be encountered in Zone AO because the velocities of flows on
the alluvial fan are high and the locations of the flowpaths
on the alluvial fan are unpredictable.
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The Special Flood Hazard Area on each alluvial fan is subdivided into
separate AO zones. Those zones are labeled with depths and velocities
rounded to the nearest whole foot and foot per second, respectively. For
example, all points that are subject to alluvial fan flooding with a 100-
year depth between 1.5 and 2.5 feet and a 100-year velocity between 6.5
and 7.5 feet per second are included in an area labeled Zone RO (Depth 2
FT, Velocity 7 FPS).

COMPUTATIONS

The solution to equation (1) for the discharges associated with the depths
and velocities that define the flood hazard zone boundaries may be obtained
through the use of FEMA’'s computer program (Reference 4). That program
solves equation (1) under the simple boundary conditions described in the
introduction. The net results of those computations are the values of the
widths of the area subject to alluvial fan flooding at which 100-year
depths equal n + 0.5 foot and 100-year velocities equal n + 0.5 foot per
second (where n is an integer). Other data given in the output of the
program can be used to determine the flood hazard zone boundaries under
more complicated boundary conditions {such as entrenched channels and
barriers to flow). If, however, because of field conditions, the program -
is of no use, the SC shall describe in writing the field conditions, the
reason those conditions render the use of the program to be of little
value, and the proposed alternative. 3

INTERMEDIATE DATA SUBMISSION FOR ALLUVIAL FAN FLOODING STUDIES

Alluvial fan flooding analyses are performed in three basic steps. Those
steps are.

1t Determine the flood frequency curve at the apex [i.e., f4(g) in
equation (1)].

2. Determine the boundaries of the area subject to flooding from the
apex and the probabilities of points within that area being flooded
by a given discharge [i.e., P(H|Q=q) in equation (1)].

3. Calculate the 100-year discharges from equation (1l).

Because the accuracy of the results of Step 3 depends on that of Steps 1
and 2, an intermediate data submission is required in an alluvial fan
flooding FIS. After notifying the Regional PO, the SC shall submit the
data described in AS5-5A and A5-5B below. The SC will be informed of the
results of that review within 45 days of the intermediate submission.

Step 1: Define the Flood Frequency Curve and Apex for Each Flooding Source

The following information shall be submitted in support of the flood
frequency curve defined at each apex:

1s A topographic map showing the boundary of the drainage area above
the apex, as well as the location of the apex.
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2. An explanation demonstrating that £flowpaths below the apex are
unpredictable.

3 A report describing in detail the hydrologic analysis performed to
determine the flood freguency curve.

4. Data and references used in the hydrologic analysis.

5. A plot of the flood frequency curve on log-normal probability paper
(including the name of the flooding source, the drainage area above
the apex, and the mean, standard deviation, and skew coefficient of
the curve).

Step 2: Determine the Boundaries of the Area Subject to Alluvial Fan
Flooding

The following information shall be submitted in support of the conditional
probabilities of points subject to alluvial fan flooding being inundated
by a flood, given the flood’s magnitude:

A topographic map showing the boundaries of the areas subject to
alluvial fan flooding. If barriers (either natural or manmade) to
the possible flowpaths or channels exist and warrant consideration
in defining the conditional probabilities, they should be shown and
clearly labeled (including any "threshold" discharges or depths
necessary to breach them). This map should also show the division
between the single-channel and multiple-channel regions.

24 An aerial photograph (if available) at the same scale as and showing
the same information as that described for the topographic map.

Je A soils classification map (if available) at the same scale as and
showing the same information as that described for the topographic
map.

4. A report describing the topographic and geomorphologic analysis
performed.

5. Data and references used in the analysis.

The report should describe, in detail, and justify the use of all
assumptions made in the analysis. (Those described by Dawdy can serve as
a starting point.)

Step 3: Determine and Delineate Flood Insurance 2one Boundaries

After all issues raised during the technical review of Steps 1 and 2 have
been resolved and upon receiving approval from the Regional PO, the SC
shall proceed with the computations of the 100-year depths and velocities
that are to be shown on the FIRM. The results of this analysis are the
final product to be submitted as the draft FIS.
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The following information shall be submitted to complete this final step:

1 A topographic map showing the flood insurance zones, including 100-
year depths and velocities.

2. Backup data and calculations supporting those depths and velocities.

3. A draft FIS Report with adequate descriptions of the analyses
performed in the appropriate sections.
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APPENDIX 5. STUDIES OF ALLUVIAL FAN FLOODING

AS5-1 INTRODUCTION

"Alluvial fan flooding" means flooding occurring on the surface of an
alluvial fan or similar landform, which originates at the apex and is
characterized by high-velocity flews; active processes cof erosion, sediment
transport, and deposition; and unpredictable flow paths. For the purposes
of the NFIP, "apex" means a point on an alluvial fan cor similar landform
below which the flowpath of the major stream that formed the fan becomes
unpredictable and alluvial fan flooding can occur. The degree to which
the processes that characterize alluvial fan flooding are present can vary
greatly. For example, the fact that active deposition has not recently
occurred on some portion of the fan surface does not necessarily preclude
the use of FEMA'‘s methodology for determining hazards from alluvial fan
flooding.

The methodolegy follows directly from the definition of the 100-year flcod
as the flood having a l-percent chance of being exceeded (at the point at
which the definition is being applied) in any given year. Because the path
of an alluvial fan flood is unpredictable, the probability of the point
in question being inundated by a flood, given that that flood is realized
at the apex, contributes to the definition of the 100-year flood. There-
fcre, if H denotes the event of.the point in question being flooded,.then,
by definition, the 100-year flood discharge at that point is the g, given
by

Q100

where P(H’Q=q) is the prcobability of the point being flocded, given that
a flood with a magnitude of g cubic feet per second (cfs) is realized at
the apex; and fy(g) is the probability density function (pdf) of the
discharge Q occurring at the apex. Replacing Q with D or V and g with d
or v in equation (1) to dencte depth or velocity yields the definition of
the 100-year flood depth or flood velocity, respectively. Note that when
the flood path is predictable, then P(H[Q=q) = 1 and the 100-year flood
discharge, gy, is determined by the definition familiar to those who model
riverine flooding:

Q

.01 = J' fqolg)dg (2)

Q100 .-
If the flowpaths cannot be predicted with certainty, then equaticn (1)
(L.e., the methodolcgy) must be applied. The reader should note that
equation (1) is not an assumption, but is rather the definition of the 100-
year flood discharge.

The methodology was first described by Dawdy (Reference l). In his paper
Dawdy uses three assumptions to solve equation (1) for qu-
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L The pdf, f£f4(q), is log-Pearson Type III. This assumption is in
accordance with the recommendation of the Hydrology Subcommittee of
the Interagency Advisory Committee on Water Data (Reference 2).

2 The conditional probability, P(H]Q:q), on any contcur is equal to
the width of the channel carrying the discharge divided by the width
of the area subject to flooding measured along the contour. That
is, the locations of flowpaths are uniformly distributed within the
area subject to flooding. This assumption follows from the reasoning
that the alluvial fan was formed, over "geologic” time, by the
accumulation of sediment deposited during flood events. Thus, over
the long term, one can assume that peints, where there is an equal
accumulation of sediment (i.,e., on the same contour), have
experienced, and will experience in the future, the same frequency
of flooding. The modeler must exercise caution when considering this
assumption to be valid for “engineering" time scales.

3% The width of the "channel” followed by the flood is proportional to
the four-tenths power of the flood discharge. This relationship is
based on observations in New Mexico that flocds on alluvial fans flow
at critical depth in wide approximately rectangular channels and that
the depth cf flow decreases until a further decrease results in a
200-fold increase in the width. Further investigations of alluvial
fan flooding in California and Nevada (Reference 3) support the
relationship. From that relationship, one can compute not only the
width of the flood path but also the depth and velocity of the flow
if the discharge is given.

Consequent to adopting the methodology cutlined by Dawdy, FEMA commissioned
DMA Consulting Engineers to investigate the validity of the aforementicned
assumptions. The results of that investigation indicate that the
assumptions were reasonable in the upper regions of the alluvial fan
flooding studied, but that on many alluvial fans, the flowpaths in the
upper regicns (single-channel regions) split into several paths in the
lower regions (multiple-channel regions) (Reference 3). That study further
indicated that the combined width of those multiple channels was
consistently approximately 3.8 times the width of the single channel from
wnich they were formed. The study alsoc indicated that the flow within
those multiple channels was not at critical depth but rather was at normal
depth.

The SC shall assess the reasonableness of each assumption given above in
light of the existing conditicns of the particular area being studied.
That assessment must be fully documented. If the assessment indicates that
one or more cf the aforementioned assumptions should be modified, the SC
shall explain, in writing, the proposed modifications and how they would
be used tc determine flood depths and velocities. That explanation must
be approved by the Regional PO before the modifications are implemented.
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MAPPING OF ALLUVIAL FAN FLOOD HAZARDS

Before analyzing alluvial fan flooding, the SC should review the available
literature on the subject--especially those documents that discuss the
methodology or its application. Several such documents are listed in the
References and Bibliography section of this Appendix.

The SC may obtain a copy of FAN: An Alluvial Fan Flooding Computer
Program, including the user’s manual and the compiled program on a 5%"
disk, from FEMA by writing to:

Federal Emergency Management Agency
Federal Insurance Administration
Office of Risk Assessment
Risk Studies Division
500 C Street, SW
Room 422
Washington, DC 20472

Reconnaissance

When it is determined that an area in a community is subject to alluvial
fan flooding, a thorough reconnaissance of the area should be made in order
to determine the source of flooding, the apex, the boundaries of the area,
the limits of entrenched channels and the locations of barriers to flow
(natural or manmade) that render some areas more flood prone than others,
and locations of single- and multiple-channel regions. The reconnaissance
should make use of available topographic, geologic, and soil maps; aerial
photographs; historic records; and site inspections.

Channel Location

As stated in the introduction, the degree to which the processes that
characterize alluvial fan flooding are present can vary greatly. The
following description is intended to help the reader understand the use
of equation (1) in determining the flood hazards associated with alluvial
fan flooding. It is not a set of conditions to be used as a prerequisite
for applying the methodology.

During a major flood event on an active fan, flow does not spread evenly
cver the fan, but is confined to only a portion of the fan surface that
carries the water from the apex to the toe of the fan. In the upper region
of the fan, flood flows are typically confined to a single channel, which
is formed by the flow itself through-erosion of the loose material that
makes up the fan. Because of the relatively steep slopes in the upper
region, flood flows are at critical depth and critical velocity. Below
the apex of the fan, the flood follows a random path down the fan surface;
under natural conditions, the flood is no more likely to follow an existing
channel than it is to follow a new flowpath. The flowpath has an
approximately rectangular cross section for which depth, width, and
velocity of flow can be expressed as functions of discharge.
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In the lower region of the fan, flood flows may split and form multiple
channels. Normal flow conditions exist in the multiple-channel region.

Depth of Flooding
For purposes of mapping alluvial fan flooding, the depth of flooding is

the depth of flow in the channel that carries a given discharge plus the
velocity head associated with that flow.

Velocity of Flooding

For purposes of mapping alluvial fan flooding, the velocity of flooding
is the velocity of flow in the channel that carries the given discharge.

BAvulsionsg

During-a flood event, the flow may abandon the path it has been taking and
follow a new one. That occurrence, termed an avulsion, can result from
floodwater overtopping a channel bank and creating a new channel. The
overtopping may be caused by the sudden deposition of sediment and/or
debris or by undercutting and subsequent failure of a channel bank.
Because points below the avulsion may be in the path taken by the floodflow
either before or after the avulsion occurs, the probability.of those points
being inundated by the flood is greater than if the avulsion had not
occurred.

Coalegcent Areas

In areas subject to alluvial fan flooding from more than one flooding
source, flood depths and velocities are computed by assuming that the event
of inundation by a flood from any canyon is independent of the event of
inundation by a flood from any other canyon. Thus, the union of such
events, which has a probability of 0.0l1, is used to define depths and
velocities in areas where multiple alluvial fans intersect.

FLOOD HAZARD Z20NES

Special Flood Hazard Areas subject to alluvial fan flooding are identified
as Zone AO with the following definition:

Zone RAO: Special Flood Bazard Areas inundated by types of 100-year
shallow flooding where average depths are between 1.0 and 3.0
feet.

Alluvial fan flood hazard areas are shown on the Flood
Insurance Rate Map as Zone AO, and average depths and
velocities of flow are shown. In those areas, the 100-year
floocd depths may exceed 3.0 feet. Development on alluvial fans
is subject to a more severe flood hazard than would normally
be encountered in 2Zone AO because the velocities of flows on
the alluvial fan are high and the locations of the flowpaths
on the alluvial fan are unpredictable.
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The Special Flood Hazard Area on each alluvial fan is subdivided into
separate AQO zones. Those zones are labeled with depths and velocities
rounded to the nearest whole foot and foot per second, respectively. For
example, all points that are subject to alluvial fan flooding with a 100-
year depth between 1.5 and 2.5 feet and a 100-year velocity between 6.5
and 7.5 feet per second are included in an area labeled Zone AO (Depth 2
FT, Velocity 7 FPS).

COMPUTATIONS

The solution to eguation (1) for the discharges associated with the depths
and velocities that define the flood hazard zone boundaries may be obtained
through the use of FEMA‘s computer program (Reference 4). That program
solves equation (1) under the simple boundary conditions described in the
introduction. The net results of those computations are the values of the
widths of the area subject to alluvial fan flooding at which 100-year
depths equal n + 0.5 foot and 100-year velocities equal n + 0.5 foot per
second (where n is an integer). Other data given in the output of the
program can be used to determine the flood hazard zone boundaries under
more complicated boundary conditions (such as entrenched channels and
barriers to flow). If, however, because of field conditions, the program
is of no use, the SC shall describe in writing the field conditions, the
reason those conditions render the use of the program to be of little
value, and the proposed alternative.

INTERMEDIATE DATA SUBMISSION FOR ALLUVIAL FAN FLOODING STUDIES

Alluvial fan flooding analyses are performed in three basic steps. Those
steps are.

1l Determine the flood frequency curve at the apex {i.e., £,{g) in
equation (1)].

2. Determine the boundaries of the area subject to flooding from the
apex and the probabilities of points within that area being flooded
by a given discharge (i.e., P(H‘Q=q) in equation (1)].

[ Calculate the 100-year discharges from equation (1l).

Because the accuracy of the results of Step 3 depends on that of Steps 1
and 2, an intermediate data submission is required in an alluvial fan
ficoding FIS. After notifying the Regional PO, the SC shall submit the
data described in A5-5A and A5-5B below. The SC will be informed of the
results of that review within 45 days of the intermediate submission.

Step 1: Define the Flood Freguency Curve and Apex for Each Flooding Source

The following information shall be submitted in support of the flocod
frequency curve defined at each apex:

1 A topographic map showing the boundary of the drainage area above
the apex, as well as the location of the apex.
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2. An explanation demonstrating that flowpaths below the apex are
unpredictable.
3. A report describing in detail the hydrologic analysis performed to

determine the flood frequency curve.
4. Data and references used in the hydrologic analysis.

5. A plot of the flood frequency curve on log-normal probability paper
(including the name of the flooding source, the drainage area above
the apex, and the mean, standard deviation, and skew coefficient of
the curve).

Step 2: Determine the Boundaries of the Area Subject to Alluvial Fan
Flooding

The following information shall be submitted in support of the conditional
probabilities of points subject to alluvial fan flooding being inundated
by a flood, given the flood’s magnitude:

L, A topographic map showing the boundaries of the areas subject to
alluvial fan flooding. 1If barriers (either natural or manmade) to
the possible flowpaths or channels exist and warrant consideration
in defining the conditional probabilities, they should be.shown and
clearly labeled (including any "threshold” discharges or depths
necessary to breach them). This map should also show the division
between the single-channel and multiple-channel regions.

2. An aerial photograph (if available) at the same scale as and showing
the same information as that described for the topographic map.

3. A soils classification map (if available) at the same scale as and
showing the same information as that described for the topographic
map.

4. A report describing the topographic and geomorphologic analysis
performed.

5 Data and references used in the analysis.

The report should describe, in detail, and justify the use of all
assumptions made in the analysis. (Those described by Dawdy can serve as
a starting point.) -

Step 3: Determine and Delineate Flood Insurance Zone Boundaries

After all issues raised during the technical review of Steps 1 and 2 have
been resolved and upon receiving approval from the Regional PO, the sC
shall proceed with the computations of the 100-year depths and velocities
that are to be shown on the FIRM. The results of this analysis are the
final product to be submitted as the draft FIS.
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The following information shall be submitted to complete this final step:

1.

2.

3.

A topographic map showing the flood insurance zones, including 100-
year depths and velocities.

Backup data and calculations supporting those depths and velocities.

A draft FIS Report with adequate descriptions of the analyses
performed in the appropriate sections.
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