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PREFACE

This report deals with the problem of defining flood hazards of areas with distributary systems
ofchannels 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 Joss of property value resulting from the
misuse of the method. Also, the information provided herein could be used in court by the
FeD. 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.

I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I

Aug. 18, 1993

-2-

H. W. Hjalmarson



I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I'
I
I

CONTE'TS

Page

Summary , " , , ,.. , ,., " , , , " 6
Introduction., ,.. ", .. , , 8

Alluvial fans and distributary-flow areas 8
Movement offlow paths ,.. , 9
List of acronyms , " '., ,., , ,., .. , , 9

FEMA alluvial fan method , , , ,.. ,., 10
Telephone conversation , , , , 10
Critical examination of Dawdy's(l979) report 12
Critical examination of the DMA(1985) report 14
Critical examination of appendix 5 ofFEMA 37(FEMA, 1985) , 20
CriticaJ examination of appendix 5 of FEMA 37(FEMA, 1993).. , '." ., .22

Consultation with Corps of Engineers ,24
FEMA flood maps for fans 5 and 6 .30

Floodtlow and sediment movement of sites 5 and 6 .31
Channel movement."., ,." , , , , ,.. , , ,.. , , .33
Channel entrenchment .. ,, " .. , ' '" , ,,.. ,. , , , ,. ,.. , ,..36
Hydraulic geometry , , ,.. , , .3 8

General comments , , , , , , ·· ·.. ·.43
Selected references ,.. ,.. , , , ,.. ; .46
Appendices

A.--David Dawdy's comments on visit to fan 6A, June 29, 1993.
B. --Corps of Engineers information including unpublished report

by Boyd Lare and Gary Eyster.
C.--Excerpts from Corps of Engineers report of the stability of flood

control channels.
D.--Report on flood hazard identification and flood plain management

on alluvial fans by L. M. Magura and D. E. Wood.
E.--FEMA flood map for fans 5 and 6 and report.
F.--Letter to FCD from John Matticks ofFEMA.
G.--Original report by David Dawdy entitled Flood-frequency

estimates on alluvial fans.
H.--Report entitled Alluvial fan flooding methodology, An analysis by

DMA consulting engineers.
I.--FEMA 37 sections on alluvial fans.
J.--Sample computation of hydraulic geometry exponents .

.. ,... K.--Letter from FEMA to FCD.

..,
-.)-



ILLUSTRATIONS

I
I
I
I'
'I
I
I
I
'J
I
I
I
I
.1
I
I
I
I
I,

Figure
Page

l.--Plot of slope of alluvial fans and basin area for DMA sites
and fans 5 and 6 19

2.--Plot of slope of alluvial fan and expansion angle for DMA
sites and fans 5 and 6 ]9

3.--Approximate cross section at 2074 ft. elevation of fan 6A 34

4.--Schematic cross section of alluvial fan from Boyd Lare 34

5.--Location of hydraulic geometry sections 41

.4.



I
I
'I
I
'I
I
I
I

I·
I
I
I
I
I
I
I
I
I
'1

TABLES

Table

Page
1. --Basin characteristics of DMA sites with USGS gaging stations

located in the Great Basin and the Colorado River Basin 15

2.--Flow pattern and channels movement characteristics of
DMA sites 17

3.--Hydraulic characteristics of overland flow condition by Lare
and Eyster. 28

4.--Theoretical, average, assumed and computed hydraulic
geometry exponents for channel cross sections 39

5.--Computed hydraulic-geometry exponents and soil type for
channel cross sections in fan 6A 42

-5-



I
I
I
I
I
I
I
I
'I
I
I
I
I
I
I
I
I
I
I

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: (I) 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
FeD 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 th~ 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 offlow 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.

-6-
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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 oftbe 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. fn 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 FElvlA'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 flO\.v
paths are stable are presented in this report.

Suggested steps to solving the problem are: (l) 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 constdered 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 tlood 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.
I fee! FElyrA'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(Nationai Academy of Public Administration, 1993).

-7-
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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 (I )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 5 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(FlRMs) 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 offlood hazards of active-aggrading alluvial fans. Some oftlle
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.

Alluvial fans and distributary flow areas

Alluvial fans are landforms characterized by·anapex 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 tnto 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

-8-



Movement of flow paths

The stability of flow paths on alluvial fans is an integral part of the nature of alluvial 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.

little to do with topographic feilef, are called distributary flow areas(DFAs) Sheet flow also
is diffuse, generally occurs where there is little topographic reilef, commonly is unconfIned
and spreads freely, and is not considered to be distributary flow. Floodflow that leaves
distributary f10w areas onto base-level plains such as playas commonly is sheet flow. Areas
with distributary flow(DF As) 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, alluvial 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. .
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List of acronyms

CotE
DFA
FCD
FEMA
PD
SC
SCS
TEC
USGS

U.S. Army Corps of Engineers
Distributary-flow area
Flood Control District of Maricopa County
Federal Emergency Management Agency
Primary diffluence
Study contractor
U.S. Soil Conservation Service
Technical evaluation contractor
U.S. Geological Survey'
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FEMA ALLUVIAL FAN METHOD

Consulted with Dave Dawdy as follows:

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

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.

Remarks

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

Visited fan 6A with Win Hjalmarson and Joe Tram.
& written. Discussed stability of flow paths offan 6A
and how fan 6A compared with sites in the DMA
study.

Review of "Potential flood hazards and hydraulic
characteristics of distributary flow areas in Maricopa
County, /\Z". This report was written while I was \.·..,ith
the US. 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 5 and 6.

Date Commun
-ication

Dec. 1992 Telephone
&written

June 29, 1993 Field visit

May 1993 Telephone

June 1993 Telephone

The fonowing is an excerpt from our phone conversation during May, )993. The actual
conversation is presented because Dawdy's rhoughts and insights given in his own
words are considered important.

WrN.--The purpose of my paper "Potential flood hazards and hydraulic characteristics
of distributary-flow areas in Maricopa County, .Arizona" \.vas to show there are
differences among alluvial fans.

Telephone conversation

The initial author of the FEMA methodology, Mr. Dave Dawdy, was consulted on
several occasions and also was hired to examine fan GA(Dawdy's comments are ill
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 the! 985 and! 993 publications of FEMA 37 were critically
examined.

I
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Pearsol1 TJ-1Je 111 distribUfioll. To prove othelwise is complex alldprobab~v
inconclusive partly because of the limited hmg-term records' (!f ammal peaks-for
streams draining small-arid basills. Dcnt'dy's development of the method is clever
but is based 011 a flawed model ~f random flow paths. SlIggest the FeD I/Ot take
issue wIth the mathematical development because the problem lies in the 1I11derlyillg
assumptions discussed previously alld later in this report.

Al isslJe is the ralldom movement, or more basically. H'hetht!r there is movement at
all ofj7o~' paths Oil all alll1vialfalls. The results qjmy companw" offlow paths
depicted 0" two sets ofaerial photographsforfan 6A are given later. III regard to
the staleme11l by Den-I'dy concerning the ralldom positio" offlow paths. slIrely
interested hydrologists. engineers al1d earth scientists are deserving ~ffact/fal

support ofsuch a pn?/b""d statement.

Critical examination of the DMA( (985) report.

This report II Alluvial fan flooding methodology an analysis" was prepared by DMA consulting
engineers for FEMA in October 1985. This report and the journal article by Da\vdy( 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 location 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 recentt100ding can be depicted more readily than tlow
paths of old floods. fn other words, the sites were selected for hydraulic considerations and
not necessarily for hydrologic considerations. ft 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-



Table l.--Basin characteristics ofDMA sites with USGS gaging statiolls located ill the

Great Basin alld Ihe Colorado River Basil/.

Las Vegas ** 79./ 3.00 6.009';/9697 1./7 2370
Pillfe 09';23300 3.';0 3670 N.7 ';.00 6.0
Tahqllilz 10258000 16.90 6800 61.3 5.11 2';.0
Whitewater 10256000 57.50 5600 60.5 5.85 26.0

COtvfJvfENTS: A review ojmeasurements oj basin, channel, peakflow. and hydraulic
characteristics made by DMA and the USGS is recommended. The allthor personally
reviel-l'ed much oj the peak/7ow data collected by the USGS il1 the Great and Colorado River
Basins. Abo/lt Ihree years ago, f asked Ihe Nevada dislricl (?f Ihe USGS 10 examine Ihe
records at Hllmbolt River Triblltary near Rye Patch. NT ~ A n!\'isiol1 to Ihe drainage area has
siuce been made. A brief examination (?f the data IIsed by DMA revealed an error il1 the
drainage area jor Las Vegas Wash /lear Henderson, 11(1'(09'; /969 7) as shoH'n ill fable / oj
this report.

So"rce: USGS Streamflow and Basin Chara.ct~risticscompllferjile.

in.
PREefPfNTSI

ill hI'
ELEI' ErA?

ft. il1.

LONG

AREA
sq. ft.

115.0300
1/';.9390
1/6.5580
116.6';00

LAT

36.03],;
35.';667
33.8050
33.9';67

2.8';
2.76
9.30

17.';0

LENGTH
mi.

SITE
Name USGS No.
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** 0" p. 23 and TaMes 2 and 3 (if Ihe DMA report the area is
incorrectly listed as 0.06 square miles.

SITE
(COlli.)

09';19697
09';23300
10258000
/0256000
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On January 29-3 I, 1992 I u'as a member qfa team of USGS slIl:face water ,specialists who
met i/1 San Bt!I'JJardino. CA to dis~J(ss problems ).i:ith iJJdirectmeas/lremellls made 011 hif(h­
gradiell{ streams and streams H,ith IIlIslable challllels. Olle (~l the areas in Ihe U. S. H'here
pasl indirect meas"remellts (lpeak discharge may be i/l error is the area /lsed by DMA.
Several USGS illdirect measllrements may be affecled by debrispow or excess-;ve scollr Ihat
was /Jot recognized whell Ihe measurements were made. Mr. Robert Meyer of the USGS CA
district is reviewing these records alld meaSffremelJlS. I pisiled several alluvia/fans i" Ihe
San Bemardino area which pOlentially were milch more hazardous Ih(lI1l11ost allllvialfalls ill
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, (990).
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:

A.lIuvial 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.

-l6-
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(;';01": Tht ("hsl"Il("tuistiu btlow art bas..d on information !!i....n in tht pUblish"J rtport.)
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Remarks

Contined until became radial pattern.
No developed channels depicted on
photos.
Expanded to braided sheet flow.
Unclear if flood channels were defined.
Entrenched in multi-channels until
became braided pattern. Recent
movement indicated.
Entrenched in 2 channels until became
braided. Tendency for future channel
relocation.
Single channel. Braided after combining
with adjacent fan.
Single channel to confluence with
channel from adjacent fan.
Flow in channels.
Single channel became braided.
One new channel. Levees.
Became braided.
Levees and structures.
Two channels with braided flow
between. Levees.
Most flow in one channel.
Several channels,

recent

no

no

no

no
no

no
no
yes
no
no
unclear

no
no

unclear

Channel
movement

Fan-like
floodflow

Las Vegas no

Palm Canyon yes
Whitewater yes

San Antonio no
Lytle yes
Day yes
Deff yes
Cucamonga yes
Tahquitz yes

Humbolt-Rye Patch yes

Humbolt-Oreana yes

Piute no

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

Rocky Canyon yes

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

Northunderland yes
~ason yes

Site

-----------------------------------------------------------------------------------------------------------

Table 2.--Flow pattern and channel movement characteristics of DMA sites.
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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 called
an avulsion.

C01vfJvfENTS: In Arizona /10/ aI/fans are OIl/he valley.floor as staled in item A.
Severalfans are illset ill old-fall ren1l1alllS all piedmo1J/ slopes. /1/ regard /0 ilel11 B. Ihe
slope of Ihe upper pari qf Ihefall decreases as does Ihe sedil11eT1t trall.5>por! capacitx (~f

Ihe j7ow. 01/ly all Ihe lower parI of Ihe fall are Ihe slopes sleepelled.

The ahove developnu!l/l qfafa/l. as depicted by DMA. isfor Ihe early slages whenlhe
(an is illcreasillg ill voillme alld area. /11 Ihe laler slages offan developmellllhe fa11 is
large and Ihe sedimelll delivered per lI/1il offall size is less Ihall ill Ihe early more aclive
stage ofdevelopmew. Areas Oil Ihefall become isolatedfromj7oodj7oH' alld tribl/la/:v
chmlllel syslems develop 011 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 A5-5,
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 alluvia! 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: c 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 offans than is observed on topographic
maps. Also, fan processes are progressive and old-mature fans 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 tan. FE~'fA 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.A5-1). I agree that flow does not spread evenly over the
fan surface.

Sec. A5-2a ..2nd sentence. I 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 5 and 6(See
comments in Appendix A). I 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) faf! is
depositing materiaL

Sec. AS-2a.,3rd sentence. What are the slopes relative to? I'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 really know this statement is a fact for all alluvial fans or is it a
judgment based on indirect measureme'nts on some fans?

Sec. A5-2a.,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 obselvation but not based
on rigorous mathematical methods.
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Sec. A5-2a.,5th sentence. Dawdy uses this assumption based on the unpublished work
ofLare and Eyster. For a rectangular channel the slope of stage-discharge
relations is 2.5 or the exponent of the hydraulic geometry relation is 1/2. S or
0.4. I examined this exponent for 12 sites in Maricopa County and could not tlnd
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 offloodflow on Ms.

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 solving 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-2c. Depends on the previous assumed conditions.

Sec. AS-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 offlooding at any point on the AF.
There are no data to support the assumption except for the geologic reasoning
discussed previously.

Sec. A5-4, I. The use of 0 = 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 flrst
engineers to define flood hazards of alluvial fans in New Mexico. Boyd's
comments are given in discussion item B of this report.

COlvfMENTS: Where are the data that support the severalfactual appear;'lg
slatemell/s inlhe g"idelil1es.) Also, can FEMA explain why several qf Ihe
apparenlly unsupporled statements do 110110 applyjor jam. ;n AZ(Hjalmal'son
and Kemna, 1991)? For example, why did Ihe study cOl1lraclorfor site 6 nol
/lse a single channel al Ihe upstream end of the fan?

Critical examination of Appendix 5. 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(DFAs) 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 unclear
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
A5-2. 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.
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CONSULTATION WITH CORPS OF ENGINEERS

The purpose of this discussion item was to consult with the Cof E and substantiate whether
or not fans 5 and 6 are represented by fans studied by FEMA and thereby determine if the
FEMA methodology is appropriate. Little information was available from the CofE 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 CofE. 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 CofE 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. Anny
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 ofa 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:

\. The relation of dd/dw = -.005 is not really based on a whole lot offield data.
2. It was developed by taking a look at the hydraulics of the situation. You obtain a

plot ofdepth and width for a channel cross section. You get a point where the
depth doesn't decrease very much as width increases.

3. 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 tlow 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.
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The following is an examination of the relation dd/dw = -.005(dw/dd= -200) as used by
Dawdy(l979,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(l979, p. 1409).

where
d = critical depth(average depth because bed of channel is flat and at same

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

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 offlow in sand channels 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.

(3)

(2)

(4)

....................................................................... (1)

where C = Jig 1/2

-25-

dw/dd = -3/2 CQ d-5/2

Q - (13/2 1/2- w g .

w =CQ a3/2

Q=vdw

At critical velocity, V = (gd) 1/2

and rearranging equation (3)

ditferentiating the function of w with respect-tocritical depth(d),

and for the cross section of the assumed overland flow condition

Combining equations (1) and (2)
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The Manning equation can be used to examine the hydraulic conditions for the imagined
overland flow conditions used by Dawdy(1979).

Thus, the method used by Magura and Wood is unnecessary because, as shown above, there
is a direct solution ofw'idth 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)

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 overland flow

conditions),
n = roughness coefficient.

(6)

(5)

Q= (1486/n) A R2/3 SI/2

where

Q d w

1000 1.12 149
4000 1.95 260

12000 3.02 403
18000 3.55 474

dw/dd = -.264 Q d-5/2

d = 0.0705 QA

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

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)

Manning's equation is

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

(7)

Equations 5 and 7 are used to examine the j\.,janning roughness coefficients 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
coetTicients are shown in table I. 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, 001, 0.02 and 0.03. Three values of dw/dd are used to show
the etfect oflarger and smaller values of dw/dd on the assumption that dw/dd=-200(Table J)
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
cobbtes 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 small
channels.

Values of Manning's n for alluviai fan surfaces can range from 0.020 to more than 0080.
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 ofw = 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 of slope
0.007 0.01 0.02 0.03

-------------------------------------.---------------------------------------

1,000 -10 3.70 25 0.027 0.033 0.046 0.057
-200 1.12 149 .022 027 .038 .046
-1.000 .59 392 ,020 .024 .034 .041

4,000 -10 6.45 43 .030 .036 .051 .062
-200 1.95 260 .025 .029 .041 .051
-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

-----------------------------------------------------------------------------

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 coefficients 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 i\rizona is evidence that floodflow does not erode a new channel to

the parameters defined by Dawdy( 1979) and FEMA. The In' 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(l970, 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 etTects 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 Hjalrnarson, 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(Hjalrnarson, 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
CafE does not have published guidelines for defining flood hazards on alluvial fans.

A review of a draft of 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 described 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.

COAlJo.,fENT: Mr. Boyd [are should be credited with the ideas H.'hich led to the Dawdy(/979)
me/hod. Clearly, Boyd hypothesized the wide-flat chal1l1el that stabilizes at dd mv 00 -.005.
He also had observed crihcal and sllpercritical velocities on alluvialfan ill New Mexico.
Hm'l'ever, when Dawdy olfered Boyd co allthorship (!f his paper, Boyd refused. Bo.vd /old
me duril/g 0111' cOJ/versatiol1 ill May /993 that he felt Dcnvdy's method hadwme beyolld
reality.
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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 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 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 Michael 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
tloodflow could inundate the entire area(See Appendix E) within the boundaries
defined and gave the areas a zone designation of AD. 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 5 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 AO. 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 Hooding in the upper reaches are approaching those described in
general terms by Hjalmarson and Kemna(] 991).

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 I 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 unitorm 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 iffour 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" offan 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 d,ipiction 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 landfonn is an alluvial fan or how to distinguish an alluvial fan from a pediment.

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

Floodflow and sediment movement of fans 5 and 6.

The soils adjacent to the major streams are on fan 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 I 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 runotT 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 till 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 coeflicient 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. Runotf
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 difI]uences of sites 5 and 6. Hjalmarson(I 993, 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 diffiuences. The channel competence along the channels in the OFAs appears
considerably larger than the grain size of the channel beds(SCS, 1986, table 13), Most floods
are not of sutlicient duration and magnitude to move sediment past the POs and through the
OFAs. Typical floods that originate above the POs or within the OFAs 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 OFAs in pulses
and seldom does much sediment pass through the OFA during a single floodtlow.

The amount of sediment transported into the OFA and from within the OF A 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 POs are soft and in
places ditlicult 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 PO
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 inftltration. The DFAs of sites 5 and 6 are unusually large relative
to the area drained above the POs 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
intertluves. 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, avuJsions 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(l 99 1.. p. 29) there is a general relation between
OFAs with small drainage basins and discharge· intensity--tlood peak discharge at the
PD divided by the OFA. 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 DFAs with relatively stable flow paths(less active
alluvial fans).

Channel movement

On June 8, 1993 I examined two sets of aerial photographs ofFEMA fan 6A in the
sections 5 and 6 of 1. 4 N., R. 4 E., and sections 19-23, 26-32 of 1. 5 N., 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

1 March 8, 1953 Nos. 66,68 and 69. I.D. on no. 68 is:
VV BE MI AMS * MAR. 53 1145
52.22 31,00033 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. 1-17 and 1-18. Taken by Landiscor
Aerial photo, Inc., 3816 North 7th St.
Phoenix, Arizona 85014.
Physical size of the prints was about
1. 7 ft. x I. 7 ft. Physical size ofthe
negatives was 8-1/2 x II 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 I990s, 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 result of these studies:

Hjalmarson, H.W., 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 1-843-B, I sheet.

Hjalmarson, H.W, and Kemna, S.P., 1991, Flood hazards of disttibutary­
flow areas in southwestern Arizona: U. S. Geological Survey Water
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Resources Investigations Repon 91-4171, 68 p.

The potential flood hazards, stream channels, topography, physiography, soils and
geology that I have observed, studied and reviewed as pan 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 flood flow 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 oflateral 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 ft. vertically.

Channel entrenchment

The repol1 "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 repol1. 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:
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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 multiple
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(l980, '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.

COfvfMENTS: Are comil11tOJls channels with defined hallks cOllsidered to he Ifllbrokell
f70w paths? Are two or more defined distribllfary channels considered unhroken flow
paths? Are flow paths considered brokeJl at the imersection poillt of the
distrihutary channel?

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."

COAfJv1f..iVT: This is an interesting descriptioll ofan entrenched channel H-hel'e i(
seems (0 include braided channels. To me, braided channels are networks of
il1tenmven chal1l1els which appear to be part ofa single large chanllelthat has
defined banks. On page 59, however, they refer to d~fferences in flow
characteristics that occur where reaches change from entrellched chal1llellO
braided chanllel. Thus, it ;s 1111c1ear what an entrenched channel really is.

for site 6 there may be several entrenched channels H'hichform a lIefll'Ork of
intenl'Ovell "braidedl

' channels. III many places these entrenched challnels are
separated by areas of tributary challnels. These i11lerj711vial areas appear free

(rom flooding that originatesfrom 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

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

The exponents ofb = 0.4, f= 0.4, and m = 0.2 given by Dawdy (1979, table I) 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).

(8)

( 10)

(9)

V=CvQm

where
V = mean velocity of the discharge that formed the channel,
Cv = constant, and
m = constant exponent.

0= CbQf
where

o = mean depth of the channel,
Cb = constant related to the size of the channel, and
f= constant exponent.

W=CwQb
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.

Dawdy(l979,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 1DO-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 the 1DO-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.
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Table 4.--Theoretical, average, assumed and computed hydraulic-geometry exponents for
channel cross sections.

(1) Leopold and others (1964, table 7-8).
(2) Leopold and others (1964, table 7-5).
(3) Oawdy( 1979)
(4) Hjalmarson(l993, 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.

Computed

values(4)

Average value for
peak discharge at

indicated
recurrence

interval
2-yr 10-yr 100-yr

Used
for

FEMA
method

Assumed

values(3)

Mid­
western
United

States

Ephemeral
streams
in south­
western

United
States

Average

values(2)

Theoretical

values(l )

Non­
Component Cohesive cohesive

bank bank
material material

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 diflluences) of 13 alluvial
fans where the floodflow is in a single channel (Hjalmarson, 1993). The control for the reach
at the PO'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 lOa-year floods(Hjalmarson,
1993). The mean values for the exponents of the sites were then computed for the 2-, 10-,
and lOa-year floods (table 4).

~-----------------------_._--------------------------- -------------------------------------------------------

Width 0.25 0.50 0.29 0.26 0.40 0.32 0.27 0.11

Depth .43 .27 .36 .40 AO Al A4 .53

Velocity .32 .23 .34 .34 .20 .27 .29 .36
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The average of the exponents of the thirteen sites in Maricopa County for the
IO-year flood (table 4) are similar to the exponents for the streams in the midwestern
United States. The exponents of the 1O-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 defme at the PD for several sites, it is uncertain if the level
of the IO-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 1O-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 1OO-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 1OO-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 Veloc.ity

1843 .20 .48 .32 3
1850 .25 .45 .30 3
1866 .31 .44 .25 3
]872 .40 .49 .1] 3
1874 .16 .51 .33 3
1960 .39 .35 .26 3
1998 .38 .37 .25 "'.)

2191 .22 .47 .31 6

1755 .20 .47 .33 90
1808 .44 .37 . ]9 90
1876 .30 .47 '1"' 90._.)

1969 .29 .44 .27 90
2002 .30 .42 .28 96
2006 .4] .34 .25 96
1763 .21 .50 .29 98

-----------------------------------------------------------
\1ean .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 wilJ be a difficult task to show that the FEMA method is inapplicable 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
I 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?
Is the IOO-year peak discharge used for the definition of the boundaries? Ifso. 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 stu.dy contractor's work, how do we really know
the method used to define the potential flood hazard of fans 5 and 67 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 oflaw. 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. Tome, 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 .. IfFEMA 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 ofFEMA 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 the
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. I
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 aJluvial-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 coHect and analyze floodt1ow 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.
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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. I feel rather strongly that FEMA does not want this issue
discussed in technical journals because their assumption that flow paths are free to form in 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.

Ajudge may feel that because the FCD 'has not produced a better method, there is no
issue to be resolved. How can the FeD justify criticism of the FEMA method when they
haven't produced a better method of defining flood hazards on alluvial fans? Ajudge 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.
Ifa better method had been presented to FEMA, I feel they will argue in a court onaw 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 offlood 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 exp~essed

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 ofPublic Administration, 1993).
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APPENDIX A.--David Dawdy's comments on visit to fan 6A., June 29, 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
50n's report. We were accompanied by a Maricopa county flood
engineer.

We followed the channel from the upper end, or 'apex', 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 ~t the depth of naximum 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 earl1er 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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APPENDLX B.--Corps of Engineers information including unpublished report
by Boyd Lare and Gary Eyster
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Evaluation of Flood Hazard on Alluvial Fans

By Boyd D. Lare and Gary L. ~yster

I Introduction

I
I

As urban develop~ent radiates away frau population centers the alluvial

fan often becomes a price area for nev expansion. In the vestern United.
States ~here f~s occur frequently, factors such as topography and

public land boundaries may necessarily restric~ urban gro~~h to alluvial

fans. Because untold econonic resources will be expended in such

II develor~ent, i~ is i~perative that a uniform technique for evaluatins

I

I
flood hazard of such areas be 2vailable ~hich is based on sound scienti-. .

fie knovledge and reasoning. The approach presented herein has been

I
I

developed fro~ considerations of fan foreation ~,d evolution, and

application of known hydraulic principles. It is intended to produce

accurate analyses of depth and velocity of flow at various locations

I
I

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

develop~ent and de:e~ining flood insurance ha~ard facto~s.

Fan Horphology

I Steep oountzin canyons p~ovide the slope necessary to transport the

I tremendous quantities of sediment produced by i1eavy storns in their

I
\~atersheds. Tne size of scch secii::lent ranges from colloidal clay to

massive boulders. As the nount~in streams suddenly eoerge onto coo-

I
I

paratively mild slopes at t~e foot of the ~ountains, veloci~y of flo~

decreases dra~atically ~ith scbsequent loss of entrainoent capacity.

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

I
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short distance. In the eeological time fr~me deposits several thousand

feet in thickr,ess .l."ld ~xtending on the order of 20 miles have accrued.

The building of such fans has been acco~plished by innumarable episodes

of sediment deposition o~ debris flo~ during ~hich the fan has aSsumed

different forcs in response to changes in st~eamflo~, supply of sedi­

ment, and mountain building processes. Often a number of canyons floY

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

neighbo~ing f~ns. The result of this situation is a composite alluvial

apron. l~,own as a bajada (bah-hah'-da) in the southwestern states.

Hodern fans have been classified ~nto two. types (Bull, 1964). rne

first is ~hen deposition takes place near the :an apex and thedownfan

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

developed ~hich conveys sediment-laden vater to the toe of the fan

where it is cleposited. TIle local relief on fans is generally small

(on the order of 5 feet) e>:cept at fanhead trenches \:hich rr.ay be incised

as much as 50 feet. Channels ~ay occur at any location on the fan

and are chQract.erized by rapiu lateral rr.igrlJtlon and cha'lge in flows

delivered to each channel. Such channels are especially susceptible

to charoges in for~ and ali~~~nt due to the highly erosive nature of

tllat~rials ~:iking up the fan.

hnothQr factor contrib~ting to lateral migration of ~at~rcourses is

the vqriation in shape of the fan surface in a radial direction. The

overall radial profiles of most alluvial fans are concave upward.

Krurnhein (1937). in studies of the San Antonio. Canyon f~~ in southern

2
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California, concluded that slope could be expressed as a negative

I ehpone~tial function of distance downslope irom the fan apex. In.

I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I

contrast, fans in ",estern Fresno County. California have been found

to have slopes ~hich decrease in discreet segments (Bull. 1964). In

any case, a change in slope often produces a change in the cross section

of a channel. K3rak1 etA al. (1974) indicate that changes in slope,

along with discharge and sediment size, can induce changes in the form

of a channel, with d~crease in slope generally inducing braiding of

the channel. Schu~L~ (1975) has induced that geor.~rphic thresholds

exist at which, upon reaching certain values of discharge, bed ~terial'

size or quantity. or slope, a channel may abruptly change fro~ a single

main channel to a braided, shallow chann~l. This may be the reason

for the intersection poi;);: on a trenched fan "'here an entrenched channel

suddenly spreads or braicis downslope.

Flood Hazard

High velocities and sedir:ent deposition are tne chief hazards to, which

econowlC develop~ent 00 an alluvial f~n are subjected. flood control

may be established by construction of up-canyon daDS'. channel deepening

and stabilization measures, and fanhead diversions. Where such struc-

tures are in place. evalUation of flood hazard may be acco~p11shed

by established hydraulic analysis. However, development more oft~n

tal:es place gradu311y in such a ~ay tha t costly structural measures

are not it::r::lediately justified. In such cases, flows on the fan are

esse~tially unmodified and processes such as fanhead trenching. braid­

ing, a.d lateral migration are frc~ to occur. 'The layman's concepcion

J
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often is that ch~nnels are immobile and that distributaries are fully

co~petent to convey the split flows delivered to them. In realit~,

braided channels in the highly erodible alluvium are highly mobile

and thr~shold chanees at the intersection point or fanhead can radically

change the quantity of ~ater and sediment delivered to a particular

distributary. The relief in the vicinity of a braided channel or

distributary is often as little as a'fe~ feet, giving the false i~

pression that flows in the watercourse are inconsequential and infre-

I quent. Therefore, structures are built adjacent to or encroaching

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

. and structur~s built on the sites.

I
I

Historical studies of the Kosi River fan in eastern India reveal the

~gratory character of river channels on alluvial fans (Cole and Chi-

I tale, 1966). Tne braided main channel and distributaries of tha.~osi

have shifted 70 r~les from east to west in the last 200 years ~ith

I episodes of spectacular avulsion. Over 3500 sq. miles have bean laid

I·
waste with sand deposits giving the Kosi the name river of sorrow.

I
taries gradually fill with sediment, alternate routes become more

efficien t for conveying flo·..... Tne channel.. then br~aks into adjacent

1
I

flow areas Some of which ~ay have been inactive recently or may have

famed as drainage courses of fan areas. nlis erratic. unpredictable

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

I
location relative to active ~atertourSes.

I 4
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The behavior of flood flo~s and t thus, flood hazard varies radially

do~nslope fron the apex. ConverselYt in emphasis of the above para­

graph, flood hazard is comparable at any site along the ,locus of points

equidistant from the apex. If adequate structural measures exist to

positively control l~teral migration of the main channel for a given

discharge then areas on each side of the controlled channel may be

designated safe for that discharge. In general, however, where signi­

ficant change in the conveyance characteristics occurs (i.e. inter­

section point. meander to braiding) the nature end severity of flood

hazard ch anges.

Quantitive Analysis

The technique for quantitatively evaluating flood hazard presented

herein is based on the premise that when channel gradient approaches

or exceeds critical slope t the critical state of flow nay be ass~ed

to .accurately represent potential depth and velocity of flow. "~ile

slopes in excess of critiCal slope may produce depths less than critical

dep~ht winor changes in ener~y due to variations in channel roughness,

cross section, slope. or deposits of sediment or debris may cause depth

to approach critical depth (CnO'"" 1959). As long as bed slope exceeds

critical slope. however. che flow will not revert to the subcritical

alternate depth.

:he first step L~ a quantitativa deteroination 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

5
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in mountainous areas are ~idely available (~ater Res. Council, 197G).

Kno~ing the magnitude of flow to be analyzed, the investigator must

compute the de?th, velocity, and areal extent of floocing. '

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 ~ill have unique properties of croSS sectional area, shape

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

In m~~y cases fan develop~ent is sparse and topography coes not limit

the extent to ~hich flo~ may spread. Yet, prac~ical~y. some limit

must be defined for purposes of analysis. For a channel of. constant

cross section the critical depth, overbank velocity, and percent of

dischar~e conveyed by overb~~ks \Jere computed for varying overbank

Hidth. The cOT:iputations Here made for a range of discharges and cbannel

configurations. Representative results are presented in figures 1, 2,

and 3.. For flo~s Hell in excess of channel capacity at critical depth,

the co~?uted dep~h decreases as top vidths increase with the rate of

change gradually approaching zero. Apparently, the rate of change

never 2ctually reache:; zero so that for an i~finitely 'olide top vidth

depth of flow becones infinites~al. In the practical situation neither

the fully-contained flot's or the infinitesnal di!?til occur. Rather.

so~e inte~ecliate characteristic depth is established ~t a cross section

~herein a balance of forces and ~oncntun exists. roe icportant aspect

6
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in formulating flood h27.ard policy is to ~ccur~tely estimate the depth

and velocity of flot-l \;nich may reasonably be' expected at particular

locations when the fan is subjected to a given flow.

~~ile a siw?lified technique ~ay be employed in general, no analysis

can be ex~ected to be accurate lli,less each individu~l fan is analyzed
e-

on a reach by reach basis. Analysis for each reach ~ay th~ take one

of the following forr...s:

1. Areas vithin the canyon. Such exe~s should be approached

vith established techniques of hydraulic cOnput~tions. In cases vhere

structural flood control me2SUres are in place) desiGn computations

c::
oay be used if they are avai13ble ~nd are deemed acerate. Otherwise ••
st~~dard procedures of sradually varied flow conputations and valley

or reservoir routing 1::ay be used.

. II. Areas on fa..; protected by structur~l works. Hyd:-~ulic an;llysis

of diversions ~nd stablized channels should be carried out with parti­

c~lar attenticn to structural integrity and sediment transport capabi-

lit)'.

. III. l-lajorit)' of areas, in ""lJich nnturaJ. fan processes such as

trenchin3, ~iGration, and 2vulsion are free to take pl~ce. By far,

Do~t r.n~l)ses fall into this category. n;o general sub-categories

e:-:ist ~ere: The u;ltrenc:,ed fan 2nd the fan \-lnich is entrc:1cned at

the upj)e rend.

7
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Toe u."trenched fan 'Jill be discussed first. Such a feature often issues

fron a rciatively snaIl canyon and immediately upon leavin& the ~oun­

tains flo'J spreads evenly. Critical depth analysis has been carried

out [or this case and is present,ed in fig. 4. After the expected

discharge is computed it can be applied to the figure and the depth

may b~ established at the point on the curve at ...,hich 6d/~U becomes'

sufficiently small. Based upon field experi~nce and floods of record

this bd/6~ has been established as .005 ft/ft. At this rate of change

an increase in \olidth of flo\" of 100 feet results in a change in depth

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

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

is that this ~ethod establishes the potential for f100dins a~ a point.

~e depth and velocity so obtained are a?plied to the locus of points

equidistant from the aj:lcy' regardless of the position relative to an

apparent: flowcourse. On such fans Ininor drainage patterns often develop

in response to runoff benerateo on the Lm itself. However, it C<l.nnot

be expec ted that f10.:s originating up-canyon \.,ill follo~ such courses

to the e~clusion of lesser-developed f10wpaths.

The second sub-category is for cases 'Jhere an unbroken flowpath exists

'Jhich conveys canyon flo\<.'s do~.;nfan for deposition else\~here. Such

channels r.~y be straight or neandering single cha~nels or a ne~ork

of in:ert·:oven J br~ided ch.:!nnels. In either case, for each reach an

average channel cross-section is determined and, for the discharbe

of interest, a curve of d vs. ~ is developed. Potential flood uepth

..
v
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may be de termined usin!; the .oaS ft/ft crit:2rion. The depth is applied

across the entire fan under the c1ssu~ption tho t the lI'.ain channel r:.ay

shift at the fan ap~x during a flood, fo~~nb a new ch~nnel else~here

on the fan. i,lherever floi.J charc1tcristics change sufficiently as discussed

above a di Heren t reach is est.:ib lished and analyzed independently. Us ing

this technique -3 typical flootlplain delineation on a sparsely developed

fan ~ould take the form sho~n in fig. 5. In a given zone bounded by

t:each limts 2nd the boundary of coalescence, the potential for flooding

may be defined by the velocities and depths of flow cocputed as out11ned

above.

Conclusions

Flo\.,'s ra rely spread evenly on an alluvial fan. Ra ther I flou is COncen­

trated in an identifiable ternForary channel OL is spread on ~, isolated

Donion of the fan. Such f1o\~p.:lths a:-e prone to lateral IJigration and

to Sudden relocation to any are~ of t~e fan Juring a give« runoff event

such that the degree of flood hazard is similar at all points a given

distance dO\Jnslope frOT:! the apex. Thereiore, a site distant frolll an

ide:1tifi ..ole chan:iel has ap?I:o:':im.rJtcly the soJ%:le potential for flootling

as a site near an identifiable flol.<path at a similar elev<ltion on the

fan.

A technique is presented for dcterT~nin& the depth and velocity of flo~

'Which may r<!(l sona;, 1)' be c:-:pected on a sparsely developed f~n. In evalu­

ating a particular segr:lent of a fa;'1 it is recobnizC!d that the slope of

aloost all foJns is in th~ supercritical r3n~e. Further, a natural cross
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flood ha=ard is defined using critical depth co~?uced ~ith an'overbank

..,idth beyond which further increases in ..,idth result in insignificant

changes in con?uted depth. For sparsely developed f3ns on which natural

processes are free to act, this technique provides an accurate means

for esti~ating potential depth and velocity of flooding at any point.
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October 18. 1978

I·~r. Boyd Lare
U.S. Ar~y Corps of Encineers
New Mexico District
Albuquerque, NM 87103

Dear Boyd,

After considerable delay. a study finally was approved
and co~pleted on alluvial fan flooding. A copy of my administra­
tive report to FIA is enclosed. I rea1ize that your n~me is taken
in vain in it~ because v:hat FIA cans the "lare Method" real1y was
not endorsed by you. It was based on your ide~s (was it in January),
but m~ch extrapolated. At any rete, I intend to publish the results
in ASCE someday soon, and want to give you credit for your ideas.
Certainly the dD/dW = - .002 is. yours. Did you ever pub1ish your·
paper? 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 Albuquerque again some dey.

Sincerely,

Dames &Moore

)f-tvYLP{
Davi dR. Dc\'idy
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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 I'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.
1 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 Hialmarson
and Kemna useful. r 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 to determine how well typical
flood control measure perform on alluvial fans.

As you probably guessed. [ want something. First, are there data
for alluvial fans that support the work of Lare and Eyster? If
so, how can I obtain copies of the data or where can I examine
the data. I'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:
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If so, how can I obtain the manuals? If not, why not?
Third. do you know of any such manuals by other federal agencies
such as the SCS of FHA?

With respect,

Hjalmar W. Hjalmarson,P.E.



Dear Hjalmar:

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

Vern Bonner
Chief, Training Division

(916) 756-8250 . FAX(916) 756-1104 . Otlice

DEPARTMENT OF THE ARMY
WATER RESOURCES SUPPORT CENTER, CORPS OF ENGINEERS

HYDROLOGIC ENGINEERING CENTER

609 SECOND STREET

DAVIS, CALIFORNIA 95616-4687

June 2, 1993
REPLY TO
ATTENTION OF

Training Division

Sincerely,

;Jg~:R~_

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

I 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.

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, NY, 89102, has written several reviews of the FEMAAlluvial
Fan Model. Perhaps he can provide you some information or;. the history of the method.

1t was good to hear from you. I did use your report as an example of the type of
regional information that may be available for local studies. Good luck on your research.

Our contract with FEMA specifically excluded two topics from consideration: FEMA
Alluvial Pan 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.

I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I-
I
I



I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I

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 offices and this is what I found:
- The latest edition of the CofE report. ~Stability of Flood Control Channels·, wiU be incorporated into an
existing Engineering Manual entitled. "Hydraulic of Flood Control Channels, EM 1I 10-2-160 I·. I called
the Waterways Experiment Station (601-634-2608) and they said that the new EM should be ready for
p....blication 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 Icelandic name), Chief of Flood
plain Management (213-894-5375). He said that the CorE h3d no written policy endorsing any method
for delineating flooding on alluvial fans. He said that the CofE does not endorse any particular method.
He also said that he didn't know of any CofE publications that dealt wHh 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 office was woricing with FIS contract5 for FEMA. Yet, on
another project where he was trying to justify a CofE 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-ehan (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 occurring downstream
of a darn. Since the FEMA method cannot handle the PMF event they are using HEC-2 with some
engineering judgement to draw some conclusions. She conflrmed 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. I truSt that your orchards are fruitful. Please give my
regards to your better half.

Sincerely,

Steve Kemna



I : .. :. ~ -:. :.: .".

"",f: I\::.\r

Review of the U.S. Army Corps of

Engineers Involvement with Alluvial

Fan Flooding Problems

TECHNICAL PAPER NO. 124

O-rir­
J ;''-'"

S
ELEcrE~

=<. JAN 3 19&'jIU
q H

, ...... "' . J
. L(jj~::anr. .

December 1988

US Army Corps of Engineers
The Hydrologic Engineering Center

N
o
N
<r
I

£:)

~

Ii

I
I
I .-.---

I ~
I
I
I

I



I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I

< ..
. _.._.. -", - ." ..... ..... - .. _~ .

Papers in this series have ,~sulted from te<;hnica( activities of the
Hydrologic Engineering Genter. Versions of some of these nave been
published in technical journa.ls or in conference proceedings. The
purpose of this series is to make the informalicn available for use in the
Center's training program and tor distribution within the Corps 0'
Engineers.

The findings in thi:; report ~ue not to be construed as an official
D~partment of the Army position unless SO designated by other
authorized documents,

The contents ot this report are not to be used for advertising,
publication. or promotional purposes. Citation ot trade names does not
constitute an official endorsement or approval of the use ot such
commercial products.
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REVIEW OF THE U. B. ARMY CORPS OP EllGINEZRS INVOLVEM.'EN'I'
WITH ~LLOVIAL FAN FLOODING PROBLE~Bl

The Hydrologic Engineering Center2

INTRODUCTION

The U.S. Army Corps of Engineers has shared responsibility for
resolving flood problems in the U~ited States. Alluvial fans are
areas of special interest that present some of the most complex
analytical and manag~rial challenges to engineers and floodplain
managers. Successful analysis and management of alluvial fan
flooding problems are often elusive and quite co~tly. There are
many different analytical approaches used to aSSe~s flood hazards
on alluvial fans. The present consensus among experienced
engineers and geologists, however, is that there is no singh~,

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
availabil ity of field data. Experience and good eng ineering
jUdgement are the most important factors in the successful
s~]ection and application of any technique.

This paper presents a general overview of th'e 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 182~ ~hen

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 hydropo....er,
providing urban and industrial water supply, regUlating development
in navigable watet'"""ays and on floodplains, managing a nation.... ide
rp-creation program and conserving fish and wildlife resources.

June 1988, marked the 52nd anniversary of the Flood Control
Act of 1936 that officially established flood central as a Fede=al

't'resented at the Association of state Floodplain Managers
Conference on "Arid west Issues," 19-21 October, 1988, in Las
Vegas, NV. Authors: Robert C. MacArthur and Douglas L. Hamilton.

IDepartment of the Army, Water Resources Support Center, Corps
of Engineers, The Hydrologic Engineering Center, 609 Second Street,
Davis, CA 95616-~687,
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responsibility. The purpose of flood control is to r~gulate flood
flows and thereby reduce flooding damage. This is accomplishF!d
primarily through structural methods that are planned, designed and
constructed by the Corps in conjunction with state, county and
loca 1 agenc ies. The Corps also addresses the Nation' s flood
pr-oblems by providing (upon request) flood haz3r-d 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 problems, and to avoid 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 is 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 particularl! true when
dealing with complex flooding problems such as ~hos~ often found
on alluvial fans in the arid West.

THE CORPS OF ENGINEERS' ~PPRO~CH TO ~LLUVI~L FAN FLOODING

The degree of flood hazard at different locations on an
alluvial fan is difficult ::'v predict except in a simplified
probabilistic or general way. Behavior of i~dividual flood events
on alluvial fans depends on the history of pas~ events as well as
the geol~qical, topographic and hydrologic characteristics of the
drainage basin and fan area during the present event. ~on-~nifQrm

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 ~ain 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
sa~e channel blockages as previous floods with the same peak flow
characteristics. CUltivation, grading and urbanization activities
often contribute to the eLratic nature of the movement of water
and debris dur ing a flood. These inherent character istics of
all uv ia 1 fans malce quanti tati ve analysis of fan processes extremely
d i ff icu 1t.

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 ~tudy. Those procedures

2
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include methods reported by Tatu~ (1963), Dawdy (1979), Magura and
Wood (1980), Anderson-Nichols and Company, Inc. (1981), FEMA (198J,
1985). Edwards and Thi~lmann (1984), Squires ~nd Young (1984) , DMA
Consulting Engineers (1985), the Hydrologic Engineering Center
(1985), the L.A. County Flood Control District (Kumar and Pederson,
1986). MacArthur and Hamilton (1986), Fr~nch (1987a), Hamilton, et
a1. (1987), MacArthur, et a1. (1987). Los Angeles District Corps
of Engineers (1987a, 1987b) Omaha District Corps of Engineers
(1988), and the Hydrologic Engineering 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 Arizona
Department of Transportation or the Federal Highway Administration
in a few months.

French (1997a) ~rovidp.s a thorough and up-to-date evatuation
of· ·the most commonly used. methods and procedu::-es in his book
e~titled Hydraulic Processes On Alluvial Fans. E~ concludes that
further basic and appl ied research is necessary in order to
incorporate geomorphologic fan processes into present analytical
procedures, Numerical models capable of estimatlng the lecation
and size of cha~nels formed by unsteady, high Froude number flows

At the presf?nt time the corps does not have any specific
Nationwide guidelines or engineering manuals for conducting
alluvial fan analyses. This is because of the simple fact that was
ment ioned previously - there is no method yet ava ilable ...tha~ is
val id fo:- general ized appl ica tions on alluv ial fans., eOnsequently,;
each Corps distrf.ct.dttice"uses-lDe1:1'tOds and procedures they feel.
are the most appropriate. ,for .the s~eci£ic,problems· ... they are'

.addressing, according to the project's purpose and the specific
characteristics ofthe··(~n'a~ea. As ~ore project 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
regula=ly, official engineering procedures manuals will be
developed. However, a fe'ol special projects reports and draft
guidelines for conducting specific ~inds of analyses on alluvial
fans have been recently l.·ompleted. The Los Angeles District
recently prepared two draft documents entitled "Engineering
Standa rds For Flood Protect: on of Single Lot Developments On
Alluvial F~nstl (L.A. COE, 1987a) and "Los Angeles District Method
for Prediction of Debris Yield From Coastal Southern California
Watersheds" (L.A. COE, 1987b). The Omaha Distric~ just completed
a dra ft proj ect report entitled "r-fudflolJ Modell ing, One- and Two­
Dimensional, Davis County, Utah" (omaha COE, 1988a). The
Hydrologic Engineering Center (HEC) has also completed a draf
Specia 1 Proj ects Report entitled "Incorporating The Effects a
Mudflows Into Flood studies On Alluvial Fans," (HEC, 1988). The
Corps will continue to work closely with Federal Emergency
Hanagernent Agency (FEM), the_U.S. Geological Sur.-vey (USGS),
Association of State Floodplain Managers (ASFPM), state and local
agencies and the universities to develop better and more standard
R~ocedures for alluvial fan flooding problems.
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on alluvial fans 3hould also be developed. The Hydrologic
Engineering Center (1985 and 19B7) developed a pair of "first
generation" models for simulating the dynamics of mudflow events
in confining channels and on alluvial fans. These tools show good
promise but need further refinement for general applications. Case
study results from the application of tr.ese methods are presented
later in this paper.

Model verification is an essential, yet often difficult part
of model development. Coordinateo 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-dime~sional mudflov ~odel

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
reg ional methods and envelope curve methods are often inappropriate
for some situations and drainage basins in b.~ arid west. At the
present time, the corps has not developed any new approaches for
synthesizing the hydrology on alluv~al fans because there hasn't
been the project suppnrt to C~ so. However, recent work by the Los
Angeles District Corps, with assistance from HEC (Brunner, 1988),
evaluated the applicability and accuracy of the HEC-l Kinematic
Wave method for estimating "feasibility level" hydrology f~r the
Las Vegas Drainage Basin for Clark County, Nevada (HEe, 1986 and
Brunn'~I", 1988). As further urbanization and development occurs on
allu" ial fans and population centers in and around these kindS of
g-:::::,:'og ical features grow, more need for improved methods ..... ill
develop.

C1\SE STDDIBS

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 stUdies In Coachella Valley, CA.

The City of Rancho Mirage is located in the Coachella Valley,
about'1:0 miles southeast of Palm Springs, California. Figure 1
presents an aerial view of Rancho Mirag~ after the July, 1979
flood. Situated on the ~lluviaL fan of Magnesia spring Creek, the
community of Rancho Mirage is subject to high velocity flood flows
and as~o~;d~ed sediment and debris deposition. Flooding evenls in
1976 and 1979 caused widespread destr~ction 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

4
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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
hydro logy. However, in order to size and design the sediment
retention basin, the L.A. Di~trict engineers worked closely with
geOlogists, soil scientists a~d Coachella Vall~y Water Dist~ict

personnel to evaluate soil erodibil i ty and the basin sediment
production volume for the SPF. Working together, the multi­
disciplinary team modified the Tatum Method (1963) so it could be
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 lO-year TatUll1 burn recurrence cOlldition would
best represent the drainaqe bas~n sediment prOduction
characteristics. Computo::d sediment yield values compared favorab'ly
to observed yield values from a similar debris basin located in
coachella Valley near Rancho Mirage. After verifyinq the sediment
and debris production volume dS accurately as possible with
meas~~ed field data, the sediment basin was sized to capture ~he

SPF sediment load. The spillway and concrete channel sections were
des igned according to standard Corps of Enqineers flood control
structures design procedures found in EM-IllO-2-l60l (USACE, 1970).

Two sinilar projects ~=~C investigated by the L.A. District
in Coachella Valley at the request of the Coachella Valley Water
District. The corn~unities of Palm Desert and La Quinta both had
similar alluvial fan floodinq problems. The Coachella Valley Water
District constructed the Corps-designed flood control project for
the community of Palm Desert. However, following reconnaissance
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.

xudflow Studies On The Alluvial Fans of Davis county, UT.

In the sprinq of 1983, widespread floodinq 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
c0unties were declared national disaster areas. Flash flooding and
mudflows resulted from a rapidly meltinq snow pack that triggered
ovpr 1000 landslides in the steep .canyons above the communities.
Detail~d flood insurance studies had been completed for the
commurrities in Davis c6unty just prior to the events. Traditional
steady state, clear water ~lood insurance study mQthods were used
to delineate. potential flood hazard zones for the communities of
Farmington, CenterJille and Bountiful. However, these studies did
no~ account for mud and debris flows or the ~agnitude of the damage
they cause. As a result, the predicted hazard regions within Davis
Coun:y were considerably smaller than the actual damage areas that
occurred. Therefore, the Corpsl primary objectives for this case
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study ",ere to develop new flood hazard maps for FEMA considering
the potential for the combined effects of mudflows as ",ell 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 198:3.

Many of the mudflows that occurred in the region can be
described with reference to Figure J. A ~udflow is initiat~d by
a landslide occurring in region A. The flow then proceeds down a
steep confining can~on along path A-B. At point a, the apex of
the fan, the channel opens onto an unbounded plain (alluvial fan)
that no lon~er confines the fluid. The m~1flow then spreads out
over the tan-shaped ar~a depicted by region a-C-D. After
determining that there were no methods available for handling these
types of no~-Newtonian flow problems, the Corps, with the hel~ of
the Universi>:y of Utah, developed two first generation mudflo'"
routing models for use in these studies. The one-dimensiona,l
mud flow simulation model (Schamber and MacAr~hur, 19851 is used to
describe the mudflow behavioL between points A and B. Results from
the one-dimensional morlel provide thE: mudflow hydrograph
Characteristics needed at the apex of the fan. The Corps' two­
dimensional mudflow model (MacArthur anct Schamber, 1986 and
MacArthur, et aL, lSS6) uses results from the one-dimensional
model to describe the m.ldflow movement in the region a-c-o. At the
end of a simulated mudflvJ event, the maximum deFth and velocity
at each computational grid {'ciue in the hazard region is determintd
and displayed ~s 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 a~tual aamage area for
the 198:3 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
Da'.! is county, utah (Omaha Dist.rict, Corps of Engineers, 1995b).
Using ~hese methods, flood insurance stUdy mappings for 15
diCferent streams along the Wasat.ch Range were prepared. The new
modeling procedures provide a practical methocl for simUlating
mudflow behavior on alluvial fans that can be used to address some
special kinds or 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 IMRO~TANT ISSOES FOR THE FuTURE

The amount. of scientif ic research necessary to develop a
closed form, approach to a lluv ial fan management is almost 1.n­
timidating. The development of solutions and even the formulation
of the problem statement cannot be conducted without reqarG to a
wide range of issues. While conducting projects dealing ..... ith
alluvial fan flooding, the Corps has identiflE'd six important
iss~es that need to be a part of an effective management apFroach.

B
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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 ~ost ~i~nificant

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 Rodriguez (1983), along with several other significant works
came as a response to these events. Our challenge for the future
on th is issue takes place along two di fferent time scales. Tile
first is to incorporate the knowladge 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 ~he

geological sciences.

Issues of Technical Knowledg~

Issues dealing with technical knowledge focus on the
collection of data, the conceptual and mathematical description of
physical process(;s, and the formulation of structural and non­
structural approaches to flood problems. Unlike humid region
flooding, there are t~o major fields of technical kno~ledge

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
~ocus on developing short-term solutions to allow safe developm~nt.

Geologists tend to look at the classification of long-term
erosion~l 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
orde~ to develop an "integrated approach" to alluvial fan flooding
problems.

Issues of Analytical Ability

Issues dealing ~ith analytical ability are similar to those
of technical knowledge but revolve around the actual solution and
implementation of techniques, guidelines, procedures and
computations. One common test" for the usefulness of a techniqUe
is its reproducibility. It two people perform independent studies

.~~ing ~he same methods they should arrive at generally the same
conclusions. This does not always occur for alluvial fan flooding
studies becaUse m~ny of the methods employed by analysts are based
on-judgement and personal experience. Imposin; humid r~gion pro­
cedures on arid region studies can be as much of a barrier as it
is a guide. There ~ay be site specific factors for each alluvial
fan that cannot be generalized into a standard procedure ~ithout

sacrificing the realism of the solution. As technical knowledge
increases, the level of standardization and repr~ducibility for
alluvial fan flooding procedures may increase. The present lack of

1/
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a generalized approach should not be viewed as a weakness but as
an opportunity to set the direction for future work.

Issues ot Institutional Leadership

Public institutions, such as the Corps of Engineers, have
historically been the leaders in the construction ot flood control
projects and the development of related practical knowledge. There
is currently no organization "clearly recoqnized 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 J to 4 years in providing institutional leadership. The great
needs for fundamental research, continuous technology cranster and
a centralized data base ~ill probably remain unful~illed for some
ti~e until the roles of pUblic agencies and their abili~y to fund
such endeavors change.

Issues ot 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 ~ith 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 ~=ansfer of flatland housing concepts
to steep, high hazard areas. The most common types of developments
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 1.n 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 hav~ become aw~re in the past few years of the increase
in litigation rel.Jting 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-a~ 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.

THE CORPS' FUTURE ACTIVITIES AND INVOLVEMENT

At the present time there are no active research activities
within the Corps for the development ot improved methods for
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ai1alyz ing alluvia 1 fan flooding problems. Each district and
division within the corps is presently using methods and procedures
their planning and engineering offices feel are the ruost
appropr iate for their specific problems. Wherever and whenever
po£sible, the Corps utilizes the most up-to-date nethods available
from other state or federal agencies, or from universities or
priv:.te individuals. Through the proj ect 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 sta ff in the Headquarters
offices in Washington, D.C. Often criticized for taking too long,
this requi red rev ie.... process ensures consistent, accurate and
defensible results from the Corps' planning and design activities.

As more projPcts 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 agenci es to conduct these kinds of f loading
studies regularly, o:ficial engineering procedures manuals may be
developed.

The Corps will continue to work closely with FEMA, th~ USGS
and the Association of FLOOdplain Managers to eventually develo~

and document the best possible procedures for evaluating alluvial
fan flooding problems.
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Selected references on the geomorphology and hydraulics oi stream systems are listed in the

Bibliography at the end of this chapter,

2.1.2 Common channel types. A number of common channe4 types and their characteristic

stabil ify problems are described below and summarized tn Table 2.1.1,

Mountain ton'ent.. These are high-velocity streams on sleep slopes. often exhibiting a

sequence of drops and chutes controlled by'large boulders. deadfalls etc. (Figure 2.' ,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 nows or ~debris torrents· wtlereby under severe

flood conditions the bed becomes fluidiZed and a virtual avalanche of boulders and gravel runs down

the mountainside. In some r~ion5. debris flows are caused by deforestation which Increases flood

runoff and destabilizes streambanks.

Alluvial fan.. Fans generally occur where a stream emerges from a mountaIn valley on to

relatively flat land (Figure 2.'.4). Fans 8re\fS~liif~ charaeterlz9d by coarse

alllNial materials. unstable multiple channe4s subjecr to frequent shifts or ·avulstons·, The main

channel \5 often 'perChed" on the highest ground. t6metlmes the tan' is'lnactive dgposJtionally !~ .

t'-atreem Ia..erodint inrO-.'"d~~~ Fans are usually easHy recognizable on alrphotos and

sometimes on topographic maps. In wooded country they are not always easily recogniZed on the

ground.

Potential stability problems on aJluvtat fans fndude avulsion of the stream 8t a point upstream

of training wori<s or cnanneUz.ation, thereby by-passing the worl<s. and Infilling of the d~gned

conveyance channel by C08l'$8 sediment deposits. Flood control works sh<xid be carried sufficiently

far upstream and conskieratlon shoUd be given to trapp4ng or removal of coarse sediment upstream

of the flood control tone. Location of the "ood control channel requires conskferatlon of local

features and processes.

8~lded rtwn. Braided r+Jers comlst of a networic of Interlacing channels wtth unstable bars

and Islands (F1gure 2.1.5). They generally occur In'the upper lind upper-m6ddle zones of a basin.

8ed materials are usually Ql"lIVels or cobbles. but braided sand rtverw ant found occasionally. Bed­

material transport tends to be high, It least In flood periods. Forftood~purposes the wide

braided "ats are sometimes confined by training worics to a slrge c:t.nnel 01 floodway. Stability

problems Include how to maintain through transport of the bed-msteriel loed. and haN to avoid

serious disturbances of the longitudinal profle. Points that requn consideration are the planned

cross-Metlon. the alignment In ptan. Ind prOYlalon for future shifting and erosk>nal anack,
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6.2.3 Alluvial fans. The general characteristics of alllNiaI fans are described in Section 2.' .2. A

typical development on an alluvial fan In Callfomla Is Illustrated 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 tan is
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In utilizing a multi~hannel stream lex flood control conveyance. It Is usually more economical to

avoid intenerence with the stream Itsetf. Levees set back clear of the active channel shift zone are

preferred. Altemative locations fO( levees in such a 'sltuatlon are Illustrated In Figure 3.2.6 in the

contex1 of a discussion of bank protection in the Snake River.

6.2.2 Multi-channet streams. Some streams consist of two or more sub-channels over substantial

parts 01 their length. Exampjes 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 rivers

(Figure 2.1,5) constitute a Ilmltlng case.

Figure 6.2.4 Suggested relationship between bankfull (chann~-formingl discharge and meander
wavelength for layout of neYr' channel. (After Ackers and Charlton '970).
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generally unve'getated and the principal channel is ·perched" in relation to ground at equal d:s;a:".:~s

from the apel( (Figure 6.2.5). the fan is likely \0 be actively aggrading. On the other hand. if tr,e ':~

generally vegetated and the main channel is somewhat entrenched, 11 may be stable or degradn,~

loerched mom channel

,

SECTION A - A

Figure 6.2.S Perched channel on aggrading alll.JViaf fan.

Developments requiring flood protection on aggrading alllJVial fans should in many cases be

discouraged. It is difficult to keep the main Row in its existing channel without expensive special

measures The channel may plug with the bedload during a flood and the main flow may diven to a

lower route.

One workable although expensive methoo of Rood control is to build a debris basin at the

head or apex of the fan with provision for period c1eanout (Figure 6.2.6). Deprived of bed load. the

channel then tends to entrench and degrade to a flatter slope. To avoid excessive erosion it is

generally necessary to line the flood control channel with concrete or rlprap (Figure 6.2.7) or 10

provide grade control structures. Before committing to 8 debrls basin at the apex, however. it is

advisable to conflrm that the main supply of coarse, sediment Is derived from the upstream channel or

gorge and not from terrace erosion farther downstream, as Is sometimes the case (Figure 62.8).

In some places where development has occurred on closely adjacent allwial 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.
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Figure a.2.a Debris basin and dam at head ot alluvial tan

Figure 6.2.1 Concrete-lined channel on alltNial fan below debriS dam
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Figure 6.2.8 Principal active source of fan bed load may be downstream of apex.

Flt;lure 8.2.0 Cross-slope Interceptor channels collecting flood flows from adlacent all IN lal lans.

6-8



I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I

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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INTROlJU(T10N

As part ~);' [ne :--i~li"n;,d PI,H,L! 1,,<\Ir;:nl:C Progr;ll1\. ;h.:

Fc:uC>(JI Insu/'3/1L'e Adlllil1j,~I[;IJj"Jl (rIA) is r"'I',)nsibl~ I'ur

identil'yillf; nNlt! l':;u.;:HU ;lr<:.I'; alit! l.!~\'..:I()I'Ii'" i1p,ld pbln :11:1<1­

~~el\lent regu::llJoTlS fM Illl: n..:arl\' 2l.l,nOO 111",,1 rr,111C (1)111'

munl(ies in the Unil~t! Sl:.rll:s, M,,~[ Ill' (hc~(' (1.!llllllllllill ....~ C;l11

~\.lV~ their (]cod'pr(J(\" Jr<',I~ ddj",',01,',,! hy ,:'"I"Crdlllll::/ 111C\llH

,-'';l'1g ,uch t"chniqlte~ JS 'lIl;tly~i~ "I' ,I,caln ~;I~.il\g SI;ll:I'.!n !~.

COllh, and qep.backw:Jlcr liY':1':lllliL ':"'11\,(11,'1' i)l,'gLlI11S.

H01Vt~Wr. when the nOOd·prtll1l~ ~"IIlI111II\'\V is sill\;II,~d ('11111..:

Sl; r13CE: ul' Jil alluvial fan, JS a lar;:1: IIIJllll><':! "I'IAHUly plI\wi\f~

S(;lll)Jlvl:sle(/1 comfllllni!ic> ~"<:. i~"J()d h:l/anll(l~lll)riL;lrj'\11be"~

comes ',1 mait'r problc rlI,

Alluvi:ll fans arE (ound Ihrtl1lglhlLll lh~ ::tiJ w~SI,'rl1 Uilir,'u

Sr3te.s. The nalllie. and chL1ra(.1ed~,li.;s 1,1' ;l,','uill=: ,)11 ;lIhl\'iJ:

faIlS are sll,.;/l (ha ( (;0n vcn(i<ll1a I rH~ ril"~ tl"<lJ illstrr:lI1",: ~I (/<1)'

flJL'(,;,edufcs C,1pnOl be enlpll.lyed, lc1":Hil'I:lhk sln::ll\! .:h:lllll~l~

Jre frequently discuntinuous anu ',,(Iell :rl'i>\::H (,I b~ ,Call('rc,l

at iandum acru:>s the [31l'S surfJI'l'. wilh (':1,'11 <:11:.11111\'[ "::lp:rllle

of conveying only 3. fraeti1.1n U(:I :1,'(Id p.::rk dis"kH~e, III r~­

5ponse to (11e special flo(,dillg Pfl1hklll> Ill;,! ,'\i.~1 ,n .1I11lvj;;1

['31'S. ano the COJlcon\Jt~nt ~il~L·,jal tl,\()J pl;li'l l'.I:ll1~~'~III"lIl r(',

gulatioEs necessary [0 reuuce I'UIll"~ tl,lI,d,r,·\;,I~d ,bIl1..l;:C f.:IA

is ~xpt:rimer.ting with a sp.edal 11,,,,,\ IIlSur:Il"',' Z,-'i'" d,'~i!:ll:l.

[H)I\. Tlus spedJI wnr.: is id~f1r;rini b)' lill' "'th'r~ ~F (t'v r

ri~urt,' I, A~ri:1l Vicw of (ne City of PJ1m De5ert, G.!ifN/ll:1..
T~lkcll Shollly Artcr Ihe Flood o( Sep[emb~r 9-10. 1976
,TIOpic'JI St~Hlll k.:lhlecn), Flood "-:lIen of ~vprO:<'l/Tl:ltely

IOO.. y~:lJ' frequency lo,,,ed down D<:"d Indian C""~,,n (in
ll;I~t.:!!T0I1nd). bre"chin~ " l100d control dike n~ the lop of
tlt< ~H" ,'i:tl r:", vn which ,he loWn is built and need :h.rQu~h

Ill,' ,'ollllnun;l)' ~1C1"" NQle Ihe cl~:lJ'ly v;5J'ol~ pJlh (If 111l~

"',Her, Ph"t" ('T~dil: Fred B"un\;u'l ,

I
I

, P.:\PCT No. 790jl of (hl' ,flr-Jer ft:'~"".,(,·.l·lIu(f,':in t)i~\.·us,,;it·H~ ;Ih.: \,~\,-.(t t1'I'.u (}..:Inb-c:t 1. t9S0.
lRi:,p~c[i"'IY, Hydullik ~n~""-'·r. ('."1" ,.,' I;,,~,i""<'r<, !"M,1t 1'.1\'\1;, Di.'i,inn, P,O, l!-l'~ ~S70, I'l\rrbnd. Orc~11n 97~OS lformerly A'Q~\~r>t DtrCC10r

fo' Engin"<:t1n;: $<:rvK'~~. Re,:i.,1t 1\ Offk:, h',\q:11 InS\1t:l\1\',' \,1;\11\1;,<1 raltNI. SOli Fr ..In,';''''·,'. (';,:"r"lnia 9-\10!\: JnG W" Icr R~sourcc< En<dn~r.r, PRC
r<.:U.flS ":~orpor.\t.()n. "I Y ( N~"'r(!t "!~!f! Sift"':' Pfl\"'tll'_ .\T;.'l~n:J ~5(11 (I.
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allu"ial fan) 1U'Id is now being applied by FIA. study contrac­
to~ to identify thos~ portions of ;tTl alluvial fan wrfa,e that
:ne subject to f100ding from a 1()().year f100d event. This
paper will focus 00 the special study procedure tMt FIA has
developed ;lDd is rcquuiflg its flood insurance study contrac­
tOtS to utilize for identifying AF zones.

TROPICAL STORM KATHLEEN SPURS.DEVELOPMENT
OF AN APPROPRIATE srUDY PROCEDURE

11fe need for the development of :111 appl'opriate :ll!uvial
fm h3z:l.rd identilll.:'-atioQ procedure was dr:u;nalically empha­
sized -by the pass:ige of Tropical Storm Kathleen over the. de· .
sect areas of Soltthem California 00 September 9 3.lld 10.
1975. Kath.leeo was the most severe storm to pass O\o'er this
normally very arid region since at least September 1939. Many

locations received as much rainfall on September ro. 1976. as
would normally fall over <Ul entire year. The precipitation
gage at P:llm Springs recorded 2.76 inches of r3.lI1fall for this
date, :l.!ld nearby Indio recorded 2.67 inches. These amounts
compare with. normal annual precipitation totals for the C<Jm·
muoities of 5.33 and 3.00 in..:h~, respectively. These one-{fay
rainfall totals nearly equal thcpublishf:'d NOAA 100-year 6­

hour raiJ'lfall of 2.80 iflches for t.hi.s area. The California De·
p:artrnellt of W:ller Resources estimated th:li perti'ons of the

drain:lge b:lsins located in the high, rugged mountains near
these communities may fiavc received as much ~s 10 or II in­
ches of rainfall ~n' this siJ\~e' day: 'Many newsp;1~r accounts

refcntd to this event.as the "storm of the century" rorthis
regl0n, Jnd no sub'stantlve anaIysis l~ yet been pubiishedth:l!
would' dispute t~ conte~tion.· ..

Fi~ur~ 2. palm DeseJ1, C.:iliforn~ Imme<1iatcly Ailer the
Flood 01' $~plemP,,1 9·] O. J 976 (Tropic:" Stonn Kathleolll).
TIus horne 'V3..' 5~'I'ertly c:l.amaj;:Cd by the r<lpI({ly movrng flood
"':llel v.-hich undermined its fourllJ,nion. rcslJltint in .::l p:uLi.:JJ
e()l!:lp~c ot' the slrt:Clu,e. Qeally Yisible IUl!h IV:llcr marl<~ on

the hont or the home I1ldieales ~ dcpth of now Ocing Ic$S
l.iun J f •• ,. Photo (',E,lit: PRC/T"lUP~ CO<lloral.ioa and
R,iv=rsid.: COU'HY Sheriffs [)cp"'hncnt, C-'llj;ornia.
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To'igwe 3. E"-:lTnple of D:unage uU1ed by Dc:ms Depo:lition
by Flood of September 9-10. 1976 <Tropical Slorm IC.:1thi<:<:n)
in Plllm D4ert. California. nus one-story home is p3I~y
buried by apprQ:<.inut~ty [OUI feel of .::luumufatcd :rilry sand.
~vcl, and Iarg'il boulder!. Photo Credit; PRC(Toups CCrpa,­
arlon and Rl'l'euide County Sheriffs I>eputment. CilifornLa.-·

The pa1t~iD'of flood d3mage'lefl by l<3t,h.leeo \>/as mo're ty­

pical of tTIid.Wcstem tornado' damage; certain localities were

extremely hard hit~ whiIeareas im~dialely adj3cent e'xper-
'ienc~d little or no struct~r3.l'd3.m3ge: As an example;ln ea:st~rn

RiverSide County', the 'City 'ofPalmSpriri&> was essenlidY'un.
i:!:un38ed, while Palm DeSllrt;' located 6nly"'a few miles away,
suffer~d over sU milli8n dollars' worth of property damage.

(Figures 1, 2. and '3 dramaticaily show the impact ot K.!thlcen

on the City of PaJ.m:Desert.) Flood-related damage Included
the near total deslrhction of seven expensive homes. such as
the one shown in' Figure 2 (ooe home was valued at over

$125.000) and le~er damage to s£Yeral hundred others. T.'l.is
less severe dama~ range<! from the dt::position of ~di.1nCn(

3.nC debriS in home:! and swimming lXlols, to the scouring away
of expensive landscaping. TIuoughout Riverside County

210ne, total d:Un3ge from KJthlecn was estimated :It $38,5
million by the Ciliforni:l Department of Water Resources.
Total damages caused by Kathleen in the d.:sen areas of

Southern California are estimated to ha"e ex,,etded ~50 mil·

lion.
The b3Sic cause of this subs/a,ltiaJ flood dam1ge was a

T:UJure on the part of local planning and buUdillg offimls md

developers to recogni.z.c the true degree of flood haz3rd that
txists on alluvial fans. 1n part, the lesponsibility for nOI recog­

nizing this flood h1z.ard belongs to FlA, which, prior to the
~:\pcriellce gaiflcd from ~Ihleen, had f;iilcd to develop.11l en­

gine~ring procedure tlut could reasonably define this type of
nood h:u.3rd. But to a larger de~!ee, the responsibility is due
to the bck of >Ufficient historical pre~dents. Prior to Kath­

ken. the hst damaging flood in Sou them California de~ert

are2S occ.... rred in 1939. whm the :uea f...1d J very J;;w popula­

tion density and a concu rrenl Jow level 0'( economic



I F F"Jf"l F L ,:.. I.:, D ,= ;:.1'.; r F' ,:"L

I Flood H.v..;ud Identifl<::Juon :znrl Flood Phin M:o.nagement DO Alluvial fu"

I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I

development. In Lite absence of any historical record of !load
damage, etls casy to understand how the severity of the al­
luvial fan flooding problem has galle unrecognized for SO long.

CHARACTERl~llCSOF .\ll.UVIAL FAN FLOODING

Flow rarely spreads evenly over the sun-ace of an alluvial
fan or occurs to depths of moce than :I few feet (as Figur~ :2
indicates). Typic:illy flow is concentrated in an identifiable
temporary chaunel, or it is cOnlzned to only portions of th8
fan surface. Such flow p:llhs are prone to lateral migration and
a sudden reiocation to any other portion of the fan during a
I1lnoff event. This errallc, unpredictable behavior subjects al·
most ail portions of tflC fan Lo potential flood hazard. re~d.
less of location. Dlerefore, fl site that is distant from an Iden­
tifiable channel h9.s approximately the s.arncl pot~ntial for
floodinl/; as :1 site at the S<lme elevation neu an idel1tifiable
ch,mJ1el. The ZOne at risk. from lOO-yeaJ flooding is therefore
much larger than any single] OO-year flood plain computed by

conventiorL11 means.
AUuvial f.ms c.ID generally be grouped into two classes

(Bull, 1974): 'rype I fans are t/lOSC wheT~ sediment deposition
takes place ncar the fan apex. and the -lower PQrtions of UIl:
fan are laq;ety undissected. T)I~ 2 fans possess a char3etctiy
tic fmhcad trench which. conveY1 SE:dimcnt-laden Vlatet to the
lower portion of the fM, where it !pre~J(is uut and the sedi·
ment is deposited. Local relief on :l11uviaJ fms u uruilly
sm:ill (on the order of 5 to 10 feet) except 3t fanhead trenches,
which may be locised up to 50 feet or more. Identif14ble
channels may oCQ!r at any locatioo. 00 an :l11uvial hn, but they
:ve usually very small in relation to the magnitude of expected
DODd discharges and are subject to rapid alteration and clunge
in gr.ometry due to the highly erosi"c nature of the materials
of which no alluvial fan is composed.

High velocifies, rapid bank erosion, and sediment depo~ition
are the n1ajor flood-related hazards to which econOmIC de·
velopment on an: alluvial fan is subjected. Conventional struc­
tural flood control may be imposed by construction of up­
canyon d4JTI.S and diversion structures, dunnel deepcoing or
realignment. and bank stabilix.atioo measures (Bishop. 1978).
Where such structural solutions 3re;n place, remaining flood
hazards can umaily be evaluated through the use of established
hydraulic analysis techmquc:s. HoweIJer, development on allu­
viaL fws usualiy takes place gradually, so that costly s1ruct\Jral

solutions to Oooding problems cm seldom be economically
justified. Also, the pervasive poor recognition of alluvial f3n
Dood hat.arGs y,ener~lly means th<l.t structurCll flood control
measures .lIe all too often not considered to be necess.'1ry. I1l
most r.as(~, therefore, t10ud flow, 0<\ fatls are essentially un­
modified and processes such as fanhead trenching, lJraiding of
distributary cha.nnels, and channel abandonlllt-nt take place
unconstrnined by the works of m:m.

'Dle behavior of nood fJov.'S. and the associated flood ha­
zard, is largely :I function of location belo Il,I the apeX of the
fan. The uc:g-&e of flood h:3zard can he considered to be equal
for all points [hat are radially equidistant from the fan apex..
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If adequate structural measures exist, so that latcrai migration

of [he m~ charmel is controlled up to .a certJin design cis.
Charge, then areas on eJch side of the controlled channel ~
be desigp..aled as not-at-risk from disclulrges of that magnitude
DC Jess. In general, however, where signific:mt change in t.he

conveyance characteristics occur (i.e., at break~int5 in local
gl'ldient. or transitions from II meandering to a bn.ided chm.
nen the nature a.nd ~vetity of the Hood hazard changes.

The basic premUie of~ technique that FIA is now experi­
menting with for quantitati'veJy evaluating the degree of flood
hazard on alluvial fans is that when channel gradient ap­
proaches or exceeds 3 certain critical slope. then the critical
state of Dow may be assumed to acaJr~te!y'represent the p0­

tential depth aDd velocity of fiow at that point. Critical slope
is ~i.m!>Iy dermed as the lIope or S tcrm from Manning's Equ.1­
tiOIl;

Q "" A~ R 2f3Slf2
n

where:

Q ;:: dischaIge. d.s.;

A .., channel crou·sectional area, ft2;

R:: hydra.ulic tadM, ft;

S slope, ft/ft; and.

II '" a dunC1l$iooJ~ roughneu coefficient.

CritiCal slope Is thus the slope required to Impm the mUtimum
~ciflc energy to :I constant unit of l10wtng water, Utat will
cause it to flow at critic:tl depth, 1his ~ u.ru.:illy cx?ressed in
tenns of the Froude Number, NF' which for critical depth, is

defIned as being equal to I. While t1opc:.3 in excess of critical
slope would theoretically produce higher velocities and· shal­
lower depths (supcr~ritlca1 flo ....). the combined effects of
minOt v;ui~tion! in chBnnel roughness, geomttry, ~ope, :wd
sedinlCnt $C.Our md deposition will usually cause flow dt:pth to

.)awroacli i>ut not exceed critical ·depth. Ih reality, ~~jPl'r­
critical flow in natur:l.l alluvial channels. i!l a transitory phcou­
menan and 1101 :I representative st~dy·state condition. As

loog as chl1(lQcl gradient eJtcceds criucal stope, the flow VI'ill
not revert to the ~ubcritiC3.l alternate depth. For the majonty
of alluvial fans, critical slope or gre3.ter appears to be the
n;(tural condition across Ute entire surface of the fan.

FLOOD HAZARD DETERMINATION

The rnech.arti~ of the procedure adopted by the FI A for
alluvial fm nood ha=rd identification is b;L.<:ed on unoublished
work. by B. C. ure and G. L. Esyter of the Albuqu~r~uc I)i5­

trict, Corps of Enginee~_ Before the procedure can be elTl­

ployed, howe,'er, it 1$ first neceS3:lry to develop lOO-ycar flood
di$charge values at the apex of the fan. ReceDt e:tptIiencc by

FlA has shown thal hydrologic: analyres in desert and arid re­
gions frequently become very complicated because of the
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F=lgurc 4. Relationship of Critical Depth to Flow Path Width,
W. Compiled From Multiple-HEC-2 Runs by Larc md Eyster
for ~ Channel and Ovcrbank Configuration J.3 Shown Sche­
IIl3tir.-illy Above. Individual curves :ue [or di:'Charge~ of
2.000, 3,000, 5.000. 10.000. and 18,000 cf&. rc,pecoyely,
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separate analyses for each identified reach of the fan surface.
It is roggested that the analysis of each of the reaches that to­
gether comprise the fm surface conform to the a.ppropriate
guidelines listed below for the various types of reaches:
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general lack 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 usually composed of many low out·
liers and only a few meaningful values. _~_all.runoffmodel·
ing and regional regression equations frequently have to be·
developed, although the solutions generated by these means
have many uoceruinties associated with them. Once the mag­
nitude of flood discharge at the top of the [an has b<:en deter.
mined, the alluvial fan {lood h:t=rd ideo tification procedure
can bc applied to determine the depth, ,average velocity, :md

aerial extent of flooding on the fan surface.
Due tQ the variation in flow characteristics on alluvial fans.

separate reaches. where flow charactcristics arc more or less
the S3111E: normally have to be designated. Possible rcach
boundaries are: the fan apex, intersection points with main
valley and C3nyon sides. points of substantial chwge from en­
trenched channel to braided channel, change in overbank en·
croacluT'enlS (structures), or points of substantial change .iB.~""

gfadien t. Each reach will have unique but rda tively constant'"

properties of channel 'ross~ectiona1 area. shape, slope, and
width to which overbank flow can spread.

In many cases. development. on alluvial f:lIJS is very sparse
or confined to a relatively small portion of the fan surface.
:lf1d topography dUt"s not limit the exten t to which flow may
spn:ad, From a pr3ctiC3.1 point of yjew, some limit must be
defined for purposes of anaJy~is. since ovedand flooding can·
nut exttnd infinitely, F\)r a channel of constant cross secticlO,
the critical depth ovcrbmk velot:tty and percent of discharge
conveyed in the overbank area has b¢en compu ted for dif­
ferent o¥erb;mk widths. Computa.tions utilizing the COrps of
Engineers HEC·2 step backwater computer program h.ave been
made for a r.mge of discharges and ch3.nnel configurations and
tabulated by Lare and Eyster. Representative results are pre­
sented as the curves in figures 4 through 7, Th~ 30-foot ch3II­
nd width and 5·foot d<:ptll shown on Figures 4 through 6 re­
present the average channel geometry for m area investigated
by Lare and Eyster in New Mexico. The investigator may in·
terpolate or extend thcse results to meet his specific needs as
required, or compute a new f.:uni1y of curves if the gross con­
veyance characteristics modeled by these curves do not ap~:u
LO fit ;1 particular areJ. under study, The flow regime presented
in Figure 7 is perhaps the most typical situation, wbercin
identiJiable chanIleis are so insignificant that they are not
efftctive in conveying substantial flows. and a true sheetf10w

condHion exists. For Claws well in exccss of channel capacity

at critical depth, the computed depth decreases as flow path
width increases, with the rate of change gradually apprQacrung
lero, The0 n:ticaJly , this rale of \:hange can n<:ver actually
reach zem, because for an inflOitely wide flowpath width. the
corresponding depth of now would become infmitesimally
$mall. In reality, neiuler fully contained l10ws nor infInite·

simally small depth:; occur. Rather, some intcnnediate chunIC­
rcrisn'c depth can be ~neralized at some cross sectional point
wherein J. b~lhJ1cC of forces ~H\d momenLUm C;ln be considered
Co <.';\.151. No :m3Jysis of Clooding on an alluyiai fan can be con·
side'red ro be rc:ili~tic unk~s it is c.omp0s<:d of individual
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u..-;ed if they are available and decmed to still reflect the hy­
drologic regime of the watershed. Otherwise standard hy.
draulic procedures utilizing variable flow computations in
valleys and re:;ervoir routing rn.ay be used.

2. Areas 011 an alluvial fan protected by Hnlcturol 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 C3pacity for passing
100-year flows in a region of heavy sediment transport and

dcposition must be assessed.

3. Ma;on-,y of areas where natural fan processes such as
trenching, lizuroJ migration. of channels. arui sediment deposi­
tion. are [roe (0 lake place - Most analyses will probably f:ill
into this category. Two general subcategories can ~ defmed:
the llntrcQched fan and the fan whieh is entrenched at the up­
per end.

a. Un~Qched Fans. The lack of entreochmcnt ohen oc­
curs on fans with relatively small upstream canyons wherc,
immediately upon leaving the canyon mouth:, flow spreads
out. Critical depth analysis alone is employed in these cases
and is represented in Figure 7. I.t:.Jbe range of discharges pre­
sented on this figure is not appropriate for a particular area
under study l the investigator can easily compute one that
meets his specific requirements by using any hydraulic com­
ptlter modeL After the \ oo.year discharge has been com·
puted, it can be applied to F1gure 7 and a rE:sultant depth may
be eSbblished at the point on the curve to which the ratio
6d/b,W. where 6d is the differE:nce in depth of now 3l1d 6W is
the difference in width of the flowpath, becomes sufficiently

small. Based upon field ex~en~~a.cceued from ?!.?serl.il4lilflS
of historical- flood"iVeiitsCon - auu~jal' fans:-;;n -:N~ri~:'';'afue

for the ratio of 6d/li.w has been es!.:lbJi..'ihed as 0.005 feet per
toot. TIlls value should be used for all cases unless a different
ratio appears to be 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
or [00 feet results in a change mdepth of flow of O.S feet.
Additional increases in Wresult in a mpid ci£crease in d. Since
the A.F Zon~s are rounded to the neueSl onC foot depth in­
crement for nood insurance study purposes, this characteristic
depth and associated velocity are applied to the locus of points
equidistant from the ape~ of the fan, regardless of location l)n
the fan relative to an apparent 1101',' path. Or! larger alluvial
fans in this category. minor drainage pattems ofteo develop in
response to runoff generated on the fan surface itself. How­

ever. it cannot be ex cted that flows ~ri!ratir)§ uRiau,si
will follow SU' cOU[3(:S to the exclusion ~lesser-develoPCd. ecralr _~

[low paths.

b. Entrenched Fans. This second category should be ap­
plied to those cases where an unbroken flow path exists which

conveys llp~yon now down-f3Il to a point where sediment
deposition talcts place. Such entrenched channels may bc
straight or meandering single channels. or d network of intcr·
woven channels_ In either case, an average channel cross sec­
tion is dE:termined for each reach from either field inspection.
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Figure 6. Rel.ariop~hjp BelWtttl Percent \)f Flow in ()verboutJc
t<l F10w Path Widtb. W, for a Channel ..nd Overb=k AIe.ti
With J Configuratioo J.S Shown Scbcmatically Above. <Ai­
~ data compiled from muttiple HEC-2 rum by Lue and
Eyrter. lml.ividuaJ Cll~S :lIe for discharges of 2.000, 3.000.
5,000. 10,000, and J 8,000 cfs. re~cctively.

Figure 7 Rd.. tionshipof CriricaJ Dt:>lth 10 Flow Path Width.
W, for Overland Flow Col1ditlol1~ (no charI/lei). Original d:ll.3
compiled from multiple HEC-2 furL' by L:uc md £YHcr. In·
diViduul curves are for dischlUg.C-S of 1.000. 4.000. J l.000.
;;.od 18.000 cr•. respectively.

j. Areas within (he canyon, or tneas on (he fan surface
where a deeply entrenched channel eXists - Such areas should
be approached with established techniques of hydraulic com·
putations. bearing in mind that super-critical now canllOt be

sustained in natural channels. in cases where structural flood
control measures are in place, design computations may bc
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CONCLUSION

.5tructures with the first finished floor at essentially the ~round

level (slab-on-grade) is not appropriate. Also. the raising of a

structure to 3Dove the calculated 100·year flood e!evatlon

using fill material is not appropriate due to the cxtremely higll
erosion potential that exists from fairly sh.aJ.1ow w;ller flowing
at high velocity. Finally, the application of structural flood

con lrol on alluvial fans through t he development of dikes or
levees is not generally appropri3 te_ Typically. what happens is
that in an effort to safeguard a pJrliculJr structure or develop­
meat. a builder will construct a diversiOIl structure which has
the effect of deflecting and concentrating t1o~ into the imme·
diate adjacent area. The effect of implementing uninlegralt'd

struclural controls in these areas then is to provide- lowliz.cd
protectJon at the expense of greatly inl.'Teasing flood risks [I)

adjacent unprotected areas.
At present, FIA has over 4() communities under study for

flood insurance purposes in the southwest where the JlluviaJ

fan study procedure described in this paper is being applied.

Flood plam maIlag~nlent regulations for areas now ~ing. iden·

tified utiliZing the alluvial faIl study procedure are still bein~

dcveloped by flA. While rhe specific focus of rhese r<gub·
tions is not known at the present time. it m~y be reasonably
assumed that they will include recognition that :;ome portions

of an alluvial fan are simply too hazardous to allow any struc·

tural development. These areas may include the entire Upp~f

pOrtions of fans where flood tlows arc still concentrated by the

orifi<:e of the canyon mouth. Farther down the surface of the
fJI), where flows have had an opportunity to spre:td out alld

dissipate $ornt of their damage-ousmg energy, flood plain
management regulations may include the elevation of all new

construclion on some furm of bridge system (i.e .. piers. pues.
or 1Olumns) that would allow for the fr~ pa5S;lge of :load

waters underneath th~ structure. Only on the lowest portions
ofa fan can engineered ftll safety be used for raising structures.
Other regulations may address the requirement that all arteml

strect~ be depressed below surrounding ground elevation su

[hat during flood periods. the streets them:;elvcs would prOvide

the principal conveyance for flood flow thereby reducing the
risk of flood dalllagc'Ul the Jdjacent areJS.

Reduction of future flood-re lated d4mage throug!l a pru­

gram of nood haz3Id identification and flood plain manage·

. rnent regulation is the llJtimale goal, of the National Flood [n·

S\lrance Program. The alluvial fan tlood hJZ.ard identification

procedure presentcd in this paper reprcsents the first 2ttempt

to apply the goals or this program to arcas where in the past.

the degree of flood haz:nd has gone unrecogni7.ed. III com­
parison to other flood hazard idt'ntificatlon techniques cur·
rently herng applied to more conventional f100d problems. (his

techniqu.: IS fairly crude. Undeniably. the procedure pre:senteJ

in this pJ!'lCr will be stlpers~ded by subsequent impr()vemcn(~

and modifications. If this paper has suc..:eedctl il12lJmulalin~

the creative efforts of "ther wat~r resources profession:!l$.
thell it has accomptished its inlended purpose. .'
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fLOOD PLAIN Mfl.,NAGEMENT ON ALLUVIAL FAJ"'S

Figure 8. t X3111plc of Applit;;arion of Alluvi;li F:ln FlI)od
HJ'Prd ,\n:uysis Procedure to " Ponion of.111 AUuvial

f'"n Ne"r Ap3che Junction, Ariton;'!.

J:llgc-scalt: lopog.rapb.ic mapping. or, acwal ~~Id survey. for
the discharge of interest, a cUr.'e ot d vs_ W IS developed. Po·

tential tluod depth may b~ de termined using the 0.005 feet

per foot criterion. unless Ihis r:ltio seems inappropriate. Thc
re:Sultanl depth is applied across the entire L1.o under the as·
sumptio!l that the main channel may shift 3t the fan ape;'l dur­
ing a (klod, forming a new channel els!"wh~re on the surface of

the faIl. Wherever flow characteristics Ch:lll~e suff3ciently. as
discusse.d above, a diffe ren t reach is established and analyzed
scparalely. Using this technique. a typical flood plain delinea­
tion on a sparsely developed faIl may take the for.m shown in
Fis::ure 8. In a given 7.11nC bounded by reach limits, the poten­

ti:!1 for tlood da.rnagc may be defined by the velocities and
depths of f10w cUl\lputed hy the method outlined above.

CO(lve.ntional nl)od pl:lin management techniques such J,S

the reg.ulatory (1()ouway ctlntept wherem 3 portiorl of a stre31ll

ch;lllnei i~ rc~r.lt'I'<:d for the conveyance llJ'the lOO-year !lood

event with:! sun:harg,.: of one iO~H. ar~ nnt appropriate on aJ1u­

vi31 fans. Ohvioll:;ly. a~ recent t100tl damage t'·xpcnenct;; ill

communities such as Palm ~sert has shown. conStlUctlOn uf
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APPENDIX E.--FEMA flood map for fans 5 and 6
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MARICOPA COUNTY,
ARIZONA
AND INCORPORATED AREAS

AVONDAlE. CITY o~ •••••.••.••• D4OOJ8
BUCKeYE. TOWN O~ •••.••••.•.• D4OOJ~

CARE"REE 10WN Of ••••..•.••. 0-<0125
CAVE CREEK. TOWN Of'•••••••••• 0-<0\2~

C~ANDLER. CITY OF •••••••.•••• 0400<0
EL MIRAGE. iOWN Of •••.••••••. 0400<1
GILA BEND. rOWN Of •••••..••.• 04OO4J
GIL~ERT TOWN OF •••••••••••• 0400<.
GLENDALE. CITY Of •••••••••••• (:~s

GOOOYEAR TOWN Of •••••••••• 04D045
GUAD"LUPE TOWN Of •••••••••• 040111
L1TCMf'ELD PARK. CITY Of ••..•••• 040128
MARICOP.. COUNTY

UNINCORPORATEO ARE..S ••••.•• ().lOOJ7

....ESA-CiTY Of ••••••••••••••• 040048
P..RAOISE VALLEY. TOWN OF •••••• ~,
PE ORIA. CITY Of . _ • • • • • • • . • • • • 0400S0
PHOENIX. CITY Of • _ •.••••••••• 040051
OUEEN CREE K. TOWN Of ••••••••• 0401 J2
sconSOALE. CITY Of •••••••••• 04!>O11
SURPRISE. TOWN Of •••.••.•••• 04~J

rEMPE. CITY Of •••••.•••••••• C><~

TOLLESON. CI;'( Of •.•••••••••• 04~S

WlCKENBuRG TOWN Of •••.••••• CWOO56
YOUNGSiOWN TOWN Of ••.••••• D40057

COMMUNITY

NUMBER

COMMUNITY

NAME
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Federal Emergency Management Agency
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NOTICE TO
FLOOD INSURANCE STUDY USERS

Communities partl~lpa~ing in the National Flood Insurance Program have
established repo9itories of flood haz;ard 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
Study.I

I
I
,I
I
I
I
I
I
I
I

publi~ation incorporates reVlSlons to the original
These revisions are presented in Section 10.0

Flood Insurance
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Table 3. Summary of Dlscharges (Cont'd)

Drainage Area Peak Discharges (ef B)
Flooding. Source lind Location (Square Miles) 10-Year 50-Year 100-Year SOO-Year

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

Basin 18
At Apex 1. 79 234 1,787 3,661 15,663

Basin 2A
At Apex 0.80 169 1,063 2,036 7,572

Basin 28
At Apex 7. 8 7 1,243 5,782 9,949 29,836

Basin 3
At Apex 0.46 86 482 887 3,021

.to-

.J:-
Basin 4A

At Apex 0.63 222 848 1.360 3,544

Basin 4B
At Apex 0.78 153 706 1,210 I 3,620

I
Basin 4C

At Apex 1. 78 452 2,108 3,629 10,918
,

Basin 4D .'
At Apex 9.70 901 4,062 6,912 20,276

Basin 5
At Apex 3.09 1 358 1.659 2,849 8,535

lIncludes portion of Basin 4D from which runoff can be diverted into Basin 5
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Table 3. Summary of Discharges (eont'd)

Drainage Area Peak. Discharges (cf s)
Flooding Source anu Location (Square Miles) lO-Year 50-Year lOO-Year 500-Year

Ba S1 n 6A
At Apex 3.32 322 1,831 3,382 11 ,709

Basin 611
At Apex 0.43 100 358 562 1,400

llasin 6e
At Apex 1.49 182 854 1,475 4,451

1
I

,.
.'
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10.3 Third Revision

This study wa·s 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 th,: sources of flOOding f~r the stud~.area. 1?e . hydrologic
analys19 revealed that those s~x areas col'ital'ned 13- dlst~nct ap-exe's'
(concentration points). The streams that d~~in the basins
associated with each of those apexes are identified on the Flood
Insurance Rate Map. Each stream is labeled with a 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
major drainage basin is shown on another panel.

The flood-frequency curves in this reV1910n "ere taken to be log­
normal. The means and standard deviations of the curves were
computed fr'om the 2- and lOO-year discharge values determined at
each apex using the U.S. Army Corps of Engineers HEC-l 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 .. ithin a ..ell-defined net..ork of
channel reaches until they are approximately 0.5 to 1.0 mile
dO\JTlslope of Scottsdale Road. There are three points in that
net..ork ..here one reach splits into two. The flood-frequency
curves at the three outlets of the net..ork ..ere 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 belo.. each split was taken to
be uniform. Floods from each basin "ere treated as independent.
At each outlet, the resulting flo .. 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 flood hazards associated with runoff from
the ..atersheds 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 is usually conveyed dO\JTlslope as shallow
overland sheet flow that eventually flo ..s into and dO\JTl [he many
channels on the alluvial fan s.ur.£ace. The flood hazards associated
with that kind of runoff are usually considered minimal (because of
the relatively small drainage area contributing to anyone
channel). However, care should be taken that those local
cirainage..ays be preserved. If shallow flows, which under natural
conditions are distributed over a very large area, are someho..
concentrated in a fe.. 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 ~ere delineated uS1ng
topographic maps, aerial photographs, and soil survey maps
(References 66 and 79 through 88). The do\oltlslope limits of the
SFHAs were determined using the FEMA methodology for analyzing
areas subject to alluvial fan flooding. That limit denotes the
boundary, do~slope of which the probability of a given point being
inundated by more than 0.5 foot of flood~ater is less than 0.01 in
any given year. That probability will_~ exceeded within wel)­
defined Io'ashes belolo' the limits sho~ on tlie Floo-d Insurance Rate
Map. Bec.ause the flood hazards Io'ithin a welt-defined ~ash are
self-evident and because of map scale restrictions, the SFHAs
Io'ithin those individual ~ashes are not delineated on the Flood
Insurance Rate Kap. Obviously, sound floodplain management
requires that those Io'ashea remain unobstruc.ted.

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 1n the event of a
flood.
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APPENDIX F.--Letter to FeD from John Matticks ofFEMA
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Dear Chairperson Bruner:

Federal Emergency Management Agency
Washington, D.C. 20472

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 a·nd Cave Creek, and north of the Central Arizona Project
Canal. In a letter dated February 26, 1992, Maricopa County appealed our
det~rmination in that area. That appeal was resolved in our letter dated
January 4, 1993, to Chairperson Bayless.

-FLOOD CONTROL DISTRICT j
RECEIVED I

APR 16 1993 ~

CH EtiG !P&PM
OEP I I !KYDf.G
AD~\~~~ I IU,'lGT
RN.A)·;~E 1FilE
C;:,O I
F.~lG:l i

REMAHKS

APR 12 1993

CERTIFIED MAIL
RETURN RECEIPT REQUESTED

The Honorable Jim Bruner
Chairperson, Maricopa County

Board of Supervisors
Office of the Board of Supervisors
County Administration Building
301 West Jefferson
Phoenix, Arizona 85003
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In the appeal resolution letter we noted that we would delay p:t'ocessing 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.

I
I
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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 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

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 is
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 SFRAs 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 (SFRAs) 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 1n 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 SFRA
limit and outside of the existing washes, the probability of flooding is less
than 0.01 in any given year. In other words, the downslope SFRA boundaries
demarcate a change in flood frequency, not ·flood hazards.

Please note that the fact that a wash exists does not imply that it 1S
"stab1e. 1I

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 leas t once in 100
years, on the long-term average. We refer to those areas as SFRAs. We are
not charged with determining the geologic description of a landform, and we
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do not make such determinations.
nature of the flooding within the
the associated hazards in terms
velocity of flood waters.

We do, however, make determinations of the
SFHAs and, to the extent possible, quantify
of elevation or depth and, in some cases,

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

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 determinat ion 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.

I
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•

Which areas are subject to flooding at least once 1n 100 years, on
the long-term average -- the SFHAs

The areas within those SFHAs where the average of the lOa-year
depths and the lOa-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 alluvial fan flooding

I
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The se"cond determination was accomplished using 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 laO-year flood (which is probabilistic under any
circumstances) under those conditions.

The methodology was first documented 1n a paper by Mr. David R. Dawdy
published in 1979 in the American Society of Civil Engineers' Journal of the
Hydraulics Division. In that paper, Mr. Dawdy demons trated the method of
applying the definition of lOO-year flood under simple boundary conditions -­
such as a flood is just as likely to follow a new path as an existing
channel. Under those simple condi tions, 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
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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 f100dpaths predictable; is the area susceptible to
erosion; what is the potential for relatively large amounts of localized
deposition?

I
I

We define alluvial fan flooding as:

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

or
1.S

of
and
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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_~~ed the maps from the report entitled Geology and 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 photogr~phs and
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~ftecreases, 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 is cleared.
Other evidence of alluvial fan flooding (on a much smaller scale than
something approaching a lOO-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 al1uvial,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
piedmont. We are pleased that the AGS agrees.
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(2) The AGS noted that, obviously, the issue loS what exa .eLy
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 SPRAs. 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 l.n channel patterns
that might have occurred during the past 10,000 years constitute
alluvial-fan flooding?"

In areas such as the SFRAs 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 min·or. Nevertheless, -those
are the frequencie's 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.

(3) 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:

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

(ii) 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 Bome 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 Yc and Y
records the cumulative a-rea occupied by channels in the past
10,000 years. .

I
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(i) Because
in the
appeal.

of map scale limitations, all of the active channels
area are not shown on the map submitted with the

I
I

(iv) Local topography
channels may form.

is modest, but it influences where new
Evidently this modest amount of relief has
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been enough to preclude development of channels during the
past 10,000 years.

(v) Even if the questionable assumptions that are used in FEMA IS

reanalysis of our map data are accepted, it 1S still clear
that broad areas that have not been subject to significant
flooding in the past 10,000 years are included in the tllOO­
year" floodplain.

Please note that the assumptions made in our resolution were that
the information submitted was accurate. We understand that that
accuracy is limited by map scale. However, recognizing that limit,
we believe that our analysis of the geomorphic information
described in the appeal resolution letter is 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 addi tion, 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 l-e-tter 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.
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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,

L. Matticks
A . stant Administrator
Office of Risk Assessment
Federal Insurance Administration

Mr. William Erickson
City of Scottsdale
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APPENDIX G.--Original report by David Dawdy entitled Flood-frequency
estimates on alluvial fans
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The Nalionnl Flood Insurllnce Acl of 19611 WIlS ellacled lO providc previously
UflllVllillible flood protection to properly owners ill nocd-prone arca~. III gencnll.
Ihe Federal Insurance Adminislralion (FtA) has choscn the J()()..yr £1ood (thai
/lood which has a 0.0 I probabilit y of occuring in any year) as lhe regula lory
/lood for the determinalion o[ /lood huzards and [or selling in~urallce rales.

The JOO-yr nood IlDd its resulling deplh have weB-defined J1\cllnill&S in lhe
riverine environment. They are based on /lood frequency analysis for the
delermination o[ discharge and lhe assumplions o[ a rigid boundary channel
and of steady now to determine /lood depth. However. in thC'. case of nooding
on an aUuvial [an, tbe IOO-yr /loorJing event and ils depth are more difficult
10 define. Still, FIA must determine'lhe nood deplh which has II 0.01 probabilily
of occurrence al any point on an aUuvial [an in order 10 sel rilles for /load

insurance.
a.ne o[ lhe major problems in the delermination o[ shallow /looding probabiJllies

on IIl1uviai fans is thot the probabilily with which a /lood occurs 01 lhe apex
of a fan does not alonc determi.ne Ihe probabilily of /looding or o[ rcsulling
/lood depth 0.1 any point on the fan below lhe apex. As an alluviol flln widens.
the probability of /looding of a given magnilUde al a given poinl should,' in
general, decrease.. A method is presenled ill Ihi~ pllper 10 asseSs lhnl chllnge
i.n probability. and to develop a slralegy for computing such a problibililY at

any point on an alluvinl fon.
Alluvilli fans are found Ihroughoul Ihe weslern Unilcd Sillies. The nnlure

lind charllcterlslics ofOooding on I1Buvilll fllns lire ~uc:h lhlll c()llvcnliullJd riverine
/load insurance slully procedures cannot be employell. Flows rarely spread
evenly over lhe surface of an' alluvial fan.' Typically, /low i~ concenlrillell in
an .,ide.n\Jfi~ble lemporllry. channel,. or. il is confined 1.0 only ponions of the .
r!l~.surfllt;e! Such /low palhs are prone 10 JUleral migralion and 10 sudden rdociliion
to any' 'olher 'portion of lhe fan' during a single runoff :even!. This erralic,

NOle.-OiscuHioo open unlil April I, 1980. To eXlend Ihe closing dale. one moolh.
a wrillen request musl be filed with Ihe Edilur of Technical '·ublicalions. ASCE. This
paper is parI of Ihe coPyrillhletl Journal of lhe Hytlraulics Division, Proceedings of lhe
Amerielln Sociely of Civil Engineers. Vol. lOS, No. BYll. November, 1979. Manuscript
WI! submiUed for review for possible publication 00 April 10, 1979.

I Sr. Hytlro., Dames &: Moore, Washinlliun. D.C.
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Icnglll scale describing maximum rise for plume;
leoglh scale describing transition from momentum

nuellce;
tengll l scale describing mallimum rise for jel;
source momentum nux;
local kinematic mOOlenlUm nux per unit length; .,::
source volumc /lux; ;"."
local volume nux per unit length; .t/~·
Richardson nurnber defUlcd by locnl /luxes;'

average jet dilution S. = q/Q; ..:.~.(
venical jel velocity; A'
local Chl1rUCleristic vertical velocity,: function of z only;
source venical velocity; <./
transverse coordinate perpendicular to jet luis;
100lXimul\l height of rise; ..~,p. .
vertical coordinate paraUe!:lo jet axis;
entrainment coefficient; .:'
plume entrainment coeflicient;
jet entrainmenl coefficient;
local buoyall.cy. nux;
suatificatiOQ,parameler (;: (-g/Po)(dp./dz);
factor relaiing dirrerence in widlhs of velocity and densily profiles;

ambient density;
jel source density; and
ambient density at level of source.
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A"ROACH TA~[~

Alluvial fans are the re,sult of a dynamic geomorphologic process. Mud nows
deposit large amounts of ungraded material 'al the apex. of lhe fan. Smaller
nood evenls may rework: those-materials, but the major portion of Ilus sediment
load I1lso is deposited upon the surface of the fan. Only lhe larger Oood event!!
will carry major amounls of sediment 10 the toe of lhe fan. The result of
lhis process is the typ~cal fan shape wilh a relat~vely', \jn.ifpnn".slope fr:0O? ..ap~x,
to 10e::;The·channels:formed·upon·the surface of the fan by"maJor.nood.eventS'.- ..•..•., _0'_'''' .. 'I'

. are modified and often filled by Ihe more numerous smaller sediment depo!!iling
nood' events. Therefore, when a major event occurs, it does not necessarily
follow the palh of a previous event. Rather, its position on Ihe surface of

the fan lends to be random.
GeomorphQ}~Bi~..r.~as~ning can be used 10 arrive 11\ some hyd.raulic properties"

of alluvial '·fan"nooding. One cannol assume that the probability of a nood
of a given magnitude occuring at any point on the fan is the sllme as the
probllbililY of n I100d of lilat magnilUde ul Ihe IIpex. As on alluvial fan widens,
the probllbiliLy of nooding of a given magnitude al a point should, in general,
decrease. Flood nows on aUuvial flUls tend to form their own channel!! during
the nocxi event. In addilion. they lend to form that channel so as to now
at crilical deplh and critical velocity, which is the most efficient movement
of Wilier aod sedimenl down thc fan. Field .ex.perience;has;~shown·'thlli~thc·'/low.
,~i~en~ ~~.hll.llflel by ban~,~r()~.i.on,to meet those co·u'diti~!1~:;(A:';~~4~::;i~·\b.~,~sr:eases.
the depth of' now decreases:'·!t· has!.been;cesHma.ted;:'.Ras.~d,::'on~~Geld::evidence,.
'that lhe :chB.~cl's\abili2es'a pproximatcly at thaI point· where dD I d W -;;,.~:: ,005;
'or where a decrease in depth creates a two' hundrcd:fold' i~~r~~se U;' ~idth"

. .. , (I)

Miuwaat Semi-arid Theoro lical Dowdy
(2) (3) (4) (5)

0.10 0.2 0.09 0.2
0.40 OJ 0.36 0.4
0.50 0.5 0.55 0.4

- --... -@la-..,....-I..
HY 11 FLOOD FREQUENCY ESTIMATES ~ IW9

(lloyd Lare, U.S.·Army Crops of Engineers, I'ersonlll Communicutioll, 1971l).
Under Ihose c6r\dilions. the chaunel formed by n nood flow all an ulluvial'
fnn should sta bili1.e at a width of •

VelocilY m

Deplhf
Widlh b

D[VElOrM£~T Of MCTlWD

Irwe lei y = log Q, lhen Ref. 5 treals y ns Peorson Ill;

u'
fey) = ~ (y - m)'-I exp l-u(y - /II)] (3)

0<',)., >0111)'" /c.f /};,(?501V..!J[: /do<'~'7TC

Variabla
(l)

Field Doto

VALUES OF EXPONENTS OF HYDRAULIC GEOMETRY

and a depth of

D = .07 QO.. . ,...... ,....... (2)

~Jl which IV C:;lhe width of lhe channel ill feel; D ';" die deplh 'of Ihe channel,
UI feet and Q "" Ihe nood /low, in cubic feel per second, forming the channel.

Leopolu anu Maduock (J) describe and evnluale from field uala the hydrn\Jlic
geometry of river chllnnels by a set of relations as follows: V a Q'n: D (.
Qf; aud ~y QQ', in which V := Ihe mean velocity; D = mean depth; W '"
surface Width; Q ~ mean discharge; and m. f, anu b = conslanl coefficients.
Dued on the field dalll, lhey developed vulues for 01. f. and b. LUler. Leopohl

TADLE 1.-Comparl.on 01 Hydraullo Oeonulry Expon.nll !IOln FI.ltI 6.1. lor Mid,
w.. larn Un!ced SI.... (3) .nd lor Ephemerel.SlrulTu In Seml·.rltl Unll.d Sial ..
(4). Irom Tlleorello.1 Davelopmenl (2l. end Irom Till. Paper

,
and Lilngbein (2) deVeloped theoretical values. Those values in addition 10 vllilles
~~.sulling from lhis study are !!hown in Table I.

. ~,A.~rseI5' of.. eXP9.neol!! are ba!!ed on Ihe assumplion lhol Ihe chllnnels ar~
f~rme.d by lile now'. The first lhree selS are based on changes in a dowoslrelUI1
direction, but they should be comparable 10 values for alluvial fan channels
because similar processes ore lit work. and lhe channels on alluvial fans dcvelo

h
., p

muc more rapidly In response to now conditions Ihan for the riverine case
A mnjor difference is lhal Ihe theoretical values of Leopold and Langbein assulll~
Manning's equation I1ppJie:" the field data of Leopold and Ivloddock: include
m~ny saud·bed streaI?S thnl more neurly approxinlale a Che1.Y law (I). and
Ilus sCudy IIssumes cnlical deplh. Therefore. one should expecl velocil·· 10 be
le!!s for Ihe lheoretical, inlennedinle for lhe field Cllse, and grentest for Jcrilicnl
~epth, App~ren'ly Ihe mnjor.c!~anneladjusl.J!I'cnl lo'ac~omodale grealer velocity
IS a narrowUlg to decrease nren. c·

I
\

!

--- -~~
NOVEM,ER 11179 H'i'-'ll

unpredictuble behuvior subjects lIlI porlions of Ihe fan to potenlial /lood ha:c.ard.
regnrdless of locution. Therefore, a sile distnnt from nn identifioble chonnel
hos lIpproximolely lhe slime potenlial for nooding ns n site at the snme clevntion

near lUI idenlifiable nowpnlh.
The local relief across alluviol fnns i!! usunlly small (on the orJer of 5 fl

10 10 fl) except at fnnhead trenches, which may be incised up lo 50 fl or
more. Idenliliable channels muy occur at any locnlion on an alluvinl fon. but
tlley are Ilsul111y very smnll in relution to the magnitude of expected nood
discharges und lire subject to rapid alteration' and changes in ,geometry' due
to the highly erodible nature of lhe mnterials thaI mah up an alluvial fan.
The bchavior ofnood nows, lind lhe associaled nood huard, is largely a function
of location below lhe apcx of Ihe fan. The degree of nood hazllrd is approximately
equal for all points lhat are radially equidislant from the fan apex. A basic
premise for a lechnique lhnt is 10 be used for quanlitatively tvalulliing lhe
degree of /lood huzllrd on nn uHuvial fnn is lhal when chnnnel grlldient opproaches
or exceeds critical slope, then critical now will OCCIlr. The channels thot nrc
formed on llle face of the alluvial fan are shaped by the now H!!elf:' Any !cmpornry,.
stille of supercriticnl now will erode lhe' channel bnnks so a!! to' achieve' 11

wider. shallower /low at critical depth: In reality, supercritical now in natural
alluvial channels is a Iransitory phenomenon, and not a representative stelldy-slate
condition. For the majority of alluvial fans, critical slope will be the nalum]

condllion.

._,/-
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. . (II)

. , .. (12)

....... (10)

. , .•. , .. (16)

. . . . . . . . . . . . . . . . (I J)

~
" 9.5 ~- QO,~ [-(Y-1)IJ

Pc(Q)p .. (Q)dQ=-- -r-ex.p --i--- ,
CI We !1 (J' V ~~ 20'

9.5 CP{l~ log Q)
W"'-------

, 0.01

Thus for a given deplh .or Oow, D, lhe dischorge, Q, Clin be computed from

The lrausfonned distributioo, developed from equation 6. is similar to Eq.
'] and is

which leads to a constant similar 10 equation 6, of

C;: ex.p (0.92 j + 0.420' J) .

The mean changes 10

j + 0.92 u J = i ...

I [_(y_ji)lJ
fey) = -r:= ex.p J' ••• ,
,qV2~ 2u

• The variance Slays constant. The 0.01 evenl for n given ocplh. D. or Jlooojng

is Ihen computed as '

9.5 C ~--- I(z) dz = 0.01 , , .. (14)
lYe 10' a

Inlegral

f" l(z)dz=p(n::!ogQ) -' , , ' , (15)
J10.0

can be computed from lhe lables in Ref. 5 for lhe meau, slnnollrd deviation,
and skew of Ihe lransrormed distribulion developed in lhe foregoing. Thus,
the width of contour across Ihe Can al which a Oow, Q, wiU be Ihe 0.01 evenl
is';

(9b)

••.•.•. , .... (9a)...............

S1 =~ (variance increa.sed lO positive sk.ew, decreased Cor negative)
I 1a

2
G -= -- is unchanged

, '" In

( ...~.• (Q) dQ '" (- ([p<(Qr~.. (Q)) -t-{l1-Pe~Q)lp .. (Q)l) dQ • .... (6)

Ja JQ •

in wruch the lerm in the lirsl sel or brackets is the probnbilil.y thlll Oood :-:ill
inundate a pllrticular .po!nl on a contour; and the second term tS the probability

lhal it will nO!.
The proposed method ror the three parameter log Pellrson 111 leads to a

solution as foHows:

5 C

~
- dz

)

" 9 5 9. • • - I I ( )} (7)
log -'- QD~ P (y) dy = W a (z - m) exp -0 z - m ~

a We e 10,0

in which a =; (l - 0.92 (0.92 =; 0.4 log 10); and

C:= (: ) • exp (0.92 m) ...•.. , " .• (8)

Thus the integra! on lhe ris!lt·hand side is a pseudo-distribulionlhat has parameters

a, 'A, nod m, which yields '

~ NII!IBER"':' .. ' -' "~r'11 ~ -FL~'Q~~ES~' ~ ~--~' -

;/with the relotions: llIelln of logor~thms = nr +I~/o. "" y; vOrlafnce .of logarithms \ i = nr + ~(mean increased) ~
/ =; 'A/a} = S;: and s\c.ew oflogantbms = 2/'" = G

T
• There ore. a ........••..••.•.••..•. .'.(9c)

4 • for use in Ref. 5.
'A '" '(;1 .. , , (4a) This method requires the use of a log Pearson III analysis, and can ~ ',' . !;

T implemented wilh the use or Ref. 5. Similar analyses could ~ performed' for . :~.;.." _,; ~

2 Q '" __2_ , (4b) other d.istributions. The method will produce anomalous re~uhs if a • 0.92•.~,;:,:~:.~ .1\ ;,
Q = GS; G y S y That will occ~r onJy for very la.rge values of skew. The h.lghelt skew value" :-«l ~. '

shown as lln Isopleth on the reglonlll skew map of Ref. 5 IS 0.']. The largest ", --,; ·f..' ,
2S _ 2ST (4 ) arelll value shown is 1.84 in Montana. The conSllll\t, 0.92, has no paT1iculu .. ' ".~. ,

rtI == j - -; m =; y - -- ...............•....... C physical significance. lL is Il function or the assumptions concerning the power " i
G GT \

function relalwg width to discharge and the applicabililY of lhe log Pearson ,
The probability tbal a given Oood wiU inundlite a .porticular poin! on the 111 distribution. Similarly, the trBnsCormed vllriable, Z, has no intrinsic meaning.

flln may be less ,thall the probability of thai Oood occurnng al ~~~ apex, bec~use It is merely an operational variable to Iransform the problem so that the solution
al a particular conlour on the face of the fan, the ~robabllHy Ihal a given can be derived solely through the use of the Pearsoll III lables.
noo<! Oows past II particular point on that conloUr WIU depend, among olher For sk.ew or z;ero. log Pearson III becomes a log normal wilh a oensity of
Ihings. 00 the widlh, We' of the fan al thal conlour llnd on the number of
possible Oow palhs uown the ran: lr it Is assumed Ihal a c.haullel caused by; ,
a given Oood hilS an equol probability to cross al any pOllll on a contour, ,

theo lhal probabiUlY would be

W 9.5 QO,~

(Q)
. . . , . . . . . . . . . (5)

p, -= HI, '" H', ....,...........

h 0 d f · gr ter than Q, occurs III Ihe apex ofThe probabilitl I al a 00. 0 size ell
an alluvial fan may be broli:en IIlto lwo pariS

I

L.

...... ~ ..
.~4to~
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parameter of log Pearson III distribUlion for Z ((I = U - 0,92);
Leopold geomorphic exponent relating widlh to di~charge.;

constant resulting from transformation from y to '1;
depth of flow in channel;
Leopold geomorphic exponent relaling depth 10 discharge.;
skew of logarithms of discharge;
"avulsion coerCicient," average number of avulsions per /lood evenl;
Leopold geomorphic exponent relating velocily to discharge;
parameter of Pearson III dislribution;
probability of noods at apex of alluvial fan;
probability of noods al point on contour on alluvilll Can;
discharge in channel;
standard deviation oC logarithms of discharge.;
velocity oC flow in a channel;
velocity of flow in a channel;
width of contour across alluvial fan;
log Pearson III variable;
transformed log Pearson III variable;
parameter of Pearson 111 distribution; nnd
parameter of Pearson 111 distribution.

a =
b
C ==
D ~

[
G ==
K

The [0110 wing symbols art! used in (Iris paper:

m
m ..
p• ...

Pc ""
Q ..
S
V ""

W ""
We ==

y ""
1 =-
1I ==

App EHOIl< I.-AEfEREHCt8

l. Dawdy, D. R., "Depth·Di:schllfge Relations of Alluvial SLreams-DisconlinuouJ Ratin!
Curves," U.S. Geological Surv~ Waler Supply Paper 1498C. 1961.

2. Leopold, L. D., a.nd Langbein, W. D., "The Concept of Entropy in Landscaj>(
E.valuation," U.S, Geologlcol Surv~ Pro!esslollol Paper 500A, 1962.

3. Leopold, L. II., and Maddock, T., Jr., "The Hydr.uUc Qeometry of Stream CbnDcU

9.5 CKP(z~ log Q)
IV = ...•...•.........•.•.•..• (17)

< 0.01 .

A lIniform method has been presented for Ihe determinalion of flood now
frequencies on alluvial fans. The,method is based on geomorphologic principles,
and hilS general applicability. There are three basic assumptions underlying lhe
proposed method. Tbe first assumes that, a log Pearson III distribution appliel1
to the distribution of flood flows at the apex. The assumption is operational,
and is based upon lhe fact that the Water Re'~ources Councll has chosen tbal
lljslribution administrlltively for uniformilY of analysis in the Federal government.
6thcr distributions may be used if they are felt more applicable. However,
a closed form solution mny be more dirricuh Cor other distributions. The second
basic assumplion is that each event forma a single channel and now' remaini •
in that 'cliiillnet'tliroughOIJl'.:lhe event. Braided flow is nol a problem with lhe
slopes which occur on alluvial fans~ but avulsions are. If an avulsion occurs
at any flow greater lhan that for the IOO-yr flood, then more thaD one channel
may cross a given contour on the fan during different times during the event
Thus, the probability of an event crossing a contour at a point is probably
grealer than Ihat derived above. Similarly, the estimated contour width for a
given now is probably less lhan that derived above, because width is inversely
reJllled to lhe probability. ;This could be handled by an "avulsion coefficient,"
K, which is a measure oJ the "average avulsions per event." The equation
for width of contour then becomes.

in which \.0 s K. The determination or estimation of K should be based on'
,geomorphologica I principles. ,

Finally, lhe third basic assumption Is Ihat nood channeh are di~tribuled'

uniformly IIcross any contour'; The concept is basically reasonable, but II ignores
the fact that equally valid assumptions concerning placing of channels and placinl
of centers of channels would result in different probabilities, particularly within r
one stream widlh of Ibe edge of an alluvial fan. In particular, near the ape~

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.

_ .,JOV",10'" _. _ '\flY" _ .-.. __ .. _l .. _
"'J' and lhen lhe widlh of the chllnneJ formed cnn be compuled from E and SOnle Physiographic ImplicBlions," U.S, lJwlugirol .:>Uh"I· "'")0,""1.,,/,",~, "q. , , ,

.,': I. 'Tile probllbilJlY of lhe discharge Q for tho transformed distribution can be )Jl, 1953. " . ,
df 'R c"5"'F II b CE l61h 'dth C I' 4. Leopold,L.D .. Wolman,M.G.,andMlllcr.J.P .. f-JuvwIProusscsrnGrnfllo,p o/uKI·.

compute rom e: . Ina y, y .use 0 q. • e WI. 0 con our Can W. H. Freeman and Company, Sao f'ranei.co. C.lif .. 1<)1>-1, '

be computed at which lhal flood wl11 have a 0.01 probllblhlY of occurrence. 5. United Siales Waler Resources COlllldt. "(iuldtlil1c~ fllr 1)(1«("""1111; 1'1"".1 1'1",,.,
The contours lhul :Ire al lhe limils of flood z.ones of a particular depth may Frequency," Built/In 17,1.1917.

be computed, and the z.one thus delineated.
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APPENDIX H.--Report entitled Alluvial fan flooding methodolgy, An analysis by
DMA consulting engineers
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1.0 INTRODUCTION

Alluvial fans are estimated to cover approximately one third of the land area in

the sout.hwestern Unit.ed Slat.e8. Alt.hough mostly associat.ed with arid and

semiarid regions, alluvial fans also exist. in humid regions and occur throughout

t.he country. Because of their relat.ively gentle slopes and well draining

characteristics, alluvial fans are subject to urbanizat.ion at an increasing pace

as t.he 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 losses 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 pur;:>ose 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 alluvi.al fans.

To determine the flood risk and flood prone areas of fans, FEMA adopted a

met.hodology based on work by Dawdy (1979). The existing methodology is based on

two key assumptions which have not been v.:erified in the past. The~of these

'*i.s that the location of any stream channel on a fan i.s 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. F"EMA

commissioned DMA Consulting Engineers to conduct a study to venfy the

1
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appropriat.eness of t.he assumptions and, should t.he need be shown, to modify the

method. This study has focused on the development. of a hist.orical data base

of floods on alluvial fans. Fans for- which flow measurements ar-e available were

identified and aerial phctographs covering the flood event.s were sought. In

developing the data bas& the goal was to bracket a flood event with before and

after photographs so as to define t.he--physical nature of t.he flood event on the

alluvial fan proper_ Per-sonnel from Federal and local agencies in Ar'izona.

Caliiornia, Nevada, and New Mexico were contacted to obtain information of

alluvial fan floods. A review of the litel-ature was made, including a detailed

analysis of II 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 public,ations dealt with geologic and

geomorphologic descriptions of fans. This included descriptions of fan material,

fan make-up, fan deposits, fan age, and fan format.ion. Alt.hough it. is

universally agreed that. water flow ;Jlays the key 'role in the fan formation

process, very few of the publications addressed t.he hydrologic and. hydraulic

processes on fans.

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

Bull (19608, 1960b, 1961, 1963, 1964, 1966, 1968, 1973) studied fans on the east

slopes of t.he 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 t.he Funeral Mountains. He

developed relationships between meen sediment size and fan slope, drainage area

and widt.h of wash, drainage area and fan" slope, width of channel and slope of

channel, and mean sediment size variation wit.h distance from fan apex. Finally

an expression was developed for the size of fans in terms of fan area as a

function of drainage area.

::::ckis (1928) gives a descript.ion of fans on the northern part of the San

3
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Bernardino Basin in Southern California. Blissenbach (1954) discussed formation

processeS and alluvial fan deposits wit.h emphasis on t.hree fans in the SanLa

Cat..a.lina Mountains of Arizona.

An overview of alluvial fan characteristics is presented by Ansey (1965). This

study discusses characterist.ics of both arid and humid region fans,

classification of alluvial fans, and the incidence of alluvial fans, with

particular emphasis on the Basin and Range Province. Such characteristics as fan

gradient, width and radius are quantified on a gross 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 wate r while debris flow deposits are those flows having properties

different than wat.er with much greater specific densities and viscosities,

resulting in non-newtonian fLow. The sediment load of wat.er flows may vary as a

result of the processes of erosion and deposition. A debris flow. on the other

hand will not exhibit such a characteriatic. It. will flow as an entity, with t.he

debris load coming to rest at a terminal point at which its momentum can no

longer carry it further along the fan. Consequently debr-is flow deposits are

characteristically sheetlike with lobate tongues that are well defined and

terminate abruptly. Debris flows consist of muddy mixtures of gravel, sand and

clay which can carry boulders in excess of 8 feet in diameter. S harp and Nobles

(1953), and Pierson (1981) have reported that these mud mixtures have water

content between 20 and 40 percent by weight. Pierson (1981) has measured mud

flows moving at. veiocities in excess of 15 feet. per second on fans with slopes of

5 to 7 degrees.
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Beaty (1974) argues that the primary agent in the formation of alluvial fans is

the debris flow as opposed to what he terms the II 50-called normal stream

processes," In describfng 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 t.he probabilit.y of OCCurrence of debris flows Beaty ~oints out.

that during the 35 year period prior to 1970 there had been at least seven

significant 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 unlikely without intensit.ies 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 area.s 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 loday. Beaty (1970) gives a rather simplistic but

illustrative example of this. The Milner Creek fan on the western slopes of the
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White Mount4ins is estimated to be 700,000 years old. The volume of the fan is

2.25 billion cu bic 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 indicat.es quite a different. st:enario. On July 26, 1952 a major debris

flow occurred deposit.ing 1,125,000 cu bic yards of material on the fan. With

debris flows of such a magnit.ude, only one event. every 350 years, on the average,,

would be required to create the present fan.

Drainage basin lit.hology is an important factor in the determinat.ion of the size

of the fan and on the make-up of fan materials. Bull (1964) points out that fans

derived from source areas underlain by mudstones and shales are larger than fans

orginating from equal sized drainage areas underlain by sandst.one. The larger

fans are due to the greater erodibility of t.he mudstones and shales in comparison

to sandstone. T he greater erodibility leads to a Larger source of fan make-up

material.

Two investigat.ions included laborat.ory model studies of fans. In the first there

was no attempt to develop a model fan and the basis of similit.ude criteria

(Hooke; 1967, 1968, 1979). A gross scaling' was used whereby small fans were

created under laborat.ory condit.ions for the purpose of observing the overall fan

building phenomenon. No prototype fans were used for comparison. Flow rates

were selected arbitrarily over 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 wlll be discussed in delail herein.
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2.1 Discusmon of "Flood Plain Management Tools For Alluvial Fans

FEMA commissioned Anderson-Nichols and Company (ANCO) of Palo Alto t California

to cond uct a stud y of flood processes on alluvial fans and to develop manag~ment

guidelines for regulations on alluvial fans. In 1981 ANCO completed a report

documenting the results of their st.udy. 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

descriptior. of model testing. The emp hasis of the 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 the overall nooding phenomenon particular to alluvial fans. In

addition. the mod eis were used to test the effectiveness of 'using various

structural and non-structural measures to reduce flood damages to buildings <:l.nd

other structures on alluvial fans.

As a result of the modeling effort three hydraulic 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 t.he loe of

the fan where the flow becomes braided, re-latively shallow and wide. The results

of this study confirm the eltistence of the three zones as identified by ANCO.
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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. flooding 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 alluvi.al fans laken before

and after specific flood events. Finally, the results of case studies are 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~in 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 t.he mouth of the canyon. As the deposits continue to accumulate, the slope

of the alluvial deposits increases, 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 b7d elevation, flood channels

8
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are developed by the momentum of the canyon flow. 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 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 a new channel is called an

avulsion. The new channel developed by avulsion is likely to have a different

direction along the fan slope. Water and sediments are now carried 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

uniform fan slope in the radial direction from the apex. The steepening of the

channel slope below the deposition point also enables the downstream channel to

carry more sediment further downstream. Massive deposition of sediment at the

ciownstream area may also result in a low cross-fan debris dam, which ieads 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 a1::50 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, avu1sions 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
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resultin;, from a severe high-intensity short-duration rainstorm on a highly

erodible watershed, or massive landslides, etc. Frequently, flood channels are

found to be deeply incised onto the fan due to repeating uses by consecutive

floods. The flood channels are stable unt.il relocat.ed by channel avulsion in a

severe debris flow.

The format.ion 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 red uce the peak discharge on the

alluvial fan, and the construction of a debris dam to intercept the sediment and

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

direct the further development of the alluvial f.an in designated directions.

3.2 Case Studies

The selection and study of alluvial fans using aerial photographs are described

in the following su bsections.

3.2.1 Selection Criteria for Alluvial Fans

The characteristics of alluvial fan floods we_re studied using USGS topographic

mapa and aerial photographs of the alluvial fans. The topographic maps were used

t.o determine the fan slope, expansion angle, upstream watershed drainage area,

canyon slope, and the geographic relationship to adjacent alluvial fans. The

aerial photographs were used to determine the fan flood characteristics including

channel patterns (such as single channel, split chann.els, and braided channels),

10
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and channel direction, length, and width. Aerial photographs within three years

before and att&r major floods were compared and the changes recorded to determine

the changes in channel patterns by floods, particularly large floods which

usually shape the channel patterns.

The alluvial fans studied were selected from California and Nevada. Fans were

selected based on the following criteria:

I
I
I
I
I

o

o

o

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

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.

There must be aerial photographs covering the fan area within three
years before and after the major flood considered. (For some alluvial
fans, this criterion could not be met.)

I
I
I

II
I
I
I
I

The alluvial fans studied ranged from nearly undeveloped fans in Nevada to fans

subj~cted to highly developed fans in California. For neady virgin 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

sources 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
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ALLUVIAL FAN

Northumberland Canyon
near Austin, NV

Mason Valley Trib.
near Mason, NV

Humboldt River Trib.
near Rye Patch. NV

Rocky Canyon near
Oreana. NV

Humboldt River Trib.
near Oreana, NV

Las Vegas Wash Trib.
near Henderson, NV

Piu te Wash Trib.
at Searchlight, NV

San Antonio Wash Trib.
near Tonopah, NV

Eldorado Valley Trib.
near Nelson, NY

Lytle Creek near
Fontana, CA

Day Canyon near
Etiwanda, CA

EXPOSURE DATE

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

7/24/73, 5/12/72

4/13/33, 9/8/35
3/10/38. 4/17/67
10/12/67, 1/30/69,
3/4/69

9/8/35, 3/10/38
3/30/66, 1/30/69,
2/27/69

12

SOURCE OF PHOTOS

USGS EROS Data
Center

USGS EROS Data
Center

USGS EROS Data
Center

USGS EROS Data
Center

USGS EROS Data
Center

USGS EROS Data
Center

USGS EROS Data
Center

USGS EROS Data
Center

USGS EROS Data
Center

Whittier College,
LA; San Bernardino
County. CA

Whittier College,
LA; San Bernardino
County, CA
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The observed results for individual alluvial fans based on the use of aerial

fan are defined in Fi.gure 1.

TABLE 1 (continued)

LA; San Bernardino

----------

SOURCE OF PHOTOS

Whittier College,
San Bernardino, CA

Whittier Colle Ire,
LA; San Bernardino
County, CA

Whittier College,
LA

Whittier College,
LA.

San Bernardino
County, CA

San Bernardino
County, CA

San Bernardino
County, CA

9/8/35, 1/30/69
2/27/69

3/10/38

4/20/59

6/8/36

3/10/38, 1/30/69
2/27/69

2/17/37
3/10/38

11/5/40

EXPOSURE DATE

San Antonio Creek
near Claremont, CA

Nevada, drains an upstream watershed of 15.1 square miles. The relatively mild

SOURCES OF AERIAL PHOTOGRAPHS FOR ALLUVIAL FANS

ALLUVIAL FAN

3.2.2 Observations of Alluvial Fans

Devil Canyon near

Deer Canyon near
Guasti, CA

Northumberland Canyon near Austin, Nevada

photographs are presented i.n the case studies. The characteristics of alluvial

Whitewater River
near Whitewater, CA

The Northumberland Canyon, located on the eastern slope or the Toquima Range in

Tahquitz Creek near
Palm Springs, CA

Cucamonga Creek
near Upland, CA

Palm Canyon near
Palm Springs,. CA

I
I
I
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Analysis of the aerial photograph indicates the flood water was apparently

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

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

lDCuth of t.he canyon the flow continued in a single channel, but the channel width

increased. The floodwater then broke out. into a radial flow pa.ttern with a 3S

degree ex-pansion angle. Further downstream, the flood became a -braided-sheet

flow with isolated elevated dry patches. The variation or the width for the

single channel, obtained from aerial photographs is as fallows:

slope of 0.033 extends upstream into the canyon beyond the mountain front. The

outwash from the canyon has developed a downstream alluvial fan with a slope of

0.(}33 at t.he upfan area and an expansion angle of 60 degrees. The upst.ream

watershed is sparsely vegetated below 7600 feet. However, the region from

elevation 7600 feet t.o 8800 feet is well vegetat.ed. Flooding is usually caused

by summer thunderstorms in the upstream watershed. A peak discharge of 7680 ds

was estimated for t.he fan flood on August 7, 1979. Channel patterns due t.o fan

!looding were identified from an aerial photograph taken on June 19, 1981 (see.
Figure 2).

I
I

I
I
I
I

.,

I
. ...J

I
I

"",

I
I
I
I
I
I
I

DISTANCE
IN FEET 0

WIDTR IN FEET 100

2000

127

3300

137

4500

403

10400

462

12500

383

I
I
I
I

where the channel distance IS measured from the mouth of the canyon.

Two neighboring alluvial fans, subjected to the same thunderstorm on Au gust 7,

1979, were also studied using the same aerial photograph. It was found that

these two fan floods, starting wit.h noticeable singl.e channels at the fanhead,

15
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FIGURE 2
Topographic ~ap and Aerial Photo­
granh or the Alluvial Fan belov
Northumberland Canyon near Austin

. Nevada
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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 deposit.ion and erosion patterns

resulting from the previous flood, the present discharge, etc. There is evidence

of extensive minmg at the mountain front and the mine tailings seem to have

altered the flow pattern extensively on these neighboring fans.

Mason Valley Tributary nel!U' Mason, Nevada

The alluvial fans in t.his region have been developed by the outwash from tribu­

taries to Walker River in the Mason Valley and are locat.ed along the east.ern

slope of the 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 upst.ream

canyon channel slope of 0.058. Although the upstream watershed Ras a drainage

area of only 2.6 square miles, the USGS estimated a peak discharge of 4500 cfs

for the flood of June 30, 1970. Two set.s 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 topographic map

for this alluvial fan are shown in Figure 3. Examination of the aeriai

photographs showed no clear evidence o(flood channels developed on the alluvial

fan. There are, however, flood channels identifiable on the lwo other filluvial

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).
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McConnell Canyon The flood water branched into thr-ee channels immediately

below the mouth of the canyon. The north channel spreads into a braided-sheet

flow with an expansion angle of 20 degrees. The south channel, flowing along t.he

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 int.o three branches but shortly rejoined into an

apparently wide sheet flow. The middle channel maintained a single channel flow

until it. bifurcat.ed shortly aft.er 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 channels. The large channel merged with 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

relalively small flow apparently merged into the West Side CanaL The remaining

channel bifurcat.ed after passing the West Side Canal. The south branch consisted

of a large and a small channel. The large channel expanded radially in a

30-degree angle while the small channel remained approximately the same width.

Bot.h 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 t.hose

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 90 degrees. Flooding generally results from summer

thundeI"stoI"m activity. The USGS has estimated a peak discharge of 8940 cfs for

the flood of May 31, 1973, which is questionabl'Y high judging by the size of

wat9rshed. An aerial photograph taken on June 23, 1973 (see Figure 4) was used to

determine the flood channel pattern.

The aedal photograph showed that a single 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

te 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 Humbold t Rive!".

Rocky Canyon near Or~ana, 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

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

alluvial fan expands in an angle of 110 degrees. The fan slope decreases gradual-
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FIGURE 4
To~o3ra~hic Map and Aerial Photo­
granh of the Alluvial Fans below
Humboldt River Trib. Nr Rye Patch
and Oreana, and Rocky Canyon, NV
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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 cis 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 t.he canyon mout.h with the north channel being wider than t.he

sout.h. The north channel, which probably carried the major port.ion 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 1,80.0 feet

below the canyon mouth. One of t.he branches again bifurcates at a point about

2,200 feet below 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

shiftin-g of flood channels has occurred in the recent past. The south channel

maintained a wid th varying between 70 feet to 90 feet before the channel split. at

a point about 1000 feet below the canyon mouth.

Humboldt River Tributary near Oreana, Nevada

This alluvial fan, located along the western 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 0.121. The alluvial fan has an expansion

angle of 90 degrees. The alluvial fan slope decreases from about 0.07 for the
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upfan area to about 0.02 near the east. bank of the Humboldt River. Similar to

the other Humboldt River· tributaries in this area, the fan floods are due to

thunderstorm activity. The USGS has estimated a questionably high peak discharge

of 6000 cis for the flood of May 31, 1973. The fan flood pattern was identified

using the aerial phot.ograph of June 23, 1973 (see Figure 4). The flood channel

bifurcated near the middle section of the fan immediately below the l:anyon

mouth. The channel on the south apparently transported the m'ajor portion of the

floodwat.er, 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 feel. ~ulflerous

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 {an.

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, ~evada. These 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.
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The major floods recorded by the USGS gaging station during the observation

period had peak· discharges of 655 cis occurring on July 30, 1968, and 1290 cfs

on July 1, 1980.

The flood channel pattern for Las Vegas Wash was studied using four sets of

aerial photographs taken respectively 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 t.he mout.h of t.he canyon. The flood flow then merged

with t.he flow from the adjacent fan and changed t.o a braided-sheet. flow patt.ern

further downstream. Comparison of aerial photographs taken ori differen t. dates

further indicated that there was no apparent channel change during the period

covered by the aerial photographs. One additional alluvial fan in t.he Las Vegas

Wash area, designated as Fan A, with a canyon slope of 0.061 and fan slope of

0.056, was select.ed for the study using t.he 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 pat.t.ern during the period 1971 - [980.

Piute Wash Tributary at Searchlight, Nevada

The alluvial fan under considerat.ion is only· one of the many alluvial fans'

composing the Piut.e Wash near Searchlight, ~evada. This alluvial fan has Deen

developed by the outwash 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

lo the other alluvial fans in t.he Piute Wash the studied alluvial fan has a mild

slope of 0.016 and coalesces with the adjacent lribu taries lo form an apron

charact.erized by st.raight, 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 cis on September il, lS76, and 200 cfs on August 12,...
1978.

The fan flood channel pattern was ident.ified 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 typical flood channel pattern in the wash, probably resulling from lhe

lack of slope in the radial direction which generally characlerizes other

alluvi.al fans.

San Antonio Wash Tributary near Tononah. Nevada

San Antonio Wash near Tonopah, Nevada, consists of man y alluvi.al fans developed

26
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by tributaries originating from the east.ern slopes of the San Ant.onio Mountains.

The upland watersheds are sparsely vegetated and the fan floods result from

summer thunderstorms. USGS gaging station #10249135 is situat.ed near the toe of

one of the alluvial fans in the area. The upstream watershed above the gaging

stat.ion has a drainage area of 3.42 square miles and is drained by a canyon with

a slope of 0.070. The alluvial fa~ 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, 1972. An aerial photograph taken on

August. 29, 1973 (see Figure 7) was used to det.ermine the :::hannel pat.terns for the

fan floods. The aerial photographs showed an elevated ridge wit.h three openings

spanning across the fan width about two miles below the apex. Several isolat.ed

hills are located downstream from the ridge on the southern section of the fan.

The flood wat.er flowed in a single channel near the nort.hern boundary of the fan

for a distance of 2,250 feet. from the mout.h of the canyon. Below this point it

branched int.o numerous channels covering the northern half of the fan. Those

channels, obstructed by t.he cross-fan ridge, concent.rat.ed and passed through the

rid ge at three openings t.o lead t.o three individual downstream alluvial fans.

For the nort.hern downst.ream alluvial fan the flow stayed in a singie channel for

3,000 feet. below t.he opening of the ridge. 3eyond 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 sout.hern bouridary 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. :\

well defined channel was, however, located slightly off and parailel 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 neal" 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 ds on June 8, 1972. 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 wat.er 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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FIGURE 8
Topographic ~AP and Aerial Ph
graph of the Alluvial Fan b
Eldorado Valley Tributary

Nelson, Nevada
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Lytle Creek near Fontana. California

The alluvia:l fan developed by the outwash from Lytle Creek is located at the

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 usualiy caused by the winter storms with

intensive short durat.ion rainfall. The alluvial fan below Lytle Creek has an

expansion angle of 95 degrees and a slope of 0.026 at the upfan area. Lytle

Creek flows on the fan to meet. Cajon Creek about three miles below the mouth of

the canyon. The alluvi.al fan is densely developed and is protected by levees

along many sections of the creek. USGS gaging staLion ;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 Z8, 1951, to 25,200 cfs on

March 2, 1938, and 35,900 cis on January 25, 1969.

The fan flood patterns and their potential changes due to major Loods we,e

identified using the aerial photographs of April 13, 1933, September 8, 1935,

March 10, 1938, April 17, 1967, October·-12, 1967 (see Figure 9), January 30,

1969, and March 4, 1969. Examination of the aerial photographs indicated that

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

t.he mouth of the canyon, and t.hat t.he flood waters flowed in almost a single

32



I
.1
.1
.1
-I
-I
I .

.1
J
1
II
~I

,I

I
-,
I
I,
I:
I!

CONSULIINQ
ENGIN(lAS



I
I
I
I
II
I
I
I
I
I
I
I
I
I
I
I
I
I
I

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 1935 and March 10, 1938 indicated that the

flood of March 2, 1938, wit.h a peak discharge of 25,200 cfs, essentially followed

the old channels developed by previous floods from the mouth of the canyon to its

confluence with Cajon Creek. Comparison of aerial photographs of 1967 and 1969

also indicated similar flood channel patterns and channel locations before and

after the 1969 flood wi.th 35,900 cis 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 graduully decreases in

the radial direction. The expansion angle of the fan is about 80 degrees. The

fan floods in Day Creek are usually causedoywinter storms between Novem ber and

April. The annual peak discharge in Day Creek varied from 16 cfs on April 1,

1964, to 4,200 cfs on March 2, 1938, and 9,500 cfs on January 25, 1969, as

recorded by USGS gaging station #1l067000, located at the mou th of Day Canyon.

The alluvial fan has been only sparsely d~veloped 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 t.he 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, March 10, 1938, March 30, 1966, January 30,

1969, arid February 27, 1969 (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. BelQw this

point, the widt.h of t.he channel increased to about 870 feet at a point about

3,660 feet. below the canyon mouth. Beyond, the flood channel repeatedly

bifurcated t.o 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 1938 were used to determine changes in

flood channel patterns due to the fan flood occurring on March 2, 1938. 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 essenti.ally unchanged except for those areas affected by

the levees constructed aft.er 1938.
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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 pat.t.erns 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 adjacer..t to Day Creek alluvial fan

at the souihern foothills of the San Gabriel Mouniains. Deer Canyon has a slope

of 0.168 and drains an upstream watershed of 3.4 square miles a:nd is covered

wiih sparse foresis. 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 Lhe

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 indicated that. at about 600 feet immediately

-- -- --------. -- -..._-. - --- --- .. -----

below the mouth of the canyon the flood flow changed from a single channel nCi-w

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 10.1 square miles In the southerm 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 sedes 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 coniined by levees

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

The discharge for Cucamonga Creek is usually less than 5 cis for most of the

year. Major floods, however, result from high-intensity short-duration winter

storms. uSGS gaging station #11073470, located at the mouth of the canyon, ha~

recorded major floods wi.th peak discharges of 10,300 cfs on March 2, 1938, 14,100

ds on January 25, 1969, and 4,090 cis on -February 25, 1969.

The channel patterns for major floods were identified using t.he aerial

photographs of March 10, 1938, January 30, 1969 (see Figure 11), and February 27,

1969, each taken shortly after- a major- flood event.
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Examination of aerial photographs indicat.ed that the flood water occupied the

entire channel within the 1.5 mile reach below the canyon mouth probably as a

result of the obstructiofi by percolat.ion 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 per-colation basins and

split-braided fiow along Cucamonga Creek. Channel patterns remained essentially

unchanged except for those areas being affected 'by neW structures constructed

after 1938, and for a slightly wider flooded area for the larger flood of 1969.

Aerial photographs of January 30 and Febr-uary 27, 1969, indicated that the flood

water for the smaller flood of February 25, 1969 essentially followed the old

channels developed by the previous flood of January 25, 1969. The 'above findings

on the flood channel patterns tend to support the conclusion that the flood

channels are r-elat.ively stable in this case.

San Antonio Creek near Claremont. California

San Antonio Creek alluvi.al fan is located near Claremont, California. San

Antonio Canyon has a slope of 0.055 and drains a sparsely forested upstr-eam

watershed of 26.2 square miles in the southern margin of the San Gabriel
..-

Mountains. The alluvi.al fan expands from the apex with a 90 degree angle and has

a slope of 0.046 for the upfan area. San Antonio Dam, a flood-control reservoir

wit.h a capacit.y of 7,620 acre-feet, is 10cated at the mouth of the canyon. :\

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

.-\ntonio Creek. Percoialion basins are built. on either side of the channel for
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Ant.onio Dam, recorded a maximum flood water release of 8,420 cis on January 25,

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

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

storms. USGS gaging station IFll0730000, located about 4 miles above t.he mouth

of t.he canyon, recorded a peak discharge of 21,400 cis for t.he flood on March 2,

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

The onl:;- set. of aerial phot.ographs available to identify t.he flood chann!:!l

pattern on San Antonio alluvial fan were taken. on March 10, 1938 (see Figure

12), about one week aft.er t.he major flood of March 2, 1938. San. Ant.onio Dam had

not yet been built. The aerial phot.ographs show that the flood wat.er flowed in a

single channel, rest.rict.ed along the east. bank by a series of percolation basins

and levees for about 8,200 feet below t.he mouth of t.he canyon. Below t.his reach

t.he channel bifurcat.ed. The variation of channel widt.h with distance measured

from t.he mouth of t.he canyon is as follows:

I
I
I
I
I
I
I
I
I
I
I
I
I
I

DISTANCE
IN FEET

WIDTH
IN FEET

o

810

1200

355

3400

690

4950

410

7900

550

I
I
I

Tahguitz Creek near Palm Snrings, California

Tahquit.z Canyon drains an upstream wat.ershed of 43.5 square miles in the San

Jacinto Mount.ains wit.h a slope of a.m. It is well veget.ated in the highlands

but barely vegetat.ed in the lowlands. The alluvial fan, wi.t.h a slope of 0.046,

has experienced development. as part of the growt.h of the cit.y of Palm Springs.
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Floods on t.he fan result from winter storms, although most. of the year the creek

is 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 phot.ographs available La

identify the flood channel pattern was taken on April 20, 1959 (see Figure 13). A

peak discharge of 1570 cis occurred on August 31, 1954. The aerial photograph

showed that t.he flood water flowed in a northeastern direction and bifurcat.ed at.

a point about 2,000 feet above t.he 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 t.o a lined channel to pass Palm Springs. The north channel flowed in a

northerly direction to meet t.he 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 bet.ween those two

channels. Current.ly the alluvial fan has been densely developed and is protect.ed

by levees on the upfan area.

Palm Canyon near Palm Springs, California

Palm Canyon originat.es from the San Jacinto Mount.ains and flows in a northerly

direction to develop Palm Canyon Wash, on which part. of Palm Springs is now

locat.ed. It. has a slope of 0.058 and drains an upstream wat.ershed of 93.3 square

miles. The watershed is covered with spar·se-forest.s above 4000 feet in elevation

and is lightly vegetated below. Below the canyon mouth, two small alluvi.al fans

have been developed by t.he east.erly flowing Murray and Andreas Canyons against

the northerly flowing Palm Canyon flow. This forced the aLluvi.al channel below

Palm Canyon to develop along the east.ern wall of the valley. The alluvial



FIGURE 13
Topographic Hap and Aerial Photo­
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fan has an expansion angle of 25 degrees and a slope of 0.055. The floods are

usually caused by wint.er storms. USGS gaging stat.ion #10258500 has recorded

peak discha~ges of 3,850 cfs on February 6, 1937,2,380 cis on March 2, 1938, and

2,900 cis on December 24, 1941.

There is one set. of aerial photographs available to correlate the flood channel

palterns on the alluvial fan. This set of aerial photographs was taken on

November 5, 1940 (see Figure 14), 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 mout.h of the

canyon. It then gradually widened t.o 3,000 feet. at 1.92 miles below the mouth of

the canyon. Below t.his 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

wit.h Tahquitz Creek.

Devil Canyon near San Bernardino. California

Devil Canyon, near San Bernardino, Caltiornia, 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 rnou£h---6f the canyon are three' percolation

basins, 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 a't the eastern side

45

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I



I
.1
~

I
~

I
.,~

I
.'.-

I
~

I
-~

II
-l

II
;~

111
I l I
~

I·, j

I
~

I
I
I
I
I
I'
I·

~,rr,~
("'.. L1

(~

CONSUlllNa
(NCIN(l,IIlS

FIGURE l4
To~ogra~hic ~au and Aerinl Photo­
gra~h of the Alluvial Fan belov
Palm Canyon near. Palm Springs,

California



I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I

of the fan toe immediately above the cross-fan ridge.

Flooding is generally caused by winter storms. USGS gaging station :t110636HO,

situated at the mouth of the canyon, recorded peak discharges of 3,320 cis 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

pholographs laken on February 17, 1937, and March la, 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 t.he 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

1938 peak are apparently controlled by the man-made strudure.s.

Whitewater River near Whitewater, California

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

alluvial fan just upstream of it.s junction wit.h the San Gor gonia River. :'-Jear the

toe of the fan, the Whitewater River collects the floW' f"om the San Gorgonio

River and then turns e5stward 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 sLation #102500000, operated from 1~48 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 ot 42,000 C!S on March 2, 1938, 24,000 cis on November 22, 1965, 16,200

cis on January 25, 1969, and 13,500 cfs on February 25, 1969. 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 fa!! is undeveloped,

however, Interstate Highway 10 crosses the fan near the apex, and State Highway

111 and the Sou thern 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 16). No major peaks prior to

that date were available. S tate Highway III 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 larg(3 and one small channel. T~e large channel again bifurcatec within a

distance of 800 feet to two channels of approximately the same width. Further

downstream, numerous small channels branched out from those three channels to

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

Corgonio 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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FIGURE 16
~O~ogra?hic ~ap and Aerial ~~oto­
graph or the Alluvial ~an belo~
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3.2.3 Results at Case St.udies

Case studies have been conducted to cover alluvial fans in California .and Nevada.

The characteristics of flood channel patterns included single channels, split

channels, and braided channels. The fact.ors t.hat may affect the fan flood

including upstream watershed drainage area, canyon slope, alluvial fan slope,

angle of expansion and radius of alluvlal fan, were also determined using aerial

photographs and USGS topographic maps. Table 2 summarizes those characteristics

of alluvlal 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 Locatlon

Treating the studled alluvial fans as a group, the relative location of a singie

channel i.mmediately 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 1; represents

t.he relative location of a single channel on an alluvial fan, defined as lhe
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Single Channel Pattern

The length of a single channel below Lhe mouth of Lhe canyon on an alluvial fan

Alt.houg h Lhe local ions of lhe flood channels were found t.o be st.able for some of

the alluvial fans which are subject.ed t.o urbanizat.ion and well vegelat.ed upst.ream

r-elocalions of flood channels were evident. for Lhose undeveloped alluvial fans

wit.h barely vegelated upstream wat.ersheds in Ne vada. Based on the present. sludy,

Lhe assumption of random channel 10caLion should be reLained in Lhe analysis.

Deer Creeks in California,watersheds, such as t.hose at. Lytle, Day, and

ratio of thl!t ani"le between a single channel and left fan boundary, when looking

downstream" to the expansion angle of an alluvial fan. The relative locat.ions of

t.he single channels on alluvial fans are summarized in Table 2. It. can be seen

from Figure 17 t.hat. t.he dat.a point.s spread rather uniformly over t.he ent.ire

range of relat.ive single channel locat.ion from 0.0, which represent.s left fan

boundary, to 1.0, which represents right fan boundarY. This finding indicat.es

t.hat. t.here is no preferent.ial location for forming a single channel on an

alluvial fan when compared wit.h t.he relative locations of t.he single channels on

other alluvial fans.

The present. FEMA met.hod assumes a random localion for the lOO-year event..

Therefore, the random dist.ribut.ion across t.he fan as shown in Figure 17 is

germane only if t.he process is ergodic, t.hal is, if the synoptic view in space

holds in t.he time domain at. a fan. Figure 17 thus presenls sup par live evidence of

t.he present met.hod.
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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 a single channel

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 or a smaller slope. An empirical relationship

between the single channel length and the ralio of canyon slope to fan slope is

proposed in Figure 18 based on the data. of t.h e present. case st.udies.

The width of a single channel on an aliuvud fan can be raasonably predict.ed by

the FEMA melhod. Figure 19 shows t.he relationship between the fan slope and the

ratio of calculated wid th using the FEMA method to observed wid th ror a single

chennel. The calculat.ed single channel widths and the ratios of calculated widt.h

to observed width for alluvial fans are summarized in Table 3. It can be seen

from this figure that most data points are scottered around the line of perfect

agreement between the calculaled and observed widths, except for the data points

associated with questionably high flood discharges for Las Vegas Wash and

Rumbold t River tributary near Rye Patch in Nevada. Based on the flood discharges

reported by the USGS, the amounts of peak discharge cont:-ibuted bya unit area of

upstream watershed were 10,517 cfs pel" square mile for the tributary of Humboldt
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River near Rye Patch on May 31, 1973, and 10,917 cfs per squ&re mile for Las

Vegas Wash on July 30, 1968.

It is also to be not.ed in Figure 19 t.hat. t.he observed single channel widt.h for

Day Creek stayed almost. unchanged for t.he floods wit.h peak discharges of 4,200

cfs on March 2, 1938, and of 9,500 cis on January 25, 1969. This indicat.ed t.hat.

t.he single channel width did not vary wit.h flood discharge, perhaps, because of

t.he relat.ively 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 capacit.y in order to accommodat.e the flood discharge.

Split. Channel Pattern

The total width of mult.iple channels across the fan widt.h for a given radiu~ from

the apex in a split. channel region was found lo be approximately 3.8 limes the

channel width in a single channel region as shown in Figure 20. Th-is finding was

derived based on the detailed accounts of multiple channel wi.d lhs for the

alluvial fans of Rocky Canyon and Los Vegas Wash Fan A in Nevada and Day Canyon

and Deer Canyon in California, which displayed well-defined multiple channel9 on

aerial photographs used in the present. case studies. The detailed aecau n ts of the

mulliple channel widths for the alluvial fans shown in Figure 20 are included in

Appendix A. This assumes that. all split. channels were flowing in a set pattern

during the peak flow which formed them. On the other hand, lhey may have resulted

in some cases from an avulsion, or an "almost. avulsion", in that near the peak

one of the ehannelsformed and robbed most. of the flow from the p,eviou9ly main

channel. If the flow split. evenly bet.ween two branche~, t.he combined width would
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be pr-edicted by the -pr-esent 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- expecled combined widlhs.

Avulsion Coefficient

The present method assumes that a new channel is formed with every other

occurrence of a lOO-year flood, on the aver'age. Some of the fan floods caused

relocation of the channels as a result of the floods, and some of the floods

studied were probably not lOO-year floods. More f.lood 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.
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4.0 FAN FLOOD ANALYSIS METHODOLOGY

In this chapter, the current methods for the analysis of fan floods are discussed

first.. Then alluvial fans are classified according to their characteristics from

the standpoint of flood analysis. Finally, the practical considerations for fan

flood analysis are present.ed.

4.1 Current Methods For Fan Flood Analysis

There are two methods' published for the' calculation of alluvial fan floods t

namely, the standard FEMA method and Edwards and ThielmannJs modification.

4.1.1 FEMA Method

The FEMA method is based primarIly on the following assumptiO'l1s:

1. The fan flood is in a critical flow condition. Therefore the flow
velocity can be calculat.ed from the flow depth.

2. An alluvial channel will continue to widen by lateral erosion with a
corresponding decrease in flow depth until the point is reached where a
decrease in dept.h 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 calculate the risk of a fan

probability of a flood channel occurring at any location across the fan width atI
flood at a part.icular location on the fan, it is further assumed that the

I
I

the same radial dist.ance from the apex is equal. The equations for the
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calculation of channel width, W, flow velocity, V, and flow dept.h, D, are as

follows:
0""

W : 9.5 Q

O.Z

V : LS Q

0.4

D = .07 Q

4.1.2 Edwards and Thielmann's Modification

Edwards and Thielmann (l982) modified t.he FEMA met.hod by assuming t.hat t.he flood

water would now at normal depth as described by Manning's equat.ion, in~tead of

at. crit.ical dept.h. The modificat.ion results in t.he following equation for the

calculat.ion of channel width, flow dept.h, and flow velocity:

w = 17.16 g:lL 3/UI

s

D - 0.14 Q n 3/&-
Sll3

V = 0.14 Q1H SJ/&

n J / 4

In t.he above equation, n is Manning's roughness coefficient, S is t.he fan slope,

W is t.he width of a single channel, D is the flow depth, and V 1S the flow

velocity. It may be shown that. under'ritbst sit.uat.ions, t.he widt.h of a single

channel calculated using Edwards and Thielmann's modification is smaller than

that. calculated using the FEMA met.hod (see Figure 21 and Table 3). For Lhe

comparison shown in Figure 21 and Table 3, Manning's roughness, n, is t.aken as

0.020, 0.025, and 0.030 respectively. It. is not.ed 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

r-eported peak discharges were 10,517 cis per square mile for the Humboldt

River tributary near Rye Patch on May 31, 1973, and 10,917 cfs per square miles

for Las Veg-as Wash on July 30, 1968, as mentioned earlier these values ar-e

questionably high.

4.1.3 Discussion of the Current Methods

The major assumptions used in the FEMA method and Edwards and Thieimann's

modification, are discussed as follows:

1. Assumption of single channel patter-n: The r-esults of the pr-esent

case studies indicate that the tiood channel r-emains in a single channel for a

distance below the mouth of the canyon. The length of the sing-Ie channel can be

estimated by use of Figur-e lB. Below the single channel region, there is a split

channel segment and then a braided channel pattern forms.

2. Assumption of random channel location: The results of the present case

studies reveal evidence of channel relocations for- the undeveloped alluvial fans

with sparesly vegetated watersheds in Nevada, even thoug-h channel locations were

found to be stable within the study period 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 dur-ing the FEMA regulatory IOO-year flood.
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4.2 ~jOI" Factors M!ectL.'"lg Alluvial Fan Floods

The major factors that shape the flood flow on alluvial fans include the alluvial

fan characteristics, canyon flow characteristics, and watershed characteristics.

They ar-e brieflY discussed as follows:

Alluvial fan charact.eristics:

1. Fan slope: The fan slope is the natural topographic fea.ture that guides

the flood flow. The distinct feature of an ideal alluvial fan is tha~ the slopes

in all radial directions from the apex are approximately the same. Therefore an

initial channel direction at the fanhead may ver-y well determine the general

direction for the rest of the fan flood. In addit.ion, 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 floodwater-s to follow the designated paths, unless overtopped by the floods

exceeding the design capacity. Man-made structures where they e~ist determine the

boundaries of alluvial fan flooding during the fan floods.

Canyon Flow 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 area. The canyon flaw

characteristics may be represented by the canyon slape. For instance, a flood

flaw can sustain a longer single channel when emerging from a canyon onto an

alluvial [an of a similar slope than onto an alluvial fan of a much smaller

slope.

Un9tream We ters hed Characteristics:

1. Water discharge hydrograph: A hydrog-raph describes the rate and time

distribu tion of flood water delivered from the upstream watershed onto the

alluvial fan. A hydrograph with a longer duration and more gradual discharge

increase will allow more time for the flood to adjust the existing channels to

accommodate 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 fr~m fronLaI

storms will tend to be less flashy than those which result. from summer

thunderstorms. In addition, a water discharge hydrograph reflects the general

vegetative coverage condition of the upstream watershed. A well-vegetated

upstream watershed tends to yield a hydrograpn with a more smooth increase in

discharge than a barely-vegeLated upstream watershed.

2. Sediment discharge: Debris flow, resulting from r:J.pid sediment

deposition along flood channels, has been cited to be the major cause f~r channel

avulsion. High sediment dischar~e is related to poor upstream watershed

coverage. A well-vegetated upstream watershed tends to deliver less sediment

onto the alluvial fan than a barely-vegetated upstream wCitershed.
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4.3 Classification of Alluvial Fan Floods

Alluvial fans may be classified based on the major factors affecting fan flooding

as discussed in the last. sect.ion.

1. Urbanized vs. Unurbnnized Alluvial Fans: The urbanized alluvial fans

are often modified by man-made st.ruct.ures such as levees, dikes and lined

channels t.o guide the flood wat.ers; upstream wat.er retent.ion dams to reduce the

peak wster discharge; and debris basins to reduce the mud and debris ent.ering the

alluvial fan. The above st.ructures 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 constraint. in developing channels and therefore

the flood channels may be more randomly locat.ed over t.he alhr.rial fans.

2. Alluvial fans with well-vegetated vs. barely-vegetated watersheds: The

probability of debris flows from a well-vegetated wat.ershed is generally smaller

than from a barely-vegetated watershed. Thus fact.ors to trigger the channel

avulsion process are less likely t.o oceuz:, and flood channels are more st.able

and less likely to shift location for an alluvial fan with a well-vegetated

wat.ershed than for one wit.h a barely-veget.at.ed wat.ershed.

rn summary, urbanization and a well-vegetated upstream watershed may be the main

reasons why the flood channels 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 analj."sis

of alluvial fan floods are as follows:

Stability of Flood Channels

The channels developed by previous floods, especially deeply entrenched channels,

may be used by future floods. The smaller flood tends to develop thalwegs

within the existing channels while a larger flood tends to widen and deepen the

ex.isting channels, or develop additional channels to accommodate lhe 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 result mainly from channel avulsion.

does not appear that channel avulsio.ns associated with debris flow occur for

every lOO-year flood. (The present FEMA method uses an avulsion coefficient of

1.5, which implicitly assumes that half of the IOO-year flood events create

avulsions) .

Probability of Channel Avulsion
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The channel avulsion is t.he main fact.or responsible for the random nat.ure of

channel relocat.ion for fan floods. Channel avulsion is t.riggered by t.he rapid

deposit.ion of sediment. and debris along t.he flood channel or by rapid bank

erosion. Thus, it. can occur under t.he combination of high wat.er and sediment.

discharges such as debris flow or under t.he condit.ion 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

t.hat debris flow, and consequently channel avulsion, is most. likely t.o occur for

an alluvial fan with a barely-vegetated wat.ershed, or a watershed which has

recently suffered a brush or forest fire and then is hit by a severe rain storm.

However, t.here 1S insufficient. evidence in t.he present study to belter define

the probabilit.y of an avulsion and its relation to causat.ive factors.

Flood Channel Patterns

The flood channels for most of the case study alluvial fans exhibit three

distinct. patterns, namely, single channel, split. channel, and braided channel

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

splHting, mostly by bifurcat.ion, start.s t.o occur along the channels at. some

point below the apex of t.he fan. EventuallY, a braided channel pat.t.ern prevails

at. t.he t.oe of the fan. The applications of the exist.ing met.hods, specifically,

FEMA and Edwards and Thielmannls met.hods, are limit.ed t.o the single channel

reach. The extension of the current. met.hods t.o t.he split. and braided channel

pat.t.erns is needed.
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Boundaries for Alluvial Fan Floods

Man-made structures such as levees, dikes, and lined channels may restrict the

flood channels to be within only porlions of the alluvial fans. Therefore lhe

boundaries of fan flood should be defined in the analysis of the FEMA lOO-year

regulatory flood by accounting for the effects of those man-made structures if

they are considered capable to wit.hstand the IOO-year flood.

4.5 Proposed Modification of the FEMA Method

Alt.hough more studies are needed to ident.ify the process of alluvial fan floods,

modificat.ion of t.he present. FEMA met.hod may be made based on the present st.udy

result.s to improve the analysis of alluvial fan floods. The modifioat.ions are

proposed as follows.

Single Channel Region

The present. FEMA met.hod should continue t.o be used in t.he single channel region

of t.he fan, which is determined by the length of a single channel reach, and in

turn is relat.ed t.o the c3nyon and fan slopes as shown in Figure 1B.

Split Channel Region

The present. FEMA method should be modified for the alluvial fan flood analysis in
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the split channel re~ion. An equivalent single channel with its width equal to

3.8 times the channel wid th in the single channel region may be substituted for

the split channel region ae indicated by Figure 20. This indicates that the major

current is not necessarily constant, but mi~rates from sub-channel to sub-channel

if the basic width formula still holds. Normal flow conditions may be assumed

for the equivalent single channel flo·w. The fan slope usually decreases with the

radial distance to result in a smaller fan slope in the split channel region

t.han in the sin~le channel region. Incorporation of the above assumptions

into the present. FEMA method yields the equations for channel width, W, velocity,

v, and depth, D, as follows:

.4

W = 36.1 Q

-oil .3 .It

V = 0.303 n S Q

.6 -oJ .J6

D = 0.0917 n S Q

\ianningJs equation was used in the derivation of t.he above equat.ions. The width

of the equivale nt single channel may be used for the calculation of the

probability of lOO-year flood at any given location on an alluvial fan.

Braided Channel Retiion

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. ror the present

stage it is reasonable to propose that the method modified for the spiit channel

,e~ion be extended to the braided channel region bec~use the flooding process in
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the braided channel region is more similar to the split channel region than the

single channel region.

The proposed multiple-channel method (for both split-channel and braided-channel

regions) of the present study was compared with the current FEMA method and two

other alternatives chosen to test the robustness of the flow boundary

prediction. The comparison is included in Appendix B.
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5.0 STUDY FINDINGS A.~ RECOMMENDATIONS

In the present study, a iiterature review was made for alluvial fan floods. The

report" Fbod Plain Management Tools for Alluvial F!:1ns," by Anderson-Nichols &

Company of Palo Alto, California was reviewed in detail. Case studies were

conduct.ed to identify the geomorphic charact.eristics of fan floods using aerial

photographs of alluvial fans in California and Nevada. Pinally, the FEMA

method for the determination of depth, velocity and frequency of flooding on

alluvial fans was assessed using the data gathered from the present case

st.udies. The study findings and recommendations i.or the present study are

presented herein.

5.1 Study Findings

I
I
I
I
I
I
I
I

a

a

a

a

The flood channels on an alluvial fan can be divided into three
patterns, namely; singte channel. split channel, and braided channel.
The occurrence of those patterns generally follow the above order from
th.e fan apex l.O the toe of thp. fan.

Based on the results of the present. case studies, the length of a
single channel i.mmediately below the mouth or the cany,on is related to
the rat.io of canyon slope to fan slope as shown in Figure 18. The
width of a single channet can be reasonabty determined by the present
FEMA method.

In· the split. channel reg-ion, the total width of all channels across the
fan widt.h at a given radius from the apex is about 3.8 times the
channel widt.h in the single channel region.

The noad channels appear to be more stable for the alluvial fans which
are subject t.o urbanization and well-vegetated watersheds than the
alluvial fans which are nearly undeveloped and originate from sparesiy
vegetated watersheds. However, on the basis of the present study,
there is lnsufficient evidence to condude that channel relocations
will not. occur on those apparently stable alluvial fans for future
floods. The assumption of random channel location should continue to be
used in the fan flood analysis.



5.2 Recommendations
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The present data base is insufficient to better define the value or
the avulsion coefficient. Therefore the present value of the avulsion
coefficient should cont.inue to be used.

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.

The alluvial fan floods in split and braided c:'annel 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 lOa-year flood occur­
ring at any location on an alluvial fan.

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 randomness of channel
relocation on an alluvial fan.

Stability of existing flood channels should be given proper
consideration in the analysis of the :EMA regulatory 100-year floods
by analyzing the historical flood events using aerial photographs and
conducting field inspection of flooe channels. The occurrence of debris
flows in a laO-year flood should be verified in a future study.

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.

A proposed modification of the FEMA's FLOOD INSURANCE STUDY:
"Guidelines and Specifications for Study Contractors Appendix 6.
Alluvial Fan Studies" ba.sed on t.he present study is inciuded in
Appendix C.
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APPENDIX A

SELECTED OBSERVATIONS OF CH..'\NNEL 3P-.l..NCRING



OBSERVED CEANNEL BRA..NCHlNGS FOR ROCKY CANYON

NEAR OREANA, NEVADA (USING AERIAL PHOTOGRAPHS OF JUNE 23, 1973)

2.83

2.17

3.00

1.00
1.00

SUM OF !lID!~/

Sr:Tcu: c:...x':I::..l..
io"!r...~
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335
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177

S~ 0:'
'l!;.;"l""! ,

n

2500

570 69

3500
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1550

1003

RJ..DIAL
DIS'l".uIC"! ,

F'!'

A - 1

TABLE A-I

117-
~s'

Remark: The channel bifurcated at. a point. above t.he mout.h of the canyon
with the north channel being' wider than the south. The sout.h
channel was neglected i.n this analysis.
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TABLE A-Z

OBSER.VED CHANNEL BRANCHlNGS FOR LAS VEGAS WASH,

ALLUVIAL F.~~ A NEAR HENDERSON, NEVADA

(USING AERIAL PHOTOGRAPH OF OCTOBER ZI, 1971)

RADIAL 5iJX or S'-i~ 07 ·.rr~-::'I

C!.L~-!. 3?..u~!:!c OIS'1'~CZt 'n=n. snc-...z C"J''''')''''in:.
l""t' ~ ~~

IS 7' 1250 1S1

/67' 2000 161

2815 196
/'1' '

J2~0 689 3.7;

3625 603 3.30

,S1' 5'.' 4315 679 3.7!.

A·f!-~..AGZ 3.59

e<ema["k: The width of the single channel ..... as laken as the average of the three
167 ooserved values, namely, (187 + 167 + 196)/3 = 183.
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OBSERVED CEANNEL BRANCHINGS FOR DAY CREEK
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!I.. 00
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3.24866

l030
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g-' 3660 866 3.24
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NEAR ET!WA....~DAt CALIFORNIA (USmG AERIAL PHOTOGRAPBS OF JANUARY 30, 1969)
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NEAR GUS'I'!, CALIFOP_"ITA (USING AERIAL PHOTOGRAPHS OF JANUA.~Y 30, 1969)

'I'ABLE A-4

OBSERVED CRANNEL B·RANCHINGS FOR DEER CREEK

A',"'C:P.AGE 3. 66

3.60

4.51
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COMPARISON OF DIFFERENT ALL UVIAL FA...1.~ FLOOD ANALYSIS METHODS
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APPENDIX B

COMP.A_~ISON OF DIFFERENT ALLUVIAL FAN FLOOD ANALYSIS METHODS

The proposed multiple-channel met.hod of the present. st.udy was compared wit.h the

current FEMA single-channel method and two ot.her alt.ernat.ives (desig-nat.ed as

Alt.ernative rand Alternat.ive II) I chosen t.o t.est. t.he robust.ness of the flow

boundary -predict.ions. Alt.ernat.ive I assumed critical flow condit.ions for t.h~

calculations at the flow velocit.y and dept.h in the muLt.ipLe channel region. The

method also assumed that. t.he channel widt.h for t.he mult.iple channel region is 3.8

times t.he channel widt.h In the single channel region. Therefore, it. is

essentially the -present. FEMA met.hod wit.h a channel 3.8 t.imes as wide. Alt.ernative

II assumed t.hat, below t.he single channel region on the alluvial fan, t.he flood

channel split. int.o t.wo sets of sub-channels of t.he same width, each being- equal

t.o 1.9 t.imes t.he channel width predict.ed by t.he present. FEMA single-channel

method with t.wo-thirds of the peak discharge creating t.he width of each set.

Thus two-thirds of the peak discharge was assumed to shift alternai.ively bet.ween

the two sub-channels during t.he flood. This results in a smaller flood causing a

wider channel system because it. migrat.es bet.ween channels. That. smaller flood

hypothet.ically flows in a set. of channels 1.9 times the present. FEMA method. The

comparsion of the four alt.ernative met.hods was based on the flood analysis for'

three h y-pothetical alluvial fans of different sizes, each being typical or a

small, a medium, and a large alluvial fan. All three alluvial fans wer'e assumed

t.o have a 90 deg-ree angle of expansion for the purpose of illustration.

Log-Pear'son III par'ameters assumed for' lhe nood frequency distribution for' the

fans are shown in Table B-1.

B-1



0.300

3.247

0.537

Fan ;3

13.333

12.'H3

17.555

0.300

2.747

0.537

12.413

13.333

-0.833

11.078

Fan ;2

._--------
0.300

2.247

0.537

6.994

t2;413

13.333

-1.333

Fan ;1

8 - 2

TABLE B-2

TABLE B-1

ASSIGNED FOR TEE HYPOTHETICAL ALLUVIAL FANS

----------------

a = 2/GS

A= 4/G:

a = a -0.92

C = exp(0.92X + 0.42S: ]

Z = m + A/a

St =All: /a

Gt = 2/All:t

LOG PEARSON III FLOOD FREQUENCY DISTRIBUTION PARAMETEF.S

TransiC)rmed Parameters

Distribution Parameters Fan n Fan #2 Fan #3

Log Mea.n, X 2.0 2.5 3.0

Log SLandard Dev ., S 0.5 0.5 0.5

Log Skewness, G 0.3 0.3 0.3

lOa-year Flood, cfs 1870 5920 18700

m = X-2S/G

TRANSFOR.\1ED PARA..:'v£ETERS FOR LOG ?SARSON III DISTRIBUTION
FOR THE ALLUVIAL FANS IN TH:E COMPARISON

The t:-ansiorrned parameters for the log Pearson III distribution for the

calculation at flood depth boundaries on those three alluvi.al fans are shown'i.."'1

Table B-2.
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TABLE B-3

Nole: see footnotes for Table 8-6.

Flood Depth

1.5 ft

1.5 ft

300. 1500.

7i2i.(1.02) 1l9f3.(1.48)

49.5 772.

9879.(1.01) 3819.(1.14)%%U

5359.(1.07) 786.('1.50)

0.5 it

46706.11.00)t: 32247.(l.CO)

0.5 it

25915.(l.OO)t 7917.(l.02)UU

15914.(1.00)% 11734.(1.00)

TABLE B-4

FLOOD CRARACTERISTICS

FLOOD CHARACTERISTICS

Ftood Depth

Flood Dischar ge, cfs

Boundary for Fan ,; l, ft

Boundary for Fan #2, it

Boundary for Fan _'1 ft-;...J,

Flood Discharge, cfs

Boundary for Fan #1, it

Boundary for Fan #2, ft

Boundary for Fan #.3, it.

Note: see footnotes for Table 8-6.

FLOOD DEPTH BOUNDARIES FOR THE HYPOTHETICAL ALL UVIAL F..1..NS
CALCULATED USING THEPROPOSED MULTIPLE-CHANNEL METHOD

FLOOD DEPTH BOUNDARIES FOR THE HYPOTHETICAL ALLUVIAL FANS
CALCULATED USING TRE FEMA SINGLE-C~~NEL METHOD

Using the above transformed parameters for' the log Pearson II! distribution,

the boundaries for va.rious flood depths, in terms of radial distance from the

multiple-ehannel method, the FEMA single-channel method, 'and Alternatives I and

apex lo those boundaries, were calculaled and compared for the proposed

II in Tables 8-3 through 8-6.
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TABLE B-5

Flood Depth

Flood Depth

1.5 ft

298.(1.69)

1.5 ft

3400.

4907. ( 1.09)

14767.( LOO)

218.

0.5 ft

0.5 ft

8480.(1.01}

49613. ( l.00) %

29357.(1.00)%

TABLE B-6

FLOOD CHARACTERISTICS

._-------------------------------------

Boundary for Fan #3, it

FLOOD CHARACTERISTICS

Boundary for Fan :# 1, ft

Boundary for Fan #2, ft

Flood Discharge, cis

() Slope ratio from Figure 18 for the calculated distance
1 Multiple-channel method applicable
i% I-it flood depth boundary at channel biiurcation point,

if less than for single-channel method
%%% Single-channel method applicable
1%%% For slope ratio less than l.14,single channel method

applies
For 1.14 < sLope ratio < 1.53, single channel method

appl1es to point of bifurcation. multipie-channel
method applies downstream.

For slope ratio greater than or p.qual to' 1.53, single­
channel method applies Lo point of bifurC:::ltion, which
defines the downstream e:dent of flood hazard.

B - 4

Note: see footnotes for TabLe B-6.

Flood Discharge, cis 450. 7021.

Boundary for Fan U, it 5304.(l.07)U 96.{1.75)u%

Boundary for Fan #2, ft 21015.( 1.00)% 1069.(1.53)i:;:%% .

Boundary for Fan ;;3, it 52302. (1.00) i: 11271.(1.00)
-----------------------------

FLOOD DEPTH BOUNDARIES FOR THE HYPOTHETICAL ALLUVIAL FANS
CALCULATED USING ALTERNATIVE II

FLOOD DEPTH BOUNDARIES FOR THE HYPOTHETICAL ALLUVIAL FANS
CALCULATED USING ALTERNATIVE I
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For comparison, the computationai results of flood depth boundaries for the

abeve-mentioned methods are shown in Figure B-l. It can be seen from this figure

that bot.h O.S-ft and loS-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. In

comparison to Alternat.ives I and II~ it can be seen from this figure that the

l.S-ft flood depth boundary for the proposed met.hod is iarger than those for

Alternatives I and II. For t.he O.S-it flood dept.h boundary, t.he value for t.he

proposed method is larger than that for Alternative I but. smaller than that. for

Alternat.ive II for the small and medium alluvial fans. For the large alluvial

fan, tho l.S-ft flood depth boundary for t.he proposed method is smaller t.han

those for Alternat.ives I and II.

It is also noted in Figure B-1 that the O.S-ft flood depth boundary is almost. t.he

same for bot.h Alt.ernative r and the FEMA single-channel method for Fan #1. As

the size of the alluvial fan increases, the flood depth boundary becomes longcr

for Allernative r than for the FEMA single-channel method. The l.S-ft flood

d~pth boundary, however, is shorter for Fan #1 for Alternative I than for the

FEMA single-channel method. As the size of the fan increases, the difference in

the flood depth boundary becomes smaller. The flood depth boundaries calculated

using both methods are almost. the same"for Fan ;3.

The O.5-it flood depth boundaries for Alternative II as shown in Figure 8-1 is

longer than for that. for the FEMA single-channel method for all the fan sizes.

The l.S-fl flood depth boundary for Alternative II is, however, smaller than

that for the FEMA single-channel method for the small fan but larger lhan that.

for the FEW..A single-channel method for the large alluvial fan.
E - 5
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In summary, the shapes of the three alternative methods 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 l.S

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 T<:lble B-l, and

all were assumed to have an expansion an!{le of 90 degrees. Changes in those

assumptions would change the points plotted in Figure B-1, but for a given fan

the points for all the methods would change in a similar manner, so that the

qualitative comparison described above will not change substantially.
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A6-4 COMPU1'AT!ONAL INSTRUCTIONS

e. Determin~ Discharges for Depth and Velocit. y Zones

The discharges, depths, and velocity zones for alluvial fan flooding can be
determined by a combinat.ion of two met.hods. They are based on a single channel
region and a multiple channel region in the analysis. The single channel region
is defined by the lengt.h of t.he single channel measured from the mouth of the
canyon to the point. where the flood channel splits. The length of the !Jingle
channel can be determined using Figure A6.1. Below t.he single channel region of
the fan is the mult.iple channel channel region. The fon width along 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.

r. Single Channel Region

Within this region, discharge, Q (in cubic feet per second), that. correspond to
the various depth zone boundaries should be select.ed using t.he lable below. This
lable was derived from t.he relationship

2.5

Q = 280 D

where D is t.he t.otal dept.h in feet. due t.o pressure head and v.elocit.y neaci.

Dept.h zones are designat.ed from zone boundaries as follows:

Dept.h of
Zone

Depth of
Lower Boundary

Discharges, Q (in cubic feet per second), that correspond t.o t.he various velocit.y
zone boundaries should be select.ed using t.he table beLow. This t.abie was derived
from t.he relat.ionship

I.,
I
I
I
I

Q

D

1
2
3
4

49.5

0.5

772

1.5

2770

2.5

0.5
1.5
2.5
3.5

6420

3.5

12000

4.5

Depth of
Upner Boundary

1.5
2.5
3.5
4.5

I
I

Q : 0.13 V

where V is velocit.y in feet. per second.

C - 1
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Q

v

68

3.5

240

4.5

654

5.5.

1510

6.5

3080

7.5

5770

8.5

Velocity zones are designaled from zone boundaries as follows:

I
I
I

Zone
Velocity

4.0
5.0
6.0
7.0
8.0

Velocity of
Lower Boundary

3.5
4.5
5.5
6.5
7.5

Velocity of
Duper Boundarv

4.5
5.5
6.5
7.5
8.5

I II. Multiple Channel Region

where V is velocity in feet. per second and S is the fan slope.

4.17 -l.%5 4.1'7

Q = 99314 n S V

Depth zones and velocity zones are design,ate.d from zone boundaries in lhe same
manner as shown in the analysis for the single channel region.

.Y

QS+ 0.001426 n
.J/5

Q
-.J

s
./5

D = 0.0917 n

Discharges, Q (in cubic feet per second), thal correspond t.o the VaTious velocity
zone boundaries sh<"lUld be calcul.a.ted using the equation.

where D is the lotal depth in feet due t.o pressure head and velocity head, S is
the fan slope, and n is Manning's roughness coefficienl for the alluvial fan
flood channel.

Within the multiple channel region, discharges, Q (in cubic feet per second),
that correspond to lhe various depth zone boundaries may be calculated by
iteratively solving the following equation:

I
I
I
I
I
I

h. Compute Fan Widths for Zone Boundaries

I
I

The fan widths (i.e., arc lengths from onc laleral limit. of the fun to the other
taken parallello contours) that correspond to each upper and lower zone boundary
deplh and velocity listed in Sedion A6-4e should be computed both for the single
channel region and the multiple channel region. The foUowing formulas should be
used.

I
C - 3
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1. Single Channel Region

Fan Wid th = 950 ACP

II. Multiple Channel Region

Fan Width = 3610 ACP

In the above t.wo formulas, A is the avulsion coefficient, C is the transformation
conslant, and P is the probability cif the discharge that corresponds to each
given dept.h 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 the absence of other data.

In summary, the sleps for the det.ermination of t.he flood velocity and dept.h
boundaries are listed as follows:

1. Corr:put.e all flood depth and velocity zone boundaries by the standard single
channel method.

2. Determine point of bifurcation int.o mult.iple channel region t.hrough use of
Figure A6.1 and lhe calculation of near fanhead canyon slope t.o fan stope
ratio.

3. If t.he point of bifurcat.ion is downfan from the lower boundary of the
one-foot dept.h zone as computed by t.he standard single channel method, t.he
slandard single channel met.hod will be used for t.he determination of all
flood boundaries on t.he fan.

4. If t.he point. of bifurcat.ion is upfun from upper t.he boundary of the one-foot
dept.h zone as comput.ed by t.he slandard single channel met.hod, the one-foot
depth zone boundaries will be changed to that computed for the mult.iple
channel case.

5. If t.he point of bifurcation is upfan from t.he one-foot. depth zone boundaries
as computed by the standard single channel method. compute the dept.h and
velocity at t.he point of bifurcat.ion b-y _the standard single channel met.hod.
Comput.e t.he velocity and dept.h boundaries for velocit.ies and dept.h less than
those det.ermined for t.he point of bifurcation by use of t.he mult.iple chunnel
method. Substitut.e those boundaries for the boundaries computed by the
standard single channel met.hod.

C - 4
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A6-7 SAMPLE STUDY

c. Determinat.ion of Dischar2"es for Dept.h and Velocity Zones

The discharges t.hat. correspond to the 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 Numbe:- One Canyon, with the fan slope, of 0.03 and Manning's n of
0.02, these discharges are as follows;

1. Single Channel Region

Depth Discharge

0.5 49.5
1.5 772.0
2.5 2770.0

Velocity Discharge

3.5 68
4.5 240
5'.5 654
6.5 1510

II. Multiple Channel Region

Depth Discharge

0.5 310
1.5 3835

Velocity Discharge

3.5 122
4.5 348
5.5 803
6.5 1611

d. Determine Probabilities of Transformed Discharges and Fan Widths at Zone
Boundaries

The log-Pearson Type III standa.rd deviates (K) were computed for the discharges
(Q) that correspond to each depth zone boundary and each velocity zone boundary,
using the equation

-
log Q - Z

K -
St

C - 5
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The probability 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 17E.

Fan arc widths (W) were computed ror each special flood hazard zone boundary
using the equation

Computations for Number One Canyon were made as follows:

for the single channel region and the equation

for the multiple channel region.

An avulsion coefficient (A) of 1.5 was assumed for each case.

:: -1.199

1240 feet

0.4965

1.695 - 2.29

0.4965

Log 49.5 - 2.29
= --------------- -

-
Log Q - Z

St

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

K ::

C - 6

P Q)772} = P ( K) 1.204} = 0.118

-
Log Q - Z Log 772 - 2.29 2.888 - 2.29

K :: ----------- :: -------------- = ------------ - 1.204-
St 0.4965 0.4965

W = 950 ACP = 950 x 1~5 x 7.4 x 0.118 =

For the 1.5-foot depth boundary:

For the O.S-fool depth boundary:

W = 3610 ACP

W = 950 ACP

T. Single Channel Region

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
stope to fan slope of 1.2. The fan width along the boundary dividing the single
channel region and multiple channel region was determined as 168.0 feet from the
topographi.c map based on the calcutated value of the single channel length.

I
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For- the 3.5-feet per second (fps) velocity zone boundary:

-
Log Q - Z Log 1510 - 2.29 3.18 - 2.29

K = --------- = ---------------- :: ----------- : 1.793

S~ 0.4965 0.4965

-
Log Q - Z Log' 240 - 2.29 2.38 -2.29

K = -------- = --------------- = ------------ = 0.181
51: 0.4965 0.4965

-
Log' Q - Z Log 68 - 2.29 1.83 - 2.29

K - ---------- :: -------------- :: ---------- :: -0.926-
51: 0.4965 0.4965

- 2.316

- 1.059

0,4965

0.4965

3.44 - 2.29

2.816 - 2.29

0.4965

Log 2770 - 2.29

Log' 654 - 2.29

0.4965
= -------------- =

= ---------------- =
51:

-
Log Q - Z

51:

-
Log' Q - Z

C - 7

w = 950 ACP :: 950 x 1.5 x 7.4 x 0.037 = 390

P { Q > 1510 = P K > 1.793 } = 0.037

P { Q > 654 } = P { K > 1.059 } :: 0.15

W = 950 ACP = 950 x 1.5 x 7.4 x 0.15 = 1580 feet

K =

w = 950 ACP :: 950 x 1.5 x 7.4 x 0.428 :: 4510 feet

P ( Q > 240 } = P ( K > 0.181 I :: 0.428

W :: 950 ACP :: 950 x 1.5 x 7,4 x 0.819 :: 8640 feet

P { Q > 68 - P ( K > -0.926 ) :: 0.819

W :: 950 ACP :: 950 x 1.5 x 7.4 x 0.0104 :: 110 feet

P { Q > 2770 } = P ( K > 2.316 ) :: 0.0104

K ::

For t.he 6.5-fpa velocit.y zone boundary:

For the 5.5-fps velocity zone boundary:

For- the 4.5-fps velocity zone boundary:

For- the 2.5-toot depth boundary:

I
I
I
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C - 8

K = ------ = -------------- = 2.6058

K =--------- = -------------- = 0.4055
Sl. 0.4965

= 0.5067

- 1.2381

-0.4102

0.4965

0.4965

Log 348 - 2.29

St

-
Log Q - Z Log 803 - 2.29

St 0.4965

Sl.

-
Log Q - Z

K - ----------

-
Log Q - Z Log 122 - 2.29

K = --------- = -------------- =
Sl. 0.4965

K =------

W = 3610 ACP :; 3610 ~ 1.5 ~ 7.4 x 0.3065 :; 12280 feet

P { Q > 348 ) = P ( K > 0.5067 = 0.3065

W - 3610 ACP = 3610 x 1.5 x 7.4 x 0.6578 = 26360 feet

-
Log Q - Z Log 310 - 2.29

P ( Q > 310 ) = P { K > 0.4055 } = 0.3438

P ( Q ) 803 = P ( K ) 1.2381 I :; 0.1099

P ( Q > 122 I = P [ K > -0.4102 ) = 0.6578

-
Log Q - Z Log 3835 - 2.29

W - 3610 ACP = 3610 x 1.5 x 7.4 ~ 0.0047 = 190 feet

P ( Q > 3835 } = P ( K > 2.6058 } = 0.0047

w = 3610 ACP = 3610 :t 1.5 :t 7.4 x 0.3438 :; 13780 feet

:or the 5.5-fps velocity zone boundary:

For the 4.5-fps velocity zone boundary:

II. Multiple Channel Region

For the 3.5-fps velocity zone boundary:

For the 0.5-foot depth boundary:

For the lo5-foot depth boundary:

,I
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W = 3610 ACP = 3610 x 1.5 x: 7.4 x 0.1099 - 4400 feet

I For the 6.S-ips velocity zone boundary:

I
-

Log Q - Z Log 1611 - 2.29
K = --------- = ------------- =

Sz 0.4965
1.8471

C - 9

p - -------- = ---------------- = 0.1593

rrI. Fow Velocity and Depth at Bifurcation Point

W = 3610 ACP = 3610 x 1.5 x: 7.4 x 0.0331 = 1330 feet

1680

950 x 1.5 x 7.4

w·

950 A C

P ( Q > 1611 ) = P l K > 1.8471 } = 0.0331

So, the 0.5 foot depth contour and the 5.5, 4.5 and 3.5 fl/sec velocity
boundaries are determined by the multiple-channel melhod. All other boundaries
are determined by the single-channel method. Fan widths were computed
independently for the fan originating from Number Two Canyon. The computed wid lhs
were lhen fit lo the proper contours on the fans to prod uce the flood hazard zone
boundaries as shown on the map (see Figure A6.2).

-
Log Q = Z + K Sz = 2.29 + 1.0207 x 0.4965 = 2.797

Thus Q - 526 cfs-

0.% 0.%

V = 1.5 Q = 1.5 x (626) - 5.4 fps-

0.4 0.4

D = 0.10 Q = 0.10 x (626) = 1.3 feet

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 calculated using the equations for the standard single channel
method as follows:

The standard deviate, K, is then determined to be 1.0207 by inlerpolation of
probabilities and slandard deviales, wilh skewness G equal lo zero, listed in
Appendi.x 3 of Bulletin 17B. The corresponding discharge, veiocity, and depth may
be calculaled using the following formulas,

I
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APPENDIX 1.-- FEMA 37 sections on alluvial fans
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APPENDIX 5. STUDIES OF ALLUVIAL FAN FLOODING

I
I
I
I

AS-l 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 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 ~lluvial 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.

I
I
I

The methodology follows directly from the definition of the lOO-year flood
as the flood having a I-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
fore, 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 qlOO given
by

I .01
coI p(HIQ~q)fQ(q)dq
qlCO

(1 )

(2 ).01
cof fQ(q)dq
qlco

If the flowpaths cannot be predicted with certainty, then equation (1)
(Le" 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 flood discharge.

,
where P(HIQ=q) is the probability of the point being flooded, given that
a flood with a magnitude of q cubic feet per second (cfs) is realized at
the apex; and fQ(q) is the probability density function (pdf) of the
discharge Q occurring at the apex. Replacing Q with D or V and q with d
or v in equation (1) to denote depth or velocity yields the definition of
the lOO-year flood depth or flood velocity, respectively. Note that when
the flood path is predictable, then p(HIQ=q) = 1 and the 100-year flood
discharge, q\OC' is determined by the definition familiar to those who model
riverine flooding:

I

I
I

I
I
I The methodology was first described by Dawdy (Reference 1). In his paper

Dawdy uses three assumptions to solve equation (1) for qlOO'

I AS-1
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1. The pdf, f(J(q),
accordance with
the Interagency

is log-Pearson Type III. This assumption is
the recommendation of the Hydrology Subcommittee
Advisory committee on Water Data (Reference 2).

in
of

I
I
I
I
I
I
I

2.

3.

The conditional probability, p(HIQ=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 rriust exercise caution when considering this
assumption to be valid for "engineering" time scales.

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.

I
I
I
I
I
I
I
I
I

consequent to adopting the methodology outlined 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 Bingle 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 docum~nted. 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.

A5-2



I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I

A5-2 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 Floodina 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

As-2A 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.

As-2B 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 crOSB section for which depth, width, and
velocity of flow can be expressed as functions of discharge.

AS-3
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In the lowe~ region of the fan, flood flows may split and form multiple
channels. Normal flow conditions exist in-the multiple-channel region.

AS-2C 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.

AS-2D 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.

AS-2E Avulsions

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.

A5-2F 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.

AS-3 FLOOD HAZARD ZONES

Special Flood Hazard Areas subject to alluvial fan flooding are identified
as Zone AO with the following definition:

I
I
I
I
I
I
I

Zone AO: 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 Hap as Zone AO, and average depths and
velocities of flow are shown. In those areas, the lOO-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 flowpatha
on the alluvial fan are unpredictable.

AS-4
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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 AO (Depth 2
FT, velocity 7 FPS).

AS-4 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 ~imple 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.

1. Determine the flood frequency curve at the apex [Le., fQ(q) in
equation (1)].

I
I
I
I

AS-S

2.

3.

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(HIQ=q) in equation (1)].

Calculate the 100-year discharges from equation (1).

I
I

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. ~fter notifying the Regional po, the Sc shall submit the
data described in AS-SA and As-sB below. The SC will be informed of the
results of that review within 45 ~ays of the intermediate submission.

AS-SA Step 1: Define the Flood Frequency Curve and Apex for Each Floodinq Source

The following information shall be submitted in support of the flood
frequency curve defined at each apex:

I
I
I
I

1. A topographic map showing the boundary of the drainage area above
the apex, as well as the location of the apex.

AS-S



4. Data and references used in the hydrologic analysis.

A5-5B 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:

I
I
I
I
I
I
I
I
I
I
I
I
I

2.

3.

5.

1.

2.

3 •

4 •

An explanation demonstrating that flowpaths below the apex are
unpredictable.

A report describing in detail the hydrologic analysis performed to
determine the flood frequency curve.

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).

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.

An aerial photograph (if available) at the same scale as and showing
the same information as that described for the topographic map.

A soils classification map (if available) at the same scale as and
showing the same information as that described for the topographic
map.

A report describing the topographic and geomorphologic analysis
performed.

5. Data and references used in the analysis.

I
I

The report should
assumptions made in
a starting point.)

describe, in
the analysis.

detail, and justify the use of all
(Those described by Dawdy can serve as

I
I
I
I

A5-SC step 3: Determine and Delineate Flood In5urance 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 lOO-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.

AS-6
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I The following information shall be submitted to complete this final step:

2. Backup data and calculations supporting those depths and velocities.
I
I

1.

3.

A topographic map showing the flood insurance zones, including 100­
year depths and velocities.

A draft F!S Report with adequate descriptions of the analyses
performed in the appropriate sections.
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I APPENDIX 5. STUDIES OF ALLUVIAL FAN FLOODING

AS-l INTRODUCTION

The methodology follows directly from the definition of the lOa-year flood
as the flood having a i-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 lOa-year flood. There­
fcre, if H denotes the event of·the point in question being flooded,.then,
by definition, the lOa-year flood discharge at that point is the qloe given
by

"Alluvial fan flooding" means flooding occurring on the surface of an
alluv ial 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. 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 al~uvial 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.

(1 ).01
00f P(H!Q=q}fQ(q)dq
qlee

where p(HIQ=q} is the probability of the point being flooded, given that
a flood with a magnitude of q cubic feet per second (cfs) is realized at
the apex; and fQ(q} is the probability density function (pdf) of the
discharge Q occurring at the apex. Replacing Q with D or V and q with d
or v in equation (1) to denote depth or velocity yields the definition of
the lOO-year flood depth or flood velocity, respectively. Note that when
the flood path is predictable, then p(HIQ=q} = 1 and the lOa-year flood
discharge, qlee, is determined by the def init ion famil iar to those who model
riverine flooding:

I
I

I
I
I
I
I
I
I
I
I
I .01 (2 )

I
I
I

If the flowpaths cannot be predicted with certainty, then equation (l)
(Le., the methodology) must be applied. The reader should note that
equation (i) is not an assumption, but is rather the definition of the 100­
year flood discharge.

The methodology was first described by Dawdy (Reference 1). In his paper
Dawdy uses three assumptions to solve equation (1) for qlOO.

AS-l
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The conditional probability, 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 must exercise caution when considering this
assumption to be valid for "engineering" time scales.

~,
;

~'I,#!

,..

I
·1

I
I
I

1.

2.

The pdf, fQ(q),
accordance with
the Interagency

is log-Pearson Type III. This assumption is
the recommendation of the Hydrology Subcommittee
Advisory Committee on Water Data (Reference 2).

in
of

•

consequent to adopting the methodology outlined by Dawdy, FEHA commissioned
DHA 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 f'an
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.

I
I
I
I
I
I
I

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.

I

I
I
I

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. tfthe 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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AS-2 ~~PPING 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 S~"

disK, from FEMA by writing to:

I
I
I
I
I
I
I
I
I
I
I
I
I
I

Federal Emergency Management Agency
Federal Insur~nce Administration

Office of Risk Assessment
Risk Studies Division

500 C Street, SW
Room 422

Washington, DC 20472

AS-2A 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.

AS-2B 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.

AS-3
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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.

A5-2C 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.

A5-2D 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.

A5-2E Avulsions

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 imd/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.

AS-2F coalescent Areas

In areas subject to alluvial fan flooding from more than one flooding
source, f load 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:

I
I
I
I
I

A5-3

Zone AO: special Flood Hazard Areas inundated by types of lOO-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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AS-4

AS-S

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 AO (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 comp~ter 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 lOO-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.

1. Determine the flood frequency curve at the apex (Le., fQ(q) 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(HIQ=q) in equation (1)].

I
I
I
I
I
I

3. Calculate the lOO-year discharges from equation (1).

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 AS-SA and AS-SB below. The SC will be informed of the
results of that review within 4S days- of the intermediate submission.

AS-SA Step 1: Define the Flood Frequency Curve and Apex for Each Floodinq Source

The following information shall be submitted in support of the flood
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.

AS-5



AS-SB 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:

I
"I

I'
j

I'
I
i
I

2.

3.

4.

5.

1.

2.

3.

4.

s.

An explanation demonstrating that flowpaths below the apex are
unpredictable.

A report describing in detail the hydrologic analysis performed to
determine the flood frequency curve.

Data and references used in the hydrologic analysis.

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).

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.

An aerial photograph (if available) at the same scale as and showing
the same information as that described for the topographic map.

A soils classification map (if available) at the same scale as and
showing the same information as that described for the topographic
map.

A report describing the topographic and geomorphologic analysis
performed.

Data and references used in the analysis.

--

AS-SC Step 3: Determine and Delineate Flood Insurance Zone Boundaries

I
I

The report should
assumptions made in
a starting point.)

describe, in
the analysis.

detail, and justify the use of all
{Those described by DaWdy can serve as

I
I
I

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 lOO-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 FrS.
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A5-6

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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I A5-1 INTRODUCTION

APPENDIX 5. ALLUVIAL FAN STUDIES
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I
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The methodology outlined in this Appendix is based on procedures developed by
Dawdy (Reference 1) and later modified (Reference 2) to account for split flow
conditions generally found in the lower reaches of active alluvial fans. It
is recommended that the Study Contractor review these publications for a com­
plete discussion of the theory, rationale, and assumptions used to develop
this methodology. In portions of alluvial fans in which natural alluvial fan
processes may not occur, such as in areas of entrenched channels, areas pro­
tected by flood control works, and heavily developed areas, the Study Contrac­
tor should exercise good engineering judgment in determining the most appro­
priate methodology or combinations of. methodologies.

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 en­
trenched channels, single and multiple channel regions where evident, anq the
areas of active alluvial fan processes. The reconnaissance should make use of
available topographic, geologic, and soil maps; aerial photographs; histori~

records; and site inspection.

Prior to undertaking any computations, the Study Contractor should obtain
approval from the PO for the use of the methodology outlined in this Appendix.

A5-2 ASSUMPTIONS AND OBSERVATIONS

The approach outlined in this Appendix makes use of statistical analyses that
relate the probability of given discharges at the apex of a fan to the proba­
bility of certain depths and velocity of flow occurring at any point on the
fan below the apex. The methodology presented in this Appendix is based on
the assumptions and observations regarding floodflows on active alluvial fans
outlined in the following sections.

a. Channel Pattern and Location

At the time of maximum flow 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 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 relatiyely steep slopes in the upper region,
flood flows are at critical depth and critical velocity. Below the apex of
the fan (or t~e zone of entrenchment in the case of mature fans), the channel
will occur at random locations at any place on the fan surface; under natural
conditions, it is no more likely to follow a pre-existing flowpath than it is
to follow a new flowpath. This channel has an approximately rectangular cross
section for Which depth, width, and velocity of flow can be expressed as func­
tions of discharge at the apex of the fan.

AS-1



A5-3 FLOOD HAZARD ZONES

d. Avulsions

c. Velocity of Flooding

Zone AO is the flood insurance rate zone that corresponds to the
areas of lOa-year shallow flooding (usually sheet flow on slop­
ing terrain) where average depths are between 1 and 3 feet.
Average whole-foot depths derived from the detailed hydraUlic
analyses are shown within this zone.

*Zone AD:

The Special Flood Hazard Area on each alluvial fan is subdivided into separate
AD zones with similar depths and velocities. Zones are delineated that have
depths or velocities differing by an average of 1.0 foot in depth or 1.0 foot
per second (fps) in velocity.

During major floods on active alluvial fans, peak flows may abruptly abandon
one channel that had been formed during the flood, and form a new channel.
This phenomenon, termed an avulsion, can cause a significant increase in the
probability of flooding at a given point on a fan because of the increased
channel widths that may cross a given contour during a given flood event. The
treatment of avulsions is an important factor in the application of the metho­
dology presented in this Appendix.

Special Flood Hazard Areas on alluvial fans are identified as Zone AD with the
following definition:

*Exception to the 3-foot depth limit for Zone AD is permitted for alluvial
fans when approved by the PO.

For alluvial fan flood mapping, the velocity of flooding computed for alluvial
fan flood mapping is the velocity of flow in the channel that carries the
given discharge to the toe of the fan surface.

b. Depth of Flooding

For flood mapping purposes, the depth of flooding computed on alluvial fans is
the depth of flow (depth of channel) in the channel that carries a given dis­
charge to the toe of the fan surface.

The probability of a point being flooded in a given flood event decreases from
the apex to the toe of the fan because the downslope widening of the fan sur­
face provides a greater area over which a channel of given width may occur.

In the lower region of the fan, flood flows split and form multiple channels.
For purposes of this procedure, the concept of a single equivalent channel is
used to compute flood depths and velocities. Normal flow conditions are con­
sidered to exist in the multiple channel region due to the relatively flatter
slopes.

I
I
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AS-4 COMPUTATIONAL INSTRUCTIONS

a. Determine Flood Discharge-Frequency Distribution

step-by-step instructions are provided below for computing the
flood hazard zones on alluvial fans using log-Pearson Type
accordance with Bull~tin No. 17B (Reference 3).

I
I
I
I

In areas of
should be
probabi li ty

coalescent alluvial fans, separate depth-frequency relationships
developed for each source of flooding and combined based on the
of the union of independent events.

bounda ri es of
III analyses in

I
I
I

,

For the source of flooding at the apex of each alluvial fan, a complete flood
discharge-frequency distribution should be determined using log-Pearson Type
III analyses in accordance with Bulletin No. 17B. The determination of flood
discharges in arid regions, where alluvial fans ~re most typically found,
should be closely coordinated with the PO to ensure agreement on methodology.

The skew coefficient, standard deviation, and mean of logarithms of discharges
must be detp-rmined for the flooding source at the apex of the fan. When an
analysis according to Bulletin No. 17B is done, these statistics are known.
For most alluvial fans, however, these statistics will not be available.
Therefore, flows of various recurrence intervals should be computed from ap­
propriate regional methods, and the synthetic log-Pearson Type III parameters
should be derived.

(1) Derivation of Skew Coefficient. Derive the skew coefficient using the
following equa tions:

G -2.50 + 3.12 Log(Q.01/Q.l0)

Log (Q. 1O/Q. 50) ( 1 )

I
Using the skew coefficient computed above and the K values for the
shown in Bulletin No. 17B, the standard deviation should be derived
to the following equation:

skew as
according

5 log(Q.Ol/Q.50)

K. 01 - K. SO (2 )

I
(2) Derivation of Mean of Logarithms.
tions 1 and 2, the mean of logarithms
lowing equation:

Using the values determined in Equa­
should be derived according to the fol-

I
l

I
I

(3)

where S and X are the standard deviation'and mean, respectively; Q.0 1 ' Q.l0'
and Q.50 are discharges with 0.01, and 0.10, and 0.50 exceedance probabili­
ties, respectively; and K. 01 and K. 50 are Pearson Type III deviates for re­
spective exceedance probabilities of 0.01 and 0.50 and skew coefficient G.
Equation (1) above is an approximation appropriate for use between skew values
of +2.5 and -2.0.
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b. Compute Transformation Variables

are not zero, the log-Pearson Type III parameters
using the variables computed above according to the

G

x + 0.928
2

S

m + A/a

" /a
2

2/ A 1/2

a - 0.92

and

x - 2S/G

2/GS

4/G 2

-Z

z

d. Compute Transformation Constant

Where the skew coefficient is zero (log normal distribution), compute the
parameters as follows:

Where the skew coefficient is not zero, a transformation constant should be
computed as follows:

Where skew coefficients
should be transformed
following equations:

a

c. Transform log-Pearson Type III Parameters

a

If the skew coefficient is zero (log normal distribution), the transformation
variables should not be computed.

Variables- for transforming these parameters should be computed as follows:

m

To permit solutions by use of log-Pearson Type III analysis and Bulletin No.
17B, the log-Pearson Type III parameters must be transformed.



'I
I Where the skew coefficient is zero (log normal distribution), the transforma­

tion constant should be computed as follows:
2

O.92X + 0.425
C =: e

I

I
r

e. Determine Discharges for Depth and Velocity Zones

The 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
analyses. 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. If there is no clear indication as to the length of the sin­
gle channel from data collected during the reconnaissance phase, the length of
the single channel can be determined using Figure 5-i. Below the single chan­
nel region of the fan is the multiple. channel region. The fan width along the
boundary between the single channel and multiple channel regions can be mea­
sured from the topographic map, once the length of the single channel is
known.

I
I
I

I. Single Channel Region

within this region, discharges, Q (in cubic feet per second), that correspond
to the various depth zone boundaries should be selected using the table below.
This table was derived from the relationship

where D is the total depth in feet due to pressure head and velocity head.

Depth zones are designated from zone boundaries as follows:
I

Q
D

49.5
0.5

772
1 .5

2,770
2.5

6,420
3.5

, 2,000
4.5·

where V is velocity in feet per second.

Q =: 0.13 v5

Discharges, Q (in cubic feet per second), that
ocity zone boundaries should be selected using
was derived from the relationship

1.5
2.5
3.5
4.5

Depth of
Upper Boundary

correspond to the various vel­
the table below. This table

0.5
\ .5
2.5
3.5

Depth of
Lower Boundary

1

2
3
4

Depth of
Zone

I
I

I
Q
V

68
3.5

240
4.5

654
5.5

1 ,510
6.5

3,080
7.5

5,770
8.5

I
A5-5
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... Canyon slope should normally be computed along the stream bed of the lower canyon to
a point upstream of the canyon mouth where there is a notable change to a steeper
gradient. Fan slope should normally be computed for the upper portion of the fan to a
point downstream of the fan apex where there is a notable change to a flatter gradient.
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Velocity zones are designated from zone boundaries as follows:

I
I
I
I
I

Zone
Velocity

4.0
5.0
6.0
7.0
B.O

Velocity of
Lower Boundary

3.5
4.5
5.5
6.5
7.5

Veloci ty of
Upper Boundary

4.5
5.5
6.5
7.5
B.5

Discharges, Q (in cubic feet per second), that correspond to the various vel­
ocity zone boundaries should be calculated using the equation:

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.

I
I
I
I
I

II. Multiple Channel Region

Within the multiple channel region,. discharges, Q (in
that correspond to the various depth zone boundaries
iteratively solving the following equation:

cubic feet per second),
may be calculated by

I
I

where V is velocity in feet per second and S is the fan slope.

Depth zones and velocity zones are designated from zone boundaries in the same
ffianner as shown in the analysis for the single channel region.

Compute Fan Widths for Zone Boundaries

The fan .... idths (i.e., arc lengths frol[\ 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 AS-4e should be computed both
for the single channel region and the multiple channel region. The following
formulas should be used:

I,
I
I
I

I.

Lr.

Single Channel Region

Fan Width = 950ACP

Multiple Channel Region

ran Width = 3610ACP

I
I
I

In the above two formulas, A is the avulsion coefficient, C is
tion constant, and P is the probability of the discharge that
each given depth and velocity.

A5-7
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In summary, the steps for the determination of the flood velocity and depth
boundaries are listed as follows:

Fans," Journal of
No. HYII, pp. 1407-

should be selected by the
A factor of 1.5 is recommended

David R. Dawdy, "Flood Frquency Est-imates on Alluvial
the Hydraulics Division ASCE, Proceedings, Vol. 105,
1413, 1979.

1 •
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The sketch map shown in Figure A5-1 depicts the typical distribution of flood
insurance rate zones on an active alluvial fan, as determined by the methodol­
ogy outlined in this Appendix.

When the fan arc widths that form flood hazard zone boundaries have been com­
puted, these distances should be scaled onto topographic base maps, taking
care to make the boundaries parallel to contours.

5. If the point of bifurcation is upfan from the one-foot depth zone bound­
aries 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.

4. If the point of bifurcation is upfan from the upper 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
multiple channel case.

2. Determine point of bifurcation into multiple channel region through use
of Figure A5-1 and the calculation of near fanhead canyon slope to fan
slope 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
all flood boundaries on the fan.

1. Compute all flood depth and velocity zone boundaries by the standard
single channel method.

An avulsion coefficient (factor) greater than 1
study Contractor in consultation with the po.
in the absence of other data.



A5-7 SN~PLE STUDY

The following sample study is presented to demonstrate the mapping of special
flood hazard zones on active alluvial fans using the methodology described in
this Appendix. The computational steps are generally carried cut in the same
sequence as they are listed in the Appendix.

a. Identification of Alluvial Fans

In this sample study, topographic map. inspection, airphoto interpretation, and
field inspection ;"ere used to identify two coalescing, active· C'.lluvial fans
that fell partly within the study area. To determine the flood hazard zon~

Qour:daries wi thin the study area, it was necessG.ry to datermine c.hem f;:)r both
all~vial fans. The principal source of flooding was identified for each fan
and designated Number One Canyon and Number Two Canyon. The overall Dound­
aries of the fans were delineated on the best available topographic map, .which
in this case was a u.S. Geological Survey quadrangle at a scale of 1:24,000,
with a contour interval of 20 feet.

I
I
I
I
I
I

I

J.

b.

U.S. Department of the Interior, Interagency Advisory Committee on Water
Data, Office of Wate~ Data Coordination, Hydrology Subcommittee, Bulletin
No. j 7B, "Guidelines for Determining ?locd Flow Frequency, to Septem.b8l:
1981, Revised March 1982.

Determination of Discharges for Depth and Velocity Zones

I
I
I
I
I
I

The dlscharges that correspond to the various depth and velocity zone bound­
arles were selected from the t~les for the single channel region and calcu­
lated by use of the equations for the m~ltiple channel region shown in Section
A5-4e of this Appendix. For Nur.~er One Canyon, with the fan slope of 0.03 a~d

Manning's "n" of 0.02, these discharges are as follows:

1. Single Channel Region

Depth Discharge

0.5 49.5
1 .5 772.0
2.5 2,770.0

Velocity Discharge

3.5 68
4.5 240
5.5 654
6.5 1,510

II. Multiple Channel Region

Depth Discharge

I
I
I

0.5
1 .5

310
3,835

.1;5-9



W = 3610ACP

W =' 950ACP

An avulsion coefficient (A) of 1.5 was assumed for each case.

-1.199

were computed for the dis­
boundary and each velocity zone

1.695 - 2.29

0.4965

A5-10

122
348
803

1 ,61 1

Discharge

log Q - ZK = ~--"-"""_'::"

Sz

Log 49.5 - 2.29

0.4965

3.5
4.5
5.5
6.5

Velocity

K =: Log Q

Sz

For the 0.5-foot depth boundary:

I. Single Channel Region

Fan arc widths (W) were computed for each special flood hazard zone boundary
using the equation:

Computations for Number One Canyon were made as follows:

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 az 1.2. The single channel
length of 3,200 feet was determined from Figure A5-1, using the calculated
ratio of canyon slope to fan slope of 1.2. The fan width along the boundary
dividing the single channel region and multiple channel region was determined
as 1,680 feet from the topographic map based on the calculated value of the
single channel length.

for the multiple channel region.

for the single channel region and the equation:

The probability 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 No. 17B.

d. Determine Probabilities of Transformed Discharges and Fan Widths at Zone
Boundaries

The log-Pearson Type III standard deviates (K)
charges (Q) that correspond to each depth zone
boundary, using the equation:



I
I P[Q~49.5] = P[K~ -1.199] == 0.881

For the 1.5-foot de p th bounda ry :

K = Log Q - Z = Log 772- 2.29 2.888 - 2.29 1.204

Sz 0.4965 0.4965

P [ Q~772] P ( K~ 1 .2 04] = 0.1 18

W 950ACP 950 x 1,5 x 7.4 x 0.1 18 1,240 feet

I
I
I

w = 950~CP = 950 x 1.5 x 7.4 K 0.881 9,290 feet

P Q~27701 = P (K ~ 2.3161 = 0.0104

I
I

For the 2.5-foot depth boundary:

K = Log Q - Z = Log 2770 - 2.29

0.4965

3.44 - 2.29

0.4965
2.316

W 950ACP = 950 x 1.5 x 7.4 x 0.428 = 4,510 feet

For the 3.5-feet per second (fps) velocity zone boundary:

K == Log Q - Z Log 68 - 2.29 1 .83 - 2.29 -0.926= ==

Sz 0.4965 0.4965

P Q ~ 68 = P K ~ -0.926 ] = 0.819

W 950ACP 950 x 1 .5 K 7.4 x 0.819 = 8,640 feet

w 950~CP = 950 x 1.5 K 7.4 x 0.0104 == 110 feet

1.059

0.181

2.816 - 2.29

0.4965

2.38 - 2.29

0.4965

P Q L 654 ] = P { K ~ 1.059 ] = 0.15

K = Log Q - Z == Log 654 - 2.29

Sz 0.4965

P Q ~ 24 0 I = P [ K ~ O. 18 1 1 = O. 4 28

K = Log Q - Z = Log 240 - 2.29

Sz 0.4965

For the 5.5-fps velocity zone boundary:

For ~e 4.5-fps velocity zone boundary:

I
I
I
I
I
I
I
I
I
I
I

950ACP == 950 x 1.5 x 7.4 x 0.15 = 1,580 feet

1\5 -1 1

I



W = 3610ACP = 3610 x 1.5 x 7.4 x 0.0047 = 190 feet

W = 3610ACP = 3610 x 1.5 x 7.4 x 0.6578 = 26,360 feet

K Log Q - Z Lot 348 - 2.29 0.5067= =

5 Z 0.4965

P [ Q ~ 348 = P [ K ~ 0.5067 = 0.3065

W 3610ACP 3610 1 .5 7.4
.--

0.3065 12,280 feet= x x x

1 .793

2.6058

3.18 - 2.29

0.4965

K ~ 2.6058 ) = 0.0047

3610 x 1.5 x 7.4 x 0.3438 = 13,780 feet3610ACP

P [ Q > 3835 ) = p

W

K Log Q - Z Log 310 - 2.29 0.4055=
5 z 0.4965'

p [ Q ~ 310 = P ( K ~ 0.4055 = 0.3438

p[ Q ~ 1510 ] = P [ K ~ 1.793 1 = 0.037

P [ Q ~ 122 = P [ K ~ -0.4102 1 = 0.6578

AS-12

K = Log Q - Z = Log 122 - 2.29 = -0.4102

5 z 0.4965

K = Log Q - Z = Log 803 - 2.29 = 1.2381

W = 9s0ACP = 950 x 1.5 x 7.4 x 0.037 = 390

0.4965

K = Log Q - Z = Log 15iO - 2.29

5 Z 0.4965

for the 5.5-fps velocity zone boundary:

for the 4.5-fps velocity zone boundary:

For the 3.5-fps velocity zone boundary:

For the 1.s-foot depth boundary:

K = Log Q - Z = Log 3835 - 2.29

5 Z 0.4965

For the O.s-foot depth boundary:

II. Multiple Channel Region

For the 6.5-fps velocity zone boundary:



I
I· P [ Q ~ B03 :; P [ K ~ 1. 2381 = 0.1099

For the 6.5-fps velocity zone boundary:
I
I

W = 3610ACP

K :; Log Q - Z

3610 x 1.5 x 7.4 x 0.1099

Log 1611 - 2.29 = ,.B4 71

0.4965

4,400 feet

I P ( Q > 16'1 1 = P K ~ 1.8471 1 :; 0.0331

I
W :; 3610ACP = 3610 x 1.5 x 7.4 x 0.0331 = 1,330 feet

III. Flow Velocity and Depth at ~ifurcation Point

The fan width at the bifurcation point is 1,680 feet. The probability of
ocourrence (p) of the discharge for the velocity and depth at the bifurcation
point can be calculat~ using the equations for the standard single channel
me~~od as follows:

The standard deviate, K, is then determined to be 1.0207 by interpolation of
probabilities and standard deviates, with skewness, G, equal to zero, listed
in Appendix 3 of Bulletin No. 17B. The corresponding discharge, velocity, and
depth may be calculated using the following formulas:

I
I
I
I

p W

950AC

16BO

950 x 1.5 x 7.4
0.1593

I
I
I

I
I
I
I
I

Log Q = Z + KS
Z

= 2.29 + 1 .0207 x 0.4965 = 2.797

Thus Q 626 cfs

v = 1 .5 QO.2 :; 1 .5 x (626)°·2 :; 5.4 fps

D 0.10 QO.4 :; 0.10 x (626)°·4 = 1 .3 feet

So, the O.S-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 bound­
aries are determined by the single channel method. Fan wid~hs were computed
independently for the fan originating from Number Two Canyon. The computed
widths were then fit to the proper contours on the fans to produce the special
flood hazard zone boundaries as shown on the map (see Figure A5-2).
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APPENDIX 6. ALLUVIAL FAN STUDIES

.-\.6-1 INTRODUCTION

The methodology outlined in this Appendix is based on procedures developed by Dawdy
(Reference 1) and applies to natural flow conditions on active alluvial fans. It is
recommended tha t the Study Contractor review this publication for a complete discussion
of the theory, rationale, and assumptions used to develop this methodology. In portions of
al!uvial fans in which natural alluvial fan processes may not occur, such as in areas of
entrenched channels, areas protected by flood control works, and heavily developed areas,
the Study Contractor should exercise good engineering judgment in determining the most
appropriate methodology or combinations of methodologies.

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, and the areas of active alluvial fan
processes. The reconnaissance should make use of available topographic, geologic, and
soil maps; aerial photographs; historic records; and site reconnaissance.

Prior to undertaking any computations, the Study Contractor should obtain approval from
the PO for the use of the methodology outlined in this Appendix.

A6-2 ASSUMPTIONS AND OBSERVATIONS

The approach outlined in this Appendix makes- use of statistical analyses that relate the
probability of given discharges at the apex of a fan to the probability of certain depths
and velocity of flow occurring at any point on the fan below the apex. The methodology
presented in this Appendix is based on the assumptions and observations regarding
floodflows on active alluvial fans outlined in the following sections.

a. Channel Location

At the time of maximum flow 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 few. Floodflows are at critical depth and
critical veloci ty, and the channel is formed by the flow itself through erosion of the loose
material that makes up the fan. Below the apex of the fan (or the zone of entrenchment
in the case of mature fans), the channel will occur at random locations at any place on the
fan surface; under natural conditions, it is no more likely to foHow a pre-existing flowpath
than it is to follow a new flowpath. This channel has an approximately rectangular cross
section for which depth, width, and velocity of flow can be expressed as functions of
discharge at the apex of the fan.

The probability of a point being flooded in a given flood event decreases from the apex to
the toe of a fan because the downslope widening of the fan surface provides a greater
area over which a channel of given width may occur.

A6-1



b. Depth of Flooding

For flood mapping purposes, the depth of flooding computed on alluvial fans is the depth
at flow (depth of channel) in the channel that carries a given discharge to the toe of the
fan surface. Depth is computed as the total depth resulting from the sum of the preSSure
head and the veloci ty head.

c. Velocity of Flooding

For alluvial fan flood mapping, the velocity of flooding computed for alluvial fan flood
mapping is the velocity of flow in the channel that carries the given discharge to the tOe
of the fan surface.

d. Avulsions

During major floods on active ailuvial fans, peal< flows may abruptl y abandon one channel
that had been formed during the flood, and form a new channel. This phenomenon, termed
an avulsion, can cause a significant increase in the probability of flooding at a given point
on a fan because of the increased channel widths that may cross a given contour dur ing a
given flood event. The treatment of avulsions is an important factor in the' application of
the methodology presented in this Appendix.

;\6-3 FLOOD HAZARD Z~ES
/

Special Flood Hazard Areas on alluvial fans are identified as Zone AF with the following'
defini tion:

Zone AF: Alluvial fan high hazard area subject to a one percent or greater annual
chance of flooding, to a depth of 0.5 foot or greater, which is characterized by
variable flowpaths, high flow velocity, erosion, and debris deposition.

The Special Flood Hazard Area on each alluvial fan is subdivided intO separa te AF zones
with similar depths and velocities. Zones are delineated that have depths or velocities
differing by an average of l.0 foot in depth or 1.0 foot per second (ips) in velocity.

In areas of coalescent alluvial fans, separate depth-frequency relationships should be
developed for each source of flooding and "combined based on the probability of the union
of independent events.

A6-4 COMPUTATIONAL INSTRUCTIONS

Step-by-step instructions are provided beLow for computing the boundaries of flood hazard
zones on alluvial fans using log-Pearson Type 111 analyses in accordance with U.S. Water
Resources Council Bulletin 175 (Reference 2).

a. Determine Flood-Discharge Frequency Distr ibution

For the source of flooding at the apex of each alluvial fan, a complete flood discharge­
irequcncy distribution should be determined using log-Pearson Type III analyses in
~ic('or(J.:1I1ce with U.S. W.::lter Resources Council Bulletin [7B. The determination of flood
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discharges in arid regions, where alluvial fans are most typically found, should be closely
coordinated with the PO to ensure agreement on methodology.

The skew coefficient, standard deviation, and mean of logarithms of discharges must be
determined for the flooding source at the apex of the fan. When an analysis according to
Wa ler Resources Council Bulletin l7B is done, these statistics are known. For most
alluvial fans, however, these statistics will not be available. Therefore, flows of various
recurrence intervals should be computed from appropriate regional methods, and the
synthetic log-Pearson Type III parameters should be derived.

(1) Derivation of Skew Coefficient. Derive the skew coefficient using the following
equalion:

3 12
Log(Q.O l/Q .lD)

G := - 2.50 + (Q /Q )
. Log .to .50

Using the skew coefficient computed above and the K values for the skew as shown in
Bulletin 17B, the slandard deviation should be derived according to the following equation:

S = !og(Q.0l/Q.50) (2)

K. 01 - K. 50

(2) f)~rivation of Mean of Logarithms-. Using the values determined in Equations 1 and 2,
the mean of logarithms should be derived according to the following equation:

0)

where S and X are the standard deviation and mean, respectively; Q 0 I' Q 10' and Q 5
are discharges with 0.01, and 0.10, and 0.50 exceedance probabilities respectively; an9
K 1 and K 0 are Pearson Type JII deviates for respective exceedance probabilities of
o.Bl and 0.5etand skew coefficient G. Equation (I) above is an approximation appropr ia te
for use between skew values of +2.5 and -2.0.

b. Compute Transformation Var iables

To permit solutions by use of log-Peanon Type JlI analysis and U.S. Water Resources
Council Bulletin 17B, the log-Pearson Type III parameters must be transformed.

Variables for transforming these parameters should be computed as follows:

m = X - 2S/G

a = 2/GS

A = 4/G
2

and

a :: a - 0.92
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It the skew coefficient is zero (Jog normal distribution), the transformation variables
should not be computed.

Co Transform Log-Pearson Type III Parameters

\Vhere skew coefficients are not zero, the log-Pearson Type III parameters should be
tr2nsformed using the variables computed above 3ccording tL. i:he following equations:

z = m +'A/a

S2 2
Z ='A/a

GZ
= 2/)...1/2

Where the skew coefficjent is zero (log normal distribution), compute the parameters as
follows:

- 2
:: X + 0.925

~ S

c z
d. Compute Transformation Constant

Where the skew coefficient is not zero, a transformation constant should be computed as
follows:

C = (~) AeO.92m
a

Where the skew coefficient is zero (Jog normal distribution), the transformation constant
should be com puted as follows:

2
0.92)( + 0.425

C=e

'e. Determine Discharges for Depth and Velocity ,Zones

Discharge~, Q (in cubic feet per second), that correspond to the various depth zone
boundaries should be selected using the table below. This table was derived from the
relationship

Q = 2800 2. 5

where 0 is the total de pth in feet due to pressure head and velocity head.

Depth zones are designated from zone boundaries as follows:

"

I
I
I

Q

o

49.5

0.5

772

1.5

2770

2.5

6420

3.5

12000

4.5
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g. Deter mine ProbabiE ty of Transformed D:scharge

Discharges, Q (in cubic feet per second), that correspond to the various velocity zone
boundar ie~ should be selected using the. ta~le below. This table was derived f rom the
relationshIp Q = 0.13V I where V IS velOCIty in feet per second.

The probabi1i ty of the discharges that correspond to each depth zone boundary and each
velocity zone boundary should be determined from Appendix 3 in Bulletin 17B, based on
the transformed distribution using K and G

Z
as follows:

P = P.r~~. {Z~log Q}

5770

3.5

4.5
5.5
6.5
7.5
8.5

1.5
2.5
3.5
4.5

3080

7.5

Velocity of
Upper Boundary

Depth of
Upper Boundary

1510

6.55.5

3.5
4.5
5.5
6.5
7.5

0.5
1.5
2.5
3.5

654

Velocity of
Lower Boundary

Depth of
Lower Boundary

240

4.5

68

3.5

1
2
3
4

V

Q

4.0
5.0
6.0
7.0
8.0

Depth of
Zone

Zone
Velocity

Velocity zones are designa ted from zone boundaries as follows:

f. Compute Log-Pearson Type III Deviate

The log-Pearson Type HI deviate (K) should be computed using the transformed param­
eters derived above for the discharges that correspond to each depth zone boundary and
velocity zone boundary by the following equation:

K
_ log Q-Z
- S

Z

I
I
I
I
I
I
I
I

h. Compute Fan Widths for Zone Boundaries

The fan widths (i.e., arc engths from one lateral Itmit 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. The following formula should be
lbCd:

I
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Fan Width = 950 ACP

where A is the avulsion coefficient, C is the transformation constant, and P is the
probabili ty of. the discharge that corresponds to each given depth and velocity.

An avulsion coefficent (factor) greater than 1 should be selected by the Study Contractor
in consultation with the PO. A factor of 1.5 is recommended in the absence of other data.

A6-5 FIRM

When the fan arc widths that form flood hazard zone boundaries have been computed,
these distances should be scaled onto topographic base maps, taking care to make the
bound.ar ies parallel to contours.

The sketch map shown in Figure A6-1 depicts the typical distribution of flood insurance
rate zones on an active alluvial fan, as determined by the methodology outlined in this
Appendix.
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A6-7 SA,\1PLE STUDY

The following sample study is presented to demonstrate the mapping of special flood
hazard zones on active alluvial fans using the methodology described in this Appendix.
The computa tional steps are general! y carr ied out in the same sequence as they are listed
in the Appendix.

a. Idem lfication of Alluvial Fans

[n this sample study, topographic map inspe~tion, air photo interpretation, and field
reconnaissance were used to identify two coaleking, active alluvial fans that fell partly
within the study area. To determine the flood hazard zone boundaries within the study
area, it was necessary to determine them for the entire alluvial fans. The principal
source of flooding was identified for each fan and designated Number One Canyon and
Number Two Canyon. The overall boundaries of the fans were delineated on the best
available topographic map, which in this case was a U.S. Geological Survey quadrangle at
a scale of I:24,000, with a contour interval of-20- feet.

b. Determina tion of FJ ood Discharge-Frequency Distribl!tion

Previously published flood discharge-frequency studies were available for the source of
Iloodlllg on the' f~tns in this area. The corresponding log-Pearson Type (]I distribution
pdri.lllll'l\.'I·S for disdl~rgc-s ~t the apex of Numbc-r One Canyon were as follows:
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S = 0.4965

68
240
654­

1510

49.5
772.0

2770.0

Discharge

Discharge

0.5
1.5
2.5

3.5
4.5
5.5
6.5

Velocity

- 2 ()2X + 0.925 = 2.06 + 0.92 x 0.4965 = 2.29

0.92X + 0.4252 0.92 x 2.06 + 0.42 x (0.4965)2 :: 7.4= e =e

= G = 0.0

= 5 = 0 .. 4965

x = 2.06

K _ log Q - Z
Sz

The probability of occurrence (P) of the discharges for the required depth and velocity
boundar ies were determined by interpolation of the deviate values (K) listed in Appendix 3
uf Bulletin 17B.

d. Determine ProbabiE ties of Transformed Discharges and Fan Widths at Zone Boundar ies

The log-Pearson Type III standard deviates (K) were computed for the discharges (Q) that
correspond to each depth zone boundary and eC\5=h velocity zone boundary, using the
equation

The discharges that correspond to the various depth zone boundaries were selected from
the table shown in Section A6-4e of this Appendix. For Number One Canyon, these
discharges are as follows:

The discharges that correspond to the various velocity zone boundaries were selected
from [he second table shown in Section A6-4e of this Appendix. For Number One Canyon,
these discharges are as follows:

Because the data for Number One Canyon showed a log normal (zero skew) distribution, it
was not necessary to compute transformation variables. The transformation constant and
transformed parameters were computed as follows:

c. Determination of Discharges for Depth and Veloci ty Zones

C

G = 0.0

- Q

I
I
I
I
I
I.
I
I"

I
I
_...

I
I
I
I
I
I
I
I



Fan arc widths (W) were computed for each special flood hazard zone boundary using the
equa t ion

W = 950 ACP

An avulsion coefficient (A) of 1.5 was assumed for each case.

computations for Number One Canyon.. were made as follows:

For the 0.5-foot depth boundary:

K = Log Q - Z= Log 4-9.5 - 2.29 =: 1.695 - 2.29 = -1.199

Sz 0.4-965 0.4-965

P{Q~49.5} = 950 x 1.5 x 7.4 x 0.&81 = 9290 feet

For the 1. 5-foot depth boundary:

K
_ Log Q - Z _ Log 772 - 2.29 _ 2.&a8 - 2.29 _ 1 204
- Sz - 0.4-965 - 0.4965 -.

P{Q~772l= P{K~1.204}= 0.118

W = 950 ACP = 950 x 1.5 x 7.4- x 0.11& = 1240 feet

For the 2.5-foot depth boundary:

K _ Log Q - Z _ Log 2770 - 2.29 _ 3.44 - 2.29 _ 2 316
- Sz - 0.4965 - 0.4965 -.

P{Q~2770}= P{K~2.316}= 0.0104

W = 950 ACP = 950 x 1.5 x 7.4- x 0.0104 = 110 feet

For the 3.5-feet per second Ups) velocity zone boundary:

K _ Log Q - Z _ Log 68 - 2.29 _ 1.83 - 2.29 - -0 926
- Sz - 0.4965 - 0.4%5 - .

P {Q~68}= P{K~0.926}= 0.819

W = 950 ACP = 950 x 1.5 x 7.4 x 0.819 = 8640 feet

For the 4.5-fps velocity zone boundary:
- ..

K = Log Q - Z = Log 24-0 - 2.29 _ 2.39 - 2.29 _ 0 201
Sz 0.4-965 0.4965 - .

P{Q~240}= P{K~0.201}= 0.4-2

\V = 950 ACP = 950 x 1.5 x 7.4 x 0.42 = 4-430 feet
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For the 5.5-fps velocity zone boundary:

K _ Log Q - Z _ Log 654 - 2.29 _ 2.816 - 2.29 - 1 059
- Sz - 0.4965 - 0.4965 -.

P{Q~654} = P{K~1.059}= 0.15

W = 950'ACP = 950 x 1.5 x 7.4 x 0.15 = 1580 feet

For ,he 6.5-fps velocity zone boundary:

K - Log Q - Z _ Log 1510 - 2.29 _ 3.18 - 2.49 - 1 793
- Sz - 0.4965. - 0.4965 - •

p{Q~ 151O}= P{K~ 1.793}= 0.037

W ; 950 ACP = 950 x 1.5 x 7.4 x 0.037 = 390 feet

Fan arc widths were computed independently for the fan orIginating from Number Two
Canyon. The compu ted widths were then fit to the proper contours on the fJns to produ('{'
the flood,hazard zone boundaries as shown on the map.
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APPENDIX J.--Sample computation of hydraulic geometry exponents
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Figure J1.-- Cross section at 1969 ft. elevation

-Appendix J page 1-

Table Jl.--Surveyed stations and elevations for cross section
at 1969 ft. elevation.

--+--------+--------+--------+--------+--------+----
0.0 6.0 12.0 19.0 24.0_ 30.0

STATIONING, IN FEET FROM LEFT BANK

Dist. Elev.
(ft,) (ft.)

10.0 69.10
20,0 68.50
27.0 70.20

Dist. Elev.
(ft). (ft.)

7.0 69,60
15.0 68.50
25,0 69.40

Dist. Elev,
(ft.) (ft.)

4.0 70.10
12.0 68.60
23.5 68.75

Dist. Elev.
(ft.) (ft.)

.0 70,30
11.0 68.80
22.5 68.45
30.5 70.40

HYDRAULIC GEOMETRY
The following cross section was surveyed by hand level during June, 1993 at
the location shown in figure 5. The reach was uniform and there were no sign of
recent bank erosion. The tables and figure are self explanatory.

1972.0+

E
L
E ;,. *
V 1970.0+ * *

* *
:".t

* *
I * * * *
N 1968.0+

F
T NOTE: Approximate plot

1966,0+

I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
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The range of water surface elevation is selected where the width, depth and
velocity exponents are constant. In other words, the shape and roughness of
the channel is uniform for the range of stage. The discharge, width, mean
depth, and mean velocity are converted to logs and the exponents are
determined using linear regression as shown below. See "Hydraulic
geometry" on page 39.

Table n.--Hydraulic parameters of cross-section at 1969 ft. elevation.

------------------------------------------------------------------------
Water- Area Convey- Top Wetted Left Right Discharge

surface ance width penm· edge edge at
elevation critical

depth
(ft.) (sq. ft.) (efs) (ft.) (ft.) (ft. ) (ft.) (efs)

------------------------------------------------------------------------
1969.00 6. 128. 14. 14. 10. 24. 23.
1969.10 7. 176. 14. 14. 10. 24. 30.
1969.20 9. 229. 15. 15. 9. 25. 39.
1969.30 10. 290. 16. 16. 9. 25. 48.
1969.40 12. 357. 17. 17. 8. 25. 58.
1969.50 14. 431. 18. 18. 8. 25. 72.
1969.60 16. 513. 18. 19. 7. 25. 81.
1969.70 17. 602. 19. 20. 6. 26. 94.
1969.80 19. 699. 20. 21. 6. 26. 108.
1969.90 22. 804. 21. 21. 5. 26. 124.
1970.00 24. 917. 22. 22. 5. 26. 140.
1970.10 26. 1039. 23. 23. 4. 27. 157.
1970.20 28. 1130. 25. 25. 2. 27. 171.
1970.30 31. 1200. 29. 29. O. 29. 183.

-------------------------.-----------------------------------------------
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The following is output from Minitab. Row C 1 is the water surface
elevation + 1900 ft. corresponding to the elevation in table 12.

ROW Cl width depth vel disch Vc Qc

1 69.1 14 0.50000 3.54514 24.816 4.28571 30
2 69.2 15 0.60000 3.58767 32.289 4.33333 39
.,

69.3 16 0.62500 4.08900 40.890 4.80000 48.)

4 69.4 17 0.70588 4.19475 50,337 4.83333 58
5 69.5 18 0.77778 4.34079 60.771 4,92857 69
6 69.6 18 0.88889 4.52081 72.333 5.06250 81
7 69.7 19 0.89474 4,99306 84.882 5.52941 94
8 69.8 20 0.95000 5.18732 98.559 5,68421 108
9 69.9 21 1.04762 5.15291 113.364 5.63636 124
10 70.0 22 1.09091 5.38737 129.297 5.83333 140
11 70.1 23 1.13043 5.63458 146.499 6,03846 157
12 70.2 25 1.12000 5.69036 159.330 6.10714 171

MTB >OH=24
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MTB> regress 'I-w' 1 'I-q'

MTB> plot 'l-w' VS 'l4q' (a plot oflog Qc versus log width)

s = 0.01210 R-sq = 97.7% R-sq(adj) =97.5%

1.10+
------+-------+-------+-------+-------+------I-q

1.50 1.65 1.80 1.95 2.10

t-ratio p
28.55 0.000
20.70 0.000

-Appendix J page 4-

MS F P
0.062749 428:68 0000
0.000146

*

*

*
*

*

*

* '*

NOTE: Plot is approximate

Stdev
0.02593
0.01382

*

'*
*

OF SS
1 0.062749

10 0.001464
11 0.064213

Coef
0.74053
0.28610

'*

1.20+

1.30+

1.40+

SOURCE
Regression
Error
Total

Analysis of Variance

Predictor
Constant
l-q

I-w

The regression equation is
I-w = 0.741 + 0.286 l-q (the exponent for width is 0.29 as shown in

table 5 of this report)

I
I
I
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I
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* * *

*

*
'0.00+

t-ratio p
-28.42 0.000
26.18 0.000

-Appendix J page 5-

MS F P
0.15162 685.39 0.000
0.00022

* *

*

NOTE: Plot is approximate

Stdev
0.03188
0.01699

*

* *

DF SS
1 0.15162

10 0.00221
11 0.15383

Coef
-0.90616
0.44474

*

-0.24+

-0.12+

SOl..JRCE
Regression
Error
Total

______+ + + + + I_q

1.50 1.65 l.80 1.95 2.10

Analysis of Variance

s = 0.01487 R-sq = 98.6% R-sq(adj) = 98.4%

Predictor
Constant
l-q

The regression equation is
I-d == - 0.906 + 0.445 1-q

y
MTB > regress 't-d' 1 'l-q'

J-d

MTB> plot 'I-d' vs 'l-q' (plot oflog Qc versus log depth)

I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
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* *
I-v

MTB> plot 'I-v' vs 'l-q' (plot oflog Qc versus log Vc)

s =0.01053 R-sq = 98.0% R-sq(adj) = 97.8%

F P
501.00 0.000

t-ratio p
7.34 0.000

22.38 0.000

-Appendix J page 6-

MS
0.055537
0.000 111

Stdev
0.02257

0.01203

*

* *
*

*

* *

* NOTE: Plot is approximate

OF SS
1 0.055537

10 0.001109
11 0.056645

Coef
0.16562

0.26916

*
0.560+

0.630+

0.700+

------+-------+-------+-------+-------+------I-q
1.50 1.65 1.80 1.95 2.10

SOlJRCE
Regression
Error
Total

Analysis of Variance

The regression equation is
I-v = 0.166 + 0.269 I-q

Predictor
Constant
l-q

y
MTB > regress 'I-v' 1 'l_qt

I
I,

I
I
I
I

I
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I
I
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HP 1 S1755 4.4 •. 1,5.9

DATA SUMMARY fOR SECID "S1755" AT SRD -*....... ERR-CODE = 0

*** START PROCESSING CROSS SECTION - "S1755"
XS S1755

*** FINISH PROCESSING CROSS SECTION - "S1755"
*** CROSS SECTION "S1755" WRITTEN TO DISK, RECORD NO. - 1

SEC 100 FT WEST Of 40th St & 1950 fT S. OF DYNAMITE BLVD

COARSE SAND bed(firm) , CEMENTED BANKS

MARICOPA CO. REGIME STUDY HJALMARSON survey of 6/9/93

FEDERAL HIGHWAY ADMINISTRATION - U. S. GEOLOGICAL SURVEY
MODEL FOR WATER-SURFACE PROfILE COMPUTATIONS

.040

0,5.9 9,5.9 13,5.6 18.5,4.4 20,4.0 22,4.2 26.4.3

31,4.3 34,5.2 40.5.7 50,5.9

MARICOPA CO. REGIME STUDY HJALMARSON survey of 6/9/93
SEC 100 FT WEST OF 40th·St & 1950 FT S. OF DYNAMITE BLVD

COARSE SAND bed(firm) , CEMENTED BANKS
~~~ RUN DATE & TIME: 06-10-93 19:10

GR

N

GR

T3

T2

T1

1
WSPRO
P060188

I
I
I
,I
I
I

I
t
I
I
I
I

X-V MAX-MIN POINTS:
XMIN Y

.0 5.90

X-V COORDINATE PAIRS
X Y
.0 5.90

20.0 4.00
34.0 5.20

II

I
I
I

SKEW
.0

IHFNO
O.

VSLOPE

(NGP ..
X

9.0
22.0
40.0

X
20.0

11) :
Y

5.90
4.20
5.70

YMIN
4.00

EK
.50

X
13.0
26.0
50.0

XMAX
50.0

CK
.00

Y
5.60
4.30
5.90

Y
5.90

X
18.5
31. 0

x
.0

Y
4.40
4.30

YMAX
5.90

ROUGHNESS COEFFICIENTS (NSA = 1):
.040I

I
I

1
WSPRO
P0601B8

fEDERAL HIGHWAY ADMINISTRATION - U. S. GEOLOGICAL SURVEY
MODEL FOR WATER-SURFACE PROFILE COMPUTATIONS

MARICOPA CO. REGIME STUDY HJALMARSON survey of 6/9/93
SEC 100 FT WEST OF 40th St & 1950 FT S. OF DYNAMITE BLVD

COARSE SAND bed(firm) , CEMENTED BANKS
••• RUN DATE & TIME: 06-10-93 19:10



I WSEL SA~ AREA K TOPW WETP ALPH LEW REW OCR
1 2. 22. 13. 13. 5.

J
4 .40 2. 22. 13. 13. 1.00 19. 3l. 5 .

WSEL SAl AREA K TOPW WETP ALPH LEW REW OCR
1 3 . 48. 14. 14. 9.

,I 4 .50 3 . 48. 14. 14. 1. 00 18. 32. 9.

WSEL SAt AREA K TOPW WETP ALPH LEW REW OCR

I, '1 5. 84. 14. 15. 15.
4.60 5. 84. 14. 15. 1. 00 18. 32. 15.

WSEL SAl AREA K TOPW WETP ALPH LEW REW QCR

I' 1 6. 127. 15. 15. 23.
4.70 6 . 127. 15. 15. 1. 00 17. 32. 23.

I
WSEL SAt AREA K TOPW WETP ALPH LEW REW OCR

1 8. 178. 16. 16. 31.
4.80 8. 178. 16. 16. 1. 00 17. 33. 31.

f WSEL SAt AREA K TOPW WETP ALPH LEW REW QCR

1 9 • 237. 17. 17 . '\0.
4.90 9 . 237. 17. 17 . 1.00 16. 33. 40.

I WSEL SAt AREA K TOPW WETP ALPH LEW REW OCR
1 11 . 304. 18. 18. 50.

5.00 11. 304 . 18. 18. 1. 00 16. 33. 50.

I WSEL SAt AREA K TOPW WETP ALPH LEW REW OCR
1 13. 378. 18. 19. 62.

I 5.10 13. 378. 18. 19. 1.00 15. 34. 62.

WSEL SAt AREA K TOPW WETP ALPH LEW REW OCR
1 16. 460. 19. 19. 74.

I· 5.20 15. 460. 19. 19. 1. 00 15. 34. 74.

WSEL SAt AREA K TOPW WETP ALPH LEW REW OCR

I 1 17 . 538. 21. 21. 86.
5.30 17. 538. 21. 2l. 1. 00 14. 35. 86.

I
WSEL SAt AREA K TOPW WETP ALPH LEW REW OCR

1 19. 626. 22. 23. 99.
5.40 19. 626. 22 . 23. 1. 00 14. 36. 99.

I WSEL SAt AREA K TOPW WETP ALPH LEW REW OCR
1 21. 724. 24. 24 . 114 .

5.50 21. 724. 24. 24. 1. 00 13. 38. 114.

I
1

WSPRO FEOERAL HIGHWAV ADMINISTRATION - U. S. GEOLOGICAL SURVEY
P060188 "'OOEL FOR WATE R- SUR'FACE PROFILE COMPUTATIONS

I MARICOPA CO. REGIME STUDY HJALMARSON survey of 6/9/93
SEC 100 FT WEST OF 40th St & 1950 FT S . OF DYNAMITE BLVD

COARSE SAND bEld(firm) • CEMENTED BANKS

t "''''''' RUN DATE & TIME: 06-10-93 19:10
CROSS-SECTION PROPERTIES: ISEQ .. 1 ; SECID '" S1755. SRD :z:JIlir ... *lIc ••• ,....

I
WSEL SA* AREA K TOPW WETP ALPH LEW REW OCR

1 24. 833. 26. 26. 130.
5.60 24. 833. 26. 26. 1. 00 13. 39. 130.

I WSEL SA" AREA K TOPW WETP ALPH LEW REW OCR
1 27. 937. 28. 29. 146.

5.70 27. 937. 28. 29. 1. 00 12. 40. 146.



OATA SUMI'IARY fOR SECID "S1763" AT SRD ::aJleJAcJleJIC*JleJlcJlc ERR-CODE ~ 0

SKEW IHFNO VSLOPE EK CK
. 0 O. *JlrcJllcJlllJICJllcJlcJllcJllc .50 .00

x-v COORDINATE PAIRS (NGP .. 11) :
X Y X Y X Y X Y
. 0 6.70 7.0 3.80 11.0 4.40 13.0 5.00

14.5 4.15 18.0 4.20 21.0 4.10 24.0 4.90

27.0 5.50 33.0 6.80 40.0 7.00

HP 1 S1763 4.4,.2,6.7

*** START PROCESSING CROSS SECTION - "S1763"
XS S1763

WSEL SAt AREA K TOPW WETP ALPH LEW REW QCR
1 30. 989. 35. 35. 156.

5.80 30. 989. 35. 35. 1. 00 10. 45. 156.

WSEL SAt AREA K TOPW WETP ALPH LEW REW QCR
1 33. 1082. 41. 41. 171.

5.90 33. 1082. 41. 41. 1. 00 9 . 50. 171.

WSEL SAt AREA K TOPW WETP ALPH LEW REW QCR
1 33. 1082. 41. 41. 171.

5.90 33. 1082. 41. 41. 1. 00 9 . 50. 171.

1

survey of 6/9/93
Of DYNAMITE BLVD

COARSE SAND 14.5-21. CEMENTED BANKS

SEC 100 FT WEST OF 40th St & 750 FT S. OF DYNAMITE BLVD

FEDERAL HIGHWAY ADMINISTRATION·- U. S. GEOLOGICAL SURVEY
MODEL FOR WATER-SURFACE PROFILE CO~PUTATIONS

MARICOPA co. REGI~E STUDY HJALMARSON survey of 6/9/93

.040

24.4.927,5.533.6.840,7.0

0.6.7 7.3.B 11.4.4 13.5.0 14.5.4.15 18.4.2 21.4.1

MARICOPA CO. REGIME STUDY HJALMARSON
SEC 100 FT WEST OF 40th St & 750 FT S.

COARSE SAND 14.5-21. CEMENTED BANKS
•• ~ RUN DATE & TIME: 06-11-93 08:45

FINISH PROCESSING CROSS SECTION - "S1763"
CROSS SECTION "S1763" WRITTEN TO DISK, RECORD NO. =

GR

N

GR

T1

T2

T3

***

1
WSPRO
P060188

I
J
I
I
I
I
8
a
I
I
I
I
I
I
'I
j

I
I
I



I
XMIN Y X YMIN XMAX Y X YMAX

.0 6.70 7.0 3.80 40.0 7.00 40.0 7.00

I
ROUGHNESS COEFfICIENTS (NSA :a 1 ) :

.040
1

WSPRO FEDERAL HIGHWAV ADMINISTRATION - U. S. GEOLOGICAL SURVEY

I P060188 MOOEL FOR WATER-SURFACE PROFILE COMPUTATIONS

HJALMARSON of 6/9/93MARICOPA CO. REGIME STUDY survey

I
SEC 100 FT WEST OF 40th St g, 750 FT S. OF DYNAMITE BLVD

COARSE SAND 14.5-21, CEMENTED BANKS
'" .". RUN DATE g, TIME: 06-11-93 08:45

CROSS-SECTION PROPERTIES: ISEO - 1 ; SECID - S1763; SRO :aJ1l:J1l:]ilrIj)llf)lt**_*

I WSEL SAt AREA K TOPW WETP ALPH LEW REW OCR
1 3. 50. 14 • 14 • 10.

I
4.40 3 . 50. 14. 14. 1. 00 6. 22. 10.

WSEL SAt AREA K TOPW WETP ALPH LEW REW OCR
1 6. 126. 16. 16. 23.

I 4.60 6. 126. 16. 16. 1.00 5 • 23. 23.

, WSEL SAt AREA K TOPW WETP ALPH LEW REW QCR

I
1 10. 234. 18. 19. 40.

4.80 10. 234. 18. 19. 1. 00 5. 24. 40.

WSEL SAt AREA K TOPW WETP ALPH LEW REW OCR

I 1 14. 375. 20. 21. 63.
5.00 14. 375. 20. 21. 1.00 4 . 24. .. 63.

I
WSEL SAt AREA K TOPW WETP ALPH LEW REW OCR

1 18. 563. 22. 23. 91.
5.20 18. 563. 22. 23. 1. 00 4 • 25. 91.

I WSEL SAt AREA K TOPW WETP ALPH LEW REW OCR
1 22. 786. 23. 24. 124.

5.40 22. 786. 23. 24. 1. 00 3 • 26. 124.

I WSEL SAt AREA K TOPW WETP ALPH LEW REW OCR
1 27. 1046. 25. 26. 161.

5.60 27. 1046. 25. 26. 1. 00 3 . 27 . 161.

I WSEL SAt AREA K TDPW WETP ALPH LEW REW OCR
1 32. 1344. 26. 27. 203.

I 5.80 32. 1344. 26. 27. 1. 00 2 • 28. 203.

WSEL AREASAt K TOPW WETP ALPH LEW REW OCR

I
1 38. 1679. 28. 29. 249 .

6.00 38. 1679. 28. 29. 1.00 2 . 29. 249.

WSEL SAt AREA K TOPW WETP ALPH LEW REW OCR

I 1 43. 2052. 29. 30. 300.
6.20 43. 2052. 29. 30. 1.00 1. 30. 300.

I
WSEL SAt AREA K TOPW WETP ALPH LEW REW OC R

1 49. 2464. 30. 32. 355.
6.40 49. 2464. 30. 32. 1. 00 1. 31. 355.

I WSEL SAt AREA K TOPW WETP ALPH LEW REW OCR
1 55. 2916. 32. 33. 415.

6.60 55. 2916. 32 • 33. 1. 00 o. 32. 415.

t 1
WSPRO FEDERAL HIGHWAV ADMINISTRATION - U. S. GEOLOGICAL SURVEY
P060188 MODEL FOR WATER-SURFACE PROFILE COl'lPUTATIONS



*** START PROCESSING CROSS SECTION - "S1808"
XS S180B

MARICOPA CO. REGIME STUDY HJALMARSON survey of 6/9/93
SEC 1270 FT WEST OF TATUM BLVD & 2010 FT S. OF DYNAMITE BLVD

COARSE SAND bed (firm) , CEMENTED BANKS
*** RUN OATE & TIME: 06-10-93 17:38

MARICOPA CO. REGIME STUDY HJALMARSON survey of 6/9/93
SEC 100 FT WEST OF 40th st & 750 FT S. OF DYNAMITE BLVD

COARSE SAND 14.5-21, CEMENTED BANKS
*** RUN DATE & TIME: 06-11-93 08:45

CROSS-SECTION PROPERTIES: ISEQ = 1; SECID z S1763; SRD =*******~*

DATA SUMMARY FOR SECID "51808" AT SRD =******** ERR-COOE

QCR
447 .
447.

o

YMAX
6.40

Y
5.00
5.20

REW

33.

X
35.0

X
17.0
26.5

1

o.

LEWWETP ALPH
34.
34. 1.00

TOPW
33.
33.

REGIME STUDY HJALMARSON survey of 6/9/93

K
3157.
3157.

AREA
59.
59.

COARSE SAND bed(firm) , CEMENTED BANKS

SEC 1270 FT WEST OP TATUM BLVD & 2010 FT S. OF DYNAMITE BLVD

FEDERAL HIGHWAY AOMINISTRATION - U. S. GEOLOGICAL SURVEY
MODEL FOR WATER-SURFACE PROFILE COMPUTATIONS

MARICOPA CO.

.040

26.5,4.4 26.5,5.2 30,5.7 35,6.4 100,6.2

0,6.2 10,6 15,5.3 17,5 19,4.7 23,4.6

FINISH PROCESSING CROSS SECTION - "S1808"
CROSS SECTION "S1808" WRITTEN TO ~ISK, RECORD NO. =

GR

GR

N

HP 1 S180B 5.0,.1,6.2

SKEW IHFNO VSLOPE EK CK
. 0 o . :JIiCJiI:*****JIil)ll( .50 .00

X-V COORDINATE PAIRS (NGP :a 11 ) :
X Y X Y X Y
. 0 6.20 10.0 6.00 15.0 5.30

19.0 4.70 23.0 4.60 26.5 4 .40
30.0 5.70 35.0 6.40 100.0 6.20

X-V MAX-MIN POINTS:
XMIN Y X YMIN XMAX Y

.0 6.20 26.5 4.40 100.0 6.20

***

T2

T1

WSE L SAt
1

6.70

T3

1
WSPRO
P0601BB

1

I,
I
I,
i
I
I
I
I
I
I
I
I
I
I
I

­
I



I ROUGHNESS COEFFICIENTS (NSA - 1 ) :
.040

1, WSPRO FEDERAL HIGHWAY ADMINISTRATION - U. S. GEOLOGICAL SURVEY
P060188 MODEL FOR WATER-SURFACE PROFILE COMPUTATIONS

MARICOPA CO. REGIME STUDY HJALMARSON survey of 6/9/93

I
SEC 1270 FT WEST OF TATUM BLVD & 2010 FT S. OF DYNAMITE 8LVD

COARSE SAND bed(firm) • CEMENTED BANKS

"''''''' RUN OATE & TIME: 06-10-93 17:38
CROSS-SECTION PROPERTIES: ISEO "" 1 ; SECID =0 S1808; SRD =.,JIit,Jl(JIIIlJll**JIIIl,ril

I, WSEL SAt AREA K TOPW WETP ALPH LEW REW OCR
1 3 • 63. 10. 10. 12., 5.00 3. 63. 10. 10. 1. 00 17. 27 • 12.

WSEL SA" AREA K TOPW WETP ALPH LEW REW OCR

I
1 4. 91. 10. 11. 17 .

5.10 4 . 91. 10. 11. 1.00 16. 27. 17.

WSE L SAlt AREA K TOPW WETP ALPH LEW REW QCR

r 1 5 • 123. 11. 12. 22.

5.20 5. 123. 11. 12 • 1.00 16. 27. 22.

I
WSEL SA" AREA K TOPW WETP ALPH LEW REW OCR

1 7 • 157. 12. 13. 28.
5.30 7. 157. 12. 13. 1. 00 15. 27. 28.

I WSEL SAt AREA K TOPW WETP ALPH LEW REW OCR
1 8 • 197. 14. 14. 34.

5.40 8 . 197 • 14. 14. 1. 00 14. 28. 34.

I WSEL SA" AREA K TOPW WETP ALPH LEW REW OCR
1 9. 245. 15. 16. 42.

I
5.50 9. 245. 15. 16. 1.00 14. 29. 42.

WSEL SA" AREA K TOPW WETP ALPH LEW REW OCR
1 11. 299. 16. 17. 51.

I 5.60 11. 299. 16. 17 . 1. 00 13. 29. 51.

WSEL SA" AREA K TOPW WETP ALPH LEW REW OCR

I
1 13. 362. 18. 19. 60.

5.70 13. 362. 18. 19. 1. 00 12. 30. 60.

WSEL SAt AREA K TOPW WETP ALPH LEW REW OCR

I 1 15. 433. 19. 20. 71.
5.80 15. 433. 19. 20. 1.00 11. 31. 71.

I
WSEL SA" AREA K TOPW WETP ALPH LEW REW QCR

1 17. 513. 21. 22. 84.
5.90 17 • 513. 2l. 22. 1.00 11. 31. 84.

I WSEL SAlt AREA K TOPW WETP ALPH LEW REW QCR
1 19. 602. 22. 23. 97.

6.00 19. 602. 22. 23. 1.00 10. 32. 97.

t WSEL SA" AREA K TOPW WETP ALPH LEW REW QCR
1 21. 641- 28. 29. 105.

,I
6.10 21- 64!. 28. 29. 1. 00 5. 33. 105.

1
WSPRO FEDERAL HIGHWAY ADMINISTRATION - U . S. GEOLOGICAL SURVEY
P060188 MODEL FOR WATER-SURFACE PROFILE COMPUTATIONS

I MARICOPA CO. REGIME STUDY HJALMARSON survey of 6/9/93
SEC 1270 FT WEST OF TATUM BLVD & 2010 FT S. OF DYNAMITE BLVD

"'--'""-- -. .... P" -_ .. _.. _-- _..... -



SKEW IHFNO VSLOPE EK CK
. 0 o . * JIlI:JIll*)tc:JII)lllc* * .50 .00

X-V COORDINATE PAIRS (NGP = 12) :
X Y X Y X Y X Y

.0 7.30 10.0 7 .10 11.5 7.00 13.4 6.30

15.2 5.30 15.5 4.50 20.0 4.60 22.0 5.50

24.0 5.80 30.0 6.30 38.0 6.60 100.0 6.60

X-V MAX-MIN POINTS:
XMIN Y X YMIN XMA X Y X YMAX

. 0 7.30 15.5 4.50 100.0 6.60 . 0 7.30

ROUGHNESS COEFFICIENTS (NSA >2 1) :

DATA SUMMARY FOR SECID "S1815" AT SRD =~"''''~'''~'''''' ERR-CODE

HP 1 S1815 5.0,.1,6.6

"'~'" FINISH PROCESSING CROSS SECTION - "S1815"
~"'''' CROSS SECTION "S1815" WRITTEN TO DISK, RECORD NO. ~ 1

o

SRD =~~~~~~~~'"

17:38
SECID = S1808;

COARSE SAND 15.5-20, CEMENTED BANKS

SEC 630 FT WEST OF TATUM BLVD & 2500 FT S. OF DYNAMITE BLVD

AREA K TOPW WETP ALPH LEW REW QCR
24. 712. 34. 35. 117.
24. 712. 34. 35. 1. 00 o . 34. 117 .

AREA K TOPW WETP ALPH LEW REW QCR
24. 712. 34. 35. 117.
24. 712. 34. 35. 1. 00 o • 34. 117 .

Note: Channel altered upstream and downstream
of reach. Not used for hydraulic qeometry
relations.

MARICOPA CO. REGIME STUDY HJAlI'lARSON survey of 6/9/93

.040

22.5.5 24,5.8 30.6.3 38.6.6 100,6.6

0,7.3 10,7.1 11.5,7.0 13.4,6.3 15.2,5.3 15.5,4.5 20,4.6

MARICOPA CO. REGIME STUDY HJALMARSON survey of 6/9/93
SEC 630 FT WEST OF TATUM BLVD & 2500 FT S. OF .OYNAMITE BLVD

COARSE SAND 15.5-20, CEMENTED BANKS
~"'''' RUN DATE & TIME: 06-10-~3 16:58

FEDERAL HIGHWAY ADMINISTRATION - U. S. GEOLOGICAL SURVEY
MOOEL FOR WATER-SURFACE PROFILE COMPUTATIITNS

~~~ RUN DATE & TIME: 06-10-93
CROSS-SECTION PROPERTIES: ISEQ ~ 1:

GR

'"

T2

N

GR

~

T3

T1

~~'" START PROCESSING CROSS SECTION - «S1815"
XS S1815

WSEL SAt
1

6.20

WSEL SA*
1

6.20
1

1
WSPRO
P060188

I
J,
I
I
I
I
I
I
II
I
I
I
I
I
I,
I
I



I
1

WSPRO FEDERAL HIGHWAY ADMINISTRATION - U. S. GEOLOGICAL SURVEY

P060188 MODEL FOR WATER-SURFACE PROFILE COMPUTATIONS

I MARICOPA CO. REGIME STUDY HJALMARSON survey of 6/9/93
SEC 630 FT WEST OF TATUM BLVD & 2500 FT S. OF DYNAMITE BLVD

COARSE SAND 15.5-20. CEMENTED BANKS

I
'" """ RUN DATE 8. TIME: 06-10-93 16:58

CROSS-SECTION PROPERTIES: ISEQ = 1 ; SECID = S1815; SRD =**_JltJlil:_***

WSEL SAl AREA K TOPW WETP ALPH LEW REW OCR

I 1 2. 44 . 6 . 6 . 8 •

5.00 2 . 44. 6 . 6 . 1.00 15. 21. 8., WSEL SAt AREA K TOPW WETP ALPH LEW REW OCR
1 3 • 61. 6 • 6 . 11-

5.10 3 . 61. 6 . 6 . 1.00 15. 21. 11 .

I WSEL SAl AREA K TOPW WETP ALPH LEW REW OCR
1 3 . 81. 6 . 7 • 15.

5.20 3. 81. 6 • 7 . 1. 00 15. 21. 15.

I WSEL SAl AREA K TOPW WETP ALPH LEW REW OCR
1 4. 104. 6 . 7 • 18.

t
5.30 4 . 104. 6. 7 • 1. 00 15. 22. 18.

WSEL SAl AREA K TOPW WETP ALPH LEW REW OCR
1 5. 128. 7 • 8. 22.

I 5.40 5 . 12B. 7. 8 . 1. 00 15. 22. 22.

WSEL SAl AREA K TOPW WETP ALPH LEW REW OCR

,1/
1 5 • 155. 7 . 8. 27.

5.50 5 . 155. 7 • 8 . 1. 00 15. 22. 27.

WSEL SA*, AREA K TOPW WETP ALPH LEW REW QCR

I 1 6 . 180. 8. 9 . 31-
5.60 6. 180. 8 • 9 . 1.00 15. 23. 31.

I
WSEL SAl AREA K TOPW WETP ALPH LEW REW QCR

1 7 . 209. 9 . 10. 35.
5.70 7. 209. 9. 10. 1. 00 14. 23. 35.

I WSE L SA*' AREA K TOPW WETP ALPH LEW REW QCR
1 8 . 243 . 10. 11 . 41.

5.80 8. 243. 10. 11. 1. 00 14 . 24. 41-

I WSEL SAl AREA K TOPW WETP ALPH LEW REW OCR
1 9 . 274. 11. 12. 46.

I
5.90 9. 274. 11. 12. 1.00 14. 25. 46.

WSEL SAl AREA K TOPW' WETP ALPH LEW REW OCR
1 10. 313. 12. 13. 52.,I 6.00 10. 313. 12. 13. 1. 00 14. 26. 52.

WSEL SA*' AREA K TOPW WETP ALPH LEW REW QCR

I
1 11. 359. 14. 15. 59.

6.10 11. 359. 14. 15. 1. 00 14. 28. 59.
1

WSPRO FEDERAL HIGHWAY ADMINISTRATION - U• S. GEOLOGICAL SURVEY

I P060188 MODEL FOR WATER-SURFACE PROFILE COMPUTATIONS

MARICOPA CO. REGIME STUDY HJALMARSON survey of 6/9/93

I
SEC 630 FT WEST OF TATUM BLVD & 2500 FT S. OF DYNAMITE BLVD

COARSE SAND 15.5-20. CEMENTED BANKS.. "'''' RUN OATE & TIME: 06-10-93 16:58.
(,Dn"''''_'''~(,TTn''l ODf'\CCOTTI:'C' ... TC'"C"n t""el"'Tr'\ - C"'4 0 04 ~. t""'OI"'\ . _... * ........... JIlt JIIc *



HP 1 S1843 4.4,.1,6.6

DATA SUMMARY FOR SECID "S1843" AT SRD ~k.**~**. ERR-CODE

*k. FINISH PROCESSING CROSS SECTION - "S1843"
~** CROSS SECTION "S1843" WRITTEN TO DISK. RECORD NO. = 1

*~* START PROCESSING CROSS SECTION - "S1843"
XS S1843

o

SEC 130 FT DWNSTR OF TATUM BLVD & 190 FT N. OF DYNAMITE BLVD

COARSE SAND 19.5-34.5

FEDERAL HIGHWAY ADMINISTRATION - U. S. GEOLOGICAL SURVEY
MODEL FOR WATER-SURFACE PROFILE COMPUTATIONS

MARICOPA CO. REGIME STUDY HJALMARSON survey of 6/9/93

.040

0.6.9 10.6.8 13,6.5 17.5.8 "19.5.4.5 21,4.4 25,3.9 30.3.9

34.5.3.9 38,4.3 39.5.6 41,6.0 47.6.6 53,6.6 110,6.6

MARICOPA CO. REGIME STUDY HJALMARSON survey of 6/9/93
SEC 130 FT DWNSTR OF TATUM BLVD & 190 FT N. OF DYNAMITE BLVD

COARSE SAND 19.5-34.5
k~~ RUN OATE & TIME: 06-10-93 15:31

WSEL SAl!' AREA K TOPW WETP ALPH LEW REW OCR
1 13. 412. 15. 16. 67.

6.20 13. 412. 15. 16. 1.00 14. 29. 67.

WSE L SAt AREA K TOPW WETP ALPH LEW REW OCR

1 14. 473 . 17. 18. 77.

6.30 14. 473. 17. 18. 1.00 13. 30. 77.

WSEL SAt AREA K TOPW WETP ALPH LEW REW OCR

1 16. 519. 20. 21. 84.

6.40 16. 519. 20. 21. 1.00 13. 33. 84.

WSEL SAt AREA K TOPW WETP ALPH LEW REW QCR

1 18. 581. 22. 24. 94.

6.50 18. 581. 22. 24. 1. 00 13. 35. 94.

WSEL SAt AREA K TOPW WETP ALPH LEW REW QCR

1 2l. 659. 25. 27. 107.

6.60 21. 659. 25. 27. 1.00 13. 38. 107.

WSEL SAt AREA K TOPW WETP ALPH LEW REW QCR

1 21. 659. 25. 27. 107.

6.60 21. 659. 25. 27. 1. 00 13. 38. 107.

~

N

GR

GR

T2

T3

T1

1
WSPRO
P060188

I
I
I
I
I
I
1\
t
I
I
I
I,
I,
I
I
I
I
I





, WSEL SA*' AREA K TOPW WETP ALPH LEW REW OCR
1 26. 1119. 21. 22 . 168.

5.40 26. 1119. 21. 22. 1.00 18. 39. 168.

I WSEL SA*' AREA K TOPW WETP ALPH LEW REW OCR
1 29. 1259. 21. 22. 188.

5.50 29. 1259. 21. 22. 1. 00 18. 39. 188.

I 1
WSPRO FEDERAL HIGHWAY ADMINISTRATION - u. S. GEOLOGICAL SURVEY
P060188 MODEL FOR WATER-SURFACE PROFILE COMPUTATIONS

I MARICOPA CO. REGIME STUDY HJALMARSON survey of 6/9/93
SEC 130 FT DWNSTR OF TATUM BLVD & 190 FT N. OF DYNAMITE BLVO

COARSE SAND 19.5-34.5

I "'.. RUN DATE & TIME: 06-10-93 15:31
CROSS-SECTION PROPERTIES: ISEQ "" 1 ; SECID = S1843; SRD =JIt*_*Jlir:JIt •••

I
WSEL SAt AREA K TOPW WETP ALPH LEW REW QCR

1 31. 1406. 22. 23. 208.
5.60 31. 1406. 22. 23. 1.00 17. 39. 208.

t WSEL SAt AREA K TOPW WETP ALPH LEW REW QCR

1 33. 1545. 22. 23. 227.
5.70 33. 1546. 22. 23. 1.00 17 . 39. 227.

I WSEL SAt AREA K TOPW WETP ALPH LEW REW OCR
1 35. 1691. 23. 24. 247- .

5.80 35. 1691. 23. 24. 1. 00 17. 40. 247.

I WSEL SA" AREA K TOPW WETP ALPH LEW REW OCR
1 38. 1829. 24. 25. 266.

I
5.90 38. 1829. 24. 25. 1. 00 16. 40. 266.

WSE L SAt AREA K TOPW WETP ALPH LEW REW OC R
1 40. 1976. 25. 26. 286.

I, 6.00 40. 1976. 25. 26. 1. 00 16. 41. 286.

WSEL SA*' AREA K TOPW WETP ALPH LEW REW OCR

I
1 43. 2110. 27. 28. 305.

6.10 43. 2110. 27 • 28. 1. 00 15. 42. 305.

WSEL SA" AREA K TOPW WETP ALPH LEW REW OCR

I 1 45. 2257. 28. 29. 326.
6.20 45. 2257. 28. 29. 1.00 15. 43. 326.

I, WSEL SA*' AREA K TOPW WETP ALPH LEW REW OCR
1 48. 2417. 30. ' 31. 348.

6.30 48. 2417. 30. 31. 1. 00 14. 44. 348.

I WSEL SAt AREA K TOPW WETP ALPH LEW REW OCR
1 51. 2590. 31. 33. 372.

6.40 51. 2590. 31. 33. 1. 00 14. 45. 372.

I WSEL SAt AREA K TOPW WETP ALPH LEW REW OCR
1 55. 2777 . 33. 34. 398.

I'
6.50 55. 2777. 33. 34. 1. 00 13. 46. 398.

WSEL SA" AREA K TOPW WETP ALPH LEW REW OCR

1 58. 2957. 35. 36. 423 .

I 6.60 58. 2957. 35. 36. 1. 00 12. 47. 423.

OCRWSEL SA" AREA K TOPW WETP ALPH LEW REW

I, 1 58. 2957. 35. 36. 423.

6.60 58. 2957. 35. 36. 1. 00 12. 47. 423.



HP 1 S1850 5.3 •. 1.7.0

...... START PROCESSING CROSS SECTION - "51650"
XS S1850

+++008 INVALID DATA NEAR COLUMN 21

SKEW IH FN 0 VSLOPE EK CK
.0 o . *)Il(,..JIcJlcJlcJlcJlcJ*l .50 .00

X-Y COORDINATE PAIRS (NGP ~ 15):
X Y X Y X Y
. 0 7.10 10.0 6.60 19.0 6.10

21.0 5.10 25.0 5.10 26.0 4.60
36.0 4.80 38.0 5.00 40.0 5.50
50.0 6. 50 60.0 7.00 130.0 7.00

X-Y MAX-MIN POINTS:
XMIN Y X YMIN XMAX Y

.0 7.10 26.0 4.80 130.0 7.00

ROUGHNESS COEFFICIENTS (NSA "" 1 ) :
.040

o

Y
5.70
4.90
6.20

YMAX
7.10

X
. 0

X
20.0
30.0
44.0

1

HJALMARSON 6/9/93

SEC 100 FT UPSTR OF TATUM BLVD & 770 FT N. OF DYNAMITE BLVD

COARSE SAND 21-36

FEDERAL HIGHWAY ADMINISTRATION - U. S. GEOLOGICAL SURVEY
MODEL FOR WATER-SURFACE PROFILE COMPUTATIONS

MARICOPA CO. REGIME STUDY

.040

0,7.1 10,6.6 19,6.1 20,5.7 21,5.1 25,5.1 26,4.8 30.4.9 36,4.8

38,5.0 40,5.5 44,6.2 50,6.5 60.7.0 130.7.0

MARICOPA CO. REGIME STUDY HJALMARSON 6/9/93
SEC 100 FT UPSTR OF TATUM BLVD & 770 FT N. OF DYNAMITE BLVD

COARSE SAND 21-36
...... RUN DATE & TIME: 06-10-93 12:49

FEDERAL HIGHWAY ADMINISTRATION - U. S. GEOLOGICAL SURVEY
MODEL FOR WATER-SURFACE PROFILE COMPUTATIONS

MARICOPA CO. REGIME STUDY HJALMARSON 6/9/93
SEC 100 FT UPSTR OF TATUM BLVD & 770 FT N. OF DYNAMITE BLVD

COARSE SAND 21-36
...... RUN DATE & TIME: 06-10-93 12:49

FINISH PROCESSING CROSS SECTION - "S1850"
CROSS SECTION "S1850" WRITTEN TO DISK. RECORD NO. =

DATA SUMMARY FOR SECID "S1850" AT SRD ~................ ERR-CODE

N

GR

GR

T2

T3

T1

..

..

............

1

WSPRO
P060188

1
WSPRO
P060188

I
I
'1\

I
r
I
I
I
'I
I
I
I
1\
I
I
I
I
I
I



I WSEL SA" AREA K TOPW WETP ALPH LEW REW OCR
1 7 . 125. 19. 19. 23.

I
5.30 7 . 125. 19. 19. 1.00 2l. 39. 23.

WSEL SAt AREA K TOPW WETP ALPH LEW REW QCR
1 9. 185. 19. 19. 32.

I 5.40 9. 185. 19. 19. 1.00 21. 40. 32.

WSEL SAt AREA K TOPW WETP ALPH LEW REW OCR

I
1 10. 255. 20. 20. 43.

5.50 10. 255. 20. 20. 1. 00 20. 40. 43.

WSEL SAt AREA K TOPW WETP ALPH LEW REW OCR

I 1 12. 332. 20. 21. 55.
5.60 12. 332. 20. 21. 1. 00 20. 41. 55.

t WSEL sAt AREA K TOPW WETP ALPH LEW REW QCR
1 15. 419. 21. 21. 69.

5.70 15. 419 . 21. 21. 1.00 20. 41. 69.

I WSEL SAt AREA K TOPW WETP ALPH LEW REW QCR

1 17. 514. 22. 22. 83.
5.80 17 . 514. 22. 22. 1. 00 20. 42. 83.

I WSEL SAt AREA K TOPW WETP ALPH LEW REW QCR
1 19. 618. 23. 23. 98.

5.90 19. 618. 23. 23. 1.00 20. 42. 98.

I WSEL SAt AREA K TOPW WETP ALPH LEW REW QCR
1 21. 732. 2/1. 24. 115.

I
6.00 21. 732. 24 . 24. 1. 00 19. 43. 115.

WSEL SAt AREA K TOPW WETP ALPH LEW REW OCR
1 24. 854. 24. 25. 132.

I, 6.10 24. 854. 24. 25. 1. 00 19. 43. 132.

WSEL SAt AREA K TOPW WETP ALPH LEW REW OCR

I 1 26. 954. 27. 27. 147.
6.20 26. 954. 27. 27. 1. 00 17. 44 • 147.

I
WSEL SAt AREA K TOPW WETP ALPH LEW REW QCR

1 29. 1039. 31 . 31. 161.
6.30 29. 1039. 31. 31. 1. 00 15. 46. 161.

I WSEL SAt AREA K TOPW WETP ALPH LEW REW QCR
1 32. 1148. 34. 35. 178.

6.40 32. 1148. 34. 35. 1. 00 14. 48. 178.

I
1

WSPRO FEDERAL HIGHWAY ADMINISTRATION - U . S. GEOLOGICAL SURVEY
P060188 1lI0DEL FOR WATER-SURFACE PROFILE COMPUTATIONS

I MARICOPA CO. REGIIlIE STUDY HJALMARSON 6/9/93
SEC 100 FT UPSTR OF TATUflI BLVD & 770 FT N. OF DYNAMITE BLVD

COARSE SAND 21-36
"''''''' RUN DATE & TIME: 06-10-93 12:49

I CROSS-SECTION PROPERTIES: ISEQ =- 1 . SECID =- S1850; SRD Dx,.,.JIt ........ JllltJlllc*

•

WSEL SAt AREA K TOPW WETP ALPH LEW REW QCR

I 1 36. 1279. 38. 39. 19B.
6.50 36. 1279. 3B. 39. 1.00 12. 50. 19B.

I
WSEL S Ai AREA K TOPW WETp ALPH LEW REW QCR

1 40. 1432. 42. 42. 222.
6.60 40. 1432. 42. 42. ,1.00 10. 52. 222.



I WSEL SA" AREA K TOPW WETP ALPH LEW REW OCR

1 44. 1605. 11 6. 11 6 . 248.

6.70 411. 1605. 46. 11 6. 1.00 8. 511. 248.

I WSEL SA" AREA K TOPW WETP ALPH LEW REW OCR

1 11 9. 1802. 50. 50. 277.

6.80 49. 1802. 50. 50. 1. 00 6 . 56. 277.

I, WSEL SAt AREA K TOPW WETP ALPH LEW REW OCR

1 54. 2025. 54. 54. 310.

I
6.90 54. 2025. 511. 54. 1. 00 4 . 58. 310.

WSEL SAt AREA K TOPW WETP ALPH LEW REW OCR

1 60. 2274. 58. 58. 346.

I 7.00 60. 2274. 58. 58. 1. 00 2 • 60. 346.

WSEL SAt AREA K TOPW WETP ALPH LEW REW OCR

I
1 60. 2274. 58. 58. 346 .

7.00 60. 2274. 58. 58. 1. 00 2 • 60. 346 .

I
I

MARICOPA CO. REGIME STUDY HJ AUIARSON survey of 6/18/93
370 FT n. of dynamite Blvd & 110 FT W. OF 50TH ST

COARSE SAND. CEMENTED 8ANKS-2nd small channel to north

"''''''' RUN DATE & TIME: 06-21-93 08: 26

I 2.0 68.80 4.0 68.30 5.0 67.90 8.0 66.90

9.0 66.50 10.0 66.10 15.0 66.20 19.5 66.20

'I 21.0 67.00 24.0 67.80 28.0 68.50 30·.0 69.05

32.0 69.10

I.
X-Y MAX-MIN POINTS:

XMIN Y X YI'IIN XMAX Y X YMAX

2.0 68.80 10.0 66.10 32.0 69.10 32.0 69.10

I ROUGHNESS COEFFICIENTS (NSA - 1 ) :
.040

1
.' WSPRO FEDERAL HIGHWAY ADMINISTRATION - U• S. GEOLOGICAL SURVEY

I P060188 MODEL FOR WATER-SURFACE PROFILE COMPUTATIONS

MARICOPA CO. REGIME STUDY HJALMARSON survey of 6/18/93

I 370 FT n. of dynamite 81vd & 110 FT W. OF 50TH ST
COARSE SAND, CEMENTED BANKS-2nd small channel to no r th

"''''''' RUN DATE & TIME: 06-21-93 08:26

I
CROSS-SECTION PROPERTIES: ISEO = 1 : SECID = S1866; SRD :=.K'**:Jc:Jc,lr:Jc**

WSEL SA" AREA K TO'PW' WETP ALPH LEW REW QCR

1 5. 89. 11. 12. 16.

I 66.60 5. 89. 11. 12. 1. 00 9. 20. 16.

66.80 7 . 171. 12. 13. 1. 00 8 . 21. 29.

67.00 9 . 276. 13. 14 . 1. 00 8 • 21. 45.

I
67.20 12. 398. 15. 15. 1. 00 7 • 22. 64.

67.40 15. 544 . 16. 16. 1. 00 7. 22. 85.

67.60 19. 715. 17. 18. 1. 00 6. 23. 110.

67.80 22. 912. 19. 19. 1. 00 5 • 24 • 138.

I 68.00 26. 1128. 20. 21. 1. 00 5 . 25. 168.

68.20 30. 1375. 22. 23. 1.00 4 . 26. 203.

68.40 35. 1649. 24. 25. 1.00 4. 27. 241.

t 68.60 40. 1963. 26. 26. 1. 00 3 . 28. 283.

68.80 45. 2321. 27. 28. 1. 00 2 • 29. 331-

1



~~~ FINISH PROCESSING CROSS SECTION - ~SlB72~

*~~ CROSS SECTION ~S1872~ WRITTEN TO DISK, RECORD NO. = 1

DATA SUMMARY FOR SECID ~S1872~ AT"SRD =*****,....* ERR-CODE 0

SKEW IHFNO VSLOPE EK CK
.0 o . ::JIl(JIcJll:****** .50 .00

X-Y COORDINATE PAIRS (NGP = 12) :
X y X y X y X y

.0 73.20 5.0 73.05 8.0 72.40 9.5 72.05

10.0 71.75 12.0 71. 75 14.0 71. 60 15.0 72.15

18.0 72.50 21.0 72.60 27.0 73.25 31.0 73.30

X-Y MAX-MIN POINTS:
XMIN y X YMIN XMAX y X YMAX

.0 73.20 14.0 71.60 31.0 73.30 31.0 73.30

..... ,.., .. ,.., ..... , ............... ,... .... r- r" r- .... ,.., ~ r" .. 1'" "...

HP 1 S1872 72,.1,72.5

~~~ START PROCESSING CROSS SECTION - ~S1872~

XS S1872

OCR
331.
331.

REW

29.

SRD

2 .

LEW

survey of 6/18/93
OF 50TH ST
channel to north

WETP ALPH
28.
28. 1.00

TOPW
27.
27.

K
2321.
2321.

AREA
II 5.
45.

MODEL FOR WATER-SURFACE PROFILE COMPUTATIONS

.01l0

14,71.6 15,72.15 18,72.5 21,72.6 27,73.25 31,73.3

0,73.2 5,73.05 8,72.4 9.5,72.05 10,71.75 12,71.75

MARICOPA CO. REGIME STUDY HJALMARSON survey of 6/18/93
200 FT SOUTH OF dynamite blvd & 1380 FT W.oF 53TH ST

1920 ft e. of tatum COARSE SAND CEMENTED BANKS
~~~ RUN DATE g TIME: 06-21-93 11:110

FEDERAL HIGHWAY ADMINISTRATION - U. S. GEOLOGICAL SURVEY
MODEL FOR WATER-SURFACE PROFILE COMPUTATIONS

MARICOPA CO. REGIME STUDY HJALMARSON survey of 6/1B/93

1920 ft e. of tatum COARSE SAND CEMENTED BANKS

WSEL SAt
1

200 FT SOUTH OF dynamite blvd & 1380 FT W.oF 53TH ST

MARICOPA CO. REGIME STUDY HJALMARSON
370 FT n. of dynamite Blvd g 110 FT W.

COARSE SAND, CEMENTED BANKS-2nd small
*~* RUN DATE g TIME: 06-21-93 OB:26

CROSS-SECTION PROPERTIES: ISEQ = 1; SECIO = S1866;

6B.80

N

GR

GR

T3

T2

T1

P060188

1
WSPRO
P060188

I
I
I
I
I
I
I
I
I
I
I
I
I
I
I'
I
I
I
I



MARICOPA CO. REGI~E STUDY HJALMARSON survey of 6/18/93
200 FT SOUTH OF dynamite blvd & 1380 FT W.oF 53TH ST

1920 ft e. of t~tum COARSE SAND CE~ENTED BANKS
*** RUN DATE & TIME: 06-21-93 11:40

CROSS-SECTION PROPERTIES: ISEQ = 1; SECID = S1872; SRD =*********

I
I
I'

1

WSPRO
P060188

.040

FEDERAL HIGHWAY ADMINISTRATION - U. S. GEOLOGICAL SURVEY
MODEL FOR WATER-SURFACE PROFILE COMPUTATIONS

I
I
I
I
I
I Tl

WSEL SAt AREA K TOPW WETP ALPH LEW REW QCR

1 1. 20. 5. 5. 4 •

72.00 1. 20. 5 . 5 . 1.00 10. 15. 4.

72.10 2. 33. 6. 6. 1. 00 9. 15. 6 .

72.20 2. 47 . 7 . 7 . 1. 00 9 • 15. 9 .

72.30 3. 64. 8. 8. 1. 00 8. 16. 12.

72.40 4. 86. 9 . 9 . 1.00 8 • 17. 15.

72.50 5. 113. 10. 11. 1.00 8. 18. 20.

WSEL SAt AREA K TOPW WETP ALPH LEW REW QCR
1 5. 113. 10. 11. 20.

72.50 5 • 113. 10. 11. 1. 00 8. lB. 20.

~ARICOPA CO. REGIME STUDY HJAL~ARSON survey of 6/18/93

DATA SU~MARY FOR SECID "S1874" AT SRD =******** ERR-CODE = a

*** START PROCESSING CROSS SECTION - "S1874"
XS S1874

HP 1 S1874 75,.2.76.6

1
WSPRO
P060188

1

1300 ft N of Dynamite and 100 ft upstr(e~st) of 50TH ST

COARSE SAND, CE~ENTED 8ANKS

.040

20,74.6 25,74.7 30.74.6 34,75.7 37,76.6 42,77.05

0,76.6 5,76.7 8,76.3 10,76.2 11,75.6 12.5,75.2 13,74.4

FEDERAL HIGHWAY AD~INISTRATION - U. S. GEOLOGICAL SURVEY
MODEL FOR WATER-SURFACE PROFILE CO~PUTATIONS

MARICOPA CO. REGI~E STUDY HJALMARSON survey of 6/18/93
1300 ft N of Dyn~mite and 100 ft upstr(e~st) of 50TH ST

COARSE SAND. CEMENTED BANKS
*** RUN DATE & TIME: 06-21-93 10:00

FINISH PROCESSING CROSS SECTION - "SlB74"
CROSS SECTION "S1874" WRITTEN TO DISK, RECORD NO. =

GR

N

GR

T2

T3

***
***

I
I
I
I
I
I
I
I
I
I



1
WSPRO FEDERAL HIGHWAY ADMINISTRATION - U. S. GEOLOGICAL SURVEY
P060188 MODEL FOR WATER-SURFACE PROFILE COMPUTATIONS

MARICOPA CO. REGIME STU1J Y HJALMARSON survey of 6/18/93
1300 ft N of Dynamite and 100 ft upstr(east) of 50TH ST

COARSE SAND. CEMENTED BANKS

" ."" RUN DATE & TIME: 06-21-93 10:00
CROSS-SECTION PROPERTIES: ISEO "" 1 . SECID .. S1874: SRD ;:::::,Irrc ","'*;ll(JJitJlil JltJlt

•

WSEL SA" AREA K TOPW WETP ALPH LEW REW OCR
1 7 . 146. 19. 19. 26.

75.00 7 . 146. 19. 19. 1. 00 13. 31. 26.
75.20 11. 284. 20. 20. 1. 00 13. 32. 48.
75.40 15. 453. 21 . 22. 1. 00 i 2 . 33. 74.
75.60 20. 658. 23. 23. 1. 00 1l. 34. 104.
75.80 24. 906. 24'. 24. 1. 00 1l. 34. 140.
76.00 29. 1190. 25. 25. 1. 00 10. 35. 180.

76.20 34. 1509. 26. 27. 1. 00 10. 36. 224.
76.40 40. 1786. 29. 30. 1.00 7 . 36. 264.
76.60 46. 2156. 31. 32. 1.00 6. 37. 314.

WSEL SA" AREA K TOPW WETP ALPH LEW REW OCR
1 46. 2156. 31 . 32. 315.

76.60 46. 2156. 31. 32. 1.00 6 . 37 . 315.

MARICOPA CO. REGIME STUDY HJALMARSON survey of 6/18/93

1700 ft N. of Dynamite and 80 ft west of 50TH ST

YMAX
77.05

X
1l2.0

Y
77.05

XMAX
42.0

.50 .00

X Y X Y
8.0 76.30 10.0 76.20

13.0 74.40 20.0 74.60
34.0 75.70 37 .0 76.60

1 ) :

13) :
Y

76.70
75.20
74.60

YMIN
74.40

X
13.0

(NGP =
X

5.0
12.5
30.0

COARSE SAND, CEMENTED-BANKST3

T2

T1

.0

X-V MAX-MIN POINTS:
XMIN Y

.0 76.60

ROUGHNESS COEFFICIENTS (NSA
.040

x-V COORDINATE PAIRS
X Y
.0 76.60

11.0 75.60
25.0 74.70
42.0 77.05

I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I

""* START PROCESSING CROSS SECTION - "S1876"
XS S1876

FEDERAL HIGHWAY ADMINISTRATION - U. S. GEOLOGICAL SURVEY
MODEL FOR WATER-SURFACE PROFILE COMPUTATIONSI

I
I

1
WSPRO
P060188

MARICOPA CO. REGIME STUDY HJALMARSON
1700 ft N. of Dynamite and 80 ft west

COARSE SAND. CEMENTED BANKS
~,,~ RUN DATE & TIME: 06-21-93 10:2B

survey of 6/18/93
of 50TH ST



HP 1 S1876 76, .1.77

I
I
I

GR

GR

N

0,77.1 8,77 12.76.7 14,76.1 18.75.8 20.5,75.95

21,76.15 25.76.4 28.5,76.9 32.77

.040

1
WSPRO FEDERAL HIGHWAY ADMINISTRATION - U. S. GEOLOGICAL SURVEY
P060188 MODEL FOR WATER-SURFACE PROFILE COMPUTATIONS

MARICOPA CO. REGIME STUDY HJALMARSON survey of 6/18/93
1700 ft N. of Dynamite and 80 ft uest of 50TH ST

COARSE SAND. CEMENTED BANKS
*~ .. RUN DATE & TIME: 06-21-93 10:28

CROSS-SECTION PROPERTIES: ISEQ = 1 . SECID = 51876; SRD =*tJr.J/I(""*JIcJlcJlc:.,

WSEL SA* AREA K TOPW WETP ALPH LEW REW QCR
1 1. 5 • 5 . 5 . 1.

76.00 1. 5 . 5 . 5 . 1.00 15. 21. 1 .
76.10 1. 14. 7 . 7 . 1. 00 14. 21. 3.
76.20 2. 27. 8 . 8 . 1. 00 14. 22. 5 .
76.30 3 . 45. 10. 10. 1. 00 13. 23. 9.
76.40 4 . 69. 12. 12. 1. 00 13. 2S. 13.
76.50 5. 104. 13. 13. 1.00 13. 26. 19.
76.60 7 . 145. 14. 14. 1. 00 12. 26. 25.
76.70 8. 194 . 15. is. 1.00 12. 27. 33.
76.80 10. 242. 17. 17. 1. 00 11. 28. 41.
76.90 11. 300. 19. 19. 1. 00 9 . 28. 50.
77.00 14. 344 . 24. 24. 1. 00 8 . 32. 58.

WSEL 5A* AREA K TOPW WETP ALPH LEW REW QCR
1 14. 344 . 24. 24. 58.

77 .00 14. 344. 24. 24. 1. 00 8 . 32. 58.

MARICOPA CO. REGIME STUDY HJALMARSON survey of 6/9/93

DATA SUM~ARY FOR SECID "51876" AT SRO =**~~**~* ERR-CODE

FINISH PROCESSING CROSS SECTION - "51876"
CROSS SECTION "S1876" WRITTEN TO DISK. RECORD NO. = 1

o

YMAX
77 .10

Y
76.10
76.40

X
.0

X
14.0
25.0

Y
77.00

Y
76.70
76.15

CK
.00

XMAX
32.0

X
12.0
21.0

EK
.50

Tl

SKEW IHFNO VSLOPE
.0 O. **Jlc:JIc,A(J!lc:J/I(lIIcllll:

X-V COORDINATE PAIRS (NGP = 10) :.

X Y X Y
. 0 77 .10 8.0 77 . 00

18.0 75.80 20.5 75.95
28.5 76.90 32.0 77 .00

X-V MAX-MIN POINTS:
XMIN Y X YMIN

.0 77.10 18.0 75.80

ROUGHNESS COEFFICIENTS (NSA ,.. 1 ) :
.040

I
I
I
I
I
I
I
I
I
I
I
I
I
I
,I

I



*** START PROCESSING CROSS SECTION - ~S1960~

XS S1960

MARICOPA CO. REGIME STUDY HJALMARSON survey of 6/9/93
580 FT SOUTH OF PEAK VIEW RD & 930 FT E. OF 56TH ST

COARSE SAND. CEMENTED BED & BANKS=BED HIGHLY CEMENTED
*** RUN DATE & TIME: 06-11-93 15:00

CROSS-SECTION PROPERTIES: ISEQ = 1; SECID = S1960; SRD =*********

DATA SUMMARY FOR SECID "S1960~ AT SRD =******** ERR-CODE

HP 1 S1960 4.8,.2,7.3

o

YMAX
7.90

Y
4.60
6.30

X
.0

X
6.0

26.0

1

Y
7.30

Y
7.10
5.20

CK
.00

X
5.0

22.5

XMAX
33.0

EK
.50

9) :
Y

7.80
5.10

YMIN
4.60

X
6.0

(NGP ""
X

3.0
20.0

580 FT SOUTH OF PEAK VIEW RD g 930 FT E. OF 56TH ST

COARSE SAND, CEMENTED BED & BANKS=BED HIGHLY CEMENTED

FEDERAL HIGHWAY ADMINISTRATION - U. S. GEOLOGICAL SURVEY
MODEL FOR WATER-SURFACE PROFILE COMPUTATIONS

FEDERAL HIGHWAY ADMINISTRATION - U. S. GEOLOGICAL SURVEY
MODEL FOR WATER-SURFACE PROFILE COMPUTATIONS

IHFNO YSLOPE
o. )l()I(Jlc**JIll,tr**

.040

26.6.333,7.3

0.7.9 3,7.8 5,7.1 6,4.6 14.4.7 20.5.1 22.5,5.2

MARICOPA CO. REGIME STUDY HJALMARSON survey of 6/9/93
580 FT SOUTH OF PEAK VIEW RD & 930 FT E. OF 56TH ST

COARSE SAND, CEMENTED BED & BANKS=BED HIGHLY CEMENTED
*** RUN DATE g TIME: 06-11-93 15:00

SKEW
.0

FINISH PROCESSING CROSS SECTION - ~S1960~

CROSS SECTION ~S1960~ WRITTEN TO DISK. RECORD NO. =

*

N

T2

GR

GR

*

T3

X-V MAX-MIN POINTS:
XMIN Y

.0 7.90

X-V COORDINATE PAIRS
X Y
.0 7.90

14.0 4.70
33.0 7.30

ROUGHNESS COEFFICIENTS (NSA 3 1):
.040

1
WSPRO
P060188

1
WSPRO
P060188

I
I
I
I
I
I
I
I
I
I
I
I

'I
I
I
'I
I

I
I

WSEL SA* AREA K TOPW WETP ALPH LEW REW OCR

1 4. 55. 13. 13. 10.

5.00 4 • 55. 13. 13. 1. 00 6. 19. 10.

WSEL SA* AREA K TOPW WETP ALPH LEW REW QCR

1 6. 123. 17. 17. 22.
-." ... ...



I WSEL SAt AREA K TOPW WETP ALPH LEW REW OCR

1 10. 244 . 17. 18. 42.

I
5.40 10. 244. 17 . 18. 1.00 6 • 23. 42.

WSEL SAlt AREA K TOPW WETP ALPH LEW REW OCR

1 13. 395. 18. 19. 65.

I 5.60 13. 395. 18. 19. 1.00 6 • 24 . 65.

TOPW WETP ALPH LEW REW OCRWSEL SAt AREA K
1 17. 577. 19. 20. 92.

I 5.80 17. 577. 19. 20. 1.00 6 . 24. 92.

WSEL SAt AREA K TOPW WETP ALPH LEW REW OCR

I 1 21- 786. 20. 21. 123.

6.00 21. 786. 20. 21- 1.00 5. 25. 123.

I,
WSEL SAlt AREA K TOPW WETP ALPH LEW REW OCR

1 25. 1022. 20. 22. 157.

6.20 25. 1022. 20. 22. 1. 00 5 . 26. 157.

a WSEL SAt AREA K TOPW WETP ALPH LEW REW QCR

1 29. 1273. 21. 23. 192.

6.40 29. 1273. 21. 23. 1. 00 5. 27. 192.

I WSEL SAlt AREA K TOPW WETP ALPH LEW REW OCR

1 34. 1540. 23. 24. 230.

6.60 34. 1540. 23. 24. 1.00 5 • 28. 230.

I WSEL SAt AREA K TOPW WETP ALPH LEW REW QCR

1 38. 1838. 24. 26. 272.

I
6.80 38. 1838. 24. 26. 1- 00 5. 29. 272.

WSEL SAt AREA K TOPW WETP ALPH LEW REW OCR

1 43. 2169. 26. 28. 318.

I 7 .00 43. 2169. 26. 28. 1.00 5 . 31- 318.

WSEL SAlt AREA K TOPW WETP ALPH LEW REW QCR

I
1 49. 2523. 28. 30. 366.

7.20 49. 2523. 28. 30. 1.00 5. 32. 366.

1

I, WSPRO FEDERAL HIGHWAY ADMINISTRATION - U . S . GEOLOGICAL SURVEY

P060188 MODEL FOR WATER-SURFACE PROFILE COMPUTATIONS

MARICOPA CO. REGIME STUDY HJALMARSON survey of 6/9/93

I 580 FT SOUTH OF PEAK VIEW RD &. 930 FT E. OF 56TH ST
COARSE SAND, CEMENTED 8ED &. BANKS""8ED HIGHLY CEMENTED

'" ."OC RUN DATE &. TIME: 06-11-93 15:00

II
CROSS-SECTION PROPERTIES: ISEQ "" 1 : SECID == S1960; SRD :::z:*,:I<JIIl:Jlc.""'*-

WSEL SM. AREA K TO'PW' WETP ALPH LEW REW QCR

1 51- 2709. 29. 31- 391.

I 7.30 51- 2709. 29. 31- 1. 00 4 . 33. 391.

I
I

T1 MARICOPA CO. REGIME STUDY HJALMARSON survey of 6/18/93

I T2 240 FT south OF dixileta Dr. &. 300 FT W. 0 F 56TH ST



~** START PROCESSING CROSS SECTION - "S1969"
XS S1969

DATA SUMMARY FOR SECID "S1969" AT SRD =*~*~~*** ERR-CODE

MARICOPA CO. REGIME STUDY HJALMARSON survey of 6/18/93
240 FT south OF dixileta Dr. & 300 FT W.oF 56TH ST

340 ft dwnstr from cl of DIX. COARSE SAND CEMENTEO BANKS
*~~ RUN DATE & TIME: 06-21-93 11:57

CROSS-SECTION PROPERTIES: ISEQ :: 1 ; SECID :: S1969; SRD ::::::a**JlcJltJlic****

WSEL SA* AREA K TOPW WETP ALPH LEW REW QC R

1 6 • 128. 14. 14. 23.

69.00 6. 128. 14. 14. 1.00 10. 24. 23.

69.10 7 . 176. 14. 14 . 1. 00 10. 24. 30.

69.20 9 . 229. 15. 15. 1. 00 9. 25. 39 .

69.30 10. 290. 16. 16. 1. 00 9 . 25. 48.

69.40 12. 357. 17. 17. 1. 00 8 • 25. 58.

69.50 14. 431. 18. 18. 1. 00 8. 25. 69.
F'Q./;O 1 F; • 1;1~. 1 R _ 1 q . 1 .00 7 . 25. B1.

HP 1 S1969 69 •. 1.70.3

o

YJI1AX
70.40

Y
69.10
68.50
70.20

X
30.5

X
10.0
20.0
27.0

1

Y
70.40

Y
69.60
68.50
69.40

CK
.00

X
7.0

15.0
25.0

XMAX
30.5

EK
.50

13) :
Y

70.10
68.60
68.75

YMIN
68.45

X
22.5

(NGP "*
X

4 . 0
12.0
23.5

FEDERAL HIGHWAY ADMINISTRATION - U. S. GEOLOGICAL SURVEY
JI10DEL FOR WATER-SURFACE PROFILE COMPUTATIONS

IHFNO VSLOPE
0 .. l'IIt)lll::-:**:illl:)IC*lI*c

.040

20,68.5 22.5,68.45 23.5.68.75 25.69.4 27,70.2 30.5,70.4

0.70.3 4,70.1 7,69.6 10,69.1 11,68.8 12,68.6 15,68.5

MARICOPA CO. REGIME STUDY HJALMARSON survey of 6/18/93
240 FT south OF dixileta Dr. & 300 FT W.oF 56TH ST

340 ft dwnstr from cl of DIX. COARSE SAND CEMENTEO BANKS
**~ RUN OATE & TIME: 06-21-93 11:57

FEDERAL HIGHWAY ADMINISTRATION - U. S. GEOLOGICAL SURVEY
MODEL FOR WATER-SURFACE PROFILE COMPUTATIONS

SKEW
. 0

FINISH PROCESSING CROSS SECTION - "S1969"
CROSS SECTION "S1969" WRITTEN TO DISK. RECORD NO. =

N

GR

GR

ROUGHNESS COEFFICIENTS (NSA 1):
.040

X-Y MAX-MIN POINTS:
XMIN Y

.0 70.30

X-Y COORDINATE PAIRS
X Y
.0 70.30

11.0 68.80
22.5 68.45
30.5 70.40

*~~

1
WSPRO
P060188

1
WSPRO
P060188

I
I
I
I
I
I
I
I
I
I
I
I
I
I
1\
I
I
I
I



DATA SUMMARY FOR SECID "S1998" AT SRD ::z.JlcJlic**Jlc*** ERR-CODE 0

SKEW IHFND VSLOPE EK CK
. 0 O. **)1/1(****)11(* .50 .00

x-v COORDINATE PAIRS (NGP '" 1 0) :
X Y X Y X Y X Y

.0 8.10 5.0 8.10 6.5 7.00 7 .0 4.60

8.0 4.60 14.0 4. 70 19.5 4.70 22.0 5.30

23.0 6.40 29.0 8.00

~ . ~ .......... ro-.. .......... •• ____ .

HP 1 S1998 5.0, .2,8.0

*** START PROCESSING CROSS SECTION - "51998"
XS S1998

69.10 17. 602. 19. ~O. 1.00 b • Lb. ';;'t.

69.80 19. 699. 20. 21. 1. 00 6. 26. 108.

69.90 22. 804. 21. 21. 1. 00 5. 26. 124.

70.00 24. 917. 22. 22. 1. 00 5 . 26. 140.

70.10 26. 1039. 23. 23. 1.00 4 . 27. 157.

70.20 28. 1130. 25. 25. 1.00 2 . 27. 171 .

70.30 31- 1200. 29. 29. 1.00 O. 29. 183 .

WSEL SAt AREA K TOPW WETP ALPH LEW REW QCR

1 31- 1200. 29. 29. 183.

70.30 31. 1200. 29. 29. 1.00 O. 29. 183.

1

survey of 6/9/93
OF DIXILETA OR
MAN AFFECTS

COARSE SAND. CEMENTED 8ANKS--POSSIBLE MAN AFFECTS

SEC 40 FT EAST OF 59th St & 1240 FT S. OF DIXILETA DR

FEDERAL HIGHWAY ADMINISTRATION - U. S. GEOLOGICAL SURVEY
MODEL FOR WATER-SURFACE PROFILE COMPUTATIONS

MARICOPA CO. REGIME STUOY HJALMARSON survey of 6/9/93

.040

0,8.15,8.16.5,77,4.68,4.614,4.719.5,4.7

22,5.3 23,6.4 29.8.0

MARICOPA CO. REGIME STUDY HJALMARSON
SEC 40 FT EAST OF 59th St & 1240 FT S.

COARSE SAND. CEMENTED BANKS--POSSIBLE
*** RUN DATE & TIME: 06-11-93 13:59

FINISH PROCESSING CROSS SECTION - "S1998"
CROSS SECTION "S1998" WRITTEN TO DISK, RECORD NO. =

N

GR

GR

T2

T3

T1

*"''''

1
WSPRO
P060188

I
I
I
I
I
I,

I
I
I
I
I
I
I
I
I
I
I
I
I



I XMIN Y X YMIN XMAX Y X YMAX
. 0 8.10 7 . 0 4.60 29.0 8.00 .0 8.10

I
ROUGHNESS COEFFICIENTS (NSA 1 ) :

.040
1

WSPRO FEDERAL HIGHWAY ADMINISTRATION - U. S. GEOLOGICAL SURVEY

I P060188 MODEL FOR WATER-SURFACE PROFILE COMPUTATIONS

of 6/9/93MARICOPA CO. REGIME STUDY HJALMARSON survey

I
SE'C 40 FT EAST OF 59th St & 1240 FT S. OF DIXILETA DR

COARSE SAND, CEMENTED BANKS--POSSIBLE MAN AFFECTS
**"" RUN DATE & TIME: 06-11-93 13:59

CROSS-SECTION PROPERTIES: ISEO = 1 ; SECID = S1998; SRO =)Ii()IIr("**)II{JI()Ili()IIc

I' WSEL SA" AREA K TOPW WETP ALPH LEW REW OCR
1 4 • 74. 14. 14. 14.

'I
5.00 4. 74. 14 . 14. 1.00 7 . 21. 14 .

WSEL SA~ AREA K TOPW WETP ALPH LEW REW OCR
1 7. 163. 15. 15. 29.

I 5.20 7 • 163. 15. 15. 1.00 7 • 22. 29.

WSEL SA* AREA K TOPW WETP ALPH LEW REW OCR

I
1 10. 282. 15. 16. 47.

5.40 10. 282. 15. 16. 1.00 7. 2.2. 47.

WSEL SAt AREA K TOPW WETP ALPH LEW REW OCR

I 1 13. 429. 15. 16. 70.
5.60 13. 429. 15. 16. 1. 00 7. 22. 70.

I
WSEL SA" AREA K TOPW WETP ALPH LEW REW OCR

1 16. 598. 16. 17. 95.
5.80 16. 598. 16. 17. 1. 00 7 . 22. 95.

I WSEL SA~ AREA K TOPW WETP ALPH LEW REW OCR
1 20. 787. 16. 17 . 123.

6.00 20. 787 . 16. 17 • 1. 00 7 . 23. 123.

I WSEL SA* AREA K TO?W WETP ALPH LEW REW OCR
1 23. 996. 16. 18. 154.

I
6.20 23. 996. 16. 18. 1.00 7 . 23. 154.

WSEL SAt AREA K TOPW WETP ALPH LEW REW OCR
1 26. 1223. 16. 18. 186.

I 6.40 26. 1223. 16. 18. 1.00 7. 23. 186.

WSEL SAt AREA K TOPW WETP ALPH LEW REW OCR

1\
1 29. 1445. 17. 19. 218.

6.60 29. 1445. 17 . 19. 1.00 7 . 24. 218.

WSEL SAt AREA K TOPW WET? ALPH LEW REW OCR

I 1 33. 1688. 18. 20. 253.
6.80 33. 1688. 18. 20. 1. 00 7 . 24. 253.

I, WSEL SA" AREA K TOPW WET? ALPH LEW REW OCR

1 37. 1951. 19. 21. 290.

7.00 37. 1951. 19. 21. 1.00 7 . 25. 290.

I WSEL SA* AREA K TOPW WETP ALPH LEW REW OCR

1 40. 2229. 20. 22. 328.

7.20 40. 2229. 20. 22. 1. 00 6. 26. 328.

I
1

WSPRO FEDERAL HIGHWAY ADMINISTRATION - U. S. GEOLOGICAL SURVEY

P060188 MODEL FOR WATER-SURFACE PR9FILE COMPUTATIONS



HP 1 S2002 4.8, .2.6.9

*"'* START PROCESSING CROSS SECTION - "S2002"
XS S2002

i'lARICOPA CO. REGIME STU 0 Y HJALI'IARSON survey 0'1" b/9/':r3

SEC 40 FT EAST OF 59th st & 1240 FT S . OF DIXILETA DR
COARSE SAND. CEMENTED 8ANKS--POSSIBLE MAN AFFECTS

*"'''' RUN DATE & TIME: 06-11-93 13:59
CROSS-SECTION PROPERTIES: I5EQ :: 1 ; SECID = 51998: 5Ro =*""11('1'<_****

WSEL SA" AREA K TOPW WETP ALPH LEW REW OCR

1 44. 2531. 21- 24. 369.

7 .40 44. 2531. 21- 24. 1.00 6. 27. 369.

WSEL SAt AREA K TOPW WETP ALPH LEW REW OCR

1 49. 2858. 22. 25. 413.

7.60 49. 2858. 22. 25. 1.00 6. 27. 413.

WSEL SAt AREA K TOPW WETP ALPH LEW REW OCR

1 53. 3212. 23. 26. 461.

7.80 53. 3212. 23. 26. 1. 00 5 . 28. 461.

WSEL SAt AREA K TOPW WETP ALPH LEW REW QCR

1 58. 3593. 24. 27 . 512.

8.00 58. 3593. 24. 27. 1.00 5 . 29. 512.

WSEL SAt AREA K TOPW WETP ALPH LEW REW OCR
1 58. 3593. 24. 27. 512 .

8.00 58. 3593. 24. 27 . 1.00 5 . 29. 512.

COARSE SAND 9.5-12, CEMENTED 8ANKS

1

survey of 6/9/93
OF DIXILETA DR

SEC 80 FT WEST OF 59th st & 750 FT S. OF DIXILETA DR

FEDERAL HIGHWAY ADMINISTRATION - U. S. GEOLOGICAL SURVEY
MODEL FOR WATER-SURFACE PROFILE COi'lPUTATIONS

MARICOPA CO. REGIME STUDY HJALMARSON survey of 6/9/93

.040

21,6.1 28.6.9

0,7.1 3.7 5.6.5 8.5.1 9.5.4.6 12,4.6 16.5.15

MARICOPA CO. REGIME STUDY HJALMARSON
SEC 80 FT WEST OF 59th St & 750 FT S.

COARSE SAND 9.5-12, CEMENTED BANKS
"''''* RUN DATE & TIME: 06-11-93 13:36

FINISH PROCESSING CROSS SECTION - "S2002"
CROSS SECTION "S2002" WRITTEN TO DISK, RECORD NO. =

N

GR

GR

T3

T2

T1

"'*'"
"'''''''

1

WSPRO
P060188

I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I





MARICOPA CO. REGIME STUDY HJALMARSON survey of 6/9/93

SEC 90 FT WEST OF 59th St & 360 FT S. OF DIXILETA DR

COARSE SAND 4.5-9, CEMENTED BANKS

1.I1..K

185.
185.28.3.

It.WWETP AlPH
25.
25. 1.00

TOPW
25.
25.

K
1235.
1235.

AREA
30.
30.

SA*
1

WSEL

6.90

T1

T2

T3

HP 1 S2006 4.4,.2,6.3

*** START PROCESSING CROSS SECTION - "S2006"
XS S2006

FEDERAL HIGHWAY ADMINISTRATION - U. S. GEOLOGICAL SURVEY
MODEL FOR WATER-SURFACE PROFILE COMPUTATIONS

FEDERAL HIGHWAY ADMINISTRATION - U. S. GEOLOGICAL SURVEY
MODEL FOR WATER-SURFACE PRDFILE COMPUTATIONS

o

Y
4.30
6.30

YMAX
6.40

X
. 0

X
4.5

26.0

1

Y
6.30

Y
5.80
6.30

survey of 6/9/93
OF DIXILETA DR

CK
.00

XMAX
100.0

X
4.0

••0 19.0

EK
.50

YMIN
4.30

9) :

Y
6.30
5.50

X
4.5

(NGP =0

X
3.0

14.0

IHFNO VSLOPE
o. It'lIl:*JllCJlcJlc.JIlcJlt)l(:

.040

14,5.5 19,6.3 26,6.3 100,6.3

0,6.4 3,6.3 4,5.8 4.5,4.3 9,4.4

MARICOPA CO. REGIME STUDY HJALMARSON survey of 6/9/93
SEC 90 FT WEST OF 59th St & 360 FT S. OF DIXILETA DR

MARICOPA CO. REGIME STUDY HJALMARSON
SEC 90 FT WEST OF 59th St & 360 FT S.

COARSE SAND 4.5-9, CEMENTED BANKS
*** RUN DATE & TIME: 06-11-93 13:17

SKEW
.0

FINISH PROCESSING CROSS SECTION - "S2006"
CROSS SECTION "S2006" WRITTEN TO DISK, RECORD NO. -

DATA SUMMARY FOR SECID "S2006" AT SRD =******** ERR-CODE

N

GR

GR

X-V MAX-MIN POINTS:
XMIN Y

.0 6.40

ROUGHNESS COEFFICIENTS (NSA = 1):
.040

X-Y COORDINATE PAIRS
X Y
.0 6.40

9.0 4.40
100.0 6.30

"'*'"

1

WSPRO
P060188

1
WSPRO
P060188

I
I
I
I
I
I
I
I
I
,I

I
I

I
I
I
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I
"''''''' RUN DATE &. TIME: 06-11-93 13:17

CROSS-SECTION PROPERTIES: ISEQ = 1 : SECID = S2006; SRD =,I(lIil:JIlCJIlC~JIIiIC*.J<

WSEL SAt AREA K TDPW WETP ALPH LEW REW OCR

I 1 4 . 87. 7 . 8 . 16.
5.00 4. 87. 7 . 8. 1.00 4. 12. 16.

I
WSEL SA* AREA K TOPW WETP ALPH LEW REW QCR

1 5. 142. 8. 9 . 25.
5.20 5 . 142. 8. 9. 1. 00 4 . 13. 25.

, :1 WSEL SAlt AREA K TOPW WETP ALPH LEW REW OC R
1 7 • 211. 9 . 10. 36.

5.40 7 . 211. 9. 10. 1. 00 4 . 14. 36.

I WSEL SAt AREA K TOPW WETP ALPH LEW REW qCR
1 9 • 293. 11. 12. 49.

I
5.60 9 . 293. 11. 12. 1. 00 4. 15. 49.

WSEL SA'" AREA K TOPW WETP ALPH LEW REW OCR
1 ll. 389. 12. 13. 64.

I 5.80 11. 389. 12. 13. 1.00 4 . 16. 64.

WSEL SAt AREA K TOPW WETP ALPH LEW REW OCR

I
1 14. 501. 14. 15. 81.

6.00 14 • SOL 14. 15. 1.00 4. 17. 81.

WSE L SAt AREA K TOPW WETP ALPH LEW REW OCR

I 1 17 . 635. 15. 17 . 10l.
6.20 17. 635. 15. 17. 1. 00 3 . 18. 101.

I
WSEL SA* AREA K TOPW WETP ALPH LEW REW QCR

1 18. 712. 16. 17. 112.
6.30 18. 712. 16. 17. 1. 00 3. 19. 112.

I
I T1 MARICOPA CO. REGIME STUDY HJALMARSON survey of 6/9/93

T2 SEC 200 fT WEST Of SCOTTSDALE ROAD AND 1680 fT S. OF LONE MTN

I T3 HIGHLY CEMENTED BED-ALMOST LIKE GRANITE OR GNIESS=STABLE SEC

I '"

1
WSPRO FEDERAL HIGHWAY ADMINISTRATION - U. S. GEOLOGICAL SURVEY

I P060188 MODEL FOR WATER-SURfACE PROfILE COMPUTATIONS

MARICOPA CO. REGIME STUDY HJAU1ARSON survey of 6/9/93

I SEC 200 fT WEST OF SCOTTSDALE ROAD AND 1680 fT S . OF LONE MTN.RD
HIeHLY CEMENTED BED-ALMOST LIKE GRANITE OR GNIESS=STABLE SEC..... '" RUN DATE & TIME: 06-11-93 10: 32

I ,.". '" START PROCESSING CROSS SECTION - "S2191"
XS S2191

I GR 0,2203 20,2202 30,2199.1 34,2197 47,2193.1 50,2191. 6

88.2195.9GR 54,2191.7 64,2191. 5 68,2191.B 73.2192.6 78,2193.7

I GR 99.2196.5 135.2196 150,2198 165.2200 170,2200.5 190,2198 400,219

N .037



HP 1 S2191 2192,.5,2200

OCR
24.
2 II .

QCR
89.
89.

QCR
663.
663.

QCR
887.
887.

QC R
472 .
II 72.

OCR
187.
187.

OCR
314.
314 .

o

Y
2197.00
2191.50
2195.90
2200.00

77 •

REW

REW

REW

REW

REW

84.

82.

REW

79.

REW

75.

72.

69.

X YMAX
.0 2203.00

X
34.0
64 .0
88.0

165.0

LEW

LEW

LEW

LEW

II 2 .

LEW

LEW

LEW

41.

46.

48.

44.

49.

47.

ERR-CODE

Y
2199.10
2191.70
2193.70
2198.00
2198.00

CK
.00

WETP ALPH
32.
32. 1.00

WETP ALPH
24.
24. 1.00

WETP ALPH
44.
44. 1.00

WETP ALPH
20.
20. 1.00

WETP ALPH
40.
40. 1.00

WETP ALPH
36.
36. 1.00

WETP ALPH
28.
28. 1.00

X
30.0
54.0
78.0

150.0
400.0

XMAX Y
400.0 2198.00

EK
.50

TOPW··
31.
31.

TOPW
43.
43.

TOPW
24.
24 .

TOPW
39.
39.

TOPW
20.
20.

TOPW
28.
28.

TOPW
35.
35.

19) :
Y

2202.00
2191.60
2192.60
2196 . 0-0
2198.00

K
142.
142.

K
599.
599.

K
7155.
7155.

K
2347.
2347.

K
1343.
1343.

K
5232.
5232.

K
3635.
3635.

X YMIN
64.0 2191.50

VSLOPE

(NGP =
X

20.0
50.0
73.0

135.0
190.0

AREA
63.
63.

AREA
18.
18.

AREA
46.
116.

AREA
7 •
7.

AREA
31.
31.

AREA
102.
102.

FEDERAL HIGHWAY ADMINISTRATION - U. S. GEOLOGICAL SURVEY
MODEL FOR WATER-SURFACE PROFILE COMPUTATIONS

I HFNO
O.

SKEW
.0

WSEL SAt
1

WSEL SAt
1

WSEL SAt
1

WSEL SA"
1

WSEL SA"
1

WSEL SAt
1

WSEL SAt
1

COORDINATE PAIRS
X Y
.0 2203.00

47.0 2193.10
68.0 2191.80
99.0 2196.50

170.0 2200.50

DATA SUMMARY FOR SECID "52191" AT SRD

2194.50

2193.50

2194.00

2192.50

2195.00

2192.00

2193.00

MARICOPA CO. REGIME STUDY HJALMARSON survey of 6/9/93
SEC 200 FT WEST OF SCOTTSDALE ROAD AND 1680 FT S. OF LONE MTN.RD

HIGHLY CEMENTED BED-ALMOST LIKE GRANITE OR GNIESS=STABLE SEC.
*** RUN DATE & TIME: 06-11-93 10:32

CROSS-SECTION PROPERTIES: ISEO = 1; SECID 3 S2191; SRD =A********

x-V MAX-MIN POINTS:
XI'1IN Y

.0 2203.00

*** FINISH PROCESSING CROSS SECTION - "S2191"
*** CROSS SECTION "52191" WRITTEN TO OISK, RECORD NO. = 1

X-V

ROUGHNESS COEFFICIENTS (NSA 1):
.037

1

WSPRO
P060188

I
I
I
I
I
I
I
I
I
I
I
I

II
I
I
I
I
I
I



I
WSEL SAt

1

2195.50

AREA
124.
124.

K
9423.
9423.

TOPW
47.
47.

WETP ALPH
48.
48. 1.00

LEW

39.

REW

86.

OCR
1147.
1147.

MARICOPA CO. REGI~E STUDY HJAL~ARSON survey of 6/9/93
SEC 200 FT WEST OF SCOTTSDALE ROAD AND 1680 FT S. OF LONE MTN.RD

HIGHLY CEMENTED BED-ALMOST LIKE GRANITE OR GNIESS=STABLE SEC.
~~~ RUN DATE & TIME: 06-11-93 10:32

CROSS-SECTION PROPERTIES~ ISEO = 1; SECID ~ S2191: SRD =~ •• ~ •• **.

FEDERAL HIGHWAY AD~INISTRATION - U. S. GEOLOGICAL SURVEY
MODEL FOR WATER-SURFACE PROFILE COMPUTATIONS

REW OCR
5543.

400. 5543.

REW OCR
7675.

400. 7675.

QCR
1441­
1441.

OCR
1426.
1426.

OCR
2037.
2037.

OCR
2721.
2721.

REW

REW

90.

REW

REW

146.

139.

REW OCR
3482.

150. 3482.

REW QCR
10051.

400. 10051.

REW OCR
3670.

400. 3670.

143.

LEW

LEW

LEW

LEW

LEW

LEW

LEW

LEW

LEW

31.

29.

37.

32.

36.

30.

27.

33.

34.

WETP ALPH
54.
54. 1.00

WETP ALPH
104.
104. 1.00

WETP ALPH
120.
120. 1.00

WETP ALPH
339.
339. 1.00

WETP ALPH
358.
358. 1.00

WETP ALPH
115.
115. 1.00

WETP ALPH
369.
369. 1.00

WETP ALPH
110.
110. 1.00

WETP ALPH
348.
348. 1.00

TOPW
53.
53.

TOPW
103.
103.

TOPW
109.
109.

TOPW
113.
113.

TOPW
355.
355.

TOPW
337.
337.

TOPW
1 lB.
118.

TOPW
345.
345.

TDPW
364 .
364.

K
11859.
11859.

K
11204.
11204.

K
16365.
16365.

K
22454.
22454.

K
29391.
29391.

K
27869.
27869.

K
43892.
43892.

K
84355.
84355.

K
62754.
62754.

AREA
149.
149.

AREA
296.
296.

AREA
188.
188.

AREA
241.
241.

AREA
354.
354.

AREA
520.
520.

AREA
866.
866.

AREA
691.
691.

AREA
1045.
1045.

WSEL SA*'
1

WSEL SA*,
1

WSEL SA*,
1

WSEL SAt
1

WSE L SA*,
1

WSE L SA*
1

WSEL SA*
1

WSEL SA*
1

WSE L SAt
1

2196.00

2196.50

2197.00

2198.00

2197.50

2198.50

2200.00

2199.00

2199.50

1
WSPRO
P0601BB

I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
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APPENDlX K.--Letter from FEMA to FeD.

-60~



I

Federal Emergency Management Agency
Washington, D.C. 20472

....:';f
o.
j _ ••• ' •••

,; "
r.~:.c<A.../ ~

~=,"""",======.Y

OCT161992

Dear Mr. Tram:

CERTIFIED MAIL
RETURN RECEIPT REQUESTED

Mr. Joe Tram
Special Projects Branch Manager
Flood Control District of

Maricopa County
2801 West Durango Street
Phoenix, Arizona 85009

I
I

I
I

I
I
I
I
I

This is in response to your letter dated September 22, 1992. In that letter
you requested copies of the field and technical data that documents and
substantiates Equation. 2.5 of our publication entitled FAN, An Alluvial Fan
Flooding Computer Program, User's Manual and Program Disk, dated September,
1990.

I
I
I

That equation comes from the paper entitled Flood Frequency Estimates on
Alluvial Pans, written by Mr. David R. Dawdy and published in the Journal of
the Hydraulics Division, American Society of Civil Engineers dated November
1979. Mr. Dawdy references personal communication with personnel from the
U.S. Army Corps of Engineers (ACE) as the source of the relationship. We do
not have the ACE's data. Mr. Dawdy devotes an entire page (out of six) of
his paper to a discussion of the reasonableness of the relationship. In that
discussion he compares the relationship to similar relationships given in The
Hydraulic Geometry of Stream Channels and Some Physiographic Implications,
written by Mr. Luna B. Leopald and Mr. Thomas Maddock, Jr.

I
I
I

Another publication that addresses the relationship is entitled Alluvial Fan
Flooding Methodology, An Analysis, prepared for the Federal Emergency
Management Agency (FEMA) by DMA Consulting Engineers, and dated October 1985.
That report concludes that lithe width of a single channel on an alluvial fan
can be reasonably predicted by the FEMA method. 1I That statement is based on
the data presented in Table 3 (Page 58)' and on Figure 19 (Page 57) of the
report.

Because you have sent copies of the reports/papers referenced above to us we
have not enclosed them with this Letter.

I
I
I



I
I
I
I
I
I
I
I
I
I
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I
I
I
I
I
I
I

2

If you have any questions regarding this matter, please call Hr. Karl Hohr of
my staff in Washington, D.C., at (202) 646-2770.

Sincerely,

William R. Locke
Chief, Risk Studies Division
Federal Insurance Administration
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Federal Eme~gencyManagement Age~ii~;'~?'~;'r/ .;.:>P
Washmgton, D.C. 20472 i' """"~':LI f

J 'JAN 1 5 7993 /

JAN 12 1993 t?!(£:.·.~
.__ ' '.-' 1'/,1

Mr. Joe Tram
Flood Control District of

Maricopa County
2801 West Durango Street
Phoenix, Arizona 85009

Dear~:
Over the last several years we have been involved in many discussions with
you both orally and through written correspondence regarding our methodology
for analyzing alluvial fan flooding. Because we have responded more than
once to what appear to be the same questions, we assume that we may not have
appropriately discerned your point. This letter is in response to your
letter of November 20, 1992.

!.n a letter dated January 5, 1990, you asked several questions regarding our
methodology and its applicability. The subject of one of those questions was
the estimate of the width-depth-discharge relationship given in a paper
entitled "Flood Frequency Estimates on Alluvial Fans," written by Mr. David
R. Dawdy, and published by the American Society of Civil Engineers in the
November 1979 Journal of the Hydraulics Division. In particular, you
questioned the estimate that on an alluvial fan the channel conveying a flood
stabilizes at that point where a decrease in depth creates a two hundred-fold
increase in width. You asked, "Is this a correct assumption?"

In our response dated March 7, 1990, we noted that the "reasonableness" of
the relationship is discussed in Dawdy's paper and subsequently verified in
case studies performed by DKA Consulting Engineers (DMA), and published in a
report dated October 1985 and entitled Alluvial Fan Flooding Methodology. An
Analysis. We noted in our response that to that extent, the relationship is
"correct." We also noted, however, that if site-specific information exists
that demonstrates that some other relationship between peak discharge, width
of the flood path, and depth and velocity of the floodwaters should be used,
the methodology can be modified to incorporate it.

Then, in a letter, dated September 22, 1992, you requested copies of the
field and technical data that document and substantiate Dawdy's estimate.

In our response, dated October 16, 1992, we noted that Dawdy references
personal communication with personnel from the U.S. Army Corps of Engineers
(COE) as the source of the relationship and we explained that we do not have
the COE's data. Again, we referred to Dawdy's paper and the DKA report for a
discussion of the' reasonableness of the relationship and the data collected
by DMA which verifies that reasonableness.
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In the letter dated November 20, 1992, having read Dawdy's paper and the DMA
report as well as two additional papers concerning the hydraulic geometry of
stream channels, you asked several questions regarding the relationship. Our
response is organized with the same format as that letter with the cited
references and your questions followed by our response.

I
1. The Hydraulic Geometry of Stream Channels

Physiographic Applications, by Leopold and
published by the U.S. Geological Survey, 1953.

and Some
Maddock,

Does the mean annual event generate the same hydraulic
geometry properties as the one hundred year event?

Does your reference to the Leopold and Maddock report
imply a similarity between the flood used by Dawdy and
the mean annual flood used by Leopold and Maddock?

In your letter, you state that on pages 50 and 51 of
the paper the authors reference "eight equations that
are necessary in order to define the equilibrium
profile of a stream," and then ask the following
questions:

Please note that Leopold and Maddock do not present
the eight questions, (A) through (H), in their paper
as "necessary in order to define the equilibrium
profile of a stream." They do introduce the equations
as a summary of the reasoning in their paper. Dawdy's
reasoning is particular to the steeper slopes found on
alluvial fans and the more dynamic nature of the
flooding in that environment. Although both papers
invoke the idea of an equilibrium point, as a point of
stability, they take a different approach in defining
that point.

point

Dawdydoes the

stabilization

interval

to the

For what recurrence
methodology apply?

Is this point equal
referenced by Dawdy?
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Leopold's and Maddock's approach considers the mean
annual flow as the most prevalent condition and,
therefore, the condition that formed the channels that
they studied. Dawdy, on the other hand, treats
alluvial fan flooding of any flow magnitude as capable
of defining its own path or channel. In his paper
Dawdy discusses where the results of the two
approaches should be comparable and where they differ.
Note that because the mean annual flow on an alluvial
fan is most likely no flow, there can be no direct
comparison with the 100-year or any other flow.
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2.

3.

Alluvial Fan Flooding Methodology. An Analysis, by DMA
Consulting Engineers, published by the ~ederal

Emergency Management Agency, October 1985.

In our previous letter regarding the relationship we
noted that DMA Consulting Engineers performed some
case studies and concluded that lithe width of a single
channel on an alluvial fan can be reasonably predicted
by the FEMA method." In our letter dated October 16,
1992, we pointed out that that statement was based on
data presented in Table 3 and on Figure 19 of the DMA
report. You note that one of the entries in Table 3
of that report indicates that the predicted width is
approximately 7.5 times the observed width. You go on
to state that, to you, "this does not support" DMA' s
conclusion.

Obviously, it is the set of data, not any particular
point, that supports the conclusion. ~rom your
statement it is not clear whether or not you agree,
with the conclusion. Presumably, if you think the
entire data set shows the estimates to be
unreasonable, you would have addressed the entire data
set.

World-wide Variations in Hydraulic Exponents of Stream
Channels: An Analysis and Some Observations, by Park,
published in the Journal of Hydrology, 1977.

You state "that just because Mr. Dawdy devoted one
page to discuss the reasonableness of the equation
that FEMA is satisfied that it is substantiated."

We trust that you know that we do not draw conclusions
about something because someone devotes a page to
discussing its reasonableness.

In the letter, you ask "where is the technical data
that substantiates that average values are valid for
site specific application of the methOd," and "isn't
this contrary to what is discussed in the cited
reference •••• "

We believe that the technical data contained in the
DMA report demonstrates'~that using Dawdy's estimate in
the absence of data to the contrary is reasonable.
However, as we stated in Our letter of March 7, 1990,
if site-specific information exists that demonstrates
that some other relationship should be used, then it
can be.

Regarding the cited reference, please note that
investigations into the variability of the hydraulic
geometry of stream channels has focused on established
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stream courses worldwide. In modeling alluvial fan
flooding one deals with flood paths that are not well
defined and with a much narrower range of hydraulic
conditions than is found worldwide or nationwide. We
recognize that the width-discharge relationship in
alluvial fan flooding will not be precisely as Dawdy
estimated either from fan to fan, flood to flood, or
at different locations during a given flood.
Recognizing that situation, we funded the DMA study to
investigate how reasonable it was to use Dawdy's
estimate.

Perhaps your letter may be addressed more clearly if we try to summarize the
concerns. It seems you are questioning the use of the equation

dw- = -200
dd

I
from Dawdy's paper.
reasoning:

The questions seems to revolve around the following

Please note that the exponent of the discharge does not depend on the subject
equation. The value of 0.4 used by Dawdy comes from the reasoning that a
cross section of the flood path is approximately rectangular and that the
flow is at or near critical depth. If the value -200 is replaced by any
value then the resulting width is proportional to the four-tenths power of
the discharge. That dependence or lack of dependence can be clearly seen in
the derivation of the methodology under simple boundary conditions. You
have, in past written correspondence, quoted from two documents, that you
received from us, that provide that derivation.

Because the exponent varies so much it should not be
replaced by some mean value.

the width
will be
of theI
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1.

2.

3.

The equation leads to the relationship that
of a flood path on an alluvial fan
proportional to the four-tenths power
discharge.

Several authors have reported much variability in
exponent of the discharge when investigating
hydraulic geometry of streams worldwide.

that
the
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In addition, with little effort and using that derivation, it can be shown
that the probability of a given point-· being inundated by a flood which
exceeds a certain discharge depends on the mean value of any function used to
describe uncertainty in the width of the flow path. That is true regardless
of the variance in that uncertainty. For fl ood insurance purposes, it i 9

that probability with which we are concerned.
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You conclude your letter with the following paragraph:

From my perspective, sound floodplain management through
technical documentation of flood hazards and enforcement of
floodplain regulations is crucial in preventing flood
damage. However, it is very difficult to justify the use
of the FEMA methodology at specific sites when FEMA has not
addressed guidelines for: 1) defining landforms based upon
geomorphic and engineering parameters, 2) defining
guidelines for determining stability of the landforms,
3) documenting geomorphic and engineering field parameters
to define the applicability and validity of the hydraulic
geometry parameters, 4) quantifying and qualifying the
specific application of the current methodology based upon
geomorphic and engineering parameters,S) defining methods
for modifi~ation of the hydraulic geometry parameters based
upon data assessed in the field for site specific
conditions, and 6) technically substantiating the universal
applicability of their methodology through geomorphic and
engineering documentation.

As we are all aware, little is known about the details of alluvial fan
flooding. However, what is known about the nature of such flooding is
alarming. Alluvial fan flooding strikes without warning•. Although it is
relatively shallow, the velocities and sediment loads associated with
a.lluvial fan flooding pose a tremendolls threat to life and property. We
would agree that with a better understanding of the details of these floods
we can improve upon floodplain management practices. However, we certainly

:: ;·dO·~~d ieve that any, lack of detailed knowledge or a paucity of data
precl~es sound floodplaIn management. We are concerned that that may be
....hat your are suggest\fg..~..._,---,-!!!k;, ~ I'

We remain concerned about your correspondence. Because of the difficulty in
discerning your point from the inferences you make from references that you
quote, the level at which we should direct our response is not clear. We
want to be of assistance to the FLood Control District of Maricopa County and
as forthcoming as possible about methodologies used in Our studies; however,
we do not have the resources to maintain protracted technical discussions
that seem to be offered for their own sake.

If you have any questions regarding this matter, please call me or Mr. Karl
Mohr of my staff in Washington, DC at (202) 646-2770.
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cc: Mr. Stanley L. Smith, Jr., P.E.
Acting Chief, Flood Control District

of Maricopa County

Sincerely,

L. Matticks
tant Administrator
e of Risk Assessment
al Insurance Administration




