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Flood-Hazard Zonation in Arid Lands 

Potential flood hazards in arid southern and western Arixona 
stem from different gcomorphic and hydrologic characteristics 
and can be grouped into zones. The zonation is based on the 
physical features of the terrain, the sources of Iloodine. the 
cx&cted frequency of flooding. and the expected erosi& and 
sediment deposition. Various combinations of thee factors crr- 
ate dimering dcgms of hazard. Distributary ltow areas have 
stream channels that convey only a s W  kacihn of the 100- 
year peak discharge and channels that can completely fdl with 
sediments duririg a single Rood. 4 basic understanding of the 
cammoa and different find hazards of areas in southwestern 
MZOM can ksd to elfectivv flood-plain nunageinen1 and design 
of hydraulic structures. 

Desert floods in the wuthwestern United States result from 
large amounts of intense rainfall in the steep headwater areas. 
When this happens. the normally dry channels can suddenly 
host dangerous. debris-laden torrents (1). Typical tloods are 
characterized by a rapid rise and cessation of discharge that 
are dramatically referred to as flash floods. Discharge gen- 
erally is decreased by infiltration as the flood ware moves 
downstream over sandy alluvial channels (2). Large amounts 
of debris are carried down the channels. and !he shapes of 
the channels generally change during flooding. Channels scour 
and fill during flooding. and channel banks wetted by flood- 
water often collapse after flooding. 

Bridges on bw-level streams often fail kcause of scour. 
Culverts located in aggrading alluvial areas fill with artuvial 
debris. and bank protection is ineffective. Many lives have 
been lost because of bridge failure. and damage to public and 
private property has been considerable. 

This paper presents some generalizations about thc nature 
of flooding in the deserts of southern Arizona that are based 
largely on the relationship between flood hazards and dcsrt  
landforms. Flood hazards unique to the desert a r e a  are 
described. and tones of potential hazard are characterized. 
Limitations of Federal Emergency Management Agency 
guidelines (3) are identified. 

GENERAL CHARACTERISTICS 

Agency (FEMA) (3). Zone 2 includes land adjacent to zone 
1 that is subject to erosion by floods but not subject to inun- 
dation by the 100-year flood. Zone 3 includes relatively flat 
undisxcted areas where floodflow is shallow and unconfined; 
it includes former flood plains of basr-level streams. Zone 4 
ii~cludes areas of distributary flow. such as alluvial fans. where 
the amount of floodflow at a pa . le 
to predicl Ines 5 and 6 inclu 
--O=year Eoud is confined 

I areas less than-100 mi2. 
The mountainous areas (zone 6) are the source of weath- 

ered rock debris, and the stream channels usually have very 
little fine-grained material. A sharp break is often present in 
the gradient at the junction of the mountain front and the 
piedmont plain (zone 5) (fig. 2). Pediment a;r?s are sparsely 
covered by .I thin veneer of detritus. a1.d stream channels 
have a mixrure of fine- and coarse-grained matericil, including 
boulders. ' f i e  alluvid fan and the base-level plaln (fig. 1 )  
have a wide variety of forms caused by natuial and hurnan- 
induced erosion and deposition that have occurred along the 
entire desert profile including bu-level streams (4). 

The chanrhels of several alluvial streams have become 
entrenched because a balance was not maintained between 
factors such as tlow, sedime~t discharge. slope. meander pat- 
tern, channel cross-section, and roughness. For example, minor 
fluctuations in meteorological conditions over a few years can 
alter the movement. transport. and production of sediment 
in a basin. During drier years. sediment can accumulate in 
stream channels. and subsequent wetter years may cause the 
sediment to be flushed from the basin. Reaches of channel 
with conditions of both uniform flow and nonuniform flow 
may appear to be aggrading or degrading. Thus. a reach of 
channel on an alluvial srream will not necessarily remain stable 
over a period of a few years. 

ZONE 1 

Zone 1 includes the channel and parts of the flood plain that 
would be inundated bv the 100-year flood on vlavas. base- 
leve! streams, alld larger tributaries. This tone has a high Devees and of Potential flood hazard in the dewrt are for fl',',',ing becau fl',&flow normal,y is cornen- related to geomorphic characteristics. Figure 1 illustrates the trated in defined channels and land adjacent to the channels. between geOmorphO'og~ and flood and 

ve lk ty  of flow in the channcb is high. and the lists some general characteristics of the floodhazard zones. 
land is susceptible to erosion. Zone 1 is defined as the area inundated by the 100-year flood Historic information indicates that the current defined on base-ievel streams, which conforms to the present regu- channels for base-level streams were not present until late in latory flood used by the Emergency the nineteenth century and early in the twentieth century 
w!.:n some channels became entrenched (3.5). The cause of 

U.S. ~ e o l o ~ ~ l  survey, west Congress Street, Tunon. Arizona entrenchment is the subject of considerable debate among 
85701-1393. hydrologists. but a strong argument can be made for change 



modified from (3) 

A. C*omorphic components 

B. Flood-hazard zones 

Zone Description 

1 Extent o f  the 100-year flood on base-level s t reu .  

2 Part of flood p la ln  that say be Inundated by rare large f l o d s  
and (or) er3dcd by frequent s u l l  f l d s .  

3 F?oodlq frol ~IHltflw, standing water, and water that 
c o l l r c t s  i n  deprtssions. 

4 Floodi I n  channels and sheetflow on s l lgh t l y  dlssectcd 
a l luv i?  lains. flow can be d l s t r l h t a r y  and there 11 a 
greater tRan average chance of  s d f m t  depositton. 

5 Flooding c o n f i n d  t o  defined channels o f  s u l l  t r ibutary s t reus.  

6 Shwtflw and flooding I n  defined clem-scoured channels. 

FIGURE 1 Gcomorphk fmtures and Ilaod-haurd zones of typical 
mountain-plain desert prom. 

of climate. Floodflow in entrenched channels is more confined 
and the channel beds are less rough. Flood-wave celerity is 
greater and wave dispersion is less than for pre-entrenchment 
conditions. The entrenchment has had a significant effect on 
the flood characteristics of several base-level strea*.a. Chan- 
nel beds and banks can scour greatly in short periods during 
floodflow. 

Zone 1 includes a variety of trenched and untrenched chan- 
nels. Floodwater that is confined within a vertical walled anoyo 
only a few hundred feet wide can spread over an unchanneled 
valley for several miles downstream (figs. 3 and 4). Runoff 
that enters the desert-plain areas crosses progressively more 
alluvium where there is a great potential for infiltration (fig. 
5). Burkham (2) found that the amount of loss along channels 
in the Santa Cruz River basin is related to the len~th  of reach - 

FIGURE 2 vkw looking ,,,-,,.th at the western the and the infiltration capacity of the channel. 
Twtolita Mountains. The sharp break in land slope at the Bridges on base-level streams become vulnerable to failure 
junction d the mountain front and piedmont plain is typical when the stream channel that supports the bridge is scoured. 
of mountain-plain deserts. The abutments of many bridges in southern Arizona failed 



FIGURE 3 Vkw looking downstrum at  the 
e n t m t m l  cbwnel of the Santa Cruz River at  
Tursoa, Arizma. Floodwater of the 100-year flood is 
cmnned within the channel of the reach. Lateral 
erosion of the channel banks is restricted by massive 
soil-cement banks. Interstate 18 is located to the left of 
the 200-foot-wide by 20-foot-deep river channel. S i m  
1914, the channel has widened about 100 feet and 
deepened about I5 feet. 

FIGURE 4 View looking east along Intersate 8 at the 
Santa Cruz River downstream from Tucson near Casa 
Crande, Arizona. The wLth of the flooding in unns I and 2 
on October 4, 1983, wr9 about 8 miles. Some water is on the 
mad. 

cagily nil08 from Avorsgo innul 
station Nogalor runoff. in percent1 

Continant81 50 
Tucson 79 
Cortaro 88 

'Amunt of tho awrago runoff at tho N0g81.8 
gag0 ch.t ra.chod tha indicated gag0 (1940-46, 
1952-68). 

FIGURE 5 Typical flow event showing transmission 
lossff and attenuation of peaks for the Santa Cruz River, a 
base-level stream in southern Arizona ( I ) .  

during the flooding of October 1383 (fig. 6 and 7j. Loca! 
scour around abutments and piers is a mejor cause of bridge 
failure on base-level streams in Arizona and throughout the 
United States (8). 

Playa surfaces are rather flat, generally smooth. and com- 
p s e d  of silt and clay. Many small. pcwrly defined channels 
are distributary or serve as distributary channels during flood- 
flow as water crosses low divides. For example. during the 
large storm of early October 1983. runoff from Ash Creek. 
*vhich is an unentrenched stream draining an area of about 
500 square miles, spread laterally for more than 3 miles as 
floodflow entered the Willcox Playa. Nearly 2 miles of Intor- 
state 10 near the town of Wi!lcox was inundated with shallow 
floodw8ater, which resulted in highway closure for a few hours. 

ZONE 2 

Zone 2 includes areas adjacent to Zone 1 that could poten- 
tially be inundated by rare floods larger than the 100-year 
flood if the conveyance of the main channel changed or the 
hydraulic gradient changed or was eroded by floodflow. The 
potential hazard resulting from innnd~tion is less than for 
areas in zone 1. For areas subject to ercsion, the poten:ial 
hazard is variable and can be greater than that for zone 1. 
Land adjacent to banks on the outside of bends or at con- 
strictions or obstructions can erode quickly and  extensive!^ 
during frequent small flows of long duration (fig. 8). 

Hazirds in zone 2 are related more to lateral bank erosinrl 
than to inundation, and. at present, FEMA does not include 
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FIGL'RE 6 View looking south at cne of many abutment 
failures resultinp from floodwetem of October 1983 in 
southestcrn Arizona. The scene is Interstate 10 at the Gila 
River OD October 4. 1983. Flow is to the right. 

expected bank movement in the definition of hazard degree. 
In fact, FEM.A does not accept water-surface contputations 
reflecting channel scour even where scour during flwdflow 
is a common occurrence. ,Many models that predict channel 
scour. such as HEC-6, are in use. but the models do not 
consistently produce reliable results for all channels. Thus, 
improved models are needed to reliably define bank erosion 
for non-arbitrary flood-plain management of zone I. 

.Manv zone 2 floods originate in the surrounding mountaiils. 
where there is little soil and much exposed rock. Floodflow 
from ihesc: areas may carry sediment that is greater than the 
load. When floods confined in the channels reach the base- 
level streams (zone 1). the water picks up sediment from the 
channel banks. Floodflow in the steep. smooth channels can 
carry much sediment: thus. the banks in zone I areas can 
erode laterally tens of feet and even 100 feet or more during 
a single flood. 

FIGURE 7 Viw tooking downstream at  the right bank of 
Rillito Creek at the Southern Pacific and Interstate 10 
bridges at Tucson, Arizona. The failure of the wire-rock 
revetment at the abutments is typical for base-level streams 
in the area. 

FIGURE 8 View lookirtg south and upstrevm s t  the Smta 
Cryt River at Interstate 19 on e t o b e r  3, 1983. The right 
bank abutment of the nor?hbound lane failed and the left 
Sank abutment of the briiige to the right of Interstate 19 
was destroyed during flooding on October I and 2. The 
dashed line approximately represents the location of the lefl 
bank of the enwenched chaenel before the flood. 

ZONE 3 

Zone 3 is former flood plain of base-level streams and other 
relatively flat undissected areas. Areas are subject to sheet- 
flow ot a few inches to about 2 feet deep from floodflow 
originating in hieher zones (figs. 9 and 10). Sheetflow a few 
inches deep can result from direc~ rainfall. Runoff generally 
is unconfined, and flow velocities generally are less than 2 or 
3 square feet. The erosion hazard is low except along the few 
short incised channels. 

Floodwater entering zone 3 spreads laterally and coalesces 
with floodwater entering the zone at other locations. Decrras- 
ing depth and velocity of Bow as the width increases results 
in a reduced sediment-carrying capacity. Large amounts of 
sediment n:e deposited because of this spreading. Another 

FIGURE 9 View looking northeast at 
floodwater from a small confined wash 
debouching onto land in zone 3. Floodflow 
spread to a width of more than 1 mile about 
half a mile downstrzam frcm the confinement. 
Flooding was on June 22, 1972, upstream from 
the Arizona canal east of Scottsdale. Arizona. 



FIGURE 10 View lodring south and downstream at 
s ~ ! ! l o w  in zone 3 on lane 22, 192 .  The scene is in 
northeast Phc-nix at 44th Street between Bell and Gmnwvy 
Roods. 

factor contributing to sediment deposition IS loss of flow due 
to infiltration. 

Culverts and bridges in zone 3 are usually not subject to 
serious erosion hazards unless the strvcture causes excessive 
backwater. Where excessive backwater does occur. the high 

head and corresponding high velocities through the structure 
opening can result in hazardous erosion of material supporting 
the structure. Sediment deposition resulting in the filling of 
structure openings. such s culverts, with debris is an occa- 
sional problem. 

ZONE 4 

F!wdwater entering zone 4 froni confined channels in zones 
5 and 6 spreads into distributary channels (fig. 11) with a 
corresponding decrease of velocity and depth. The amount 
of flow also is decreased by infilt~ation into the sandy beds. 
There is less water and less energy t o  transport sediment. and 
thus sediment is deposited in and along the channels to farm 
a mound of alluvia! material. Channels completely fill during 
flash flows. and culvert and bridge openings become ineffec- 
tive (figs. 12 and 13). Frequent cleaning of culvert and bridge 
openings is needed at many stream channels in zone 1. 

Zone 4 includes the slightly di-xcted alluvial dopes that 
commonly exhibit a distributary drainage system. T5e flood 
potential of zone 4 has often been overlooked (9) .  Bajadas 
and single alluvial fans (fig. 14) are typical landforms in the 
aggrading area. : ~e rate of sediment deposition. one aspect 
of the dynamic behavior of the fans. is complex and variable 
(3. 5). Some fans seem to aggrade at a rapiA rzte, and the 
active channels change frequently. Many o: the fans in south- 
ern Arizona appear to be less dynamic than fans in areas of 
southern California (10) and Nevada (11). where tectonic 
activity is greater. Also, on the basis of soil characteristics 
such as the age of the bajada soils (12). the aliuvial slopes in 
some areas are relatively stable; apparently, little aggradation 
or degradation occurred during the Holocene epoch (aiwut 
the past 10.000 years). Many alluvial fans are present in south- 
ern Arizona (13). and they may occupy about 30 to 40 percent 
of the area. 

FEMA has cresented methods for evaluating flood hazards 
on alluvial fans that assume channels downstream from the 
fan apex are equally likely to occur any place on the fan 

4 Locaclon and v l w  u y l a  of photograph. 

FIGURE I I Alluvial fan showing contoun and 
distributxry channels on Cottonwood Canyon 
Wash at Benson, Arizona. 

FIGURE 12 view ladring downstream a t  railroad bridge 
in south Beason, Arizona. The opening was completely filled 
during a 1-hour flash flood on July 6, 1981. Note the depth 
of the channel where the filled material has been removed 
about 100 yards downstream from the bridge. !See figure 11 
for location of photograph. 



FIGURE 13 Viiw hoking downstream at culvert ou U.S. 
Highway 80 in south &nson, Arizona. Tbe opening was 
nearly r i  during the nwh n ~ ~ d  at JUJY 0,1981. 
FloodClow velocities in the main channel downstream from 
the culvert were very high snd a local resident obsmd two 
stamiing wave about 20 feet apart at  the flood peak. See 
figure 11 for loatioa d photograph. 

surface (4). Although this assumption may be valid for esti- 
mating the flood hazard of highly active fans. it may not be 
applicable for the many fan surfaces in southern Arizotla that 
are relatively inactive. ?he more stable fans have a defined 
network of distributary channels with some abacc? .d clran- 
nels that presently head on the fan surface. Flwdllow is more 
likely in the defined channels that hem t? mountains. less 
likely in the abandoned channels. an. unlikelv on much u' 
th 

ThT t o w e r a ~ h i c  relief . - .  
das is variable and is an index of the age of the landform. 
The local relief between channels in zone 4 is commonlv less 
than 5 feet but yxasionally more than 20 feet.< 

opes with large relief. 
The filling of t h e e a m  channel shorn in figures 12 and 

13 may be offsetting the potentially hazardous headcutting of 
the channel. The stream is tributary to the San Pedro River. 
which is entrenched. Tributaries to the San Pedro River also 
have become entrenched near the river (fig. 15). The haz- 
ardous conditions shown in figures 14 and 15 are represent- 
ative of the variable and dynamic behavior of streams in south- 

fans - ~trenchec 
nels tnat anastomose. divide. and comb~nc luch of the la 
clearly is above the 1Wyear flood, but flooa hazards on fans 
are unpredictahle. Possible consequences of floods in the low- 
lying land and channels include: 

1. Channel erosion and lateral bank movement. 
2. Channel filling with deposited wdiment and the asso- 

ciated increased floodine of adjacent flood plain. 
3. Lateral shifting (avulsion) among distributary channels. 

The FEMA type of flood hazard assessment (random dis- 
tribution of flood depth and velocity) may not be applicable. 
Flood hazard assessment for bridge or culvert design is dif- 
ficult bec3use flood response at any given location on channels 
in zone 4 is unpredictahle. 

ZONE 5 

l o n e  5 is defined as the pediment and upper alluvial plain 
areas with defined channels that commonly fo..m a tr~hutary 
system. The surface of the pediment areas is a complex mix- 
ture of rock. alluvium. and thin soils of various ages. Stream 
channels commonly have slopes from 0.02 to U.(M with an 
upper limit of about 0.2 (3). Channel beds in the pediment 
or upper area of the zone are often composed of scattered 
boulders with cobbles. gravel. and some sand. Channel beds 
in the upper alluvial areas tend to have fewer boulders and 
more sand. The potential for sigrrificant scour of the channel 

FIGURE I? View imking east at distribulaq ehannrh of 
zone 4 un the resterit slops of the Tortdita Mountains 
north of Tucson, Arizona. The land in about the top quarter 
of the photograph is in zonc 5. 

FIGCRE 15 Vieo looicing downstream from C.S. High*.! 
80 at s d l  scoured channcl of a tributary to the !;an Pedro 
River located 0.6 mik south or the filled channel shorn in 
figures 12 and 13. 



bed and banks in the pediment area is low. Marked scox 
along some channels in the upper alluvial plain area can occC, 
but the general potential for scour is not great. Debris flows. 
defined here as slurries of sediment and water with a sediment 
weight-percentage above W percent. that are potentially haz- 
ardous can occur in zone 5. 

The boundilry between zones 4 and 5 generally coincides 
with the boundary between Quaternary and Tertiary valley- 
fill deposits. In some places, the tributary-defined channels 
characteristic of zone 5 extend into the Quaternary deposits. 
The small dstributuy channels of zone 4 rarely extend upslope 
in t:,c Tertiary deposits. In some places. the boundary that 
separates z o n e  4 and 5 is a transition area several hundred 
feet *:(ide. 

Marked wwurinp occurs along 
some ot the channels and flood plains. and floods carry large 
amounts of sediment. In many channels. the depth of flooding 
depends on the amount of erosion and deposition that takes 
place during the flood. The depth of flooding  genera!:^ does 
not exceed 10 ft except where channels are obstructed. on 
the outside of sharp bends. and on the few channels that drain 
areas of more than about 100 mi'. The depth of floodwater 
also increases behind debris jams and manmade obstructions. 
The degree of potential flood hazard oi  the larger washes in 
zone 5 is similar to that in zone I but with less potential for 

scour. The main channel of wmc washes is deceptively small, 
and large amounts of flooctwater will spread over vide areas 
adjacent to the channel. 

ZONE 6 

Mountain areas that include steep. well-drained slopes corn- 
posed mostly of rock are characteristic of zone 6. Intenpersed 
among the rock surface are scattered thin debris mantles and 
thin soils. Stream channels are steep, scoured. and rocky. 
Channels of streams draining basins of a few tenths of a square 
mile are well defined. 

The dominant hazard is along the defined channels where 
flood velocities are high; velocities in the large channels may 
be as much as 15 feet per se~wnd. Sheetflow accompanied by 
debris flow may ocrvr along some steep slopes. Peak-dis- 
charge rates of as much as 5 0  cubic feet per second from a 
0.1-square-mile area can be expected an average of once every 
100 years. A large pan of the flood-hazard potential in this 
zone can be attributed to sudden flooding from summer thun- 
derstorms and the high velocity of flow. 

If .he potential for debris flows exists. then the hazard 
associated with a debris flow may be the greatest in this zone. 
The potential for debris flows is directly related to the amount 
and size of unconsolidated material on steep. nonveptated 
s l o p .  

TABLE I TYPE AND DEGREE OF FI.OOD HAZARD FOR ZONES 

Flood-hazard zono 
Typo of 
hazard 

'1 2 3 4 5 6 

Inundation of 
land along 
channels higha moderate 

Velocity of  
f loodf low high mderato 

Scour of  
channel bod high moderate 

Lateral bank 
erosion high high2 

Sedimnt 
deposition lowd lw 

Debris f l w s  lw lw 

modorate higha moderate low 

low higha high high 

low moderate lowJ low 

low higha lou low 

highb high6 lw low 

low 1 ow wderato high 

' H i ~ h  incidence of  bridge fai lure becausa of scour of piers.  
abutments, and roadway approaches. 

Vhe assumption on which CDU guidelines is based may not be 
applicable for fan surEaces that are relatively inactive. 

JPl~derate in upper a l luvia l  plain areas and i n  largo channels. 

4n~~!erato  to  hi@. in  unchannoled reaches. 

'Conveyance of rcmy culverts and bridges reduced because of 
sediment &position. 



DlSCUSSlON AND SUMMARY 

Geomorphology plays an important role i n  determining flood 
hazard. Although this fact 1s common knowledge. structures 
cunt i~~ue to  fAI  or brnwnr I& effective. dl least in part because 
o f  flood-plain management regulations that may not be appli- 
cable for w m e  zones. 

v lateral bank ermion i n  
t k o s  ln  zvnr 1.  and the 

ard for the six zwes 
are summarized in  table I. 

The zonhtion IS bawd on distinct geomorphic and hvdro- 
logic diffrrmces between the zone, hut therc is some overiap 
(we  fig. 1 ). Zones 2 and 2. for examp!e. can define the hazard 
of the same land where there is il potentnal for lateral move- 
ment o f  the banks o f  chmnels i n  zone 1 aad a l w  for sheerflow 
from local raihfall o r  from runoff from zones 4 o r  5. Alluvial 
fans have a w ~ d e  variety o f  flood characteristics, and thus 
specific areas can he best described by zones 3. 4. or 5. I n  
general, large areas o f  fans wi l l  exhibit characteristics o f  a 
single zone. 

This general zonation is not intended to  replace the detailed 
engineering definition o f  h>dro lq ic  and geologic charactrr- 
iaic, o f  a particular site o f  intciest. Rather. the zonation o f  
flood hazards can be useful t o  practicing engineers for the 
general identif icat~on of thc typcr and degree o f  flood hazard. 
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TRA .VS:SPOR TA l'lO,V RESE.4 RC'H RE(-ORL) I-WI 

Paleoflood Hydrologic Research in the 
Southwestern United States 

phohgy and hyd- (h.L lars gmkgic zvidmcc to Himate 
dkrhMcs for historic .ad (or) wchllwic Ikods. Arutvsis d 
n a a - . g u a c d ~ d c p a s i t s b a s d c m ~ t o c s t i n u ( t t b ; ~ -  
dtudc.ad&tedormmaccdlboQolrrirm.adstrrura 
in tbc soutbwcJIcra L'aited States. Tbcse flood deposits .ad 
otbcr geoktgk evidrarc of Iloods, termed indicalam. 
ur empiad akmg tm mwgia;, d ch.alwb from d m m l l m s  
witb high roacrntruiom oC smpedd d imca t .  Data  for 
hods .zc k(dd from hiftoric meads. a ~ I y s i 9 o f r u r r d  
or dmm@ m. mialive ol soib d t v c b p l d  oa fkmd 
dcposh. and diorut*m dating oforganic material catmind 
in lkod deposits. Flood dlreharge cmt b &mated from 
p.lcost.er iadintors by using tbc step-&w.(u rsctkd in 
which ik rh.nocl is citber assumed or dcrwmtmted Lo be 
Ubk. A rocn(vihm d lhe tmhaiqlm that have hn usd 
r e m b  incons&& a& by a rapidly evdving discipline. 
Ulrl sL.IY(.TdjtCd p m c d u m  are mdrd for the udy* d 
h o d  dcpadts. Tkc three car dudics prrsn(cd iHurtmr the 
use of p a h b y d ~ ~  data with gaging &(. lor cainuting 
llood frgucar, using nuximudikdihuod techniques. Max. 
imum-likdiho-d trchniqurs for titliag prob.Wit? distributions 
CM explicitly account for the uncertaintics in- i n  palm- 
' ? !  &(. .ad pc01idC g m l u  flexibility in the use d PP)PD 
flood rrrordr with gaging records ia fd-frcqumcy ud?sk. 
t hmby  ) W i n g  improved estimlcs ofdcsiyc llooQ with large 

? 
; rcrurrcacc iatm.b. 

t 
: Fluvial paleohydrologv is the interdisciplinary study of the 
t past movement and d&ibution of water and wdiment ir: n w r  
i channels. Palevhydrology link; conventional engineenng and 

hydrologic techniques of discharge calculation and flocd-fre- I qucm, analysis wtth the geokqpc emphasis on stnttgraph,. 
udimentology. and geomorphology. One approach uwd in  
palmhydrolopic rcwarch is the documcntat;<.n of fluctuations 
In channel morphology with time to estimate changes in  
hvdrobgc conditions ( I ) :  this approach is used malnly i n  
p l ror~irnat ic  studies on alluvial rivers (2. J. I ) .  A w)nd 

I appmach uws geologic evidence to reron\tnn't the magnitude 
and frequency of pa51 flocds i n  bedrock channel\ (5-9). 
Although 11% ong1n5 can k traced to the earl) 19th centun 
(10). y a l e c ~ ~ d r o l c ~ w  reuarch ha* grown cutntant~all~ tn the 
la51 decade. 

Ect~rnrtn)n of the magnitude and frequrm> of pa\! \Iream- 
flow fhwdc (palet~fltwrh) hac k e n  bawd tm bankfull-dl\- 
charge relatn)n\ t i ,  I1 ). the ctze of houldcrr tran\ported dur- 
tng fltxxh (91. or geolcqvc c\l&nce of rnaxlmum f lc~d \ t r g n  
(5-7). I n  the wuthwmtem UntteJ State (fig. I) the mnt 

common technique for estimating discharges uws relict pro- 
logic evidence of water-surface elev>l~un. or paleostagr indi- 
cators. These paleostage indicaton include fine-grained f l t d  . 
&pusits (termed "slackwa~er deposits." (5). x e  fig. 2). silt 
lines cwrrelative with f l t d  depcnits (12).  and erosional xars 
cut into hillslopes (13).  F l d  diwhargrrs required to emplace 
the paleostagc indicators are estimated from hydraulic equa- 
tions. and the date of the flood is determtned by a variety of 
techniques. Including radiocarbon dating. 

Paleohydrologc research using palentage indrcaton has 
increased rreadily since the late 1970s. R i v m  In Texas (14- 
16). Anzona (13. 17--20). and Utah (12. 21. 22) in the United 
State (fig. 1. table I )  and in the Northern Territov o f  Aus- 
tralia (23-25) have k e n  studied. As research involving 
palemtap indicaton has developed. manv techniques have 
been used i n  estimating discharges and datlng floods. Devel- 
opment of efficient statistic;il techniques for incorp)rat~ng 
paieohydrolopi,ic and historic inftmration in f l d - f r e q u c n q  
analyses (16-.?0) will undoubtedly enmurage further appll- 
cations of pa leohydrow to estimate the magnitude and fre- 
quency of flcxwls. 

This paper reviews the techniques u u d  i n  paltx)hydroiogic 
studies of rtvers in the arid and semiarid u)uthwestcrn L'nited 
States and illustrates the use of paleoflcrd ds:a derived from 
analysis of fine-grained flood deposits with gaglng data In 
flood-frequency analysis. Other reviews of paleohydrologic 
research in this region are p e n  in  references elsewhere (5- 
7). The inaccuracies and imprecision in  paleohydrologic tech- 
niques are emphasized and are explicitly imurp~rated i n  he- 
quency analysa of gaging records from three r iven in the 
Southwest. 

Fine-gained fltrwl deposits arc atmmonly p r e u n r d  akmp 
hedrock channels in the wuthwcrtern L'nitrd State\. These 
sediments are deposited from d imrnt - laden waten In zone\ 
of reduced flou veltrittes during ftcrd\ ( 5  ).  'Trihutap mouth\. 
channel marglns upstream of contractton\ and dtbw nztream td 
expansions. and rock shelters or c a r e  a h w  the low-flou 
channel are typical acxumulsttttn Hte\ fca fltud depwits (fig. 
2).  I f  the Jrlxn~tional i res  are protected from w k q u e n t  
ercntan. thtck uquences of dep~w~ts u.111 accumul;~lr a\ suc- 
ces\lve fltrd\ either overtop or err& tnto the \I& of the 
&pn:t ( 5 .  12). 

The \trat~prapfi! l i f  fine-praiwd fla--4 f i e p i t i  it>tlia111> C\ I- 



FIGURE 1 ihm in b o u t h w o t m  Uoitd Sb(n  C w w  
P.kobydrdogic dab have km cdketed. 

h n c e  of diurete fl&. md or~anic material entrained in or orenic kbris  hlween I a p n  wprenring different floods, 
the d c m t s  can h. u*d to k r e l o ~  a ch rono lv~  of such abrupt stratigraphic bwakS iduding umnfonnitm. differ. 
f l  m a  h e  5 X I  enca  in gain-*.e dishbu.ons, difference in weather.lg 
s t r U C t u r ~ .  such ~ ~ P P I -  or o w i n g .  or they characteristics. and change in mlor of rdiments (.$). ~ i ~ -  
ma). hare 5tnuture IJ).  h w t s  created by uniqm flad. mntinuvus flood deposits along a channel may h mnelated 

br ~ p a r a k d  u5lng man) crikria. including drapes of silt uyng stratigraphic pmtlon, ndiaarbon hung.  or 1,. 

ROOD 0EPOS.T 
SOIL 
TREE WITH ADVENTtTOus 
ROOTS 
TREE SWRRLD OURtYQ 
FLoootne 

BEDROCK 
GRAVEL 
SILT LINES ON BACK 3r 
CAVE 
TERRLCE OLPOstt 

C FLOOO DEPOSIT w m  
EVIOENCE F a  SIX f LOOD) 

EROSIONAL SCAR IN 
HILLSLOPE SOIL 

D FLOOOIW#)~ ITWIT~  
EVImNCL FOR FOUR FLOODS 

LoW-wAnR CHANNEL 



Webb u d  Ruthburn 

TABLE 1 SUMMARY OF PREVIOUS STUDIES OF P~;LLOHYDHOLOGY OF RIVERS OR 
CREEKS IN THE SOLTlli\C'ESTERN UNITED STATES 

Area paleo- recorded p.looflood wed for NWmr Refer- - (b2) flood. flood r8~0 rd  e s t i u t i r y  of ence 

(.'IS) b t e  (yours) discharge sections 

Pecos 9.500 30 

b v i l s  7.100 0 

Vet& 15.000 10 

Salt  11.000 . 14 

hlt 21.000 27 

Ar.*.ipa 1.340 6 

TontoCr 1.630 4-5 

ltuvb C r  5.370 10-12 

%ischuqes are lower than m x i w  dischuge reported by U.S. reologicd 
s-y. 

[Dates of flood. are given in  ea1end.r p a r s  A.D. that  uere obtaliwd la son 

cases from cannrsion of radiocarbon dates. ItB--Uumlnggs .qrutioa. SW- 

-stop-backator rtbod. Data f r a  bnsb Creek 1; from S.S. k i t h .  

University of A ~ ~ X O I Y .  uqub1ish.d data] 

thology. F l d  deposits may represent vertically-aggrading 
sections, where each sumssive flood must be larger than the 
previous flood (5. 14, 15). or  inset depni ts  w~thm the flood 
deposits may imply that all floods exceeding a fixed stage will 
have s t ra t~graph~:  evidence preserved (fig. 2) (12. 21. 22). 

The type of flood deposit studied n important to  the sta- 
tistical treatment and determination of a ccnwnng threshold, 
which is a discharge that is either exceeded or m t  exceeded 
over a known length of time (28) .  The main objective is to  
verify that all floods that exceeded the censoring threchold 
kft stntigraph~c e n d e m .  Such verification is difficult toobtain. 
but studies of deposits associated with know h~stonc t l d  
(12. 13. 14. 17, 19. Zf), 23. 25) w w t  that stratigraphic evi- 
dence would have k e n  prwtved  if other larger fioods had 

occurred. The censoring threshold in palmflood data typically 
is high in terms of recurrence interval. as the examples pre- 
sented later in this paper show. 

Dates for p a k o f l d  are obatned using several different 
techniques. each of which has an a s m a t e d  degree iof unrur- 
taint!. Radicrarlnon dating of o r p t t c  material entrained in 
or anur<ated with the fltxd dcpxit  is the standard methtd 
for dating flmwt d e p i t s  IS). Rad~cmrtk~n  date\ are reported 
in years hefore preent  ()n BP) with A.D. 1991 as the cal- 
endric date for a radiocarbon date of 0 yrs BP. Uu of radio- 



carbon analyses allows the dating of floods that have w c u r r d  
over the past W.W) years. i f  evidence for the tlcwwls is pre- 
served. Radiocarbon dates typically have an uncertainty 
inherent in  the counting techn~ques that ranges at best from 
r y r i n  on young ( Ies than 10.011) yrs BP) w m p l n  to 
z I .MK) to 3 . W  years on older (greater than 20.001) yrs BP) 
wmples. Uncertainties can b much larger i f  very small sam- 
ples of organic material are analyzed. F l ~ n i s  that txcurred 
after A.D. 1950 can be dated to the nearest year uaing ultra- 
m d e r . ~  radtwarbon dates, which are haxd  on the excess 
amounts of i4C i n  the atmosphere that resulted from ahove- 
ground nuclear tests (24).  

Radiocarbon dating of flood deposits assumes that organic 
material in flood deposits is contemporaneous with the flood 
that deposited it (5. 22). This auumption may or may not k 
valid. Fur example. charcoal in a flood ckpni t  may have k e n  
created by a fire during the year in  which the f l d  cmurred. 
or the charcoal may have been reworked from older alluvial 
deposits and may yield a date much older than the date of 
the flood. Organic debris in  the deposit. especiallv leaves and 
small twigs. represent the most recent growing season before 
the f l d  and thus w r a t e l y  represent the date of the flood 
(6). Radiocarbon dating of organic litter. or materi:tl that 
accumulated on the surface of a deposct ktween flocxls, has 
been used to cmnstrain ;he dates for subsequent fltwkls (14. 
22). Contempjraneity of organic material with the flocd &posit 
is the most Important assumptton involved in  radiocarbon 
dathg of past floods. 

Other methods used for obtaining absoiute or relative ages 
of flocxi deposits include dendrwhrc~nology (31).  soil &vel- 
opnient (13. 14). a m i a t i o n  of historical or archaeological 
artifacts In deposits (12-14, 18, 21). and historic records such 
as personal accounts or newspaper art~cles (14. 22). Dendro- 
chrctnology is used to date flocxts to the nearest year by study- 
ing the damage inflicted on trees grcnving adjacent to the 
channel (fig. 1). Burial of trees in  f l ~  d deposits encourages 
the growth of adventitious roots. which sprout from :he buried 
trunk of the tree and can be dated using dendrochronologic 
methuds (31). Trees unaffected by floods. but which bracket 
the age of deposits by their growth position. also have been 
used to constrain the date of f l d  (13. 19). Use of soil 
development as a relative dating tool introduces large uncer- 
tainties in  the dating of floods because soils cannot be accu- 
rately dated; however. soil development is a useful corr:iation 
twl in  the absence of organic material. Artifac3s can be used 
to deter.nim whether floods are historic. and archaeolq~cal 
artifacts can be used to date flood deposits as accurately as 
radiocarbon Qting if the artifacts can h: placed within a regional 
archaeological chronology (13, 21). 

Two methods have been used to estimate discharges from 
paleostage evrdcncr. The f int  estimates of dirharges for 
paleofloods in  the wuthwcstern Un~ted States (5. 14) were 
obtained using Manning's quation: 

where Q = discharge in  cubic meten per second (m3!s): n = 
a roughness coefficient called Manning's n: A = cross-sec- 

tional area (m2); R = hydraulic radius (mj, and S = friction 
slope of the water surface. The channel cunveyallcr. K. is 
defined as: 

For solution of equations ! and 2. one cross-sectional area 
is required with the top of the flood deposits sewing as a 
water-surface elevation (14). Use of only one cross section 
implies that the section used is representative of the local 
channel conditions, which may not be accurate. Because many 
flood deposits were in tributary mouths away from the main 
channel flow (14).  the height of some deposits may represent 
a fraction of the total energy of flow instead of just the energy 
associated with the velocity. The water-surface slope used in 
Manning's equatron was first assumed to equal the channel 
slope (uniform flow), and i t  was increased to 1.25 times the 
channel slope after the initial discharge estimates were found 
to be much less than the discharges recorded at gaging stations 
(14). Finally. a least-squares curve fitting revealed that dis- 
charges estimated from known water-surface elevations were 
1.6 to 2.0 times larger than the discharges estimated using the 
neight o f  flood deposits as the water-surface elevation (14).  
I 3 e  results of this study (14) show that considerable unccr- 
tainty in discharge estimates can result from use of Manning's 
equation alone. 

The stepbackwater method (32) is most commonly uwd 
for estimating the discharges of paleofloods from paleostage 
indicators (11, 13. 17. 18, 19, 10, 21. 22, 23. 25). The step- 
backwater m e t h d  combines energy losses associated with 
channel resistance, as calculated from equation 2, with con- 
xrvation of energy and mzss equations. Conservation of energy 
is calculated from the equation: 

where h, the total flow head. is calculated from: 

and where (h,),, = head loss. which is proportional to the 
discharge and reach length between sections 1 and 2 and 
inversely proportMnal to I;; E = energy-loss coefficient. which 
conventionally is 0.5 in  expanding reaches and 0.0 in con- 
tracting reaches (32);  A(h,),, = difference in  velocity head 
between sections I and 2; r = water-surface elevation; V = 
flow velocity (the correction coefficient. a. is assumed equal 
to 1 (32)) ;  and g = gravitational acceleration. The velocity 
head is calculated from: 

Thc conservation of mass quat ion is: 

Details of the calculations in the stepbackwater method 
are presented elsewhere (32,33), I n  the stephadrwater method, 
stages arc estimated at specifx cmss sections for given dis- 
charges. Water-surface profiles for various discharges arc 
compared with the heights of flood deposits or other p a l w  
stage indicators until r discharge that best approximates the 
palmtape indicators is accepted. 



With tbe stepbackwater method. the stages associited with 
various discharges are estimated independently from paleo- 
stage indrcators. because the method is independent of evi- 
dence for water-surface e!evation. Flood c k p t s  represent 
minimum water-surface elevations (5 ) .  and deiinit~on of cross- 
sectional areas by paleostagr: indicators results in minimal 
estimates .,f discharge. Palmtage indicators, may not provide 
a continuous record of water-surface profile through a reach; 
however. by using the stepbackwater method. d d i t l o d  cross 
sections without palmtages can be used to account for non- 
uniform flow conditions. 

Assumptrons concerning the effeciive flow area, hydraulic 
interpretation of palmstage indicators. and choice of energy- 
loss coefficients cause uncertainties in discharge estimates. 
Use of the itepbackwater method requires the assumption 
of one4mensional flow in the channel reaches. Uncertainties 
in the sizes of ineffective flow areas o r  eddies cause errors in 
the discharge estimates. Flood deposits are assumed to r e p  
resent the water-surface profile of the mean channel flow. 
Use of flood deposits in tributary canyons. which are removed 
from the flow in the m a n  channel. will introduce errors in 
discharge because these deposits are indicative o l  both the 
main-channel velocity head and some baction of the total 
energy head. Finally. choice of Manning's n values and energy- 
loss c w f f ~ e n t s  introduces addit~onal uncertainty in discharge 
estimates. although uncertalntres associated with reasonabk 

values of Manning's n and energy-loss coefficients are  much 
less than the uncertainties in cross-sectional data (33). 

Discharges estimated for paleofloods have inherent unccr- 
tainty because of the potential for channel change between 
floods. Channel cross sections are meaured decades to  thou- 
sands of years after the flood has occurred. For this reason. 
p a l e o f l d s  are studied in bedrock channels where the chan- 
nel generally is stable (fig. 3) and cross sections change Little 
between floods. The little historic change in sediment storage 
along rivers with drainage areas greater than 10.000 km2 in 
southern Utah found by Graf (34) indicates that long-term 
aggradation and degradation are minimal. Changes in alluvial 
channels during the period of palechydrologic record have 
been estimated and used in discharge estimates for paleo- 
floods (18.22). Uncertainties in discharge data estimated from 
paleostage indicators should be carefully evaluated before the 
data are used in flood-frequency analysis. 

Discharge estimates for historic floods based on paleostage 
indicators compare favorably with discharges recorded at gag- 
ing stations or discharges estimated immediately after the 
flood, although some notable discrepancia have been found 
(13, 19. 20). These discrepancies-usuallv an underestima- 
tion of the discharge recorded at gaging stations-have been 
explained either by differences in discharge-estimation tech- 
nique (19) or by flow from tributaries between the flood- 
deposit site and the gaging station (13). 

FIGURE 3 Tk ~~. K w b  Canyon. Utah. (a) Takm in October 1871 by Jack HiUcn tllitkn phdogmph n u m b  629, 
US. G d q W  Sw*q photograph Ibnry ,  Deovu. Cobrrdo). (b) Tden  in Scplclnbcr 1985 by Robm H. H ~ b b .  Mn channel 

hm dmqed link Jince 1871. 
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USE OF PALEOFLOOD DATA IN FLOODFREQUENCY 
ANALYSIS 

Previous A d -  Us& W y d r d o g i r  Data 

Flood frequency analysis in the United States is done by fitting 
a Peamn type 111 distribution (35) to log-transformed flood 
data. The merits and disadvantages of this method have been 
discussed elscwilere (28. 36. 37, 40). and the fitting of other 
probability distributions has been attempted in only one 
paleohydrologic study in the southwestern United States (39). 
The Water Resources Council methods (35) are based on a 
method of moments fitting of the log-Pearson type 111 distri- 
bution. Without historical or paleoflood data, the gaging data 
are titted to the distribution by calculating the mean, standard 
deviation. and skew coefficient of the log-transformed dis- 
charges. The log-Pearson type I11 curve is defined by: 

where Q = discharge; ?3 = mean of the discharge data; S = 
standard deviation of the discharge data; and k = a factor 
that is a function of the skew coefficient and the recurrence 
interval. Equation 5 is modified when historical or paleoflood 
data are included in the analysis (35). Criticisms of this method 
for use with historical information are presented in papers by 
Cohn and Stedinger (2629) .  

plotting-position formulae are used to graphically present 
the data, and one general equation for plotting position given 
in the Water Resources Council methods (35) is: 

where P = probability of exceedence; m = rank of discharges 
with m = 1 tor the Largest; (V = number of years of record; 
and a = factors that are dependent upon the distribution. 
For the commonly used ~ e i b u l l  plotting position. a = 0. 
Equation 8 is modified in several different ways to account 
for statistical differences between systematic paging data and 
historical or paleoflood data (28. 35, 38). Previous attempts 
to extend the effective length of gaging records with paleo- 
flood information generally have used either Weibull plotting 
positions or a method of moments fitting of the log-Pearson 
type 111 distribution (5, 12, 13, 14. 15. 16. 22). The type of 
plotting position used in plotting paleohydrologic data with 
gaging data creates less variability than the inherent variability 
in the sampling of the population from which the flood data 
arise (38). 

Methods that differ from the Water Resources Council 
methods have been proposed for the treatment of pa leo f ld  
information (26.28.29.38). Stedinger and Cohn (28) propose 
the maximum-likelihood method for usine pa!iuflo~d and 
gqpng ::cord Jalv w iit probao~lrly distributions. With that 
method. paleoflood information can be treated either as Type 
I censored data (26, 29) or binomial-censored data (26. 28). 
Paleofloods un be described by a single discharge. a range 
in discharges. or a threshold exceedence. The lack of floods 
over a given time period (negative evldence) can be used in 
this type of analysis by establishing a threshold with no 
exaedences. The palcoflood information is used with or with- 
out gaging data in a likelihood function. which is maximized 
to obtain parameter estimates of a selected probability dis- 

tribution. Details of the technique applied to several proba- 
bility distributions are given in 26 and 27. General maximum- 
likelihood estimators for the log-Pearson type I11 distribution 
have been developed and applied to paleoflood data for the 
Salt and Verde Rivers in Arizona (39). 

The maximum-likelihood method using censored data has 
been shown to be more flexible. efficient. and robust in Monte 
Carlo tests (26) than the Water Resources Council methods 
(35). Use of paleoflood data increases the effective record 
length, or number of years of gaging data that would produce 
the same medn square error as a combination of gaging and 
paleoflood data (28). The effective record length increases 
from the length of the gaging record to two-thirds the length 
of the paleoflood record when fitting the two-parameter log- 
normal distribution if the censoring threshold is at the 90th 
percentile (28). For a censoring threshold at the 99th percen- 
rile. the effective record length is approximately one-fifth the 
length of the paleoflood record. Similar increases in effec- 
tive record length have been obtained for three-parameter 
distributions 129). . , 

Standard errors of estimate are a function of the mean, 
standard deviation. and length of record and can be used to 
describe the precision of flood recurrence-interval estimates. 
In this paper, standard errors are calculated using the methods 
presented in 41 for the log-Pearson type 111 distribution. The 
standard error of estimate of distributions fit with gaging rec- 
odds versus distributions fit with gaging and paleoflood rec- 
ords are compared to show the ability of paleoflood data to 
decrease the standard error, and thus increase the precision, 
of recunence-interval estimates. 

Because of uncertainties in discharge estimates and da t i~g  
of floods in paleoflood studies, and because thresholds can 
be used explicitly, maximum-likelihood methods appear to 
be ideal for the analysis of paleoflood and gaging-record infor- 
mation. The following three case studies demonstrate the use 
of maximum-likelihood techniques in fitting the Iog-Pear- 
son type 111 distribution to gaging data and paleoflood 
information. 

m p k  1: The Pcracl River, T e x u  

In studies of the Pecos River in western Texas (fig. I ) ,  flood- 
frequency distnbutions have been estimated from-a long gag- 
ing record and paleoflood data near the river's juncture with 
the k o  Grande (5, 15, 16. 40). The gaging record for the 
Pecos River is unusual because of two extreme floods. Hur- 
ricanes in 1954 and 1974 resulted in floods with peak dis- 
charges of 27,400 m31s and 16,100 mJ/s near the juncture with 
the Rio Grande (5). When the Water Resources Council 
methods (35) are applied, the two floods are identified as 
outliers. or floods that do not appear to arise from the same 
population s the nther floods. Estimates of the 100-year flood 
ranged from 2 . 3 0  to 35.000 m'/s using nine different treat- 
ments of the data and four methods of estimating flood quan- 
tiles from the data (5). Estimates of the recurrence interval 
for the 1954 flood have ranged from 80 to 10.000.000 years 
(16). Lane's (40) estimate for the recurrence interval of the 
1954 flood ranged from 380 to 85.W years. 

The paleoflood record for the Pccos River consists of 9.600 
yean of record with evidence of 20 floods above 1.60I1 m'/s 
(fig. 4). Because of the potential for nonstationarity caused 
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FIGURE 4 The pdeoflood record for the Prmo River, Texas. 
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FIGURE 5 Road-rtcgwncy analysir for the Pcnn Riva,Texas. (a) Maximum-likelihood analysis using the gaging m o d  
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TABLE 2 SUMMARY OF FLOOD-FREQUENCY ANALYSES FOR THE ESCALANTE, 
PECOS. AND DEVILS RIVERS USING PALEOHYDROLOGIC INFORMATION 

Total Standard 

record Mean deviation 100-year 

Record wed Method length of log of log Skew flood 

(years) discharge discharge (a3/s) 

PECOS RIVER, TEXAS 

DEVILS RIVER, TEXAS 

ESCAUKIE RIVER, VTAH 

[C. 8aginc record only. CP, gagiing and paleoflood racer&. M, wthod 

of moments, M, UX~M likelihnod method, M U ,  maximum likelihood 

wthod vith censored paleoflood &ta. Logarithms are base 10.)  

by climatic change during the last 10,000 years (15, 16). only 
the last 4.000 years of the record were used in the maximum- 
likelihood analysis. Discharges were estimated for paleofloods 
using Manning's equation and one cross section ( I ? ) .  Seven 
radiocarbon dates were used for dating floods spanning the 
last 4,000 years. Because the discharges were estimated using 
Manning's equation and one cross section, and because the 
water-surface slope was considered equal to or 1.25 times the 
channel slope, the reported discharges (14) were considered 
imprecise. In order to account for the imprecision in discharge 
estimates in the maximum-likelihood analysis, all of the floods 
observed in each time interval were considered to have the 
same range in discharge. The upper limit of the range was 
the value of the largest flood r;t;aate !hat occurred in the 
time interval. in order to account for the possibility of a lower 
water-surface slope, the threshold and lower limit of the range 
were established by decreasing the water-surface slope to 0.75 
times the channel slope. The gaging record used in this study 
is from A.D. 1900 to 1985 (86 years). The influence of dams 
in the headwaters is considered negligible for peak flood flows 
(40). 

Comparison of maxlmam-likelihood analyses of the gaging 
record of the Pecos River alone (fig. 5A) and the gaging 
record with paleoflood information (fig. 5B) indicates a dif- 
ference in the estimated recurrence intervals for the 1954 

flood. The moments of the log-Pcarson type 111 distribution 
for both treatments are given in table 2. Use of the maximum- 
likelihood technique with paleoflood information provides a 
better fit far the 1954 flood with tht rest of the population 
than the fit obtained from an analysis of the gaging record 
alone (fig. 5B). Standard errors for the 50- and 100-year floods 
are 10 and 11 percent, respectively, for the distribution obtained 
using the gaging record. Standard errors for the 50- and 100- 
year floods decrease to 7 percent for both recurrence intervals 
when the paleoflood information is included in the maximum- 
Likelihood analysis (table 3). The lowest threshold for the 
paleoflood record-4,200 m'ls (fig. 4)-is at the 97 percent 
quantile on the distribution fitted to gaging and paleoflood 
data (fig. 5B). Extrapolating from data for three-parameter 
distributions presented in 29, the effective systematic record 
length for the Pecos River is as much as 2,000 yean when the 
paleohydrologic and gaging data are used together in the max- 
imum-likelihood analysis. 

Case 2: The Devils River, Texas 

The Devils River in west Texas (fig. 1) provides a different 
test for the use of paleoflood data in flood-frequency anaiysis. 
The gaging record for the Devils River is 77 years ir. tength. 



TABLE 1 SLiMMARY OF STANDARD ERRORS FOR THE 50- AND 1WYEAR FLOODS 
ESfIMkTED FOR THE PECOS, DEVILS, AND ESCALANTE RIVERS 

River 

STANDARD ERRORS FOR 50-YEAR FIl)(lD 

Caging record Caging and paleoflood 

recorda 

(m3/a) (percent) 3 (m /s)  (percent) 

Pecos River, Texas 7 30 10 

Devils River, Texas 4,520 29 

Escalante River, Utah 80 32 

Rivar 

- 

STANDARD ERRORS FOR 100-YEAR D D  

Caging record Caging and paleoflood 

records 

(m3/s) (percent) m 3 /  (percent) 

- 

Pecos River. Texas 1,130 11 

Devils River. Texas 9,020 38 

Eacalante River. Utah 140 43 

[Standard errors  are calculated ruing the methods presented i n  u. 
equations 16-21] 
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FIGURE 6 Thc p.koflood mod for the lkvib River. Texas. 
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No floods are tdentified as outliers; however. three unusually 
large floods of 16.700, 16 .4W,  and 13,300m3/s have been 
recorded (14). The 1Wyear floods estimated by the method- 
of moments and the maximum-likelihood fitting are 30,100 
and 23.j00 m'fs, respectively (table 2). The difference between 
the two methods is primarily in the value estimated for the 
skew coefficiel~t. The skew estimated from the Water Resources 
Council methods is 0.02, whereas the skew estimated for max- 
imum-likelihood analysis is -0.21 (table 2). 

The paleohydrologic record for the De;.ils River is complex 
and cannot be correlated temporally with the record fo; the 
adjacent Pecos River (14) .  Since A.D. 685. however. no 
paleofloods larger than approximately 13.500 m3/s (fig. 6) 
have occurred (14). This lack of exceedence (negative evi- 
dence) can be used to define a nonexceedence censoring 
threshold in a maximum-likelihood analysis. The resulting 
flood-frequency relati011 (rig. 7) indicates that the recurrence 
~ntervals for a given discharge are generally greater when the 
paleoflood information is used. Fer example. the estimate of 
the 1Wyear flood decreases from 23.400 to 4.500 m'is when 
paleoflood information is used in the maximum-likrlihooll 
analysis. Standard erro:r for the 50- and 100-year floods ale 
29 and 38 percent. respectively. for the distribution estirrxted 
from the gaging record. Standard errors for the 50- and 100- 
year floods decrease to 6 and 7 percent, respectively. when 
the paleoflood information is used in the analysis (table 3). 
The censoring threshold of 11.500 m-'1s is at the 09.2 percentile 
in the fitted distribution (fig. 7). Effective record length. as 
extrapolated from 29, increases from 77 to as much as 670 
years with the use of the paleoflood evide~?~c. even though 
no floods were observed. 

Case 3: The Exalante River, Utah 

The Escalante River in south-central Utah (fig. 1) has a poten- 
tially nonstationary record of flood frequency (42) that may 
be better explained by paleohydrologic data (fig. 8). The allu- 
vial tributaries in the headwaters became deeply incised dur- 
ing to flooding between A.D. 1909 and 1940 (12. 42). Dis- 
charges of four historic floods that occurred between A.D. 
1909 and 1932. which were reconstructed using paleohydrol- 
ogical techniques (22). are five to six times larger than the 
largest floods recorded in a discontinuous ?%year paging record 
from A.D. 1943 to 1955 and 1972 to 1986. Analysis of the 
four historic floods with the gaging record using the Wat-r 
Resources Council methods (35) resulted in a 100-year flood 
more than twice the 100-year flood estimated from the gaging 
record alone (fig. 9A; 22). Analysis using the gaging record 
and an increasingly larger length of historic record, on the 
basis of historic and paleoflood information that indicates a 
lack of large floods. resulted in a monotonic decrease in the 
100-year flood to that estimated using the gaging record alone 
(42). 

The paleoflood record for the Escalante River is approxi- 
mately 2,000 years. and evidence has been found for nine 
prehistoric and four historic floods (fig. 8: 22). Paleofloods 
were dated using 12 radixarbon dates. tree-ring evidence 
indicating the lack of floods, arld historic records (22); and 
discharges were estimated from one site the stepbackwater 
method. The paleoflood infontlation can be interpreted in 
terms of censoring thrt;holds. and discharges can be assigned 

GAGING RECORD 
DlSTRlBUTlON FITTED TO 
GAGING RECORD 

I DISTRIBUTION FITTED TO .-. -. GAGING RECORD USING 
PALEOFLOOD 0 4 T A  

RECURRENCE INTERVAL, IN Y E A R S  

FIGURE 7 Maximum-likelihood analysis of flood 
frequency for the Devils River,Texas. Plotting pr~sitions for 
discharges are based on gaging record only. 

ranges to reflect the imprecision of discharge estimates 
(fig. 8). Thresholds were established as the discharges required 
to rcach the bases of flood deposits because stratigraphically 
inset relations in the deposits (see fig. 2) suggest that any 
floods greater than the bases of the deposits would leave 
depositional evidence. Discharges for the paleofloods were 
given ranges according to the uncertainty in the discharge 
estimates (22).  Whereas the historic flood record may be non- 
stationary in the time domain, nonstationarity is reduced in 
the time and frequency domain of the entire palcoflood record 
(fig. 8). 
Use of the maximum-likelihood fitting resulted in an esti- 

mate of the 100-year flood (370 mVs) that is between the 
estimates of the 100-year flood from the gaging record alone 
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FIGURE 8 The paleofbod record for the Escalante River, Utah. 

(190 to 330 m3ts) and from the combination of gaging record 
and historic flood records (480 to 700 m>ii, (42)). The skew 
coefficient estimated from the gaging record, usirlg the Water 
Resources Council methods, is -0.5 compared with near 0 
or positive skew coeffic3ents estimated from the gaging and 
palsoflood records (table 2). The contrast between the anai- 
y e s  using gaging data alone and gaging data and historic flood 
data (fig. 9A) is largely a resuit of the negative skew coeffi- 
cient estimated from the gaging data alone. Standard errors 
for the 50- and 100-year floods are 32 and 43 percent, respec- 
tively, when the distribution is fitted using the gaging record. 
Standard en.-n for the 50- and 100-year floods decrease to 
12 percent when the entire paleoflood record is used. Because 
the lowest censoring threshold is approxi~~ately at the 98 per- 
celtt quantile, the effective record length. extrapolated from 
29, may be as much as 1.000 years when the paleoflood infor- 
mation is included. 

DISCUSION AND CONCLUSIONS 

Recent paleoflood hydrologic 'studies of the southwestern 
United States use paleostage indicators to reconstruct the 
d a t a  and discharges for past floods. As the science has evolved, 
different techniques have been used in the analysis of paleo- 
floods. Early studies used Manning's equation with one cross 
section, and the water-surface slope was estimated from tile 
present channel slope. The most recent studies have used the 
stepbackwater method with as many as 27 cross sections. The 
stepbackwater method explicitly accounts for nonuniform flow 
and eliminates the need for assumptions concerning the water- 
surface slope. Eoth methods require the assumption of ;r sta- 
ble channel, which can usually be demonstrated in bedrock 
channels. 

Methods used in dating paleofloods have not changed as 
much as methods used in estimating discharges. Radiocarbon 
dating of organic material entrained in flood deposits is used 
primarily to estimate the age of paleofloods. Radiocarbon 
dates are measured with a standard deviation and therefore 
have an explicit uncertainty. The contemporaneity of floods 
with the organic material entrained in thc flood deposit is th.: 
most important source of uncertainty in the dating of paleo- 
floods. Other methods, including dendrochronology, soil 
development. and correlation of artifacts. abo  have been used 
in dating of paleofloods. 

Paleohydrologic information. although imprecise. is useful 
in flood-frequency analyses using maximum-likelihood tech- 
niques. As shown in the case study of the Pecos River, impre- 
cise data consisting of large ranges in the possible discilarges 
for Goods can still be used in a flood-frequency analysis. Lack 
of ~aleofloods, or negative evidence, can also be useful in 
flood-frequency estimates. as shown in the case study of the 
Devils River. Finally. the case stady of the Escalante River 
showed that use of paleoflood information may be helpful in 
flood-frequency analyses of a potentially nonstationary record 
by increasing the l e ~ g t h  of record and decreasing the effects 
of large floods on the shape of the distribution. In all cases. 
the effective record length of the paieoflood and gaging data 
would be expected to be seven1 times the length of the gaging 
record alone. 

Use of the maximum-likelihood method gives an appro- 
priate weight to paleohydrologic data in flood-frequency anal- 
ysis. The discharge of a paleoflood can be express~d as  a 
range instead of a value, which may inrply a misleading accu- 
racy. Because maximum-likelihood analysis can use ranges. 
the uncertainty inherent in paleohydrologic data can be bu~lt  
into flood-frequency analyses. As shown in table 3, use of 
nalrnflood data significantly decreases the standard error of 
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. FIGURE 9 Rood-frequency analysis for the Escalante River, Utah. (a) Method of moments analysis using the gaging 
record and historic floods. (b) Maximum-likelihood awlpsis using the gaging record and 1,536 years of paleoflood record 
as censored data. 

estimate and increases the precision of discharge estimates at 
specific recurrence intervals. Paleoflood data used to fit the 
log-Pearson type I11 distribution may have large uncertainty. 
as shown by the Pecos River data (fig. 5). but standard errors 
of the 50- and 100-year floods are reduced (table 3). 

Evidence for lack of floods, which may have beerr discarded 
in paleohydrologic studles, may be used in flood-frequency 
analyses and provide useful information. In the case of the 
Devils River, lack of large floods over 1.267 years of paleo- 
flood record significantly decreased the estimate for the 1W 
year flood by 80 percent. The decrease is caused by a decrease 
in the standard deviation (table 2). The fact that floods above 
a certain threshold did not cccur on a river. as indicated by 
the lack of paleoflood stratigraphy in certain time intervais. 
can be important in describing the flood history and estimating 
flood frequency. If flood-frequency estimates are the desired 
goal of paleoflood hydrologic studies. the data requirements 
for maximum-likelihood analyris can be used to guide field 
data collection. Dating of individunl floods is not required; 
the most important age controls on paleofloods are the begin- 
ning and ending dates fcr discharge thresholds or minimum 
discharge required for the preservation of paleostage indi- 
cators. These thresholds are not usually explicitly determined 
in paleoflood studies, although this information alone is 
important in determining the censoring levels for maximum- 

likelihood analysis. Accumulation sites for fine-grained flood 
deposits usuiilly are controlled by bedrock features, such as 
tributary mouths, caves, or expansions within bedrock can- 
yons (5). Because the bedrock features creating accumulation 
sites are resistant to erosion (figs. 2 and 3). depositional 
threshold discharges may be more accurately determined than 
discharges estimated from flood deposits. 
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Need for New Rainfall Intensity Atlas 
Analyses in the West 

EatinrJLsdskrt-drnt&m criddl h(Laitia providccr&irJ 
i a f ~ t b . l w t b e d e s i g n o f ~ r ~ y ~ ~ R a p i d  
yowthdurtmapopcll.twrbtkdWesthmcrpawdmore 
drivrrz- to tbe Cnects ol uodmiold dmhgc slrultwts. Corn- 
temporary stormw.lu romputatkm oa slutt. d - u i d  or 
urbu w.mTbeds rrquire t& estiarUor, of midd iotcnsitics 
81 tcwiou(c blCW.b h IlMId-prod* stora# Eirticr 
metbo&,rocLnIhcratioulfonnph,rcquiredlcsrconrplcr 
rain data. Rrripi(.tba-frqucae). 811- ( NBAA-2) lw &*en 
raLaa~~ereprrpvcdfocr&l.prkrt4IWQ(lI.RKJL 
. r l r w s a m m e d d a i @ r r i n f . i l ~ a t i m s , ~ r g i r r r (  
topolVlpbic puunctm. md hydrocrwtmdo(iirtl coaidm- 
tkas to draw a o h y c W  mapa lor 24- d 6-bew iatmrb. The 
rShour muinu may l d b w  t o p o g m ~  fatura becmsse t b q  
usually occur in winter. Viswl obsma(ioa L Arizoru das 
004 rwRrm this to k true with summer cosvective awns. 
Thac produce design floods oa m i - u i d  wrtmhcdr ~aulkr 
tb.o 100 a 200 sqwrc miks. Rcgiond vuiarioa d kwt- 
durdon mht.LI may k less &live to dcslrr moauwm than 
the 24-haw nups devcbprd in NOAA-2. Tbr sbortcrt dumtkn, 
aaatyzd la NOAA-2 w m  om how, wed a1 about tcn p m a t  
d tbe sites. For e u m p k .  ia Arirolu only 38 autographic 
mwdm w m  d. over averaging kss tb.a iO yars .  
Rc-urolysis in th.1 state rwkl cmsidcr rccordhg gl~cs from 
over 100 additiorul si ta .  far durltbns m s h w l  rr 10 minutes. 
Two & c v k  d mew data I( WOAA-2 sites a d d  now reduce 
tbe rmw of &lc .1 tbcs points. Improved sUtbtial meth- 
ods E L  dm rv.il.bk. Hlghway ud other caafmrs m tcn 
Wcstcra states *.auld frm new . d y s a d ~ d ~  
Lnltnsity &la rvril.bk fhm rtcordiq fais operated by 
many q e d u  TbL paper rttcmpCs Lo m e  .draiaktrrtors. 
d ~ ~ . . a d o t b e r s w b o a u y  rocaidcrtbeimpk- 
mcat.(k. d restudies h I western state. Tk Ibyar -dd 
watcra-Mil i ~ l c l m i t y  8tLS sbodd k rrplrrnl after the 
~ - d u t r ~  rrtordcr &t. now .v.Il.bk have beem m 
@A. High hcmsicks for dr,* a short as 19ni.um we 
p i k n l r l y  impodmd to W e a e n  drdnsgc design. And>& 
d wh dam was ahma f twa SOM-2. 

Urban hydrograph models and modern computer synthesis of 
flood peaks from small (less than about 1fI) sq. mi ) desert 
watersheds &rend on rainfall input. Rainfall intensity during 
flood-producing storms. varies rapdlv in time and space. 
Watenheds are being rapdly urbanized. and heavy urhan 
h~ghway use is increasing during times normally associated 
with intense rainfall (usually latc afternmms). 

Many high-priced developments border on highway riphts- 
of-way. and property m r s  fear that improper hiehwav &sign 
will lead to flood damage. Pavement drainage. culvert sizing. 

Denanmen! of f4\drolouv and Warcr Rewurcrs. Un~ven~tv of Ari- 
&a. Tucson. ~ h z o n a  &71N. 

stom. drains. channel design, bank protection, a d  brjdlging 
of larger streams could all be improved by better rainstorm 
data. Regional f ld- t requency studies for large non-urban- 
ized watenhcds also require rainfall intensity as an inde- 
pendent variable when regmsing stream gage flood estimates 
against environmental parameters. 

COMMUN2lY INTERE!TT IN RESrUDY 
THROUGHOUT THE A R I D  WEST 

Surveys of the need to improve rainfall-intensity manuals are 
bccoming common in southwestern communities. Phoenix. 
Arizona. had such an investigation (2; performed at the same 
time that Maricopa Cormtv, in which it is located. commsr 
sioncd another engineering ti& to  perfonn a similar inves- 
:igation (3). in a Clark County, Nevada. study (4). freque~rcy 
plots suggested a 45-pemnt increase in short-duration rain- 
fall. 'The study recommends that "NOAA shmld periodically 
update the atlases where the period of records is chon." Re- 
analysis of 45 years of National Wcather Service (NWS) data 
at Billing. Montana. showed that 5- to IS-minute estimates 
for 5- to IWyear frequencies were 1.6 to 1.3 times greater 
than NOAA-2 values respectively is). Many more examples 
could be p e n  of the concern felt by local communities in 
relying entirely on NOAA-2 for small-watershed h g n s .  

A rash of independent studies poxs other protiiems. Many 
cities or counties have more rain gages than they are able to 
analyze. but one Arizona county oomprising over 10.MU square 
miles has not even one gage! Very few small jurisdictions 
have the specialized personnel to  either selert o r  adequately 
s ~ p e r v t x  a consultant for this work. Analysis of data from a 
single gage. even if performed correctly with appropriate sta- 
tistical methods, lacks the validation provi&,d by a reponal 
study. Individual point values may reflect unfortunate sam- 
pling error. A state-widc approach would overcome chic prob- 
lem and facilitate standardized data collection and procesyng. 
This scale of effort should engender close cooperation with 
other agencies with data sources. including the NWS. and be 
able to achieve the necessary conformity at state hwndanes. 

JUSTIFICATION FOR STCUY OF YFWLY. 
ACQL'IRED RAIN DATA 

Accelerated urbanization in the southwest is constantly 
increasing driver-expsure to hazards ? d a t e d  with high 
rainfall intensities. The urgency was much less serious uhen 
NOAA-2 was planned. almost two decades ago. At that tlmr 



thc ratiollirl formula prevailed. and urban h>drolog) was in 
its  fancy. lnvatrgations of flash fluods. as well as t h r  short 
duration a d  the compact a c d  extent ot h n  convectrve 
stonns. were at an early stage. 

I n  thc piid twenty years, h g n  engrneers have become 
qurpped wrth powerful hydrokqgy wftuiare for p r w n a l  com- 
p u t m .  Runoff computations can now use data compnwng 
spatdally anrl tempord!? varied rainfall intenvttes for dura- 
bum far shorter than c w e  hour. t k  p d  d for the NOAA- 
2 atlases. Hrghwav-drarnage engtneitrlnp for the future {us- 
tlfies new analyses of the large pl ul break-pwnt rarnfall 
data that has ammulatrr i  rn t l u  last three decadrts. Deter- 
mlnrstr NMM models mrght lull m n  into a false * n u  of 
secwty. rf used wrth t k  short-duration raiafall estimates 
&rived ftom NOAA-2. T&?'c technology deserves uplaled 
regional analyses of the rnc rea4  number of recording rarn 
gages a d  vears of data. A recrnt pre-pnnt (6) indrcated pn- 
utilities. The number of statlorn for rnd i vw lua l  state ~ndded: 
Anzona. 5 ;  New Mexico. 2; 1Jevd;ia. 4: and L'tah. 5. The 
authors of a 5;milar study prmulgated a finer Jrl~neation bv 
divdinp C~l i fomra into erpht repons (7). I t  used 3) stations. 
averagutg more than 27 years. 

REWLDIES OF OLD DATA. OHGOING SWS 
CONWBLTIONS 

The eastern portion of the United States did receive a re- 
study (#). although Its previous databaw ( 9 )  was much more 
substantial than is prrrvntly available for the and west. Like- 
wise. Californu updated NOAA-2 ihrec yean after its rek-. 
In  fact. that State p iduced its own three-volume study (10). 
Other restudies are more numerous than generally known 
Many western small watenhcd hydrcrlupts only know of 
NOAA-2. S ~ K  arc aware of Hershfield's ( 9 )  "b in fa l l  Fre- 
qurncy Atlas of the United States" (TP-UJ). Recrmtlv. NWS 
published a very useful T h n r i ~ l  Memorandum. whtch con- 
firslngl) also ha* the number "W' in its t i t k  HYDRO-U) (11). 
I t  exten6 vrcnc of the depth-area work of the Agnrultural 
Research Service (12) a c r w  all of Anzona and the western 
half of New Mexico. S O A A  Tectmrcal R e p ~ n .  NU'S 27. deals 
wtth inter-duratioclal ctonm. between one and 24 hwn (13). 
Most highway dratnage h g n s  rn thc a d  West rnrolvc dura- 
Irons of less than MI minutes. 

OPfOITCNrrY TO AUGMENT SWS DATABASE 

Excepc for California. the ekven western states are poorly 
qurpped with recodng rain pp. Cmuqucntly. datadnwt- 
age was a bast prvbkm whcn NOAA-? was prepared for the 
U.S. Soil Co.mrvation Servicr using prc-193) data (1  ). Some 
westem state are have fewer r r rord~ng rain g a p  than others. 
The NWS maintains fewer than Jo recording rain pees in 
each of Utah. Nevada. and Arizona. Mmt  Intense summer 
rarnstorms tn the Southwest cwer ve? small areas. Fortu- 
nately. longstanding experimental rangeland and desert 
watershed research ha5 been punucd for many decades by 
the Apncultural Reward, Sene (ARS). the U.S. Fc~rest 
Service (USFS). and uveral unrversitics. Thtsl sEicntific 
endeavors have rncluded operating dense n e t ~ o i k ~  contarnrng 
many recording rain gages sipaced only a few miks apart. Most 

of these ckmc networks ace b a t e d  at higher elevations than 
the rain gages in the NWS network. They contarn infonnaticm 
on areal and temporal characteristics of  short-duratron. flood- 
producing storms that should be analyzed and presented to 
designers. Some of these data fill reponal votds ~n the state- 
wtde NWS networks. and t k  is a need to proctu it In  a 
consistent format. 

Arizona. for whicb a staled-the-an study was recently 
completed. is uvd as an example (14). Figure 1 show, the -38 
NU'S rrcurdtng rain gages from which 731 statlon-yean of 
data were used in  NOAA-I. Only 3 statmns are marntained 
by the NWS todav (fig. 2). Data were 1imlte-J by being tab- 
ulated at the end of eaci clock-hour. On average. each page 
sampled 3 .1(U~uam miles. Tht rnformation shortage rs made 
worse by the rare omurcncc and spotty nature of heavy 
ramfall ccntetx in  an uid rtgron. Research in wuthsastem 
Arizona showcci, for 30 minute rains. that the highest pnrnt 
rainfall can be more than twice the average depth acrms an 
(#)-square-mik storm (IS). NOAA-Z was limited by ti grou 
spatral network. whicb m i d  m y  larger pant  value. 
Moreover. the average rrcord leriggh of less than X years 
produced unreliable estimates at each gage site. partrcularly 
for la-frequent ever& such as a SO-year slorm. 

Today. 10J recording g a p  are operated by aeencies 
throughout Arizona (fig. 3 and table 1 ). Snme of t h ~  data 
are digtized each time stonn intensity changes (break-point 
data). This is the type of information needed by desagnen. 
Future analvh should foeus, on  pmmssing data rn "break- 
puint" format. Longer hisforks and additronal sites add up 
to a b u t  3 . W  statiun-years of additional data in Anrona 
alone. The k)ngcr recurds uriil provwk more reliable ItlLycar 
point estimates. 

NWS has added. a rqhxd c*eightng-hucket &art rttn~rdrrs 
with. F a k r  & Porter punched paper-tape gages at 17 sites 
(indicated by c l d  circles in fig. 2). TaMe 1 shows that other 
agencies have increased the n u m k r  of m r d l n g  g a p  In 
Arizona markedly. Many are Ic~ated inareas that supplement 
the NWS network. wsh as the Mogolbn Rim (an cxtensrve 
topyraphic feature with rclatrvely high annual rainfall) and 
southeastern A r i m a  closer to the Gulf of M r ~ r c u  moisture 
source. Since some of the oldcr records were fairl) Ismg before 
they were tenninarcd. an Ariamr restudy c w l d  u x  ahwt 
a hundred reaxdin? rain gages (fig. 3). 

ANTICIPATED RESC1Zl3 OF NEW RAISFALL 
INTENSITI' SIUDIE!5 

I n  additron to p i d i n g  western *rates. a n t i c s .  a d  kxal 
p .mmenr apntics with updarcdanalyw; from an expanded 
database of short4uram rainfall mcawrements. the con- 
templated investigatron should !ktd id i t ronal  ttewgn t u ~ l s  
to those found in TP-MJ or NOAA-2. Research rn Anzona 
has rhuwn that fbod p a t s  and f k x d  hydrqraphs are heavtly 
rnfluencrd by the high-intensity ranfalls that last for thrrty 
minute oc kYr (12). With expanding uhnizaticm in the k e n  
southwest, these flasJ~ floods may become more frequent and 
severe. Expanding population means that more pecyrle wrll 
suffer the effects d mudtknrs and floods. Therefore. financial 
and wxietal benefits will mult from regimai st~dics of rainfall 
remfl-.d au topph in l l y  during thc last few J c c a b .  

Srmnd. the d d t m y  which m n t l y  exists k tween  the 
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two latest NWS IDF-atlases. TPJU and NOAA-2. can be 
resolved. Reference is made to the introduction m NOAA-2 
of complex ivlines (fig. 4). which suggest large difference 
in rarnfall intensit~es switching back and forth many t i m  

mn small distances. even wlthin r county. Application of 
t h e  contorted isolines requires cons~derable ttme. and 
enhances the opportunity for error in engnecring or hydro- 
hrc design. Paucitv of h~r t -dura t ion  data i n  the NOAA-2 
study, coupled w ~ t h  the apparently random spatial occurrence 
of thunder s t o m ,  kads observers of dKrt phenomena to  
question NOAA-2's high. short-rainfall muima on knw dcscrl 
mountaim. Some: engineers pefer  TP41.s smoothed u x r -  
fncndly maps (fig. 5). 

Third. statewide studies would d u e  the tendency for 
smalkr communitks to re-analyze update trcordso? one local 
gage. 

A fourth benefit of a unifKd auby is that i t  would provide 
an opportunity to consolidate the expert knowledge of sci- 
entists whov missions are other than highway desap (16). 
nKsc mearchers might offer vduabk advice and possibly 
solve some highway deugn problems. One component of the 
proposed projects would be to develop hydrologyhydnulic 
engrmring manuals from research results that might other- 
wise be only partially r e p o n d  in scientific icwrnals. 

A final benefit to highway engineers from the proposed 
mchch  is a digital database. allowing instant site-specific 

answers to be obtained from a personal computer. This would 
greatly reducr time and, errors in  executing drainage 
calcldatwmz. 

PRIME R-NCES AND COW- OF 
DESIGN RAINFALL 

A ricntrf ic review recrntly reponed 137 papers dealing with 
the anal)lrisdstcm rainfall and hydrometeomlogy (1.0. A h w t  
one-third of the references indudcd Arizona data. A similar 
proportion mnccrncd other parts of the at id. western Un~ted 
Stales. The non-and Untted States and overseas studie m- 
priscd a quarter of the docummts. and the remainder dealt 
m th  selected topics in  hydrometeor~v-primarily the 
interaction of rainfall with regional topography in  the inter- 
pretation of statistically anomalous results. This body of phys- 
ical scicntx can provide essential help in  drawng iwlincs among 
the sparse network of recording rain gages (17-19). 

State-ude. unified studies would also pi& new methuds 
for estimating intensities within design stonm situated over 
small watersheds. Sequences of rainfall Increriints w~thin a 
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I 
runoff-producing storm prcw~de necessary input for deter- 
mrnistic t~ydrograph mcdcb. Such sequences may be rued on 
ungaged urban or rural watenheds to predict flood volumes. 
f i d  peaks. and flood korecaQlng alguriti~ms. ;u mell as for 

i 
predicting scow or dqxmtnm via computerized warwent 

i transport models. A recently prdku l  n-;t~cm;rl dtrwpn stom1 
involved data from only five Arizona wtrs (20). The kip 
storm valucs were bawd on an averap of 30 raim per y e u  
at each site. The timc-cbstnbutkm of many w d !  eventc rep  
resents an entirely different universe firm the few flood-pro- 
ducing ctonns of interest to the highway h p e r .  New invcs- 
trgiations of flood-producing storms. bawd tm the large pooi 
of b e a k - p n t  data availabbe from Y~~CYM OPIICICS. arc ne&d 
in  the west. 

I t  scems appropriate to  take advantage cf t:u additional 
nutnber o f  rain gapes and their longer .ecurds. Staze-wide or 
rcgronal efforts to diptrte ttw many u n p r m u r d  ratnfatl 
recorder charts for I(& through f.'.Lminutc anci 2-. a. a d  fl 
hour annual maximum scrim h u l d  hegin. In Anrmra. the 
database has quadrupled since NOAA-2 was devek~ped. 
NOAA-? analysis was rcctmted largely to daily okna t l ons .  
supplemented bv clcrk-hour acmmulatiom at a few short- 
record stations in all western states. except Califomla. Tcdav. 
investlptions ~xnrld analyze much more short-duration data 
in the ten western states. 

I n  1%1 the Weather Bureau of the U.S. Department of Com- 
mem published Technical Paper No. 40 (7P-W). "Ra~nfall 
Frequency Atlas of the United State. for Durations from 30 
Minutes to 24 Hours and Return Periods from 1 to 1tJU Yean" 
(9 ) .  For its tune, this was a monumental effort. For the entire 
awrntry. tt uscd 2.081 stations that had clock-hour data. f i  
records were for the pcswd 1938 through 1957. mrne being 
kss than 5 years. The Aruona l u k t  comprised -38 stations. 
A natwnwide subset of ,W statiom was used to rnt~.iclatc 
rainfall intensikes for intervals as short as fo minutes h) e t a b  
lishtng average relationships to clock-hour amounts. Sixtv- 
miriurr amounts are distinguished t r i m  clock-hour amoun~r 
in that the former represent the maximum hO-minute depth 
regardless of when the continuous period occurred. A rcla- 
tionsbip was dci.elopcd between the I-hour depth and the a 
and ? & b u r  depthc for return-pnods from I- to IOli-yean. 

Mapping id led  on a larger network of 6.185 dad>- pages 
nationwib.. Max~mum annual rainfall data for s e l a c d  cfura- 
ti0.w~ at e x h  of these sites yleldej a series. Each of thew was 
thtn fitre.! hy nn extreme value (EV) prohahilit! di\tribut~on 
(21 ). Thereafter. z,-neralized relationship hetween the dally 
estimates afid t h t w  for durations of 20Lminutes. I-. 2-. 3-. 
6. 12-. and 2.l-hour estimates and I-. 2-. 5.. 10-. 3-. 3b.  and 
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FICCRE 3 Recwdiq b Ahom avdabk for a new 
r t d y .  

1fJlkvear frequencies were used to complete the atlas. The 
isolines were wnoothed through the national network of dally 
ram gages. 

Arizona was reprwnted  on the completed m a p  by about 
five yuam i n c h .  Fcr c m p k .  the I(lLyear I-hour (PI N)y I h) 
isolinc for 3. 2.5. 2. and 1.5 i n c h  &wed four wnuoth. 
continuous. concentric areas (see fig. 5). This early repon 
provided a useful. user-friendly deslp manual. In the prc- 
computer era. it extracted a high kvcl of information from a 
minlml history of churt-durath rainfall-~ntenslty mcfiure- 
mrtnts. The ta.anscth of stonn etimatcs a m  Arkma was 
sufticxntlv gradual that most countries were contained within 
a pair of i d i r m .  For example. the I-hour WJ-year return 
p n d  changes gradwlfy from Z inches on Mariccpa County's 

TABLE I RECORDING 
RAINGAGES 1% ARIZONA 
WIT)# ADEQUATE DATA 
FOR ANALYSIS I N  IW 

No. d 
As- 

NWS .W 
USFS 17 
ARS 26 
UOA I4 
Va- - Y 

T a d  I W  

western boundary to 3 i n c k s  at its eastern extremity. The 
isoline trends are north-south. with very gentle curvature. 

NOAA-2 had the advantage of mainframe wmputen and 
about ten yean of additional records in developtnp maps for 
eleven western states. In a similar manner to  TPSO. this study 
pronded some benefits to  each state from stations beyond its 
bordcn. The NOAA-2 study developed relationships between 
Zbhout maxima and the following factors: terrain slopc. a n n u l  
moisture. kration, and mughncss. nK quacions were a- 
to  a dense grid on topographic m a p .  This information was 
subsequently fitted by tight. ~wntcned isolines for every two- 
tenths of an inch. NOAA-2 presented a set of very detailed 
synthetic maps for sclccred return periods (2-year to 100.year) 
for both 6- and 2dhour durations. The maps of each state 
were about I I U  square inches in area. The effect of this high 
degree of preciseness on potential users can be appreciated 
by examining figure 4 for P100y6h. Hydrdogntt who endcaror 
t o  determine floods from NOAA-2 are confronted mrh aver- 
aging among the intricately scalloped isolines for P100,*6h or 
similar maps from the atlas. Nevertheleu. some of the overall 
trends that arc apparent dcspte the detail have been explained 
elsewhere on hydrometeorological grounds ( I ? ) .  For instance. 
the &crease in isohvetal rise in the northeast quarter of Ari- 



FIGURE 4 IYOM-2 mp for 100yeu Har rrrid.ll. t a b s  of ao W. 

rona on thk lee of the Mogollon Klm a a u s c d  by atmospheric section describing ideal storms. which arc defined as .'heavy 
moisture depiction. rains. exceeding 3 inches in 3 hours or  less. that are reasonably 

isdated from surrounding aim." It is very unlikely for such 
a local storm. much less its epicenter. to ormr  in a rain gage 

"Jclrar(cerdag of the sparse NWS mrwork gages. One of these storms pro- 
duced R inches within 45 minutes m a r  Fort Mohave. Arizona. 

Excellent descriptions ol the physical pmccse rcsponsiMe This HMR 50 (18) also discussed "cloud mergers.'. where 
for major storms were also given in Hydromcteurologml syncrprstic effects produce far greater rain than t k  sum of 
Report 49 (17). That report included 26 major pans of five the water from separate clouds that do not collide. These 
states. Of most importance to  the highway program is the complex mechanisms produce very heavy shortduration rain 
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which affects the evertxpanding road network. Thee vie  
lent. local. shortduration storm! produce floods in the h u g  
number of watenheds smaller than about 100 square miles 
(22). 

Future andyvs should consider hydroclimatological zones 
for which single values apply. Watersheds straddling a number 
of isolines can be simply handled ar, the deslgn point moves 
close to zonal boundaries. If the proposed Arizona analysis 
is able to solve these problems. other arid states will be able 
to plan their re-analw of short-duration rainfall ~ntensities 
more effectively. 

Studies are also needed that include the interduration vari- 
ation of rainfall amounts for different durations and frequen- 
cies and the reduction of point values to an area. Normally. 
hydrologic design involves the ~ r d e r  in which amounts for 
selected durations occur, in addition to the average depth of 
precipitation over a particular drainage area. 

The southeastern U.S. was fortunate to get a study (23) that 
meets such design needs. It suggests that the short-interval inttr- 
durational variability of rain s t o m  in the southwestern United 

States is critical. Several studies of within-storm rain at Walnut 
Gulch Watenhed in southeastern Arizona have been prepared 
by the ARS ( I S ) .  Data from additional mall networks in the 
west should be studied. 

CONCLUSIONS 

There is a tremendous amount of jhort-duration rainfall inten- 
sity data available today for western states compared with 
what was available for the NOAA-2 publication in the early 
1970s. Moreover, that study relied heavily on daily rain page 
data. Today, there is great need for estimating rainfall inten- 
sities for the lo-. 1 5 ,  and Bminute durations with which 
arid-region flood peaks and hydrographs are strongly corre- 
lated. Highway hydraulic engineers will be able :r crster the 
microcomputer era of hydrologic design only if the temporal 
and spatial propertics of storm rainfall ate described quan- 
titatively. I h e  technology to process and statistically analyze 
these data is available. It has k e n  estimated that a b u t  onc- 
third of a million dollars would be needed in order to perform 
such a task for Arizona in the next two years (14). Most other 
western states have less data and may require less funding. 

Some economics could be achieved by consolidating studic 



for several western states. It is time that this third of the 
country tiis an updated rainfall design atlas, such as has been 
available for the eastern United States for over  10 years (8. 
22). 
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Peak-Flow Data-Collection Methods for 
Streams in Arid Areas 

This p p r  &scribes metbods of determining peak streamflaws 
in prid areas, where unstable channels and enhemera1 flows 
characterize many streams. W h e t  these exist, gpeciai methods 
d obtaining peak flows are needed. Usually, flow is determined 
frwn a rcEOrded stage and a relational curve of stage and 
disrharge. In unstabk channek, it may be dimcult to obtain 
a peak stage because the flow may move horizontally away 
from the gage, or the sediment in the flow may bury the stage 
sensor. If the peak stage is measured, the llow may be diffiult 
to deiermine because of the unstable rating. As a result, the 
peak flow determination for nreams with unstable channels 
commonly has a high degree d uncertainty. A variety of tech- 
niques art used to reduce the uncertainty of peak-flow data. 
A variety of instruments that are used to measure a peak stage, 
streambed elevations, and velocities can improve data cdler- 
tion in some, but not all, streams. Attempts can be made to 
stabilize some channels in the area of measurement. Systems 
that alert field persoanel when stream flow is high allow time 
for site measurement of discbarge awl verificnlioa of stage 
mzrrsurements. Ephemeral streams create special problems in 
maintaining the equipment during tbe dry season so that i t  
will operate during periods of h w .  Also, human activities such - as bridge maintenance ia the dry channels can add to the 
instability of the channel. 

The purpose of this paper is to discuss methods used in deter- 
mining peak streamflow in arid areas and conditions unique 
to collecting peak streamflow data in these areas. Some com- 
mon characteristics of streams in arid areas are that many of 
them have unstable channels and that they frequently go dry. 
Gaging streams in arid areas with stable channels is in many 
ways no different than gaging those in humid areas. 

A usual method for determining the peak flow at a site is 
to develop a stage-discharge relation (as shown in fig. 1). 
determine stage of the peak, and. from the relation, determine 
the peak discharge (1. 2). In streams with unstable channels, 
the stage may be difficult t o  monitor, adequate discharge 
measurements may be difficult to obtain, and the stsge-dis- 
charge relation is unstable. The n~ncertainty of the peak flow 
is therefore often much greater for streams in arid areas than 
for streams in other areas. 

Beciiuw the method of determining the miire flow hydro- 
g a p h  is often similar to that of determining the peak flow. 
this paper will generally refer to methods of collecting flow 
data in streams with unstable channels. It is also noted that 
there is an increasing demand to define discharge for the 
zntire hydrograph. 

U.S. Geological Survey. WRD. Reston. Virginia 22092. 

CAGE-SITE CONSIDERATIONS 

The location of the gaging site will be restrained by where 
the.data are needed. This limits the stream reach that can be 
considered. Access and stream-channel characteristics are of 
primary concern within this reach. The gage site needs to  be 
accessit'e under most conditions so the gage can be main- 
tained, i ' rha rge  mtastirements made, and data can be obtained 
from the gage. Channel and control stability are highly desir- 
able features for a gaging station. There also needs to be a 
place nearby where discharge measurements can be made. If 
at all possible, the flow will be in a single narrow channel at 
all stages to provide for a sensitive rating. 

Bridges are frequently selected as gaging sites because of 
easy access and because the bridge can sometimes provide a 
stabilizing effect on the stream channel. Funhermore, a bridge 
can sometimes provide a place from which to make a discharge 
measurement and on which to mount the gage structure. 

On the other hand, bridges can, in places, create situations 
that are not hydraulically acceptable for a gage. Drift tends 
to collect on piers and the bridge may be at a large angle to 
!he flow, whi;h makes it difficult to take measurements. High 
velocity flow through bridges may accentuate scour in the 
measurement section. 

There may be regulations against mounting a gage structure 
on a bridge. and bridge traffic can make for measurement 
hazardous if traffic is heavy and (or) the bridge is narrow. 

Sometimes a gage is placed on or at a bridge. but. because 
of regulations that restrict work on the bridge, safety prob- 
lems, or problems with flow conditions at the bridge, h~gh- 
water discharge measurements are made from a boat or a 
nearby cableway. 

It is important that all flow past the gage be in a sin& 
channel. If it is in two or more channels, the stage record 
obtained in one of the channels may not be representative of 
the stage or discharge in the other channels. 

The flow should be tranquil past the gage, if at all possible. 
Fast, turbulent flow may result in pileup or drawdown at the 
sensor, and this can create problems in getting an accurate 
stage record. 

An ideal gage site is seldom found, especially in unstable 
channel streams. Cost may be an overriding factor in site 
selection, and compr~mises often must be made with many 
of the factors that make a gage site desirable. Commonly. 
there are no sites on a stream reach hr.ving all, or evcn most, 
of the desired characteristics; and the best site is selected with 
little regard for cost. 
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FIGURE 1 Base rating cuwe and a rating cuwe resulting from PggrPdation of 
the stream channel. 

STAGE MEASUREMENT 

Probably the most common method of monitoring stage is 
with a float and recorder in a stilling well (2. 3). The well 
may have openings directly to the stream. it may have intakes 
from a well set in the bank to the streamflow as shown in 
figure 2, o r  the bottom of the well may be open to the stream. 

Streams in arid areas commonly transport large sediment 
loads. Stilling wells that are directly open to the streem may 
quickly fill with silt and have to be cleaned frequently. Wells 

with intakes can have problems with the intakes becoming 
buried or filled with sediment. Stilling wells are usualiy con- 
structed with a sump or storage area below the lowest intake 
to hold the sediment that accumulates between cleanings. A 
trap may also be located in the intake system to collect the 
sediment before it gets into the well. Wells with the bottom 
open become plugged only if the channel fills with sediment 
around the gage. 

Well intakes may be cleaned out with a special flushing 
system attached directly to the intake pipes. At times, the 

FIGURE 2 Typical stilling well with intakes installation. 
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intakes and wells are both ckaned out by pumping water 
directly into the well until the pressure of the increasing 
hydraulic head forces the sediment out of the pipes. Some- 
times, the sediment in a well must be buck~ted out of the 
well. 

Another method of monitoring stage is to use a bubblinb 
gas system and a manometer (2. 3). The system bubbles gas 
through a lirle into the stream, as slrown in figure 3. while the 
manometer measures the back pressure resulting from the 
head of the water over the bubbler orifice. This system has 
some obvious advantages over the stilling-well system. There 
are no intake pipes or stilling well to fill with sediment. If the 
bubbler orifice becomes buried. it is a relatively easy matter 
to move the orifice. A related advantage is that the orifice 
can readily be relocated i f  the flow moves laterally across the 
channel. The use of the bubbler-manometer system is a com- 
mon method of measuring stage in streams with unstable 
channels. 

A system designed for storm sewen (4) is being investigated 
bv the U.S. Geological Survey for use in open channels, which. 
if accepted. will replace the manometer. This system uses a 
pressure transducer instead of a manometer to measure the 
back pressure from the stream. 

Crest-stage g a p s  (CSGs) are used to determine the peak 
stage or to confirm the peak stage obtained by the recording 
system (2 ,  3). This 1s especially recommended with bubble 
gages. The CSG usually consists of a 2-inch pipe with a stick 
ins~de fixed on a pin of known stage. Ground cork located in 
the bottom of the CSG floats as water enters the gage through 
holes in the bottom of the CSG. The cork adheres to the stick 
at the highest stag- and remains there as the water stage 
recedes. The CSG .i an economical way of obtaining a peak 

stage and has been used extensively on small streams through- 
out the United States. The use of a CSG by itself will provide 
data only on the highest stage reached by the stream. Fre- 
quently the hydrograph is desired, and for this a continuously 
record~ng system is needed. 

The Geological Survey uses an ultrasonic ranger at some 
sites that have large sediment loads. The ultrasonic ranger, 
shown in figure 4, is a device that sends an ultrasonic signal 
from a transmitter mounted on a bridge or other suitable 
structure to the water surface. The returning, or "bounced" 
signal. is monitored, and the time the signal travels is a meas- 
ure of the distance of the water surface below the sensor. 
There are a variety of similar commercial devices on the mar- 
ke:. The ultrasonic ranger is accurate to about 0.1 foct and 
cbn measure stages up to 35 feet below the sensor. When the 
sensor is at its maximum distance of 35 feet above the water 
surface, there must be a 13-foot diameter clear water-surface 
area under the sensor, as shown in figure 4. 

Tne ultrasonic ranger has the advantage of not having any 
equipment in the water; therefore, it cannot be filled with or 
buried by sediment. The device can be mounted on a bridge. 
it can be suspended from a cable, or it can be placed on a 
cantilever over the stream. On all but the cantilevered device, 
the sensor can be readily moved across the channel so that it 
is directly over the water surface if the ilow moves laterally. 

Another device similar to the ultrasonic ranger is being 
tested by the Geological Survey. The device uses millimeter 
waves, and its accuracy is about 0.01 foot-more accurate 
than the ranger. The cost is higher than the cost of the ranger 
unit. Insufficient testing has been done with this unit to deter- 
mine all its characteristics, but it appears to be promising. 

It is desirable to confirm the peak stage, where possible, 

Orifice 

FIGURE 3 Typical bubble-manometer gage installation. 



Cobb 

I I I 1 
. Ultrasonic 

R a w  ' \  I \ 
I .  T 

FIGURE 4 Ultrasonic ranger. 

t y  checking for outside high-water marks, such as drift lines, 
and determining the elevation of any observed marks. This 
provides confirmation that the equipment was operating p r o p  
erly during the high-flow event. 

Sometimes an observer is hired to read the gage or to pro- 
vide information on high flows so that a stream gager can go 
to the gage to make a measurement. Such observers can act 
as a deterrent to vandals and can also notify the person respon- 
sible for maintaining the gage if there is a malfunction of the 
equipment or if other problems with the gage are detected. 

Data-collection platforms (DCPs) can be useful in provid- 
ing a central office with near real-time data on the stage of a 
stream at a remote site. Many Geological Survey offices query 
the stage at all stations with DCPs in their area each morning 
to determine the stage and the operating condition of the 
gage. This prompts the field person to visit the gage when 
the stage data from the DCB indicates high stages at the 
stream site or that the stream is ricing. The DCP data also 
alerts the field person that a visit to the station may be needed 
for maintenance or repair. 

One problem occurs with gaglng some streams that have 
unstable channels when the flow mcves laterally in its channel. 
This is commocly a problem at low flows. but it can also be 
a problem at high flows on some streams. There are a variety 
of ways to handle this problem. One is to dig a trench from 
the flow to the gage intake or orifice: another is to locate 
several stilling wells ac-oss the stream chan11~1 to try to have 
one where the flow will be. Bubbler orifices can be readily 
moved to where the flow is. If the gage is an ultrasonic device 
mounted on a bridge, it can be moved easily to a point over 
the water. 

STREAMBED MEASUREMENTS 

The stage of the water surface of some streams may not be 
a good indicator of the flow in that stream because the streambed 
may be filling and scouring. Streams have been observed where 
the flow changed drasticallv while the water-surface stage 

remained fairly constant as a result of scour or degradation 
of the streambed. In these situations. unless the streambed 
elevation. or depth, can be monitored. there is little hope for 
relating flow to a stage observation alone. 

Two very similar devices to monitor streambed elevation 
have been developed. Both devices consist of pipes mounted 
vertically in the stream channel with the bottom of the pipe 
buried in th; channel. Both devices mount sensors at selected 
intervals throughout the length of the pipe. One device uses 
conductivity sensors. and the other uses a dev~cr  tiiai puts 
out a heat pulse that is then monitored to determine its die- 
off characteristics. Both devices assume that the sensor will 
detect different responses if !he sensor is in water rather than 
if it is buried in sediment. These devices are still being tested. 

A limitation to these devices is that they monitor the bed 
elevation onlv at the location of the monitor. They can also 
interfere with the flow, resulting in local scour around the 
sensor. On some streams. this may be representative of the 
entire streambed, but on others it may not be. One way to 
determine what is going on with the streambed in a more 
general way is to place several monitors across the channel. 
This can be expensive, however. and also can require con- 
siderable data storage. 

Various sounding devices using acoustic or ultrasonic sig- 
nals have been used to monitor streambeds. This is usually 
done only when a person is at the site to operate thy equip- 
ment. The ;;*her is not aware of any field sites where such 
equipment is ope~pted on a continuous basis without an oper- 
ator present. 

It has been suggested that an ultrasonic velocity meter. as 
shown in figure 5 ,  used t c  send a signal across a stream to 
measure watcr velocity also has a signal component that bounces 
off the streambed. This signal component could be mocitored 
to provide a measure of the streambed elevation. This meth- 
odology has not yet received m-~ch study. The method would 
monitor the bed elevation primarily near the center of the 
stream. 

Another factor that affects the stage for a given discharge 
is the bed regime of the channel (2). It has been suggested 
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that time-lapse photography of the stream surface could pro- 
vide clues fo what is happening to the stream-bed. Sand dunes 
on the bed create boil< in the water surface, whereas a plain 
bed will have a smooth water surface. Other bed features also 
provide their imprint on the water surface. 

DISCHARGE MEASUREMENTS 

Unstable channels present difficulties in making discharge 
measurements. The streambed can change significantly while 
a measurement is being made, adding uncertainty to the meas- 

. urement. Conventionally, velocity observations are made at 
0.2 and 0.8 depths and averaged or, for shallow depths, at 
the 0.6 depth to represent the average velocity in a vertical. 
This is based on the assumption that there is a normal vertical- 
velocity distribution. as shown in figure 6. The presence of 
sand dunes and holes in the streambed add uncertainty to 
assumptioils concerning the vertical-velocity distribution. 
Instead of making observations at the 0.6 depth or the 0.2 
and 0.8 depths. i t  may be necessary to make additional veloc- 
ity observations in the vertical section. 

Debris can also be a problem when making a measurement 
but. in general. it is no more a problem in a stream with an 
unstable channel than it is in other streams. In the case of 
either a fairly rapidly changing strambed or of heavy debris, 
the field person may use short-cut methods when making a 
discharge measurement. ?his involves reducing the times for 
velocity observations and using fewer sections for depth and 
velocity observation. In such cases. the measurement should 
be repeated using different verticals to measure depth and 
velocity. 

Unstable channels can vrewnt safety hazards for personnel 
making discharge measurements. If the measurement is made 
by wading, a scour hole can present a hazard. If a boat meas- 
urement is being made. turbulence from various bed forms 
can create hazardous navigation conditions. which. in turn. 
usually makes for poorer quality measurements. 

Some surface-velocity measuring devices have been devel- 
oped. The devices measure the velocity of the water surface. 
and a coefficient is applied to obtain a mean velocity in the 

vertical. One such device. an optical current meter. uses a 
system of rotating mirrors to fix on floating objects (2). The 
speed of rotation of the mirrors is adjusted so that the objects 
appear to stand still. The speed of rotation is proportional to 
the velocity of the floating object. Consideration is being given 
in the Geological Survey to the use of radar guns. similar to 
those used by law enforcement agencies to check the speed 
of cars. for use on floa:ing objects in the water. 

In some streams, dilution methods of flow measurement 
can be used effectively (5). In this method. a tracer is injected 
into the stream at a constant rate. and after it has mixed with 
the flow samples are taken at a downstream location. The 
flow is determined by measuring the dilution of the tracer. 
This method does not depend on knowing the channel shape 
or having smooth uniform flow. In fact, turbulence is desirable 
since it promotes mixing of the tracer in the total flow. This 
method has been used for making discharge measurements. 
but not much has been done with this method to continuously 
measure the flow of a stream. Fine sediment affecrs some 
tracers and reduces their effectiveness for discharge meas- 
urements. In addition, the amount of tracer required for con- 
tinuous measurement may be cost plohibitive for all but very 
small streams. It is likely the method of continuous measure- 
ment using tracers may be usable only on a few streams. 

Indirect measurements of peak flow arc often made when 
it is not possible to obtain a direct observation of flow at or 
near the flow peak '2, 6). The lack of a direct measurement 
may be the result of not being able to get t .. the site; or it  
may be that the flow is too turbulent or the physical facilities 
to make a measurement are not available. as when a bridge 
used for measuring has washed out. 

Making indirect measurements depends on knowing about 
the channel geometry. the hydraulic roughness of the channel 
and. in some cases, the water \ i l p 2  of the stream at the peak. 
Conventionally, high-water njsrks are found along a reach of 
strcam on both banks and wrueyed in for location and ele- 
vation. These marks are used to determine stage. water-sur- 
face slope, and for contracted-opening type measurements, 
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the hydraulic head drop through the coniraction. A series of 
C5Gs can be used to help obtain high-water marks in a stream 
reaci:. established in advance for indirect measurements. 

Un~t ib le  channels add uncertanty to ind~rect measure- 
ments. There is commonly .some question as to where the 
streambed was at the time of the peak. The n-value (roughness 
coefficient) for movable-bed streams is not accuratrly known. 
The bed forms at the time of the peak and the effect that 
they might have on the channel roughness coefficient are 
usually not known. Nevertheless. the peak-flow determina- 
tion may have to depend on an indirect measurement. In that 
situation. the user needs to be aware of the factors affecting 
the accuracy of the peak-flow determination. 

STAGE-DISCHARGE RELATION 

The stage-discharge relation may shift considerably in an 
unstable channel (1, 2. 7). Usually the channel shifts most at 

. 

high flows. but the impact of the shiited channel is most 
noticeable on the low-flow rating curve. as shown in figure 
1. The effect. however. can be substantial on the high-flow 
rating as well. In order to define these shift,. rrrrnv discharge 
measurements may be needed. If a number of peaks m u r  
between discharge measurements. the uncertainty of the flous 
between peaks may be greatly increased. 

At times, the shifting may be so great that there is no 
definable stage-discharge relation. When this occurs. the gage 
may need to be moved or the flow determined entirely from 
discrete discharge measurements. which require many meas- 
urements. 

-REAM CHANNEL AND CONTROL 
STABILIZATION 

In most streams with unstable channels. it is not pract~cal to 
install a laboratory weir or flume. One is usuall\ rontcnt to 
simply stabilize the channel or control scction affectrng the 
stage-discharge relationship. 

Usually. concrete controls are not used in unstable channels 
because there is a tendency for the underlying material to 
settle or move: this causes the control to crack and fail. There 
also is a tendency for the water to  undercut the downstream 
side of the structure and thus cause the structure to f a ~ i  unless 
deep cutoff walls are constructed. Gabions can be used suc- 
cessfully in some channels; however. they are not successful 
in channels where material underlying the streambed is unstable 
for tens of feet under the surface. Gabions should be placed 
so they do not create much of a fall of water over the gab~on 
or so that undercutting will not occur on the dow mtream side 
of the gabions; otherwise the gabions could sink into the 
resulting scour hole. Gabions. as weii as any oth'r material 
or structure. should be keyed well back into the stream bailks 
to prevent a washout around the ends of the gabic*ns. Thc 
lack of adequate keying into the stream bank is a cummon 
cause of failure of stabilization efforts. 

Sheet pling can be wed on some streams to help stabilize 
the channel. Again. the pilings should k keyed deeply into 
the banks to prevent washouts around the ends of the piling. 
Such sheet piling wein should be placed low in the channel 
with a minimum of fall in the water surface. and they should 
be designed for submergence at high flows. 

A dual-weir concept has been used at some installations 
using sheet piling o r  other material as the structural compo- 
nent. The idea is to use an upstream and a downstream weir 
with the downstream weir lower than the uptream welr. The 
flow over the upstream weir creates increased turbulence that 
keeps the space between the wetrs free from depsrted sed- 
iment. The water surface is measured between the wern wrth 
the downstream weir belng the rated weir. A prohiem wr:h 
this approach is that the dual wein behaw differently for 
different flows. For example. at low flows the spacing between 
weirs may be great enough for deposition of xdiment to take 
place and for the flow between weirs to be fairly calm. At 
higher flows. the water between the weirs mry be turbuknr: 
this keeps the sediment from depniting between the wars 
but makes it difficult to measure the stage betuecn the weirs. 
The spacing should be planned for the flows of greatest inter- 
est. The dual weir concept is aavptable for small to inter- 
mediate size streams. especially streams with stable material 
near the surface of the bed. 

When streams nerd to be gaged where the flow meanden 
back and forth across the channel. channel stabtlization mras- 
ures are to be avoided. Aslde from cost. there 1s rncreased 
probability of the stream washrng around the sides of the 
stabilization structure. 

Concrete weirs and f l u m e  can be placed ill wme unsthle 
channels (8). For all but bery small streams. the c a t  1s Lrlel) 
to be high and there will be increased backwater (Iniyeauu 
heads) upstream from the structure. 

EPHEMERAL SfREAMS 

Ephemeral streams can create special problems for obtalning 
flow information. During the dry season. channels near hndgi  
are sometimes worked in with tractors dolng bndge malntr- 
nance work, thereby changlng the stagedlrharge relation 
established at an earlier tlme. Insects and other \mall crea- 
tures tend to get into d n  wells. intakes. and orifiixs. plugp:ng 
them so they do not work when flows occur. I f  there 1s r 
distinct seasonal flow. as there is on the west ma\t of the 
United States. the station may be visited anc' mode ready to 
operate near the end of the dry season but before flow is 
expected. 

Ephemeral streams arc often flashy. that is. flow. quickl! 
peaks and recedes. This makes t h e n  difficult to get to durrng 
a flow event and may make it Cificult to obtain a diwhargr 
measurement. 

DATA C%CERTAIST!IS 

Peak-flow data for unstable streams in and areas may contain 
large uncertainties. The reawns for thrsr: uncertalntii include 
the following: 

1. The stagedischarge relation is unstable. 
2. A continuous stage record cannot be obtained hecauw- 

a. the flow moves away from the gage. 
b. the stilling well fills with silt. o r  
c. the intakes m orifice are covered with hilt. 

3. The flow at the g a p  is in multiple channels. 
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4, Scwr ocvs around brrdge piers and debris accumulates 
on bridge piers where discharge measurements are made. 

5. The vertd-velocity chstribut~on is not normal when a 
discharge mevurement is made because of sand dunes and 
scour holes in the measurement uctlon. 

6. Tht hvdrauk roughness a d  the vertical location of the 
streambed are not weU known, hindering indirect measure- 
ments. 

7. Multiple peaks o a v r  between discharge measurements. 
and the amount of change in the rating is not def~ncd during 
these penods. 

The following practices can be used to reduce these uncer- 
tainties: 

1. Select a site with a relatively stable channel. 
2. Stab!ize the channel in the vicin~ty of the gage where 

possible. 
3. Use a mncontact stage sensor urh as ;m ultrasonic ranger. 

where large sediment loads arc likely to fill a stilling well with 
silt or cover intakes and orifices. 

4. Avoid making discharge measurements in the vicinity of 
bridge picn when possible. 

5. Determine I: the vertical-wlmt); distribution is normal. 
and obtain additional measurements of velocity m the vertical 
if it is not. 

6. Continue to look for equipment that can mntinuously 
measure the bed elevation or depth of flow. 

7. Impa the gage and make dk-harpe measurements more 
frequently. 

In general, the determina!ion of flow in unstable chan- 
nels, which are commonly found in arid areas. is more 
expensive and the data contain more uncertainties than for 
stable channels. 

SUMMARY 

Streams in arid areas commonly have unstable channels. fre- 
quently arc ephemeral. and. when flowing, transport large 
sediment loads. 

A streamflow gage should br placed in the area of greatest 
channel stabtlity. This. poubly more than anything el*. will 
help to produce acceptable strenm.flow records. 

Sttiling wells and bubble gage-manometer systems are most 
commonly used for obtaining measurements of stream stage. 
The heavy sediment M transponed by many arid area streams 
can fill a stilling re11 with sediment o r  bury in take  and ori- 
fices. For this reason. gages that do not have to be ~n the 
water. such as the ultrasonic ranger. are sometimes used to 
measure stream stage. 

Commonly. stream discharge is &*.ermined from a stage- 

discharge relation. In streams with severely unstable channels. 
such a relation does not exist. In such situations. it may be 
more appropriate to relate discharge to the depth of flow. X 
measure of the depth of fluw, a n  be obtained by measuring 
ttie stage of the water surface and the stage of the streambed. 
Some work has been done to measure the st* of the streambed 
with a scour meter. It also has been proposed that the signal 
reflected from the streambed by an ultrasonic veloclty meter 
also may be used to monitor the stage of the streambed. 

Streambed s~bilization is sometimes possibk on small- and 
medium-size streams. Usually, because of the large sediment 
load transported through the stream system. it is not practtcal 
to totally stabilize the channel in the area to be gaged. A dual 
weir is uwful in providing a fairly stable stage-discharge rela- 
tion in some streams. 

Discharge measurements may be more complex on sand- 
channel streams with d u r n  and scour holes than on other 
streams. This is partly because the venical-velocity curve is 
k t  n o d .  and addttional veloaty obsen-dtions may be needed. 

Many and-area streams are ephemeral and arc flashy, nuk- 
ing it difficult to  obtain discharge mrasmments. Dry stream 
channels new bridges commonly are disturbed by mainte- 
nance crews; this alten s taged idurge  relattons. 

Many factors. such as shrfting stream channels and buried 
sensors. increase the uncertarnty in the measurement of stage 
and d i d u r g e  in streams in and aeas .  However. techniques 
and instruments such as the ultrasonic ranger and the r o u r  
meter have been developed to reduce these uncertainties. 
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Basic Characteristics for Regression 
Analysis in Arid Areas 

Planning and designing highway bridge and culverts require* 
knowledge of the magrut& and frequency of f lad ing  r*, that 
cconwn~cal and safe d e s i g ~ ~ ~  can bt obtained. At most h a -  
lions where drainage structures are contemplated. m~ gaging 
statwn records are availabk. Therefore. there is a need to 
develop techniqm for transfemng flood characteristics (such 
as the iOO-yearfloodpeak dlrharge)  fm gagng stations to 
ungagcd sites. A technique commonly used to estimate tkwd - - 

charactenstm IS mult~ple-regrewon analy\is. In this analysts. 
flood characteristm at unpaged sites are estimated by reps -  
SIOII q u a t i o m  that use basn and cllmatic charaaeristlcs as 
predictor variables. For arid areas in the southwestern L'nlted 
States. the standard erron of estimate of the r e p e w o n  q u a -  
tiom often exceed 60 percent and can be as high as l(1) per- 
cent. A p i s s ~ b k  way of improving this transfer technyue is 
to identify new bwn charactenstics that are signifwant in 
predicting flood characterist:a. 
The purpovr of this paper art: to (1) &scrihc basin char- 

acterisba presently being d. ( 2 )  document the need for 
new baun characteristm, (?) dernbe some n e r  basln char- 
actenstin that have been recently evaluated and show prom- 
ISC. and (4) suggest unnc new b a n  chariraenst~3 that might 
be useful for estimating fkmd characterutia. Seberal of the 
new bacin charactenstm h3vt been used In the more humid 
areas In the east. but they may have applicab~lit~ in the and 
west as well. Basin charactenst~cs. as h n k d  in tha paper. 
can be ( I  ) channel charactemticr. such as actiw h n e l  d h .  
hydraulic radius. and sinuosity ratio: (2)  t c ~ ~ l c ~ ~ a l  charac- 

teristics. such as stream-network magnitude. link-length dis- 
tribution parameters. and drainage dens~ty: (3) hydrograph 
characteristics. such as time-to-peak and basin lag tlme: and 
(4)  the more conventional basin characteristics. such as drarn- 
age area. channel slope. percent of forestation. and soil 
characteristics. 

PRESEMLY USED BASIN CHARACTERISTICS 

The U.S. Geological Survey has made extensive use of regre- 
sion equations based on basin and climatic charactenstics to 
ot lmatr  fkKwl characteristics. S i w -  1973, ever). G w l o p ~ a l  
Sumey District Office has published at least one report c ~ n  
estimating flood-peak discharge at ungapd ~ t e s .  A list of 
these reports by state is prosided in (1  ). The r e g r ~ o n  equa- 
tions in these reports are based on b n  and cl~matic char- 
acteristics that can be readily determined from topographic 
m a p  and climatic reports of the National Weather Service or 
state apnries. Tabk 1 summarizes the frequency of use of 
thcsl: basin and dimacic chacteristrcs In the statewdc r e p d  
flood-frequency analyszs. The data in table 1 are based on 
statewide reports that were published before December 31. 
iW. Drainage ama was uscd in regreskn equamlm in reports 
prepared for a11 50 states and Puerto Rico; it is usuall! the 
most Ygruficant variable in accounting f9r variability in fk*wt 
estimate. .Wain channel slope and some index of preapltation 
(such as annual preapltatron or  the 2-year :&hour preapl- 
tation) were variables used In regression q u a t w s  f ~ r  2-1 and 
33 states. respectively. Basin storage and forest cover are 
expreued as percentages of the total d ra inap  area covered 
wtth lakes. swamps and ponds (for basin storage). or forests. 
Mean basin elevation is a popular variable In the western 
states where flood characteristics for watersheds at higher 
elevations are much different from those at lower clevatlons. 
Main channel length is occasionally used in con~um7ion wlth 
drainage area to  d b e  basin shape. Normally. however. 
channel length is highly conelated with dramage area and 
docs not explain any additional variation in the flood char- 
actenstics. This partially rxpiains why channel length 1s uwd 
in only five states. Minimum Januae  temperature e wme- 
times used to help explain the d~fference in flood peaks caused 
predominantly by snowmelt and those caused by rainfall. Soil 
characteristics are not used v e e  frequently. possitri? becaux 
the infiltration values readily #msible for t h e  repclnal 
flood studre arc not well defined. Soil charactenstlcs ma! be 
a variable that warrants further evlluation in future studies 

U.S. C W m 1  Survev. Mad Stop 415. Nmi~mal Center. Reurn. in arid areas. There were a few other variables. such as basin 

V~rgnia 9 W .  shape ( b a ~ n  length yuared  divided by drainage area) and 



TABLE I SUMMARY OF BASIN AND CLIMATIC 
CHARACTERISTIC5 USED IN U.S.  GEOLCXiICAL SURVEY 
REGRESSION EOUATlONS 

* a c e  of S t a t -  

( inc lud ing P w r t o  Rlco) 

- -- 

J ra tnaw  area 

cunne1 slow 

h n u r !  ) r u l o l ? r t i O n  

b s ~ n  storage It: 

Nmn basin c l t v a t  Ion 

Prec(pita:ion i n tens i t y  

Forts: :over :t) 

u w n a l  sncwiall. that were used rn only one state each and 
are not shown ~n table 1. 

Many of the basin and climatnc characreristicr shown in  tahk 
I hate k e n  used frequently M a u w  of ihelr atailabillty. eau 
of ~umputatron. and no requtrernent for a site v~u t .  Future 
rewaroh and e%aluatron *hould be onentnf tow lrds identi- 
fying new predn-tor vanahla that mrght provide a more ac~u-  
rate estimatrng relation even though additional effort may be 
weded to determine their values. 

NEED FOR SEW BASIH CHARACTERISTIC3 

One useful aspect of using regressurn equations to estimate 
f l d  characteristnr IS that the accuracy of these equation* is 
easily determrncd. Accuracy as used in  tha paper is defined 
as the standard error of etimate of the regression analysis: 
it is the error to expect two-thirds of the time. Thn standard 
error i. a m e w r e  of the accuracy of the regressmn equations 
when compared to the paging station data used to d r v e l c ~  
the equatlom. I t  may or may not reflect the t w  prrdiclive 
accuraq of the repression equati.~m. 

Tahlc 2 summarizes the distribut~on of staldard errors of 
cnttmate for the .W and 100-year f l d  dirharges for the 50 
state and h e r t o  R m .  The tabie IS bawd on the maximum 
values for the different hydrologic repons within each state. 
and it shorn that all 3) states and Pucrto Rico have at least 
one hydrologic regtom where the standard error of estimate 
exceeds 30 percent. iiuwcver. there are some hydmlopc repom 
in Alabama. Gcorgsa. W i n s i n .  Pennsylvania. and Ohio 
where the standard error is leu than 3) percent. The data in  
table Z can hc u?nd to detenn~ne the number of states having 
standard errors in  a certain range. For example. 6 states have 
maximum standard errors in  the range of 20 tn JI) percent, 
and I2  states have maxlmum stardad r r r o n  in  the range 9) 
to HI percent. Keep in  m~nd. however. that the standard erron 
often vary considerably among hydrolegc regions *;?thin a 
p e n  state. and the distribution of standard erron i h w n  in  
table 2 is based on the maximum value for any h~dro logk  
region it1 that state. 

TRA NSPORTA TION RESEARCH RCt'ORD 1 3 1  

I t  is interestinp to Rote the geographical distributron of the 
standard errors. States where the maximum standard error 
exceeds 60 percent are shown in  figure 1. 'The states are pre- 
dominantky in the West with the exception of Minntsoca. 
Maryland. and flonda. Each of ihese three states has ow or 
more low-lying hydrologc region where basin storage. chan- 
nel storage. or non-contributing areas of the watershed are 
significant. The standard error tends to be higher in  the west- 
ern states due to the greater vrriabilitv in annual flood-peak 
data (omc-sampling errors) and the less &nse gapng station 
network (space-sampling errors). The problem is com- 
pounded by the fa&? the watershed and climatic rharasteristm 
are more variable in  the arid areas of the western states. In 
addition. the watershed and climatic characteristm ffrequencly 
u u d  (tabk I) do not sufficiently account for the vanation in 
flood characteristics among watersheds. These are wme of 
the reasons why the states wikh standard erron exceeding 60 
percent are mostly in the more arid West. I t  is possible that 
this lugh standard error could be reduced by using different 
basin charactenstics that explain more of the variation in  flood 
characteristia from site to site. I t  should be noted. however. 
that the standard errors for basins at higher elevations and 
the more humld areas in !he west tend to be 1- than 60 
pcrcmt. primarily because of the reduced variabtlity in the 
annual flood-peak data. Therefore the reader should not Infer 
from figure 1 that all hydrologic regrons within the shaded 
states have standard e n o n  exceeding percent. 

Uf-SCRIPTION OF SEW BASIS 
CHARACTERISTICIS 

I n  this sect~on. prtmning new basin charaaeristicj recently 
used by various analvsts and a few new basrn characleristi~r 
that mrght be useful for esttmating flood charmenstics are 
discussed. The discvuion of rhrsr basin characterist~a will 
be grouped into the following catep~ries: channel character- 
istics. elevation-oriented approach. topological charmeris- 
ticr. and hydrograph drarai?rrist~cs. Thee categorin are 
Cfined below. 

In  many arid or semiand areas. T-year flood chrhvges &mast 

(attenuate) as b a n  size increars. This is due. in psrt. to 

TABLE I DISTRIBUTION OF STANDARD ERRORS FOR 
ficL AHD 1II)-YEAR FLOODS ESTIMATED FROM U.S. 
GEOLWICAL SCKVEY REGRESSION EQUATIONS 

Standard e r e ?  

( i n  w r c w t )  

'Certarn * ya ro lq l :  repioms l a  Alabma. ko rp ta .  Ulsconsln. 

'mnsj: . r ? ~ r .  rne 3h?o had s'.Anaarl errors less toan I; %*:eat 



channel storage and channel knses. Since dramage area is 
usually the most important ~ndependent variablc . thrs expla~ns 
whv conventtonal basin charactenstics o h m  du not a&- 
quately explain the variation in flood chilraaeristm. As an 
alternative. many analysts (2. 3. 4)  have uscJ channel-gwm- 
etry c ~ ~ a c t e n s t i c s .  pnmariiy active channel width. t c  es t r -  
mate f l d  characteristm. Active channel w ~ t t h  is bnefly 
defined as the width of main cfiannel measured between the 
permanent vegetation on each bank. The a p p l l u t ~ m  and 
accuracy of the channel-geometry technique and a more cum- 
pkte  definition of the required channel cbaracterlstio are 
gven in (2.3. 4). T I C  method docs rqurrr: a feld viwt to  the 
unpaged site to  measure channel width. Regrrvron equatm~m 
based on active channel widr'. have been developd by the 
Cicololpcll Survey in eight western states and Ohm and are 
listed in (I). These nine u a t o  a b  have ~~n equations 
bawd on bv ln  and climatic characteristics. 

Channel stor%e often causes flood d i s c h a r p  to  h e a x  
in a dowmtream direction. In a recent study in wuthem Ari- 
m a  ( 5 ) .  attenuation adjustment facton were computed by 
dinding at-site T-year flood estimates by the regonrl regres- 
sion estimates. Thex adjustment facton were then multiplied 
by the regmnal rcprcssion atimatcrs when applied to ungagcd 
sltes w t h  srgnrficant channel storage. Another appraach n to 
&fine channel charactemtics that reflect thest storage char- 
actenstics and uw them ~n the r e p e s s h  analysis. One such 
study (6) in IW examined channt; wdth. channel ndtb 
& p h  ratio. channel C ~ O S S - W C ~ ~ ~  area. and channel cras- 

m i o n d l  area t rmo length of the I M I ~  chz~nc-1 as tdc t l c r*  of 
channel \torage. None of thew charactenstla w a s  found to 
be wgntficant rn estlmatrng f l d  drrhar-p.  @%en that dram- 
age arer and channel length were already included ~n the 
equation. However. these tnd~crs h u l d  be ree\aluated ~n 
future stud-. Another measure that IS closely related m d  
that m ~ g h  be useful as an tn&x of channel storage. a the 
m n  channel wdth relative to floodplrrn wtdth. Thts ralur: 
could br: measurea from topegrapbtc m a p  at several locations 
throughout the ba. in a d  averaged to ohtarn a single Index. 

In m d  a r e v  tn the west. fkxxh usually oawr tn dry stream 
channek. nK v~4umc and peak &charge of the n<ud n mluced 
by rnfiltrat~on tnto t h e  stream bed. stream banks. and pmsthl) 
the floodplrrn. The U.S. So11 Comenatmn S e n ~ c e  (7) has 
defined wats of estrmatlng these reducttom rn flood rolumcs 
and peak kscharges uvnp chararrenstm d the channel reach 
such as effectrve hydraul~c condua~nty .  a dcca-a!, faactr. arer- 
age 4 t h  and kngth of the reach. Pnwrdures are p e n  for 
estimatlnp the d u c t m  tn fkwl wlth and without u y q  o h r n e d  
mflow-oufluw data. A tabk a pr& for rrlatlng streambed 
matend characterutrcs to the abmr-menttoned channel char- 
a c t e m l a  so that the mctknl ts applrablc to  unpaged wtrs 
(1.e . no observed r n h - o u t f k w l  data). 

In a recent study tn Kentucky (8) .  marn channel s ~ n w t ?  
was f w n d  to be sign~fmnt fcu cstlmattng flood d tdarges .  
The marn channel vnuuscty was defined u the ratro of the 
m a n  channel k n n h  & \ - i d  by the h w n  kngth (strarght-ltne 
distance from outkt to hawn dtrrdc) lr~d IS another measure 
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of channel storage. In the Kentucky study. the main chanml 
sinwary was invervly r thted to f l d  discharges. 

In a r e a n t  study in Arkansas IW. hydraulr radtus or mean 
channel depth w a s  found to be a ugnifrcmt prediaor variable. 
It was assumed that the hvdrautic radius used rn conjumion 
wtth channel slope was a better index of velocity of the flood 
wave than channel slope alone. A m e t h d  for determming 
hydraulic radius without vlsltlng the ungagd sltr was p e n  
in the report ( 9 ) .  The standard errors of the regreuron were 
reJwed an arerage ot 9 perrynt when hydraultc radius 
was used rn conjunctron wrth conventional watershed 
c h a r m e r i s t ~ . ~ .  

Bank-full channel conlveyancc was found to be a siynrficant 
facior for nrrmatrng urban f l d  diwharges in tiwston. Texas 
fin). In this study. bank-full channel cun\eyance was defined 
as the ccnveyancv at a controllrnl( vrlrun downstream fmm 
the gage when the water-surface elevation was equal to that 
of the lower stream bank. The conveyam was computed 
using Manning's eqwtion. Although this variable was uscd 
for urban streams. it may dso be applicable to rural streams. 

In arid or x m h r i d  areas. f l t d  chsracTeristics tend to vary 
as a funcTron of e!evation of the watershed. In the eastern 
foothrlls of the Rocky .Mounta~ns in Colorado. the drainage 
arra below 8,IIl) feet was shown to be a better predictor of 
rainfail floods than the enttre dramage area (11 ). This b kcausc 
extreme rainfall events generally orrur at elevaticms below 
8.llll feet. Above 8.W) feet. preciptation generally occvn 
as snowfall. and unit runoff is not -as great. In the Colorado 
study (11). the standard error of the l(ll->ear rarnfall-related 
flood was reduced s~ynrficantly by using drainage area only 
below H.O(NJ feet rather than the entire drainage area of the 
watershed. 

In Neviuia. unit--arpt values (discharge p r  square 
mile) were determined for each of w e r a l  ekvation zcmes 
(12). The total T-year flood discharge for a gven watershed 
w;r. determined by the sum of the products of !he are;. of 
each elevation zone and its respective unit-fl<xxidischarge 
values. The unit values were adjusted by trial-andirrcr pro- 
cedures until a good agreement was reached with station data. 
This approach may be appltcable to other areas of the w t h -  
west and deserves funher evaluation. 

Topological characteristics are defined as those characteristics 
dexnbing the geometry or geomorphology of the channel 
ratwork and the basin. A recent report using data for small 
streams in Wyoming has indicated that stream-network map- 
nitude (number of first order streams) and link-length distri- 
bution parameters are uxful for estimating the shape of unit 
hydrographs (13). The link-length distribution p r a m c t e n  arc 
actually the scale and shape parameters of the two-parameter 
gamma distribution. This distribution is fitted to  the sample 
of internal link lengths, defined as the distance k w e e n  junc- 
tions (mnfluences) of streams of order of 2 and 3. 3 and 4, 
etc. The distribution d internal link kngths essentially dexrnhes 
the density of the stream channel netwc-*k. If ;hc stream- 

network magnitude and link-length distribution parameters 
are imponant in estimating unit hydrographs. tben they may 
have application in estimating flood discharges of a given 
return period. 

In a study in Kentucky. basin shape. defined as thc basin 
kngth squared dtvided by drainage area. was shorn to be a 
significant variable for estimating T-year flood dixharges ((I). 
In this case, basin kngth was measured as a straight-line dis- 
tance from the gage to the pan t  on the basin divide used to 
determine main chanml length. The shape of the basin is 
indicative of how fast the flood waters run off the basin. A 
long narrow basin tends to store water and attenuate flood 
peaks. On the other hand. runoff tends to be more rapid from 
arcular basrm since the travel time of the flood wave for the 
major tributaries tends to be more nearly equal. Occasionally, 
drainage area and main-channel kngth are used independ- 
ently in the regression equations and are. in effect. a measure 
of basin shape (9. 14). In these ins:ances, main-channel length 
has a negative exponent in the regression equation. 

Another variable closely related to the link-length distri- 
bution parameters is drainage density. Drainage density is 
defined as the total length of all streams per unit of area. I t  
a a measure of the development of the drainage system and 
should be an indicator of how fast the surface runoff omrrs. 
To the author's knowledge. no one has demonstrated that 
this variable is sign~ficant in predicting flood discharges. Tkis 
variable a affected by the scak of the maps u d .  the contour 
internal. and the extent to  whlih streamlines are mapped. As 
an alternative to measuring the blur strcarnlincs on the top 
ographic map. perhaps the stream length should be computed 
as the total distance upstream until the swale  disappear on 
the map. Now. that topographic cuverzge at a scale of I :?J.tKM 
is available nearly nationwide. thrs variable may prove to be 
significant in estimating T-year flood discharges. 

Hydrograph characteristics are computed from basin char- 
acteristia combined with streamflow data. In actuality. they 
are seeamflow characteristics. but in this paper they will be 
referred to as basin characteristics since they are indicative 
of basin responu. Time-to-peak. time of concentration. and 
basin lag timc are exampks of hydrograph characteristics. 
These characteristics integrate the effects of soils. basin slope 
and shape. channel storage. land cover. and stream network 
configuration. In a recent study in Wisconsin. the time-to- 
peak was shown to  decrease the standard error of prediction 
significantly over using the more conventional variables of 
drainage area and mean annual precipitation (IS). Of course 
the reduction in standard error would have to be significant 
to make it worthwhile t o  u,llect the streamflow data needed 
tocompute the time-to-peak. In Wisconsin. the standard e m r  
of prediction was reduced from about 35-38 p e m n t  to 23- 
32 percent. depending on the recurrence interval of the flood 
discharge. The analyst would have to make the decision as to 
whether the reduction in starrdard m r  warranted the cd- 
k a i o n  of limited streamflow data. 

Certain analysts have shown that basin lag timc (time from 
cmtroiL .A ra~nfall excess to centroid of runoff) is significant 
in es;imating flood discharges for urhan areas (16. 1: j. Tihis 
~mractenst ic  may also be useful in mtimating tlood disrharges 



for rural areas. As noted above. the reduction in standard 
error would have to be significant to warrant wlkcting the 
s t r e a d o w  and rainfall data d. 

The author's personal experience in using hydrograph char- 
actensacs to estimate h o d  dischvges in Illinas was that the 
reduction in standard error was not sufficient to  warrant cul- 
kcting the needed data. In the Illinois study (unpublished 
report). the linear storage routing wefficient was also uwd 
as a p r d c t o r  variable m additlon to time of concentratton. 
The linear storage coefficient is the slope of the receslon 
hydrograph. which is indicative of how fast the f l d  waters 
drain from storage owe inflow (preciptation excru)  to the 
watershed has ceased. The time of concrntration and t h e  
linear storage c o e f f h n t  were statistically wgn~fkant but they 
did not substantially reducc the standard error of estlmate 
determined by using wnvcntional basrn characteristics. It 1s 

the author's opnion that the use of these hydropaph char- 
acteristics needs further evaluation relative to the eststimatwn 
of T-year f l d  discharges. 

There are also possibk improvements in the conventional 
b u n  characteristics p e n  in fable 1 that are worth conud- 
e ~ g .  In a r m n t  study in Colorado. effective drainage area 
proved to be a more sign~ficant predictor vanabie than total 
drainage area (18). Effective drainage area was computed by 
sub t re ing  drainage areas upstream from all erosion-control 
or flood-retention structures in the b w n  from the total drain- 
age area. Since the U.S. Sotl Conservation Senice has con- 
structed these erosioncontrol andior flood-retention struc- 
tures in most arid bawns, the  use of effective drainage area 
should be applicable in areas wtstde of Colorado. These con- 
trol structures are generally mall .  uncontrolled reservoirs 
designed to retain about a 3-year  flood. This concept of 
effective drainage area is not intended for use In basins with 
large flmd-control reservoirs with controlled outflow. Effec- 
tive drainage area is most appiicable for smdl d r~ inage  arras, 
since this is where the majority of the craioncrutrol  and 
floobretention structures have been constructed. It may be 
necessary to  determine effective drainage area from field 
reconnaissance rather than maps if the reproducibility of com- 
puting thn variable proves to  he low. 

Sol1 characteristics have occasionally proven to be signifi- 
cant In estimating flood discharges (uc tabk 1). One possible 
reason that soils characteristics have not been u d  more a 
that the infil!ration values are not well defined. The infiltra- 
tlon values available in the Gcolqical Survey Streamflow and 
Basin Characteristics F ik  were provided to the Geological 
Survey by the U.S. Soil Conservation Service during a nation- 
wide surface-rater network analysis study in 1969-70. It is 
the author's opnion that thew infilrration values should be 
reviewed and possibly recomputed based on the latest soils 
m a p -  

Studies in Maryland and Delaware have indicated that the 
percentage of the basin in each of two (A and D) of the four 
hydrdopc soil groups (A. B. C. D) of the U.S. Sot1 Con- 
servation %Nice ic a significant predictor variable for T-year 
flood dixhargr, (19. 20). The use of thest soil characteristics 
greatly reduced the standard error of estimate in the Coastal 
Plain region of Maryland and Delaware, and these charac- 

teristics should be investigated in arid areas of the western 
United States. The percent of the basin having a certain soil 
type proved to be more significant than an average infiltrat~on 
valw for the entire bisin. 

SUMMARY AND CONCLUSION 

The standard errors of regression equations for estimating T- 
year f l d  discharges in arid areas are ofterl quite high. A 
possible solution is to  identify new basin characteristic5 that 
are ugruficant in explaining the variation in flood dlrharges 
from site to site. Several types of basin characteristics that 
have recently been evaluated were discuwd. The follow~ng 
baun characterisrw may be useful for estimating flood drs- 
charges in the arid Wrsc. 

Channel characteristics- 

1. Channel-geometry characteristics. primarily ar-rive chan- 
nel width. have been used by the Geolopcal Survey in eight 
western states and Ohio to provide reliable estimates of T- 
year flood dirharges. 

2. A study in the southwestern United States in 1W inves- 
tigated four id ices  of channel storage and did nor find any 
of them significant for estimating T-year flcxd discharges ( 6 ) .  
However. these characteristics should be reevaluated In future 
studies. 

3. A @Me new indicator ofchanlul storage s m a n  channel 
width relai~ve to floodplain width. 

4. Channel infiltration losses as defined by the U.S. Soil 
Conservation Srvicc may be useful in estimating T-year flood 
dixnarges ( 7 j. 

5 .  'Main channel sinuosity was found to be significant in 
estimating T-year floods in Kentucky and may have appli- 
cability in !he arid West (8). 

5. Hydraulic radius was found to be significant in Arkansas, 
where the inclusion of this characteristic reduced the standard 
error of estimate by an average of 9 percent for several recur- 
rence interval f l d s  (9 ) .  

7. Bank-full channel conveyance as used in an urban study 
in Houston should be investigated in studies of rural flood 
characteristics in arid areas (10). 

Elevation-oriented approach- 

1. The drainage area of basins helow 8 . 0  feet was shown 
to be more significant than total drainage area when esti- 
mating rainfall related flood discharges in Colorado (11). 

2. In Nevada. unit flood runoff per elevat~on zone was 
summed to obtain an cstimate of the total flood discharge 
(12). This approach may be applicable to other areas in the 
Southwest. 

Topological characteristics- 

I .  Stream-network magnitude and link-length distribution 
parameters were shown to be useful in Wyoming for esti- 
mating unit hydrographs (13) and may have applicability for 
atitimztinl; T-yew fbd disch?rges. 

2. Basin shape was found to be significant in Kentucky in 



estimating f l d  discharger (8) and may have appkabili ty in 
the arid West. 

3. Dranage density could be a useful characteristic for esti- 
mating T-year floods. 

Hydrograph characteristics- 

1. The  time-to-peak hydrograph characteristic reduced 
standard errors ot prrdicmon 6 to 12 percent in Wisonsin 
over usc: of conventional basin characteristics (13). 

2. f h i 9  lag time was shown to  be signtficant tn urban areas 
(16, 17) and mav have application to rural streams in arid 
a r e a  if streamflow and rarnfiiil data can be obtained in a cwst- 
effective manner. 

Conventional basin characteristics- 

1. Effective drainage area was shown to be significant in 
estimating T-year f l d  discharges for small streams in eastern 
Colorado (18) and may have applicat~ons in other ar ras  of 
the !Southwest. 

2. In studies in .Maryland and Delaware. the percent of the 
basin in a Oven hvdrologic wt l  proup proved t o  be a Inore 
significant vanahle than the average infiltration value for the 
entire basin (19. 20). Thts approach needs to be evaluated in 
the more arid areas in the West. 

The investigation and use of the basin characteristia dis- 
cussed in this report ntay lead to  development of improved 
regression models for streams in arid o r  semiarid areas of the 
United States. Understanding the phywral pmusses that c a w  
floods is necessary to develop improved predictive models. 
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Bridges Are Expensive-Bridge Failures 
Are More Expensive 

The Wure ol tLc New Yo& State Thruway Bridge over Sebo- 
h r i t  Cretl dcmoastrrA once 8@n t h t  bridec lailura are 
more cxpedvc than jus( (hc bridge i M ,  and ths( it would 
be pmkwt to asses the vulnenbiilty lo lbodf of dl existing 
brkigu o v a  .Ituvhl riven. All such kidga are v*&& to 
s o r m  dqrw a h  they have btcn built by design a by cngi- 
~ j ~ 1 f o r t b c m u i m u m r t o o d l o b c x p r r ( c d P a d  
t b c W O & ~ r ) . . r d h W ~ o a d i k t h s ( ~ ~ r O r n C h ( O  
behgduriagtbcLifcdtbebridgc-oodwi(hproprcvdutioa 
ddfrrtorr.TkrrwdLl~arcdcdtouukemclbt- 
&g vukmblc  bridge v i r t d v  iovulambk will proboMy yl 
m u r c t h 4 ~ 0 0 1 p ~ l b J C ~ w o u l d h . v t ~ a l U Y t l m c  
it w a  brill; but. ot*edt&ss. thtcod can probably bc judkd 
wbeo life and tiarb .ad a year or two d trrlllr delay are 
c!omkkd. Ihl wth* ha w u  hrCpard to 8 bridge (b.1 
b U a = y ~ d d m y b j u s ( a ~ t t r r o l ~ . . a d i t i s  
~ ~ ( a ~ ~ ~ ~ ~ l l t o w t ~ t k v ~ y d t k  
b r i d g e . L l w l r c r s n u o u t , u d ( h c f ~ d ~ d B b d d g e a a  
stlU k v u y d y .  

Bridges are expecsive. Therefore, one might ex- a prudent 
man (or organization) to build bridges w there will be only 
a minimal chance of failure during their anticipated useful 
life. More precisely, the added costs of building a more secure 
bridge should be balanced against the product of the total 
cost of a failure times the probability of that failure. The fact 
that none of the three factors is kmm with complete con- 
fidence is not a reason to do nothing; engineers should not 
shirk the responsibility of making an explicit. judicious assess- 
ment of the risk to be taken. The world is a dangerous place 
and man's knowledge is limited: therefore. some risk must 
be taken. However, bridge failures are more expnsive than 
the bridge itself. as evidenced by the tots1 cost 1 4  the failure 
of the New York Thruway Bridge over Schohanc Creek. The 
small risks of unusual events should be ascsscd and the cost 
of building to stand, even if an unusual event occurs. should 
be thc.,&i oi as an insurance policy. 

THE PROBLEM 

Bridges can fail in any of several ways: 

1. The live loads impxed on a bridge-legally or ille- 
gally-can be much greater than anticipated in the design. 

2. The materials of which tke bridge is made can deteri- 
orate so their strength is reduced. 

Department of Civd Engineering and Engineering Mechanics. Uni- 
vcnity of Arkma. Tucson. Arizona 85721. 

3. An eanhquake greater than considered in the design can 
occur. 

4. The earth on which the bridge is built can sink or slide. 
5. If the bridge crosses a stream and is not founded on 

bedrock. the stream bed around the piers and abutments can 
be scoured out. destroying the ability of the foundations to 
support the bridge. 

The first of these reasons for failure can only be reduced 
by the education of legislators and the enforcemtnt of laws. 
The second. and possibly the fourth. hopefully should be 
noticeable during the bridge inspections that have been con- 
ducted regularly since the tragic failure of the Silver Bridge 
over the Ohlo River. The third and the fouith can 'be the 
subject of re-analysis when and if additional information on 
earthquakes or landslides become available. Few bridges fail 
for these first fc;r reasons. and those that do are usually old 
and are likely to be obviously vulnerable. 

It is the fifth reason for bridge failures-floods-that a at 
issue here. More bridges fail in floods than in any other way, 
and their vulnerability is not apparent in routine inspections. 
The vulnerability of a bridge to floods can only be assessed 
by (1) determining the magnituda of the floods that could 
occur, (2) imagining the changes that might occur in the chaa- 
nel reach sometime in the future. (3) delineating the flow 
pattern through the bridge. and (4) estimating the scour and 
lateral forces that could result in the failure of the bridge. In 
the case of a new bridge. there is little doubt that the bridge 
should be built so it will nor fail. aithough the best way to 
build the bridge may not be clear. In the case of an old bridge, 
a greater risk might have to be accepted because of the limited 
further useful life of the bridge and because of the difficulty 
and cost of making the old bridge secure. 

THE DESIGN FLOOD 

One thing that is clear is that the 100-year flood rule for design 
is simply not good enough. The 25 (or 50) year nominal life 
of a new bridge means that there is a 25 percent (or 50 percent) 
chance the bridge will fail in a flood of greater magnitude 
than the 100-year flood. Making the bridge invulnerable to 
the maximum flood that can be expected will not increase the 
cost by 25 percent or 50 percent. The lesser useful life of the 
old bridge may result in the 100-year flood being the flood to 
be resisted-if the value of the bridge is the only loss con- 
sidered. But if life and limb and a year of traffic delay are 
included in the losses considered. remedial work to enable 
the bridge to resist a rarer flood can probably be justified. 
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It should be noted here that the fiist and most unreaktic 
guess would be the infinite flood as posited by almost all 
mathematical expressions used in hydrologic flocd-frequency 
analysis. A bridge cannot be designed to withstand an infinite 
flood. However, there can a1ways.k a question whether or 
not some large. but finite, flood could be exceeded. The best 
evidence of realistic maximum floods that can be expected. 
but probably will not be exceeded, is being obtained by the 
geomorphobgists who have been studying paleofloods. 

INSURING THE INVESTMENT M BRIDGES 

The total investment in bridges in any state is a truly large 
sum. Some of these are not over waterways, and some of 
those over waterways are not by any stretch of the imagination 
vulnerable to floods. But bridges over alluvial streams which 
are founded on the alluvium are vulnerable to some unknown 
degree. It would be prudent to assess their vulnerability. and 
it would be wise to decrease that vulnerability if possible and 
justifiable. 

Can one be absolutely certain that a bridge has been made 
invulnerable to floods? Not if mere best guesses are made as 
to the maximum expected flood flow, the future character of 
the river channel, the hydrauh ol the flow. the amount of 
debris, and the predicted scour. Only if unrealistic guesses 
are made of all these factors could one feel absolutely certain 
that the bridge has been made invulnerable. That certainty. 
however. would have been achieved at a cost that may be 
unreasonable. It should be possible to compare the cost asso- 
ciated with the best guesses and the cost associated with the 
unrealistic guesses. And then consider whether there is some- 
thing better to do with the extra money-say, some other 

4. Additions to the present foundation (such as a sheet pile 
ring). 

5. A new foundation. 
6. A low dam or drop structure downstream of the bridge 

to raise the stream bed under the bridge. 
7. Adding spans to the bridge. 

These solutions are listed roughly in order of cost, and it 
is readily apparent that the last solutions can cost as much as 
the bridge is worth. Therefore, it is also obvious that the first 
solutions would be preferred if spur dikes or other remedial 
work would stay during a big flood and would function prop- 
erly. However, enough is known now to go ahead with assess- 
ments and remedial work-there will always be a need to 
know more. 

OTHER FLOOD PROBLEMS OF HIGHWAYS 

It should be noted that the discussion here has referred only 
to the bridge, not to approach embankments or roads parallel 
to the nver, or culverts. These are separate problems-sim- 
ilar, but different. They should also be investigated, but the 
urgency for remedial measures is less for one simple reason. 
Bridges, when they fail in a flood, are likely to fail quite 
suddenly with tittle or no advance notice because the scour 
hole cannot be seen through the muddy flood waters. Approach 
embankments, parallel roads, and culverts should usually give 
evidence of impending failure-if someone will only look. 
Therefore, since everything cannot be done at once, th; prior- 
ity should be given to the bridge problem, and when that is 
in hand, attention can also be given to the other parts of the 
transportation system which may be vulnerable to floods. 

safety measures in the transportation system that would save 
lives. 

A PROGRAM TO ASSESS THE VULNERABILITY 
OF BRIDGES TO FLOODS 

NEW BRIDGES 

For new bridges the best solution will usually be to deepen 
the foundations to accommodate the scour predicted in the 
worst case because it isonly the extra length of pile or caisson. 
or deeper spread footing, that results in added costs-the 
construction plant is in place. However, this is not to imply 
that alternative (and innovative) designs need not be consid- 
ered; there will be opportunities to save by optimizing the 
foundation (and perhaps bridge) design. 

OLD BRIDGES 

For old bridges. a numbe; of solutions are possible. including: 

1. Riprap at the level of the bottom of the deepest (future) 
scour hole for which the present foundation is adequate. 

2. Spur dikes to move the scour hole away from vulnerable 
abutments. 

3. Channel improvements to improve the hydraulics of the 
bridge opening. 

A program to assess the vulnerability of bridges to floods 
needs to address several issues more or less simultaneously- 
some of which may have been studied by someone in the past: 

1. Development of one or more flood magnitude-fre- 
quency-watershed area relations with special emphasis on the 
maximum expected flood magnitudes. 

2. Accumulation of evidence of changes in channels in regard 
to plan form and aggradation and degradation. 

3. P tentative. quick examination of the bridges over allu- 
vial riven to separate them into (a) those hopefully not vul- 
nerable to floods. (b) those probably vulnerable to floods, 
and (c) those that may or may not vulnerable to floods. 

4. A careful examination, first. of the bridges probably 
vulnerable to floods and the recommendation of measures 
that should be taken to make them less vulnerable (or invul- 
nersble) to floods; eventually, all bndges should be checked. 

5. Adding to the routine bridge inspection program. obser- 
vations and standard ptrotographs of the channel character- 
istics upstream. through. and downstream of the bridge. 

Once the bridges have been assessed, it should not be nec- 
essary to repeat !he assessments unless (a) new evidence of 



flood magnitudes are obtained, (b) new evidence of possible The assessment program would be expensive; remedial 
channel changes are obtained, (c) improved methods of pre- measures would cost more. However, the losses which would 
dicting the hydraulics of flow or the expected scour become not occur should result in an overall savings to the transpor- 
available, or (d) the routine bridge inspcciions provide evi- tation system in the long run. In addition, the traveling public 
dence of channel changc~ not already considered. and the responsible officials would have peace of mind. 
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Prediction Methods for Local Scour at 
Intermediate Bridge Piers 

The ability to establish foundation ekvations for intermediate 
bridge piem that will provide a reasonable degree of assurance 
that the pier will not be undermined by the flowing stream 
and to rate existing intermediate bridge pier foundations rel- 
ative to their risk of being undermined has become a matter 
of national concern. This paper will document the results of a 
study that presents and recommends formulae that can be used 
to paedict the anticipated depth of local scour in both uniform- 
partic!e, cohesionless streambeds, and graded, armored 
s t r e a m h a .  The study incorporated both a literature search 
and a fwld verification of the results of tbe literature search. 
The Laursen and Toch formula will be recommended to predict 
anticipated local w u r  depths at intermediate bridge piers in 
uniform-particle, cohesionless streambeds, and the University 
of Au!!land formula will be recommended for consideration 
for graded, armored streambeds. This document will show that 
these xour  prediction formulae, in conjunction with other 
engineering data. can be a valuable tod to aid the engineer in 
economidly and safely establishing an intermediate bridge 
pier foundation elevstion, or rating the safety of an existing 
foundation. 

-- - 

For over 100 years, engineers have noted that the intrusion 
of intermediate bridge piers into a flowing stream causes eddy 
currents, which in turn may scour and undermine the bridge 
foundation. Researchers have propcsed over 35 different fcr- 
mulae for local scour prediction since 1949. Almost all of this 
research has focused on streamhed materials that are unifoim 
in size and cohesionless: however. many streams in Wash- 
ington and other states have beds of graded material with 
sane degree of armoring. 

An extensive literature search that uncovered over 50 pub- 
lications dealing with the prediction o f  local scour at inter- 
mediate bridge piers and an investigation rlf 28 bridge sites 
in Washington indicate that the uw of prediction formulae 
based on uniform-particie. cohesionless streambeds for esti- 
mating scour in graded, armored streams may produce exces- 
sive scour depths. Under certain circumstances. though, 
armored beds may exhibit scour greater than that found in 
uniform-particle. cohesionless beds. 

Scour was predicted and compared for six bridge sites in 
the state of Washington using four methods of scour predic- 
tion formula for uniform-particle, cohesionless streambeds. 
and one method for graded. armored streams. The method 
for graded, armored streams indicated anticipated scour depths 

of about one quarter that of the uniform-particle methods. 
All these structures had experienced meaningful floods. In- 
depth investigations of these foundations indicated no signif- 
icant scour problems. 

This paper presents and suggests consideration of a pro- 
cedure develop4 by Raudkivi and Ettema at the Univenity 
of Aukland. with a safety factor suggested by the authors, for 
estimating local scour at intermediate bridge pien in graded, 
armored streams. The formula developed by Launen and 
Toch is recommended for streams with uniform-particle. 
cohesionleu beds. Caution. and the application of engineer- 
ing judgment, is suggested in the evaluation of the results of 
either method. More research is required to further confirm 
or deny the validity of these formulae. 

BACKGROUND 

The Washington State  Department of Transportation 
(WSDOT) has traditionally protected both its bridge approach 
abutments and interrnediate bridge PI, rs against erosion with 
riprap. Riprap has been placed on the end abutments as shown 
in Figure 1. and over the intermediate piers as shown in Fig- 
ure 2. 

At least 20 percent and not more than 90 percent of stones 
weighing 300 pounds to 1 ton. at least 80 percent of stones 
weighing SO pounds to 1 ton. and at least 10 percent and not 
more than 20 percent of stones weighing 50 pounds or less 
are the riprap for both bridge abutments and intermediate 
piers. Periodic observations by inspection crews indicate that 
this type of protection has performed adequately on structures 
expriencing flows as large as the SO-year mean recurrence 
interval. This apparent adequate performance applies to both 
end abutments and intermediate bridge piers. 

WSDOT has long recognized that the thalweg of the stream 
can meander across the floodplain; thus, the tops of all foun- 
dations in the floodplain were set a minimum of 2 feet below 
the thalweg. This. with the use of riprap for all erosion. appean 
to have provided adequate countermeasures for general. con- 
striction, and local scour for structures that have experienced 
flows as large as the 50-year mean recurrence interval. A 
quantitative estimate of each type of scour has not been 
required. This observation, however. is not intended to sug- 
gest or recommend continuation of this oractice. 

In the early 1970s. environmental requirements precluded 
H. D .  Copp. Department of Civil and Environmental Engineering. WSDOT'~ practical use of riprap at intermediate bridge pien. 
Washington State University. Pullman, Wash. 99164-3)Ol. J .  P. john- 
son, yonhwmt Hydraulic Consultanrr. [nc,. '9),7 7,hh Avenue South. excavate for the riprap. were needed to prevent 
Kent. Wash. OX032. J. L. Mclntnsh. Washinelon State Droanment the accommodation of silt and the resulting adverse effect on - 
of Transportation. Olympia. Wash. 98504. fish. Kiprap could still be used to protect the bridge abut- 
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FIGURE 1 Riprap at end abutments. 

ments, as the needed excavation normally could be done in 
the dry. WSDOT then searched for another wav to protect 
the intermediate bridge foundations from undermining. 

WSDOT realized that the practical solution was to set the 
foundations of the intermediate bridge piers at an elevation 
that would not be undermined. General and constriction scour 
at most Washington sites were ~ubjectively considered neg- 
ligible. WSDOTdetermined that the key toadequately setting 
the foundation to prevent undermining centered on the 
knowledge of the meandering thalweg and the ability to pre- 
dict scour. Foundation elevations could then be established 
to offer a reasonable assurance that the pier would not be 
undermined by scour. 

Intermediate bridge pier foundations are very costly. As - 

the foundation is lowered to mitigate against scour, the head 
on the bttom of the cofferdam seal is increased. This increased 
head requires a thicker seal. which increases the amount of 
excavation. sheet piling, and concrete required for the foun- 
dation. WSDOT recognized that while overly conservative 
methods of scour prediction should be avoided. loss of the 
structure because of an inadequate pier foundation is even 
more costly. 

SCOUR PREDICTION RESEARCH 

Highway agencies are concerned with the loss of any bridge 
attributed to undermining of a pier foundation by local scour 

FIGURE 2 Riprap at intenndiate bridge piers. 
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and will sponsor research leading to a more precise ability to 
predict the depth of anticipated local scour at intermediate 
bridge piers. For example, considerable bridge losses in Iowa 
in 1947 resulted in the intensive study by Laursen and Toch 
(4). This was the forerunner of many modern research proj- 
ects that addressed the issue of predicting local scour depth 
an intermediate bridge pien in uniform-particle, cohesionless 
$oil. 

Hopkins er al. (3) stared: 

Over the past century many investigators have attempted to 
develop a simple scour prediction formula. . . . It appears that 
a set of variables were arbitrarily xlected and data collected 
over a Lim~trd range to determ~ne therr rclat~onship to scour 
depth. . . . This approach has left us wlth a large number of 
sometimes conflicting formulas to predicr scour. 

Hopkins's statement suggests r reason for the many scour 
prediction formulae uncovered in the literature and the diverse 
scour depths that they produce. 

WSDOT engineen recognized that the majority of the scour 
research had produced formulae that predicted anticipated 
local scour at intermediate bridge piers for uniform-particle. 
cohesionless streambeds. WSDOT also realized that most of 
.the Washington bridge sites consisted of graded, armored 
material. In most situations, graded, armored material resists 
erosion much better than uniform-particle. cohesionless soil. 
Recent work by Raudkivi and Ettema (6) indicates that under 
certain conditions this may not be true. Further research is 
needed to better describe and quantify this issue. A reliable 
equation to predict local scour based on graded. armored 
streams could produce significant cost savings while main- 
taining a reasonable degree of confidence. 

SCOUR PREDICTION IN GRADED, ARMORED 
STREAMS 

WSDOT, in cooperation with the Federal Highway Admin- 
istration (FHWA), issued a request for a prospectus for a 
research program dealing with determining the estimated scour 
depth for intermediate bridge pien in graded. armored streams. 
Different prediction methodology is required for local scour 
at end abutments, local scour at intermediate plers, general 
scour, and constriction scour. Recognizing a need for the 
ability to predict all these types of scour, it was arbitrarily 
decided that to narrow the scope of research, only local scour 
at intermediate piers would be investigated. This decision 
resulted in a r~search project award to Washington State Uni- 
versity (WSU) in 1986. The principal investigator was Howard 
D. Copp, who was assisted by Jeffrey Johnson. Their work 
culminated in the report Riverbed Scour at Bridge Piers (2) .  

The study had a single objective. WSDOT was using the 
Laursen Toch formula to esttmate the depth of local scour at 
intermediate bridge pien under all streambed conditions. WSU 
was to determine, within the specified limitations. the most 
appropriate methods for predicting local scour depth at inter- 
mediate bridge piers for both uniform-particle, cohesionless 
and graded, armored streambeds. 

The study team was to concentrate on keeping recom- 
mended methods practical. Methods of scour prediction that 
required extensive colleaion of data or observations of stream 
characteristics over a period of time were not to be consid- 

ered. Absolute and rigorous research methods were to be 
subordinated to practicality. Known methods of scour pre- 
diction were to be uncovered by a literature search, and these 
nlethads were to be compared and evaluated. Comparisons 
of known methods of scour prediction with a field investi- 
gation were included in the scope of the research. Field inves- 
tigations, made after a flood, cannot be relied on to show the 
maximum scour occurring during the flood peak. Combined 
with historical records of flood flows. they do give a general 
indication of the present condition of the foundation. i.e.. 
whether it is safe or unsafe. 

LITERATURE SEARCH 

The literature search revealed 38 formulae developed to pre- 
dict the anticipated depth of local scour at intermediate bridge 
piers. Some were based on laboratory experiments. others 
were developed through field investigations. and some involved 
both laboratory and field work. All but one pertained to 

uniform-particle, cohesionless streambeds. 
Only the scour prediction formula based on research con- 

ducted by Raudkivi and Ettema (5) at the University of Auk- 
land incorporates a parameter that recognizes a nonuniform 
or graded streambed material. It will be referred to as the 
UAK formula. 

The UAK formula includes a gecmetric standard deviation 
of size distribution. All other parameters being equal, this 
one difference predicts an estimated scour depthsignificantly 
less than any of the other 37 equations that were developed 
for uniform-particle, cohesionless beds. 

A complete listing of these expressions is contained in Riv- 
erbed Scour at Bridge Piers. 

COMPARISON OF SCOUR PREDlCTION 
METHODS 

To compare the many different scour prediction formulae. 
they first must be rearranged so that the variables are iden- 
tified and classified in a common manner. The many param- 
eters that influence scour around intermediate bridge piers 
have been arranged by Breussers ( I .  p. 276) into the following 
four groups: 

1. Stream fluid variables 
a. Density of fluid. p 
b. Viscosity of fluid, v 

2. Stream flow variables 
a. Depth of flow. y, 
b. Velocity of the flow approaching the pier. U 
c. Magnitude of stream discharge, Q 

3. Streambed materials 
a. Grain size distribution 
b. Grain diameter 
c. Sediment density, P, 
d. Cohesive properties 

4. Pier size and shape 
a. Pier dimensions 
b. Pier shape in plan view 
c. Surface roughness 
d. Number and spacing of piers 
e. Orientation of piers to approach flow direction 
f.  Pier protection (fenders, for example) 
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In attempting to make this comparison. it was found that 
because of the complexities and attendant costs of measuring. 
analyzing. and evaluating all of the above-menttoned varla- 
bles. many investigators deliberately 

1. assumed that the differences between the laboratory and 
field values for density, viscosity. and the acceleration due to 
gravity can be neglected; 

2. restricted !he study to steady. uniform flow fields uncon- 
stricted by bridge approach fills; 

3. considered only alluvtal, noncohesive. uniform particle- 
sized bed materials; or 

4. considered only perfectly smooth. single piers that are 
perfectly aligned wtth the approach flow and do not have scour 
protection systrzs. such as riprap. 

These assumptions and restrictions reduce a long list of 
variables that affect scour depth to the follosing etght: 

1. Ruid density 
2. Kinematic viscosity of fluid 
3. Gravitational acceleration constant 
4. Sediment grain size diameter 
5. Bed sediment density 
6. Approach flow depth 
7. Mean approach flow velocity 
8. Pler width 

Many researchers have compared these different categor- 
ical arrangements and have determtned that under certain 
conditions several equations would give comparable results. 
Several of the prediction equations give comparable results 
and reasonable estimates of scour; however. they are not 
necessarily valid. This was the conclusion of Raudkivi and 

Sutherland (7) after they had compared 17 prediction equa- 
tions to actual scour depths measured at four New Zealand 
bridge rites. A field investigation. whtle it cannot ahsoluteiv 
verify the validity of a scour prediction equation. can certatnly 
nullify it. 

FIELD STUDY 

rwentv-eight bridge sites on state highway routes in Wash- 
ington State were investigated for evidence and magnitude of 
scour at intermediate bridge piers. The exposed streamkd 
and bank materials at most of these locattons were nonunl- 
form in size (graded), and consisted of fines to large gravel. 
and. in some locations. small to medium boulders. Sign~ficant 
armoring was observed in most caus. 

It was recognized that the field measurements would not 
indicate the maximum scour that had occurred but rather that 
they wou!d show the general condition that exists. These 
measurements were not intended to be a verification o f  any 
given equation. 

Table 1 lists the six sites. gives the date of construction. 
shows the magnitude of the flood of record. compares the 
different prediction methods. and pves a general indica- 
tion of the condition of the foundation with the held 
measurements. 

The field procedure at each of the six sites consisted of 

1. documenting the channel geometry. including the iden- 
tification of the channel pattern and measuring the bridge 
waterway cross-sectional Jimenslons: 

2. evaluating the type and characteristtcx of the streambed 
bank and bed materials. and 

3. measuring the apparent depth of local scour at r-.trious 

TABLE 1 SUMMARY OF SCOUR DEPTHS A l -  SIX WAStiINtiTON STATE BRIDGE SITES 

Study Site 

bidg. sit. 
Equath 

5 / 2 W  507/102 ?7/128 90/82S 12/706 12/725 
Nordun Skookumchuck Ntsqudly 5. Fk. Snoq. Touchet Tucannon 

(1) (2) (3) (4) (5 )  (6) 

Y e a  B a t  I952 1971 1917 1975 1366 1967 

Flood of Rocord 50 Y m  UZI 10 YM LRI 5C Yoor YRI 15 Yoor UR1 35 Year UR1 7 YM MRI 

C.S.U. 19.6 5.5 24.9' 17.3 1 1.7 12.7 

Field 6.1 
Meowommts 

Not.: Units in fe.1; 1 tt - 0.305 m a 
C0mput.d using foundation width. 15.7 ft  

Computed using padntd  width. 10.0 f t  





TABLE 2 SHAPE COEFFICIENT K. FOR VARIOC'S NOSE 
F 0 . W  

rJow rorm -- L-rn - Width - swm ks 

Roe tongJa - - -- - - - I 1.00 - - 
k m i t i e J a  c 0.90 

E* tic 

determine the charactenstm of the rr\e&ed material near the 
planned bndge. At a mtntmum. two samples of the strearnbed 
matenal should be obtained from each pter laatton. The 
sampling h u l d  range from .20 feet upstream to 30 feet down- 
stream of each per .  

Samples should he nhtained rn a way that wtll not Ime the 
fines. Specla1 core dnll apparatus are auaiiahk. and t h q ~  h i d  

penetrate the streambed about as  k p  as a "gurrs" of the 
estimated scour depth (about 6 to 10 feet). In some instances. 
a Sack h e  may be 4. 

H'hen obtainins streambed samples. rhe engtneer must 
ascertain whether the streambed IS layered with tntersticrs of 
fine sand or clay. If layeririg is present, actual r o u r  may be 
deeper than predicted by the UAK formula because of s t e p  
wise failure in the layers. Predicted scour depths should be 
increased by IS percent to 10 percent. depndtng on the engt- 
fleer's judgment. Thi.: increase for 1;iertng 1s above the rec- 
ommended safety faaor that will be applied Irter. 

The sample of the bed material from each locatton should 
represent material for the surface to the maxrmum depth. 
'These dmplcs should be carefully marked. taken to the lab 
oratory. and analyzed wtth a sieve. A pradrttan curve can 
then be prepared for eacn sample obtained. A stnple '-site" 
gtdat ion curve is an average of all the curves of the site. A 
wngle-average curve may be used if the vanarion of samplts 
k not exceed 20 percent. 

From :hts "sire" cune.  the size of sample that corresponds 
to the Ib. 50. and M percentiles is determrned. These are d,,. 
d,. and d,. 

Next. hd,,  should be calculated. where b is the anttapated 
prer wtdrh in the direction of the streamflow. With thts value 
of h'd..,. u x  Figure 4 w~th  d,, greater than 0.7 mm and find 
the corresponding value of d,b. The mean value of s o u r  
depth can now be calculated as  d,, = d. ,  b x b. This is the 

b/dw 

FIGURE 4 Scarrdeptb-to-pier-dhrartcr ratio a 8 fumclioa d pkrdlmctcr-to-sediment& ratio. 



predrted r o u r  depth if a rectangular-shaped pter 1s hullt and 
11 ulll be onented perfectly v ~ t h  the dream flow paths. 
Adjustments ma! be necessarv. 

K,, is then drtermrned. W ~ t h  the prev~ously determrned 
values of d,, and d,. ug = (d,,d,,)' ' can be computed. Use 
F~gure 5 w~th  t h ~ s  value of 5g and find A',. As in Fipure 4. 
:I.< .! ; 9.7 mm i u t v c  IS uxd. 

Next. K ,  is deterrn~ned. 1-.b a calculated ( L  is the pier 
length) and u u d  in Fipure 3 with the angle a at uhich the 
pler will be onrnted utth the stremflow. These two values 
will prrrm~t the drterm~nation of K, .  K. is then determined 
from Table 2. 

Ycxt. a factor of ~ f e t y  is established. A',.. A', equal to I:' 
K,. 1s elected whenever ug is less than 2. and 1.5 when Kt, is 
c:reater than 2. The final step is to compute the estimated 
s o u r  depth as 

USE Of ESTIMATED SCWR DEPTH 

'k use of either formula recommended in this report to 
predict anticipated local scour is only onc of many tcntis that 
can determine the risk faaom associated with the potential 
underminnng of an intermediate bndge pier foundation. In 
addition to predicting local scour. the engineer must predict 
and quantify the effec? of general and constrialon r o u t  and 
the meandering thalwep. It must a lw be kept in mind that 
the validity of all scour prediction fonnulae has not been 
conclusively demonstrated. 
fl : degree that other information. such as underwater 

investigation of nearby bridge ftwntht~ons on the same stream. 
soils investigation relating to the n a m e  of the streamhcd. and 
the knowledge that can k obtained applying accepted prin- 
ciples of sediment transport to the stream. should he mm- 

bined and evaluated with the results of the scour prediction 
formula is a matter of subjective engineering judgement. 

Ignoring the potential for scour c r  relying solely on some 
form of artificial annoring as protection against undermining 
is a situation that can no longer be accepted. The engrneer's 
goal IS the knowledge that the existing or proposed bridge 
pier fa~ :Lian  iz reasonably safe from uulcrminino, hv the 
flow of the stream with the attendant loss of the structure. 
Scour prediction formulae. properly applied. are a way to 
help attain this goal. 

An initid predrction of anticipated scour depth is made 
using the fonnula appropriate for the type of streambed mate- 
rial and the width of the pier. 6. that protrudes into the flowing 
stream. If this predicted r o u r  depth l i e  above the top of 
footing or pedestal. the foundation is safe. If this predicted 
scour depth lies below the top of the footing or pedestal. the 
predicted scour depth should k recalculated using the width 
of the seal for b.  In a spread fwting. if this new predicted 
s c w r  depth is atmve the bottom of the seal. the foundation 
is wfe. In a pile-supported footing. the predicted .mur depth 
using the width of the seal tor b can be below the bottom of 
the xal and still result in a safe foundation. prmided that 
sufficient embedment of the piling exists bebw this predicted 
depth to fully develop the horizontal and vertical loads that 
are transmitted to the foundation. 
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Inflow Seepage Influence on Pier Scour 
STEVEN R. ABT, JERRY R. RICHARDSON, AND RODNEY J.  WIITLERS 

A nuar *,,dy YYF r~ll~l,,~d 10 hVwbw bnUCm 4 One of the most comprehensive literature reviews was con- - vccprgc rn Mizrd  pier -, 1-h - dluvg  c h a -  ducted by Jon- ( 10) in whrch he nted 12 bridge pier sour 
lul bed. Ei(Cbl latr w m  pdwwd i. w l r r b  i n h w  prediction equarions. Jones cate~orued the~picr scour efforts 
ram@ from zero to tb- tinrs the IiqucCactm b r b r i t r  of Ik as (a) pier sour  formulas bawd on foreign research to ~nclude 
W nurcriit- ~~~ F d  num* from upprox- Ahmad ( I ) .  Bruewrs ( 2 ) .  Chitale (3). and lndis (8 ) :  (h) per 
WY' 0-* to 0-80. rrsub ~~ for  haa ad %our tormulas patterned after University of Iowa research to 
Fradr sumbm Ihao Oe70 '*l' Ihan include Laumn ( 6 4 )  and Jam (9); and (c) pier scour formulas 
''titid* * - wudcd mt. Ik patterned after Colorado State Universit, Research to include NLm 'lu O'" '*' LMn SCen t 10) and kchardson. a al. (11). A l l  the equations p r c  rLs critial, the scour W e  sggmdd while tbr rrovr M e  
ram a a 2 . ~ 5  widtr th.s rurr bdc xnted were to predict !!kc maximum depth of scour in  the 

-d fm ,,,+err cd,ias. wbcll wea adjacent to the pier. The primary independent variables 
F- rni lmk 0.10. - b ~ c  wb wr cited included approach flow depth. projected prer width. 

siarihr to tlr a o i d b w  d i t m  wbilr tk btd h a *  approach veltxitv and Froude number. 
djrcrt b(bc scour bode -rly degnded. Raudkivi p e r f o d  a comprehensive ana1)sis of flow iuound 

a circular pler. concentrating on flow patterns. velwlty dis- 
Localized sou r  at bndge pien. abutments. and channel hanks trlbutions, variation of xmur depths around t k  pkr .  m u r  
results in  millions of dollan ln  hinape to nver-crcnsing struc- function of ~ J i m e n t  gr;ldation, a d  scour as a function 
lures. I n  general. Kwur a the erchtve actton of flowing water of wdimmt size (I,$). He concluded that t k  pier width. type 

. 

in streams and rivers that excavates and transports materid and gadation of sediment. flow depth, sediment sue-pier 
from channel beds and banks (10). L ~ ~ a l r z e d  erosion.oftm width ratio. and pe r  alignment cmntrol the &pth and pattern 
c a u w  a change in  the channel bed elevation andor lateral of sour. 
channel migratron into the banks at or near t k  crossing struc- The study of how inflow seepage affects an alluvial channel 
ture. lmproprr accounting of many of the site specific param- system h a  not yielded results as numerically wund as scour 
eters affecting local x'our mav result in  a catastrophic failure prediction. in 1%. Simons and Richardson stated that v e p  
of the structure. age force could change the bed form and. therefore. the resist- 

Several t y p s  of locdl r o u t  can k identified at most river mce to tlow (13. 14).  However. this was not exprimentally 
crossings. including constriction scour. abutment scour. or analytically documented in the~r study. I n  a qualitative 
a~pradation, and degradation. Numerous ?arameten exist at wnse, S i ~ m  and R b h  a ~ l u & d  that =pap of water 
each nver croutng that affects site st~htl i ly. Thew parameters into the bed (outflow seepage) would tend to increase the 
ma:, ~nclude soil characteristics. hydrologic and h?dratilic e f f a i ve  weight of the bed panicles and. tikrefore. increase 
characteristics. seepage groundwater conditrons. and meth- the stability of the k d .  Conversely for a gaining stream 
Ods of consiruction. (groundwater flow into the channel or inflow seepage). the 

1% flume study was cvndwed that measured Iwa l   our effective weight of the hed panicles decreavs and thereby 
re<~~ltlng. from flow i n  a strarght alluvial channel around a &c*axs t k  k d  statnlity. nK inflow =page could result 
wp le  c~rc-ular pe r  with and without inflow urpagr. m e  In an Inneaw in the sediment transport m d  chanp i n  the 
ohjcarvr was to investigate the influence of ~nflcw wepage predir~ed k d  fc~nn. This concluGon was nlrd in  publisatrom 
on lwalued pier scwr and areas adjacent 10 the per. Inflow by Simom m d  Richardson (13) and Simons a d  kn tu rk  (14). 
uepage condit~om exist when the water tahle clewtion is Martin addrewd the influence of inflow and outflow seep 
high enough to con~nbtrte flc~.v into the \tream thruugh the age on lnciptent m~tt ion of uniform brd rnatrriais (15. 16). 
channel bed and'or banks. It w;u not t k  purpne of the \tudy Manin cowludcd that i n f l w  v e p a p  b not aid inciprent 
? """r.... . :.. ,,..,.,.. ,&:h,: p,ii siurir )iteJKtn~n cl(uatkm. hut rather motton of thr xdiment panicles. 

to indicate how inflow seepage from the channel k d  may I larnwn tested the effeas of groundwater wxwge (inflow. 
affect picr scour prediction. The results are prewnted In this tmtf lw, and zero =page) forces on xdiment t ranspn for 
Papr.  hoth lower and upper reyme flc~ws (17. 18). Hamson's study 

~ndtcated that the upward (inflow)sctpag had a limited effect 
on the stream sediment transport rate. even wherr the bed 

BACKGROUSD was quick. f ie a~ncludcd that the decrease in  effective ga in  
density brought ahout b?. inflow seepage might be offset by 

The attempts to predict the cxten of pier scmur and enhance a h e a s +  in surfam drag on the individual grains and an 
bridge h 1 g n  ~rwedures  hove been studied simx the 1Wk. increase in form drag. Hamson also noted that when bed 

forms were oresent the angle of re- of the downstream 
[)cwmcnt ol(.tr~l Engtnrcnng. (.&~d, Strtr: L.?$VC,,,~~. F, cd- face d the hrd  forms increased by 10" for outflow wepage 
hrn. C'ohr& 14623. and decreased by Y for inflow =page. 



Harrison (18) and Martin (15) did not observe a significant 
inc-re= in u b m n t  transport or swur when inflow seepage - 
ocrwrred. Hamson did note that the bed form could be altered 

r n k w  wepage. Howrver. Harnsocl dirt nut h w  that rntlow 
xxpage Fwld c k i g e  the bed form (i.e.. from nppks to d m .  
dunes to p h e .  etc.) which was h y p o t k e d  bv Simons and 
Richardson (13). 

The rnterac-tion between the channel tlow and wepage flow 
rnterface and r k  sukquent response were studrcd b? H'at- 
tenand R;ro ( lo ) .  In  therr investr_uatron. geometrically packed 
spheres were tndyred for lift and drag forces under inflow 
and outflow kcpage conhtions. Ouantrtatrvel) . Watters and 
l i i o  rwnr.lurlrd rhat inflow uepase tended to redwe the drag 
on bed partrcles whether they were on top of or rn the w11 
matnx. The lift on bed paruc.ks under inflow w p q e  ime-d 
for partrclrs rn the soil matrix. but the Irh an pmrcl*s rrtsring 
on the k d  was r e d u d .  

W a t t m  a d  RW concluded that 

1. Inflow wepap increased the sublayer thickness. 
2. The hydraulic rougbncu and conxquentlv the drag on 

the plime bed decreased. 
3. Inflow seepage rncre;urd the lift on particln within the 

bed and k r e - d  lift for panrcles resting on the bed. 
4. Turbulent fluc7uations were more I n t m x  ui th inflow 

wepage than for outflow wepage or no repage. 
5. Inflow seebwge :encreard the momentum tr-amkr between 

flwd patckles. 

Nezu (20) performed a ripjrous mathematical analysis 
quant~fyinp the existence of a matched or exaggerated bound- 
ary layer dong the kd.  Yezuk analysis incorporated turhu- 
knc~. induced strews. v e h t y  profile. and backwater effects 
on flow over a permenble brd  with seepage. 

Nezu showed that weprye tlow war  the porous surface 
become turbulent as a result of the pressure fluctuations of 
the man flow. U%en thn ocrun. the seepage flow cannot 
remain laminar. and Darcv's law for fiow i n  a permeabk 
medlum cannot be applied. This results in  an additional shear 
\ t r w  rndwrd i n  the man  flow by the turbulent xcpage flmw. 
Nezu ~dentified thrs aJdrtionai wess as 1ndwed streu. 

Rrchardscjn et al. conducted a sene of tets in whwh a 
\trar_uht ctiannrl wrth alluv~al material was subject to inflcw 
wepap ranpng frcm rero to where the material liqurfud (21). 
They Jrtennrnrrl that the bsrt foms c w k l  puentrally be altered 
by rnfluw seepage. For exampk, a change from plane k d  to 
ripple\ to dune  could result from intrc Jucing ~ n f l i w  seepage. 

Rrhardwn et al. concluded rhat inflow =page through a 
porous bed directly affecrs many aspects of alluvial channel 
flow. Inflow seepage inflwncr on the alluvial system is sum- 
marized as follows: 

1. The interaction between the main and -page flows 
causes a boundary layer or wedge to form near the bed. The 
layer rnfluenns the channel hydraulta. hrrd forms. stream 
power. and sediment transport in  the mne of inflcw seepage. 

7. Thc development of t k  layer or wedge near the k d  
results in an effective i nc rew  in  the bed elevation. The water 
depth decreaxd by as much as I S  percent tor s u h t i c a l  flow 
and rematnrrl runstant for suprrrsitml fbw !hrough the inflow 
wepag zone. 

3. The rtream power. in  the reach where infiltratitm ocrun. 

increases primarily due to an increase in  the water surface 
slope. The mean velocity was observed to increase as much 
as 23 percent. 

4. Inflow xepage caused significant changes i n  bed forms 
and subsequently in the resistance to flow. 

5. Rurd shear and fluid particle to panicle momenzum 
transfer between the marn and seepage flows increase tur- 
bulence along the interface. 

FAC ILITlES 

The investigation was conducqed at the Engineering Research 
Center at Colorark, State University. A 1.5-ft wide (45.7 cm). 
7.0-ft (61 cm) deep. and 37-ft (9.8 m) long flume capable of 
recirculating water and sediment was used for this study. The 
flume was divided into :hree reaches. The upstream reach 
ptvvided a IO-n ( 3  O m) length of channel for the flow. bed 
forms. surface waves. and 5d1mmt transport to strbilue. The 
upstream reach ccntained the :.=-id box. rock baffle, flow 
straightener, and wave suppressor. An inti;:. eallery was located 
in  the mid one-tnird of the flume. The downstream reach 
served as an outrun section to minimize rhe effect of the 
backwater in  the testing zone. 

The inflow gallery consisted of perforated ptws installed 
in  the bed of the flume perpendicular to the flow. The length 
of the inflow gallery was approximately 10 feet (3 m). The 
prforazcd p i p .  spaced at one foot intervals. were overlain 
by a one-inch thick layer of one-fourth-inch gravel and a 
permeable geomembrane to diffuse the seepage flow. A piece 
of wrre mesh was placed on top of the geomembrane and 
attached the gallery to the flume. Each of the perforated pipes 
was valved for flow regulation and connecred to a common 
supply conduit. 

A single circular pier was used in  this study. The pier was 
0.104 feet (3.2 cm) in diameter and tw.3 feet in length. h e  
pier was placed i n  the center of the flume 0.75 feet (22.9 an) 
from each side wall. and in the center of the inflow gallery. 
I5 f e t  (4.6 m) from the flume entrance. The Plexiglas pe r  
extended from the top of the flume. through the flow and 
k d  material. to the top of the wire fabric of the inflow gallery. 
Channel discharge was measured using a calibrated xg- 
mented orifice. Inflow seepage dirharge was determined vol- 
umetridly. Twelve liters of water were diverted from the 
Inflow dirharge supply amdutt and the elaprd time reonrded. 
Several measurements of the inflow discharge were made for 
each test and averaged. The average rnflow velocity was deter- 
mined by divnding the inflow discharge by the area of the 
inflow gallery. 

Water xiface slope was measured by the use of three pi- 
ezometer tap; spaced 10 feet (3 m) apart and located on the 
left wall of the flume. The upstream tap was located in  the 
approach section upstream of the inflow zone. The mtddle 
pressure tap was located in  the zone of infiltration adjacent 
to the pier. The third tap was located downstream of the 
inflow zone. 

The mapping o f  the bed was performed by using a point 
p u p  and a movable caniape on rails mounted on the flume 
walls. Mapping was performed i n  cartesian coordinates. Dis- 
tams  in the longitudinal direction are stationed increasing 
upstream. while the lateral direction represented the distance 
from the left wall of the flume. The point gauge was capable 



b a n  CIUMO~ b x i ~  Wil(ll 
Chanrul* OUIIM~ Approach Scour Scour Channel 
Dischrrgo Valocity bpth Depth Yldch Fro& 

Run - Qc vc dc "'. 
cf. fp. ft f t  ft 

- - - 

6-0 1.71 2.02 0.565 0.161 0.53 0.67 
1 1.93 0.565 0.183 0.67 0.66 
2 1.93 0.608 0.166 1.05 0.66 
3 1.93 0.606 0.162 1.17 0.41 

5-0 1.50 1.97 0.510 0.200 0.65 0.49 
1 1.90 0 502 0.208 0.72 0.46 
2 1.90 0.529 0.153 1.11 0.46 
3 1.90 0.560 0.105 0.75 0.66 

6-0 1.77 2.56 0.461 0.187 0.92 0.66 
1 2.33 0. 504 0 168 0.91 0.58 
2 2.33 0.485 0.159 0.85 0.58 
3 2.33 0.531 0.139 1.18 0.58 

7-0 1.97 2.45 0.537 0 106 0.98 0.59 
1 2.43 0.531 0.162 0.99 0.58 
2 2.13 0.538 0.186 0.87 0.58 
3 2.13 0.560 0.142 1.06 0.58 

8-0 2.10 2.35 0.596 0.178 0.91 0.56 
1 2.03 0.605 0.185 0.80 0.57 
2 2.63 0.560 0.i62 1.03 0.57 
3 2.03 0.563 0.137 0.96 0.57 

9-0 2.11 2.57 0.550 0.203 0.68 0.61 
1 2.21 0.616 0. ?66 0.79 0.50 
1 2.71 0.633 0.166 0.85 0.50 
3 2.21 0.671 0.077 0.75 7.50 

10-0 1.90 2.36 0.536 0.307 1.00 0.57 
1 2.63 0.4i0 0.142 0.75 0.67 
2 2.63 0. i89 0.139 0.97 0.67 
3 2.63 0.180 0.125 1.06 3.67 

11-0 2.11 2.97 0.474 0.138 1.03 0.76 
1 3.W 0.A63 0.126 0.82 0.79 
2 3.06 0.065 0.130 0.86 0.79 
3 3.01 0. b60 0.125 0.92 0.79 

Water temperature for a11 t*str: 68.F 2 2.F. 

of measuring the distance in  the vertical direction from a fixed 
datum to a rewtution of 0.W feet (0.3 mm). 

A xnes of eight flume tests were conducted. m which the 
channel Froudr number a d  the inflow seepage wloc~tv  were 
varied. I n  each of the eight tests. the channel was subjected 
to three inflow seepage velocities as well as a nvinflow srep 
ape cond~tion. Table i isa tabulation of the channel disfharp. 
average channel velocity. maximum depth o f  rour ,  maximum 
width of scour, and channel Froude number. Thc run numbers 
refer to the test a d  the inflow rate. The inflow rate of zero 
indicates a no-inflow condition. The inflow rates of 1-3 indi- 
cate the range of inflow velocities tested. 

The channel discharge varied from 1.9M cubic feet per 
second (ds) (0.04 m'ls) to 2.113 cfs (0.M ml!s). The channel 
Froudc number varied from 0.44 to 0.79. The depth of flow 
ranged from 0.56 feet (1 1.3 cm) to 0.67 feet (20.4 cm). The 
seepage velocities for each test. tabulated i n  table 2. varied 
from zero to 2.59 x 10 ' fp (0.08 cmts). The liquefaction 
critical seepage velocity for the bed material was 5.4 x lil ' 

TABLE 3 SEEPAGE INFLOW VELOCITIES 

Inflow 
Conditfon 

Test 
Number 0 1 2 3 

11 0 6.C7 15.53 25.87 - 
6 

Vi f 10 fpr 

v - 5.6 * 10." fps 
ICR 



fp (0.016 cxnjs) and shall k referenced as the critical or 
threshold inflow velocity. 

MATERIAL 

The alluvial bed materid was a silica river wnd. A visual 
asumulation tube analysis ( V A )  was perfcjrmed !o deten0;nr 
the fall diameter of the materiai. The V.4 analyis determined 
the matend to have a fall diameter of 0.27 rnm. A sieve 
analysis indicated that the median grain size ill the material 
was 0.33 mm. The VA and sIrve malyh~s usre  performed 
after the material had been ws.hed. 

TESTING PROCEDURE 

At the beginning of each test run. the channel discharge was 
established and the flume adjusted to produce a flow depth 
of approximately 0.5 ft (15.2 cm). The sediment depth was 
approximately 0.7 ft. The flume -& then allowed to nm a 
mlnirnum of 13 hours to stabilize flow conditions relative to 
&charge and szdtmrnt recirculation in the channel. Stability 
of flow was subjectively judged to have k e n  established when 
the bed elevation was steady for a period of at least one hour. 

Data were collected after flow and sediment stabilization. 
Sediment transport rates were not measured. These data 
included the channel discharge, inflow discharge. water sur- 
face slope. and the mapping of the bed. Aher initial data 
coilec?ion. the inflow seepage was e~ther  initiated or i m r w d .  
The channel was allowed to restabilize for a penod of two to 
six hours and data were again collected. 

The fint data collec~ion was conducted without innow s e e p  
age. Subsequent subtests were conducted with inflow seepage 
as shown in table 2. The zero ilr'lm- :cst L..: &err: lued to 
form a baseline to compare the influence of inflow seepage 
on scour around the pier. The higher seepage rates were 
sufficient to cause localized liquefaction of the hed material. 

Row depth was measured during the mapping of the bed. 
Cross wetions were located upstream and downstream of the 
pier at 0.10-ft (3 cm) intewals. In each men+ seaion, vertical 
elevations of the bed were measured every 0.2 feet (6.1 cm) 
or at each break in grade. At tach cross irction, water level 
readings were taken along with the measurements of the bed 
elevation. The difference between t h e  measurements yielded 
the flow depth at each cross section. The water temperature 
for all tests wac 6tY z P. 

RESULTS 

The initial step in the analysis was to compare the equilibrium 
r o u r  depths obtained in this study with composite data pre- 
sented by J o m  (10). Figure 1 portrays the scour depths versus 
pier Reynolds number relationship. The scour depths result- 
ing from the eight record tesis for the no inflow condition are 
shown in figure 1. Although the maximum scour depths plot 
below the prediction relalionship. the no-inflow scour depth 
data fall well within the data scatter of previous studies. 
Therefore. these test results compare favorably with accepted 
procedures fcr estimating pier scoui depth. 

Shw, rt al.; Tison; 

CSU. 1986 
0.mL ' . . "  ' 

I , . ,  

los lo4 10' lo' lo7 tob 
P~er  Rrynofdr Number. R 

FIGURE I Scour depth v m u d  pier ReynoMs 
number (dta Shca). 

During each test, the depth of scour was carefully monitored 
for each no-inflow and inflow seepage condition. Thr: maxi- 
mum scour depths. d,,. adjacent to the circular pier without 
seepage inflow are presented in table 1. The maximum scour 
depths recorded without seepage inflow were compared to 
the maximum scour depths recorded with varying inflow seep- 
age conditions. A typical longitudinal section relating the 
inaximum scour depths of the no-inflow condition to the max- 
imum inflow seepage condition is presented in figure 2 for 
test 10. It is observed in figure 2 that the presence of tnflow 
seepage resulted in a decrease in the maximum depth of the 
scour hole. The decrease in SCOI~T hole depth in the presence 
of inflow seepage was observed for tests where the Froude 
number ranged from 0.4 to 0.7. In general. as the inflow 
seepage velocity rate increased. the maximum depth of x o u r  
became shallower. The data indicate that when the measured 
inflow seepage rate, r;. exceeded the critical inflow yepage. 
r.,,,. rate by a factor of 3. the maximum scour hole depth 
decreased by 62 percent. 

In order to  trace the development of the pier r o u r  depth. 
the ratio of the maximum scour depth with inflow to the 

0 5 

0.4 .  O VzaO fm 
(No I n f l o w )  1 ' 1  

0.3 . I 
S ~~*16lxlO-' fps . 

I ~ ~ I O W I  ! !  b 
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FIGURE 3 Pier scour depth as a 
function of inflow seepage and channel 
Fmude number. 

maximum scour depth without inflow was related to the ratio 
of rhe infiow seepage velocity to the critical inflow seepage 
velocity as presented in figure 3. It is observed rhat when the 
Froude number ranges from 0.44 to 0.67. the pier scour depth 
decreases as the inflow seepage velocity increases. The max- 
imum depth of scour with inflow wepage exceeded the max- 
imum scour depth without inflow seepage by 20 percent when 
the channel Froude number was less than approximately 0.5 
and the inflow seepage velocity was less than liquefaction. 
However, the trend is reversed when the Froude number 
exceeded 0.70. The trend reversal becomes evident where the 
depth of pier scour is related :o the channel Froude number, 
as shown in figure 4. When the channel Froude number 
approached 0.7, the scour depth ratio converged at approx- 
inlately 0.58. independent of inflow seepage velocity. The 
maxrmum scour depth then increased as the Froude number 
and the inflow seepage velocity increased. The scour hole 
depth degraded toward the no-inflow scour depth level. 

2.0- 

2 to -  
09r  

FIGURE 4 Pier scour depth versus channel Froude number. 

Scour Width 

The width of scour adjacent t o  the circular pier was measured 
and documented as shown in table 1 for each test. It is observed 
that for the tests in which the channel Froude number is less 
than 0.70. the maximum width of scour. W,,, with inflow 
seepage exceeds the maximum width of scour without inflow 
seepage. An example of how inflow seepage affects the max- 
imum width of scour is illustrated in figure 5. Figure 5 shows 
the bed and scour hole ele*/ations relative to the maximum 
scour depth without inflow seepage at a cross section imme- 
diately downstream of the pier for test 9. Without inflow 
seepage, the sfour hole was localized and well defined. When 
inflow seepage was introduced. the scour hole filled and the 

(3.125 0.250 0.375 o roo  o e 5  0.7750 0.875 1.000 
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FIGURE S Inflow seepage hrflct.xr on scour width. 



FIGURE 6 AUuvial bed topography for test 5, no 
inflow. 

hole side slopes flattened. As the seepage rate increased. the 
width of jcour increased. The presence of inflow seepage 
reduced the bed elevation relative to the maximum depth of 
scour by as much 8s 50 percent at a lateral distance of 8 pier 
diameters away from the pier. The flattened bed resembled 
a general scour condition between piers. 

A series of topographic plots were constructed to illustrate 
the widening of the scour hole as shown in flares 6-9. The 
alluvial bed topography for test 5 indicates the general scour 
conditions that resulted from seepage inflow when inflow ranged 
from zero. Figure 6, to 290 percent of the liquefaction veloc- 
ity. Figure 9. 

In an attempt to correlate the maximum scour hole width. 
W,,,,. to the inflow seepage velocity. v,. and channel Froude 
numbers, the ratio of the maximum scour width with inflow 
seepage divided by the maximum scour width without inflow 
seepage (W,, no-inflow) was related to the ratio of inflow seep 
age velocity d~vided by the critical inflow seepage velocity, as 
presented in figure 10. It is observed tha: for channel Froude 
numben less than or equal to 0.50, inflow seepage increases 
scour hole wldths by as much as 2.25 times the no inflow seepage 
condition. However, as the inflow velocity increases and the 
channel Froude number increases. the sanu hole width decreases, 
as shown in figure 11. 

FIGURE 7 Alluvial bed topography for test 5, inflow 
at 25 pemnt d liquefaction vebcity. 

FIGURE 8 AUuvial bed topography for test 5, inflow 
ZOO percent of liquefaction velocily. 

GUIDELINES 

Based on the test results and analysis, it  appears that the 
presence of inflow seepage alters the extent of localized pier 
scour in an alluvial channel. The following guidelines are 
presented in accordance with these findings: 

Seepage Influence on Scour Depth 

F < 0.70 scour hole may aggregate up to 60 percent of the 
no-infloS.v c9cdi:ion if V, < I/,, 
F < 0.70 scour hole may degrade 20 percent if V, < VCR 
F r 0.70 scour hole degradates toward no-inflow level 

Seepage 1nflw:a on Scour Width 

F < 0.5 scour width may increase by 2.25 times over the 
no seepage condition 
F < 0.7 adjacent bed elevations may degradate to 50 per- 

cent of the difference between the maximum scour depth and 
bed elevation for the non-inflow condition 

F < 0.7 little difference between the inflow and the no- 
inflow conditions. 

FIGURE 9 Alluvial bed topography for test 5, inflow 
at 290 pemnt of liquefaction velocity. 
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FICL'RE 10 Relative scour width as a function 
of inflow seepage and channel Froude number. 

These guidelines are based on tests in which channel Froude 
numbers range from 0.4 to 0.8 and inflow seepage velociti&s 
range from 0.5 to 3.0 times the critical intlow seepage velocity. 
Further. only a single circular pier was tested. 

APPLICATIONS 

It is recommended that all bridge sites be evaluated for the 
presence of inflow seepage. If inflow seepage is found or 
suspected, it would be prudent to increax the predicted pier 
scour hole depth independent of scour estimation procedure 
by approximately 20 percent. The presence of inflow seepage 
escalates the risk of increased scour around the pier. Also, 
the presence of inflow seepage can putentially increase the 
width of pier scour by 225 percent over no-inflow conditions. 
Although these guidelines reflect worst-case scenarios. they 
represent a real risk to existing and planned structures. 

0.3 
0 0.2 0 . 4  0.6 0 8 

Crouds No.. 1F 

FIGURE I 1  Scour width versus channel Froude 
number with varying inflow seepage conditions. 

CONCLUSIONS 

inflow seepage significantly affects scour hole depth at piers. 
When the channel Frcude number is less than 0.7 and the 
inflow seepage velocity is less than critical, the scour hole 
depth may increase by 20 percent over the no-inflow seepage 
scour depth. When the Froude number is less than 0.7 and 
the seepage velxi ty  is greater than the critical seepage veloc- 
ity. the scour hole depth decreases by W percent over the no- 
inflow seepage scour depth. When charmel Froude numbers 
exceed 0.7 and inflow seepage is present. the scour depth 
decreases by 10 to 60 percent of the no-inflow maxin;um scour 
depth. General bad degradation occurs as seepage velocity 
increases. 

The scour hole width may increase by 223 percent over the 
no-inflow seepage condition for Froudp numbers of less than 
or  equal to 0.5. The increase in scour hole width is attributed 
to the general bed degradation as the bed washes out. 
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Detention -Basins for Water Quality 
Improvement at a High Mountain 
Maintenance Station 

An evaluatien of a detention basin system at a snow removal 
maintenance station is documented. In response to concerns 
by the US Forest Service, the basins were built as a mitigation 
measure to clarify storm runoff and snowmelt from the main- 
tenance station before it entered Benwood Creek. The creek 
is a tributary of the headwaters of the South Fork of the Amer- 
ican River. A portion of the creek was realigned. The three.. 
basin system, completed in September 1981, is above elevation 
7000 feet at the Echo Summit Maintenance Station in Cali- 
fornia. Sediment and dissolved materials in storm runoff and 
snowmelt from the maintenance yard were reduced. The capacity 
of the basins was approximately 10,000 cubic feet as measured 
in 19112. The basin riser outlets werd fittcd with grease rings, 
which retain most oil, grease. and floatables. Snowmelt was 
sampled and tested in spring 1982. Samples were tested for 
turbidity, chloride, specific conductance, and oil and grease. 
Storm rueofl in fall 1982, was sampled and tested for turbidity, 
nonft!terable residue. specific conductance, filterable residue, 
and chloride. Sediment accumulation in the basins was meas- 
ured, and a biological assessment of the construction impacts 
on Benwuod Creek was made. 

This paper documents an evaluation of a detention basin sys- 
tem for water quality improvement at a snow removal main- 
tenance station. The station is a satellite facility that is used 
for stockpiling sand, cinders. and deicing salts to keep US 50 
open to traffic during the winter. It is located at Echo Summit 
above elevation 7000 feet in the El Dorado National Forest, 
Sierra Nevada mountains of California. See figure 1. 

Caltrans uses the land under the conditions of a permit 
issued by the US Forest Service. The Forest Service was con- 
cerned that runoff from the maintenance yard was adversely 
affecting the stream habitat in Benwood Creek, a tributary 
of the headwaters of the South Fork of the American River. 
Their measurements showed elevated values of turbidity and 
specific conductance in the creek. In response to this concern. 
Caltrans District 3 designed a channel realignment of East 
Brnwood Creek and a detection basin system. The objective 
was to reduce turbidity and high concentrations of sediment 
and dissolved materials in the creek duc to uncontrolled 5torm 
runoff and sr~owmelt. 

Detention basins temporarily hold storm runoff or snow- 
melt and provide time for the water to  clarify before returning 
to surface or ground water systems. The design criterion for 
locating the basins was to use exi~ang areas without interfering 

Caiifornra Dcpartmrr: ol Transportation. Tranhporration Lahora- 
tory, 5WM) F~iwci  8oulcvard. Sacraniento. California 95x19. 

with established operations. They were built by contract 
between the maintenrnce activity areas and nearby receiving 
waters. 

The Transportation Laboratory (Translab) of Caltrans 
evaluated the detention basins in 1982, roughly one year after 
they were built. There were three phases of evaluation: sam- 
pling runoff, measuring and identifying the accumulated sed- 
iment, and making a biological assessment of B e n w d  Creek. 
The objective of sampling runoff was to compare concentra- 
tions of water quality parameters during snowmelt in spring 
and storms in fall, both upstream and downstrram of the 
basins. Water samples were also collected in the basins. Besides 
sampling ~ n o f f .  flow rate and precipitation were also obsswed 
and recorded. The sediment measurements were used to esri- 
mate basin rates-of-filling and to propose a cleanout schedule. 
The biological assessment was done to determine the biolog- 
ical potential of the creek and to estimate the effect of con- 
structing the detention basins and channel realignment. 

A prelude to any water quaiity study includes knowledge 
of the site hydrology and hydraulics. Field trips were aade 
well in advance of the runoff events to design a sampling plan. 
Using automatic samplers was considered but .was not done 
due to field conditions. A manual sampling plan was adopted 
and modified as required during runoff events. Enough sam- 
pling was done to demonstrate the mitigation effect of the 
basins. A mass balance was attempted but was not possible 
because there were no continuous flow records for all drainage 
areas. Conclusions and findings were based on graphical anal- 
yses and recorded observations. Sediment measurements and 
the biological assessments were done at times other than run- 
off sampling. 

HYDROLOGY--SITE DESCRIPTION 

The average annual precipitation measured as rain at Echu 
Summit is approximately JU inches. Temperature extreme5 
can range from 2 degrees Fahrenheit in the winter to KO degrees 
Fahrenheit in the summer ( 1 ) .  Since the elevation at the main- 
tenance station is above 7 M )  feet, most of the precipitation 
is in the form of snow and norcally occurs from October 
through April. Most of the surface runoff is from the 3pring 
snowmelt in May and June. 

The arainage areas at the maintenance station and nearby. 
the detention basins. and the sampling locations ;ire shown 
in figure 2. Benwood Creek originates along the westerl!. side 
of the crest of the Sierra Nevada mountains and ultimittely 



R u c r r r  und Howell 

ECHO S U M M I T  
MAINTENANCE STATIC?(. 

' c L . ~  U 5 Y).ELEWT#r(-71 '. E l  

ARIZONA 

FIGURE I Lurxtion map. 

joins the South Fork of the American River. Observed flows 
in the creek varied from >6 cubic feet per second (CFS) 
during snowmelt in spring to < I  CFS in fall toward the end 
of the dry season. During a dry year the creek may have no 
flow. The headwaters of Benwoud Creek are sprins-fed bugs 
immediately south of US 50 near the maintenance station. 
Multiple channels merge to form the east and west branches 
of  enw wood Creek before passing under US 50 in culverts. 
The east and west branches of B e n w d  Creek receive runoif 
from areas IV and V. Area IV receives runoff from the head- 
waters of West Benwood Creek and US 50, while Area V 
receives runoff from the headwaters of East Benwood Creek 
and US 50. 

The maintenance area, which ccltributes runoff to the creek. 
is approximately 5 acres. of which approximately 3 acres are 
paved wi:h asphalt concrete. Before the detention basins were 

built. areas I and 111 drained to k n w o c d  Creek vla overland 
flow on bare ground. Area 11 drained to Eart Benwood Creek, 
which was connected to Benwcnd Creek via two I+inch diam- 
eter corrugated steel pipe (CSP) culverts, which are under 
the maintenance station access road and a Forest Service road. 

The detention basins were built to intercept all the runoff 
from areas I, 11. and 111. The two basins labeled Upper and 
Lower are new construction. while the third basin. labeled 
Old Channel. was the previous alignment of East Benwood 
Crcek. The upper basin intercepts area I (approximately 50 
percent), the old channel basin intercepts area I[ (approxi- 
mately 45 percent). and the lower basin intercepts area 111 
(approximately 5 percent) of the contributing area. The make- 
up of the drainage areas is discussed below. 

Figure 3 shows a view of the access road from LrS 50.  the 
salt hopper, sand, and the sand storage shed and a view of 
the upper and lower basins from the wlt hopper. Figu:es 4 
and 5 are close-up of the upper. lower. and old channel basin 
and the realigned seaion of East Benwood Creek. The sides 
and bottoms of the basins are the local untreated. weathered. 
granitic soil. Asphalt concrete ramps were constructed in the 
new basins to allow equipment access for removing sediment. 
Imported borrow and the on-sire excavated material were 
used to construct the berms that separated the upper and 
lower basins from each other and from the Forest Service 
access road and Benwood Creek. A berm was also constructed 
to separate the old channel basin from the realigned section 
of East Benwood Creek. I t  screens the maintenance yard from 
motorists on US 50. For aesthetic reasons. the baslns and 
berms were contour-graded. Vegetation was left undisturbed 
where pvssible. The berms were seeded and contalnerlzrd 
native trees and shrubs were planted. Table 1 shows the mer- 
all basin dimensions. 

If the three basins were initially empty. a rainfall of approx- 
imately 0.70 inch would fill them. When the basins Here eval- 
uated in 1982. their capacity to detarn runoff was approxi- 
mately 10.000 cubic feet.  excluding sediment already 
accumulated. Runoff that exceeds the capacity of the system 

FIGURE 2 Drainage areas and sampling locations. 



and spaced approximately X inchn onen te r  both horizon- 
tally and vertically. When the lower basin overflows. water 
paws  through a CSP outlet riwr (3.4 feet high by 24-inches 
In diameter) into a CSP culvert (-%feet long by 24-inches rn 
d ~ a m e t ~ r  with a O.2-foot elevation differrncc) rrid then ro a 
mixing channel (?%-feet fcirtg bv Meet wldr). whlch a part of 
the old a l ignrn~.~~ of East Benwad Creck. The md of the 
mtxing chllrnel ib the confluence with Benutnd Creek. The 
lower basin outlet rixr a130 operates as a clrcular uerr and 15 

fitted with a grease ring made from a 36-inch diameter CSP 
with 3-il1ci1 perforations. like the upper basin greax ring. 
Submerged onfice flow never occurred at either the upper or 
1ower.basin outlet risers. 

Figure 7 shows the greax rings in the uppr  and loucr 
basins empty and partially full. respectively. Figure 6 show\ 
a top view of the outlet riser, greax ring. and trash rick in 
the upper basin and the outlet riwr and greaw ring in the 
-lower basin retaining wme floatables (conifer pollens). 

Figure 2 show3 where water wmples uere collected. Sarnplc 
Itxations were chosen in the maintenance yard uptrea~n of 
the basins to characterize the uncontrolled runoff that pre- 
viously entered Lknwood Creek. Tocharacterize dilution water. 

FIGURE 3 (Top) Entrance to Erho Summit Maintenance 
Station. (Bonom) L'ppcr a.d lower detention basins. 

is disct~argd from the lower basin to Bctnwood Creek. Detained 
water exits the basrns by infiltration into the pound and by 
evaporation. 

HYDRAULIC OPERATION 

A schematic diagram of the three detention ba>in> is shown 
in figure 6. The water surface elevations in the lower and old 
channel basins are the same, because the basin hottoms are 
connected by a CSP culvert (40-feet long by 24-inches in diam- 
ctct j with a U.1-toot elevation difference. When the basins 
are full. the upper basin water surface elevation is a b u t  0.5 
foot higher than the lower basin. The lower basin water sur- 
face elevation is about 2.M feet higher than Benwood Creek. 
when the creek is 1.2 feet deep at the contluence with the 
mixing channel (see below). When the basins overflow excess 
runoff flows from the vpper basin through a CSP outlet riser 
(2-feet high by 12-inch-c in diameter) and a CSP culvert (40- 
feet long by 12-inches in diameter with a 0.2-foot elevation 
difference) to the lower basin. The outlet riser operates like 
2 ri::u;ar weir, not a submerged orifice. A grease ring (24- 
inch diameter perforated CSP) was fitted around the rixr. 
The top of the grease ring is 0.5 foot higher than the top of 
the outlet riser. Runoff flows through perforations in the grease 
ring and empties through the outlet riser (not perforated). 
There are two rows of 3-inch diameter perforations staggered FIGURE 4 (Top) Upper basin. ( B W m )  Lower basin. 
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FIGURE 6 Scbcllulir ol dcltotm businr. 

drainage area 1: concentrata before i t  enters the o ld channel 
h*rn. 

Drainage area Ill consists o f  the access road t~ the main- 
tenance station a d  the louer bawn. L ~ x a t ~ o n  I a i n  the louer 
bairn near the outlet of the '&inch drameter CSP culvert. the 
connection to  the O ld  Channel basin. (J-surf) s rn the over- 
flow jets at the lower basin outlet nxr. (J-int) 1s i n  the louer 
basin one-foot from the g r e w  ring. 

Drainage area V cunsists o f  wetlands. forest. a ;mall portion 
o f  US 50. and realigned East & n u 4  Crerk. Location H 1s 

. - upstream o f  the maintenance station at the outlet of a '&inch 
diameter CSP culvert that conveys East & n w d  Creek under 
US 50. 

brainage area I V  consists o f  wetlands. forest. approxi- -. . -. 
.I mately 0.5 acre o f  US SO. & n w w d  Creek. and the confluence 

of East and West & n w w J  Creek. Location L is just upt ream 
FIGURE 5 (Top) Old chYaml M a .  (Buttom) RcYliKKd of the malntenmce station in West Benwcnd Creek. approx- 
wciioa ol Ens( krad Creek. imately ItLfeet upt ream o f  the ~wrrHuence wlth Ea*t Ben- 

w w d  ('reek. Lcration G IS at the outlet of the 24-rnch &am- 
samples were cwllectrd upstream i n  the east and west branches et r r  CSP culvert from the lower hasin. The waters trom 
o f  Benu-ooJ Creek. T o  determine the effect o f  the barn*. BenwcnJ Creek and the low-er hasin are mixed near G I n  a 
samples were collected i n  Bcnwtwd Creek downstream o f  the transitional mixing channel :&feet long hy *.feet wrde. before 
lower basin. Sampling was a l w  done to chanr?true concen- the actual c o n f l u r ~ ~ r ~  with B e n w w d  Creek. The mixlng chan- 
trations o f  water quality parameters i n  the basins. n r l  is part o f  the o ld  alignment o f  East B e n w i d  <'reek. 

Drainage area I consists of asphalt concrete pavement. i. Location K is i n  Benwcwxi Creek. %-feet downstream of the 
salt hopper, a sand storage shed. truck loading areas. and the outlet of the lower basin. XCfeet trom the end of the tran- 
upper basin Locdtiuns A. B, and A A  are just upt ream o f  sitional channel. and 42-feet downstream of the confluence 
the upper basin. A and AA are rills just beyond the l~mi ts  o f  of the east (realigned) and west branches of k n w o c J  Creek. 
paving. while B is a sheet flow area 011 the patement ah)ve 
the cleanout ramp. (M-surf) i s  in  the overflou jets at the upper 
hasin outlet riser. (.M-int) is i n  the upper basin one fcx~t from Roccdures 
the grease ring. 

Drainage area I1  consists o f  asphalt concrete pavement. are A l l  water samples were collerred i n  one-pint glass bottles. A 
f u e l i ~ g  station. and an equipment storage building. Kefuellng D t i 4  depth integrating sampler ( 2 )  was u x d  at most loca- 
and steam cleaning arc occ;tsionally done i n  area II: howewr. tions except at rills. sheet tlow areas. and outlet risers. Rills 
these activities normally take place at the ha= maintenance A. A A .  and F were sampled manually by immersing the w m -  
starion i n  South Lake Tahoe. Location F is where runoff from pie hottle i n  the runoff. sp*cific;llly avoiding a wc.cx)ping actlon. 

TABLE 1 DETENTION BASIN DlhlESSIOS\ 

Slaxtmum .Maximum Slaximum Surface 
Length Width I kp th  Sidc Area Capac~ry 

Basin (11) ( f t )  (h )  Sl4)pr*- (It:) ( I t ' )  

U P V ~  n3 34 z 5 - .  4.311 5.1 (tar) ?..a1 
Old Channel I I ?  I I  2.3 3:l (var) 1.070 1 .33l 
Lowcr 9Y 4 1 3.5 . 5.1 . (var) 2.670 6.475 

'Horrzontal:tertird. 



FIGURE 7 (top, OIlW pip+ riser ia v p p r  M s .  tBmorr1 
Olrtlior p i p  rivr ia bra bash. 

Sheet flow sample* were cc~lleaed at B by using a flexible 
pece of Plexiglas shaped as a funncl. wh~ch  intercepted a one- 
ftwt wtde section o f  mnoff. The samples at (M-surf) and (J- 
surf) were collected manually by immersing the sample bottles 
In  the overflow jets. A l l  wmples wers stored i n  ice chets  and 
brought back t o  Translab. where they were analyzed accord- 
ing to test methods i n  Standard Methods (3). 

Instantaneous flow riite5 were measured using one o f  the 
fi7llowinp techniques: velocity-area o r  time to  fill a known 
.it)lurl,e. Fiuw rates over the arcular weirs at (M-surf) and (J- 
surf) could not be computed with anv o f  the standard weir 
formulae. because surface tension effects were o k w e d  and 
the heads never exceeded 0.10 foot. 

A sample set consisted o f  taking at least one pint o f  runoff 
(when there was runoff) from each of the 13 locations shown 
i n  figure 2. and measuring flow rates. It required less than 
one hour to  travere the entire site and collect one set of data. 
The pint samples were discrete. because each of them was 
collected i n  about one minute o r  less. Composite samples 
(amounts smaller than oae pint collectec! over a longer time 
until there w&i a pint o f  runoff) were not collected. because 
there were 13 locations. and there were only two pcople 
sampling. 

Rainfall accumulation was measured with a pnt-mounted 
rain gage ant! was recorded periodically during storms. The 
gage was installed between the upper and lower basins. 

The 1981-82 uater year was wet. The snow depth at Echo 
Summtt was 13h inches on Apr i l  8 .  lW2. approuma:ely 1x0 
percent of normal. Snowmell a ~ v r r e d  gradually k a u u  tsm- 
peratura were lower than normal i n  .Uav and June ( 4 ) .  

The efftuliveneu o f  the detention bastns i n  improtrng the 
quality of snowmelt was determrned by plotting arrd analyzrng 
the salues of water q u a l i t  parameten and ret icuing the flow 
rate obxrvations dunng the spring snowmelt i n  May 1981. 
Table 2 is a diary o f  the sampling dates and comments rcpard- 
ing maintenance at iwt i rsor  other facton t k t  ma! habe ariei-tsd 
the water quality. A t  Y of  the 13 simple locat~ons. normall? 
three (but wmetimes two) discrete. one-pint samples were 
collec-ted at approxrmatel~ one-minute intrnals. Edch dl..- 
crete ump le  uas tested for turbidity. specrfic conductance. 
chion&. and o i l  and grease. & c a w  there were no large 
differences tn values among the one-minute dinretc sample,. 
averaged vat- for cacb lazition were plated (figures 9 through 
12) for each sample set. 

Turbidity 

The detention basins effectively reduced turbihty valua. Tur- 
htd runoff was due to fine pxt tc l rs  k i n g  eroded from the 
stwkprles of .and. cinders. and roadway base material and 

FIGURE 8 (Top) G- ring, trash rack, p i p  rGcr outb .  
(Bodlam) Floatak  mined  by grease ring. 
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from bare wil in  d r i n a p  area I. Turtwciitv values at the upper 
b a n  inlets (lu.atic)ns A and B)  were wveral orders ot mag- 
nrtude hrgher than thov  meaured tn the lower b u n  outlet 
(J-wrf)  on .May 5 a d  10. The h r m  !urbtbt) values occurred 
at Ixatrom A and B when trucks were bang I c ~ c k d  with 
bas* matertal. See tisure Y. 

Fine prntclrs ran rematn in suspmsion because there are 
no baffles or chamber$ In the hasrns and kcausr there are 
relatt\el> short Jrhtirnca from the barin ~nlets to the iwrtlet 
r iwn.  The ~spsnded  particle are ?4 mtcrom (So. ItlI stew! 
iind smaller. The prtrcle w e  u;u cktenntned vaually by 
rnsprarng the water samples in the field arid the drred rcsldue 
in the laboratory using the criterion of the t'nrfied So11 C'las- 
u f i a t w n  System (5). The value of turhtdrty were between 
3 J  and 30 nephelometric turbtchty units ( NTU ) at the luuer 
basin outlet (J-surf). 

Sfovemnt of a silt plume indicated that mixing was cxxur- 
ring tn the channel near G .  Samples were collected at G dunng 
sprtng snowmelt but not dunn!; the fall storms becausr: con- 
centrations ~n the mtxing zone are transitional (6). The focus 
of thib evalutton was to characterue conrmtntion, down- 
stream after mrxing with the upstream d~lutron waters. The 
e ~ \ t  a d  war b r a n c h  of B e n w d  Creek &luted the effluent 
from rhe Itwer barin so that turbtditv \slues downstream at 
K did not exceed 3 VW. 

Before the dctentton b r n s  were but11 the Foret Senre  
mcrsurrd chlorttk concentrattons downstream of K in Ben- 
w a d  Creek. Va lue were grater than r((H mg 1 (mrllrgranu 
per I~ter). 
Thr swru of &Ion& s d w l w d  h a n g  salt. NaCl ( d u r n  

chiorde). from sptllage around the wi t  hopper In drarnap 

FIGURE 9 TurMdity: Spring raormclt. 1382. 
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area I. Spec-ific ~wnductance is a measure of the d i s ~ ) l \ c d  
wltds. I n  f i gu re  I 0  and 11. u k n  the chloride ~wncmtrat iom 
uere high. w were the va lue  o f  spn-rfic conduc~acr .  This 
rndrcatr~ that chlonde k a substanttai frac?ion of the drswl\ed 
wid. Ccneta~lom herween dtlondc rurd s(m1fic cdu?anu 
at kn-atwm A amf (J-urrf 1 were 0. W ;ind 0.W rmpectncly. 

The h~ghest values o f  spet5f.c nmductance and c-hlontk 
concentration were at i tx i i t ion A. Jc-nstream of the 4 t  
hjppr. Chloride conwritrattons did rwjr exceed 31 mg I at 
the lower basin outkr  (J-surf) due to  the dllutton water from 
drainage areas I1 and Ill. Chlonde concmtnt lons were I a s  
than 3 mg;l i n  Benwood Creek at K duc to  the aJditnmal 
d~lut ion waters from dra inap  areas I V  and V. Chloride crm- 
centrations were always I n s  than 2 mg I upstream tn the east 
and west b r a n c h  o f  & n w d  Creek (at t i  a& 1). 

The effluent concentrations at the lower basin outlet (J- 
surf) are considered not harmful or excessi\el) hrgh. The 
chlorrde standard for drrnkinp water is 231 mg 1 (7). and the 
LCSO. the lerhal concentratton at which 5U per cent of ra~nhou- 
trout die w t h i n  ut, hours. is 12.,W) m g  I (8) .  

The entire maintenance )ard (drarnap a r e a  I. 11. and Ill) 
and US 3) (drainage areas I V  and \') have potential for t\rI 
accumulation and spills. No  o i l  spills u r r e  o h u n e d  during 
the dates o f  wmpltng. Normal maintenance and other beh~c- 
ular ae3ivity wa5 o C r n e d  at the maintenance station and on 
the highway. 

* a84 * * * * t * 
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FIGURE 12 Oil ud grease: Sprhl smowclrll. 1962. 

The highest oil and greaw cvwrntratlon was ?I) mg 1 .  It 
was collected at B a h ) t e  tnz cleanout ramp by the upper 
b a n  on May 5 in the a f t e m x ~ n  after. ~ ) t  during. the truck 
Io.idtng operatnm. Concrntrations were Iru thin 15 mg 1 at 
the louer b a ~ n  outlet (J-surf). Conrrrntrat~ons did not exceed 
3 mp 1 ~n k n w d  Creek at K. See figure 12. 

The g r e a s  rrngs appear to retaln most of the oil. g r e w .  
and other floatahles ~n the lower and upper bwns. except 
during tranut~onal periods. During filllnp. or a the water 
ie\el recede due to infiltral~on into the ground. wmc oil and 
_urea* or float~hles near the n x n  can rlow through the 3- 
~nch  drmeter  perforations and Iwcome trapped ~n ihe con- 
crntrK \pace between the greau ring and the riser. Dunng 
the next prritd of oterflow trapped ruhtances will hr dis- 
charged to the creek. 

Turblditv. specific conductance. chbrick. filterable residiii 
and nonfilterable rrsldue. were measured for samplcs taken 
durlng two aorm in Oaober  1982. 011 and grease was not 
mea\ured fvr the* \ample  because there was novls~ble sheen 
on the water surface. The mitigation effect of the detention 
basins dunng storm runoff was determined the same way as 
for snowmelt. i.e.. by plotting and analyzing the ~ l u e  of 
water quality parameters and reviewing the observations of 
flow rates. rwnfall. and activities during sampling. That infor- 
mation is omitted from this paper for brevity; it is reported 
in ( 9 ) .  Only one. discrete pint jampk was taken for each 
sample set. because of the small differences found among the 
one-mlnute discretes collected during snowmelt and because 
11 took about 45 mlnutes to traverse the entlre site. 

There was not enough runoff on October 21 and 22 for the 
basrns to overflow. The basins were about half-full initially. 
and after the storm they were just short of overflowing. Four 
sets of runoff samples were collected. A set sometimes con- 
sisted of less than thirteen samples when there was no runoff 
at certain locations. Two sets were collected on the Zlst. from 
the beginning until the end of rainfall (approximately 0.56 

lnch of m n  in 2.5 hours). Two more sets were collected on 
the 12nd. at w h d  tlme there were sporadrc d n u l a  that were 
not mawrable.  

& ~ h  the upper and louer bauns were overflowing upon 
amta l  at the site and m t l n u e d  to overflow dunng tbe Octo- 
ber 25 mnstonn (1.13 I&). whch changed to snow (5  
~nchcs) dunng the eadv hours of Octokur 26. Sampling of 
runoff (4  sample x r s )  win done dunng the fint 0 43 rnches 
of ra~nfili  (4 5 hours) on the 25th. The first sample wt  r e p  
rcscntcd the t a l  of a ranfall'runoff event that occurred ear- 
Ler. w h ~ k  the next three srts rtpresented the 0 43 ~ n c h  of 
riiin. F w r  more srmple u t s  were collected on the 16th. when 
there was no measurable snow or r a n .  

Srorm runoff samples were analyzed for both turbidity and non- 
filterable reudw. Values of turbwlity and nonfilterabk r d u e  
were hgher on Oaober 21 during the first hour at locations B 
and H (respectiv=ly 3 9 . 3  Knl and 352.35 mg'l) than during 
the seoond hour at B and H (respeanely 37.6 NTU and 42.13 
mgll). This is d k d  the first flush phenomenon. 

It was only drizzling sporadically during the sarnphng pmocis 
on October 2. and there was I~rrle or no runoff entering the 
basins. lurtndity and nonfilterable m i d u e  values decreased 
at ti ((2 NTU and 1 mg I )  as compared to the values on 
October 21 during the first hour of rainfall. The basins were 
not overflowing Runoff ~n the three-bastn system was infil- 
trating into the ground. as evidenced by the decrease in water 
surface elevations from morning to afternoon. 

Analysis of the data from the storm on October 25 and 26 
showed that values of turbidity and nonfilterable residue were 
lower at the basin outlets as compxed to the basin inflows. 
At the lower basin outlet (J-surf) values of turbidity and non- 
fiiterab!e residue were respectively. less than 18 NTU and 19 
m@l and ranged from 5- 10 NTU and 3 - 9 mgll less than 
the upper basin outlet (M-surf). Values of turbidity and non- 
filterable residue at K (downstream. Benwood Creek) were 
less than 9 NTU and 18 mg/l. 
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entering the old streambed. The old bed is composed o f  an 
alternating series of runs and deep p l s .  Vegetation cvvers 
the banks. but wme stretches of the stream are exprncd dur- 
ing midday. Bottom sediments were rock cobble in the runs 
and silt and wnd in  the pools. 

The water leaving the bog is acidic and brown. which rndi- 
cates large amounts of organic acids. There W:LS no change in 
temperature withln the bog. I f  there is any aqu<itic life in th~s 
are3 none w;rs obxned. due to the small chrnnels and den* 
\eketation. 

I n  the rechannelrd:.ection. especially near the culwrt undcr 
US -3J and sampltnr location ti. there was reddish brown flw 
on the cobbles. The flw was caused hy the pr~cip~tat ion of 
Iron. probably as rerric hydroxide ~n ic\xxiation with iron 
bactrna. Several different t y p  of aquats rnxcts were 
obxrved; however. a single species of chironomid larva was 
more prevalent than any other s p e s .  The water temperature 
incrr-d scveral degees in  the rechanneled xctton. 

In  the old streambed the organic acid content was sufficient 
to coior the water; however iron precipitation was not evident. 
Sfany different specie of aquatic insrcts were ohszned in  the 
streambed and leaf litter. 

Bcnuiud Creek =em\ t y p a l  of \treamsoriginating in spring- 
fed hop in nc)ncalcareow ul ls .  The preclpttatlon of Irvn and 
the low yti are characteristic of ,uch streams. The increre 
in temperature and presence of large numbers of single species 
~n the rechmneled area is due to the construi3lon. not to 
pvllutio:: from the maintenance yard. The cx)ndition of the 
aquatic habitat ~n the rechanneled area is h~ghly disturhzd 
due to the construalon and is just kgnn ing  to stabllue. The 
ctmdit~g~n of the aquatic habitat atuve and M o w  the recharl- 
neled area is not significantly different from any other moun- 
tam stream originating in a s~milar hog. By Novemhcr 19x7 
the wrviving trees and shruh that were planted on the bemi; 
and along the rechanneled seaion appeared to be growing 
slowiy. 

diluted dissolved materials and NaC: deicing salts from the 
upper basrn. Chloride concentrations i n  Benwood Creek were 
below 30 mgli as compared to approximatelv U J  m g l  before 
the basins were built. 

The greiw r ing.  which were fitted around the outlet risers. 
appeared to  prevent most of the oil. greasc. and floatrbles 
from rscaping the basins. During the transitional period (till- 
~ n g  cr emptying). oil and greasr or floatables near the risers 
can flow through the .Finch diameter perforations and become 
trapped between the g r e w  ring and outlet. The trapped sub- 
stances will flow through the outlet dunng the next overflow 
event. O i l  and g r e w  concentrations from the maintelance 
vard during snowmelt were approximately 2U mg/l. while val- 
& in knwtxx l  Creek upstream and downstream of the basins 
did not exceed 3 m g  1. 

Measured snowmelt rates were 2 to 5 times greater than 
storm runoff rates. Snowmelt productd steady. gradually 
chang~ng flows as compared to unsterdy. rapidly changng 
flows from rainstorms. 

The mnoff detairied in the three basins ultimately infiltrates 
into the pound anrt'or evaporates. 

The basins are expected to remain aerobic. since they are 
shallow (less than 3.5 feet deep when full). and they will 
remain aerobic as long as they do not receive large amounts 
of decaytng leaves or any human or animal waste. 

Baun cleanout schedules are not easily forecasted. Original 
estimates showed that the basins would need to he cleaned 
out approximately every two years. After almost six years of 
operation there appears to be adequate volume fo i  retaining 
vdlment in  the basins; however, the interconnecting culverts 
nse&d to be cleaned w the ba\ins could function as they 
were Jrslped. 

The b~c~logical aurssment indicated that the aquatic habitat 
in the reaiigned channel was highly disturbed but was begin- 
ning to stabilize. Thr: iundttion of the aquatr habitat upstrram 
and downstream of the realigned channel was not sipn~ficantly 
different than any other mountain stream originating in a 
similar bog. 

COSCLCSIONS ASD FINDINGS 

The detention basins effectively rejuced tur t id~ty values from 
the maintenance yard runoff during conditions of snowmelt 
and storm water runoff. Turbidity values measured at eroded 
areas and paved ramps leading into the basins from the main- 
tenance yard were greater than those in Benwood Creek by 
two. and sometimes three. orders of magnitude. Downstream 
values in  Benwood Creek did not exceed 10 nephelornetric 
turbidity units (NTW). Turbidity values measured down- 
stream of the maintenance yard in Benwood Creek were only 
sligiltly venter than those measured upstream of the deten- 

: tion basins. 
Shock loadings of nonfilterable residue in  Benwood Creek 

i from maintenance yard runoff will be mitigated. as long as 
i there is capacity for runoff and as long as accumulated x d -  

iment is periodically removed from the basins and the inter- 

I connecting culverts. Concentrations of nonfilterable residue 
did not exceed M milligrams per liter (mgll). Particles of 
sediment smaller than 74 microns (No. 2WJ sieve) can remain 
in utspenslon and can flow through the lower basin into Ben- 
wood Creek. 
nK old channel and lower detention basins did not produce 

large amounts of chlorides. thus the runoff collected by them 

RECOMhlENDATlONS AND APPLICATIONS 

Maintenance yards should be inspected to determine i f  drain- 
age from the vard a affecting nearby streams. lakes. or other 
bodies of water. i t  is usually not a trivial task to assign a dollar 
value to mountain streams and their supporting watersheds. 
Building and operating a maintenance station without con- 
sideration or protectior. of nearby water resources can destroy 
the valuable uses of the water and may lead to regulatory 
agency enforcement actions. When impacts are found or 
potential impacts are identified. a detention basin system should 
be considered as a mitigation measure. 

A properly designed, constructed. and maintained deten- 
tion basin system can effectively reduce the turbidity levels 
and sediment loads from maintenance yard mnoff. Drainage 
areas. levels and kinds o f  maintenance ailivities. and the uses 
of nearby receiving waters must be studied before sizing and 
locating basins. The distance between the outlet of the basins 
and the major poirrts of inflow should be as long as possible. 
Baffles should be considered for situations where hems can- 
not be used to prevent inflows from going directly to the 
outlet. Baffles reroute primary inflows. reduce turbulence. 
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and inhibit resuspcnuon of fine partidis already deposited in 
the basins. 

If oil and grease or other floatabla are not wanted or 
allowed in the effluent. a floating. sorbent boom can be installed 
around grease rings. The floating boom will absorb and block 
oil and grer-jz a=' other floatables from escaping the basins 
during the periods when the water level in the basins is fluc- 
tuating and near tk; Level of the perforations in a grease ring. 
Floating sorbent booms must be changed ptmorlically. 

The mat:rials med to construct the outlet structures of 
bauns, e.g.. weirs or spillway aprons, should be nonermive 
to prevent nonfilterable residue from entenng the effluent. 

Generally. when a basin becoma half-full of sediment. it 
should be cleaned out to provide more volume for dilution 
and to maintatn trap efficiency. The outlet risen should be 
banded or clearly marked at the half-full level when the deten- 
tion basins are fint built. w that a simple visual inspection 
will sho* how much sediment has accumulated. A minimum ' 

of one inspection per year is suggested. wtzn the basins are 
mostly dry. 

Culvens that interconnect basins and outlets should also 
be inspected annually and cleaned when they are more than 
50 percent pluged. When it is feasible. the outlet elevations 
of the interconnecting culverts should be constructed such that 
the flow lines are at the half-full level of the basin. 

Mainteiisnce yards should be kept clean. Spills of salt. sand, 
and cinders around bunkers and in the yard should be cleaned- 
up before storms. Where it is feasible. diked and/or covered 
areas can be used to contain materials in the yard. Frequent 
cleanups will help prevent these materials from entering the 
runoff in the fint place. 
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