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NEW ESTIMATING PROCEDURES FOR SURFACE RUNOFF, 
SEDIMENT YIELD, AND CONTAMINANT TRANSPORT IN 

LOS ALAMOS COUNTY, NEW MEXICO 

by 

Leonard J. Lane, William D. Purtymun, and Naomi M. Becker 

ABSTRACT 

Procedures are developed to predict runoff, sediment yield, and contami­
nant transport from semiarid watersheds with alluvial stream channels. The 
procedures represent a synthesis of mathematical models to approximate the 
complex processes of runoff generation, streamflow-routing and hydrograph 
development, sediment transport and yield, particle sorting and enrichment, 
and transport of sediment-associated contaminants. 

The procedures are applied to a complex watershed-channel system at Los 
Alamos, New Mexico, and are used to compute plutonium transport and 
redistribution in alluvial stream channels. Mass-balance calculations are 
used.to compute the amount of plutonium discharge from the channel system 
and to compute the plutonium remaining in storage in the channel alluvium. 

I. INTRODUCTION 

The term "watershed" means an area above a 
specified point on a stream channel enclosed by a 
perimeter. The watershed perimeter defines an area 
where surface runoff will move into the stream or its 
tributaries above the specified point. In arid and 
semiarid regions, where the surface features are 
most evident, a striking feature of the landscape is 
the stream channels, and thus watersheds, combin­
ing in complex patterns to produce the channel 
networks and interchannel areas. These features, in 
turn, control the routes and rates of movement of 
water and sediment, when precipitation causes run­
off. 

Because the entire surface of the land is com­
posed of watersheds, and because hydrologic 
processes are complex and highly variable in time 
and space, hydrologic processes are impossible to 
measure on every watershed where information is 
needed. Moreover, because the hydrologic 

processes are influenced by variable climate, ge­
ology and geologic materials, soils, vegetation, and 
land use, monitoring a few watersheds and extend­
ing the results over large areas may give inaccurate 
conclusions. Therefore, mathematical models are 
needed to mimic or simulate hydrologic processes 
on watersheds representing a wide variety of 
climate, soils, topography, and land use. This report 
describes the development and application of 
procedures to simulate hydrologic, hydraulic, and 
sedimentation processes on semiarid watersheds, 
and applies the procedures in computing contami­
nant transport rates. 

A. Objectives 

The first objective is to develop a hydrologic model 
or component to simulate the rates and amounts of 
runoff occurring on semiarid watersheds and to 
develop procedures for estimating model 



parameters from physical features of the watershed 
and from established relationships. 

The second objective is to simulate open-channel 
flow hydraulics and the resulting sediment transport 
rates and sediment yield. This objective includes 
estimating model parameters from physical fea­
tures of the channel system and from established 
relationships. 

The third objective is to combine the hydrologic 
and sediment components to predict rates and 
amounts of runoff and sediment yield from semiarid 
watersheds. 

The fourth objective is to develop procedures for 
using the simulation models to study the movement 
of runoff and sediment-associated contaminants in 
complex semiarid water:;heds. 

Collectively, these objectives represent an at­
tempt to develop reasonably simple, yet physically 
based, simulation models for predicting runoff, sedi­
ment yield, and contaminant transport on semiarid 
watersheds. 

B. Scope, Limitations, and Emphasis 

The models described here apply to small semi­
arid watersheds with well-defined channel systems 
where the streamflow is ephemeral or intermittent. 
Because the sediment yield calculations are based 
on computed transport capacity, the procedures are 
designed to compute sediment transport capacity in 
alluvial stream channels composed of noncohesive 
sediments. Contaminant transport calculations are 

based on the assumption that the contaminants are 
adsorbed or strongly associated with the sediment 
particles. Finally, because many of the basic rela­
tionships incorporated in the model were developed 
using data from semiarid rangelands in the western 
United States, streamflow occurring in ephemeral 
channels as a result of rainfall events is 
emphasized. 

C. Brief Overview 

The procedure for computation of runoff, sedi­
ment, and contaminant transport is summarized in 
Fig. 1. Based on climatic inputs, watershed 
characteristics, and land use, the hydrologic com­
ponent estimates runoff delivery to the channel 
system from the upland and lateral flow areas. The 
streamflow routing procedure estimates runoff vol­
ume, peak runoff rate, and flow duration at any 
position in the channel system. Runoff data provide 
input to the sediment yield component. Hydraulic 
calculations are made for velocity, flow depth, 
hydraulic radius, and shear stress for nine discrete 
time intervals during flow in the channel. Transport 
capacity is computed for up to 1 0 sediment particle 
size classes, including suspended and bed load. 
Sediment transport rates are integrated over the 
nine time intervals approximating the hydrograph to 
estimate sediment yield at any point in the channel 
system. Sediment data are used in differential or 
difference equations for contaminant transport to 
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Fig. I. Logic diagram for computation of runoff, sedi­
ment, and contaminant transport in semiarid 
water sheds. 



estimate a contaminant inventory for each channel 
segment in the channel network. 

This model . features the capabilities of varying 
rainfall inputs over the upland and lateral flow areas 
through the entire watershed and the ability of the 
streamflow routing procedure to incorporate reduc­
tions in runoff volume and peak rate resulting from 
transmission losses in the channel alluvium. The 
hydraulic component simulates spatially varied and 
unsteady flow through. the piecewise normal hydro­
graph technique. Runoff volume, peak rate, and 
flow duration are changed, and thus the hydrograph 
is changed in the downstream direction. Spatial 
variability owing to changes in channel geometry, 
transmission losses, and lateral inflow are approx­
imated. Changing the flow rate, depth, velocity, and 
shear stress for each time interval on the hydro­
graph can approximate unsteady flow at a channel 
cross section. Assuming uniform and ·steady, or 
normal, flow during each nine time intervals on the 
hydrograph allows application of both the Manning 
equation to compute flow variables and sediment 
transport equations based on the normal flow as­
sumption. 

Sediment transport calc~:~lations are based on the 
particle size distribution of the channel bed sedi­
ments with different equations for suspended and 
bed-load sediment transport. Total sediment yield 
for a storm is estimated by 'ntegrating the transport 
rates throughout the hydrograph. Particle size dis­
tributions of the transported sediment are com­
pared with the corresponding ·channel alluvium dis­
tributions to simulate the processes of particle sort­
ing and enrichment of the transported sediment in 
the fines, or smaller sized sediments. 

The enrichment computed from particle sorting 
information and the contaminant concentration par­
ticle size relationships are used to estimate trans­
ported contaminant concentrations relative to the 
mean contaminant concent.·ation in the channel al­
luvium. These data are used in difference equations 
to compute a contaminant inventory in each channel 
segment and in the entire channel network. 

D. Background 

Background material on hydrologic, sediment, 
and contaminant transport processes on semiarid 
watersheds is summarized in Table I. The referen­
ces in the table provide a technical overview and 
sources for many of the data upon which the 
procedures described herein are based. 

II. DEVELOPMENT OF THE HYDROLOGIC COM­
PONENT 

The hydrologic component consists of 
procedures to (1) estimate runoff from upland and 
lateral flow areas, (2) route streamflow in alluvial 
channels, (3) approximate the shape of runoff 
hydrographs, and (4) combine these processes into 
a distributed hydrologic simulation model. 

A. Runoff from Upland Areas 

The term "upland runoff" denotes runoff de­
livered upstream in a channel segment and also 
denotes runoff from lateral flow areas delivered 
along the length of a channel reach. 

B. Infiltration and Runoff Volume 

The Soil Conservation Service (SCS) method is 
widely used to calculate direct runoff from rainfall. 
Because of this method's widespread acceptance, 
existing parameter estimates and estimation tech­
niques, and because its design incorporates 
changes in watershed conditions and land use, we 
adopted it as a procedure to estimate upland runoff 
volumes. The SCS runoff equation (NEH-4, 1972) is 

v = {(~ - 0.2S)2 

(P + 0.8S) 

where 

V =runoff volume in in. (mm), 
P =storm rainfall depth in in. (mm), and 
S =retention parameter in in. (mm). 

(1) 

The parameter S in Eq. (1) is related to a runoff 
curve number CN so that 

CN 
1000 

10+S 

in English units and 

. CN 
25400 

254+S 

(2) 

(3) 

3 



Table I. Selected References for Hydrologic, Sediment, and 
Contaminant Transport Processes on Semiarid Watersheds 

Process or Component Comments References 

Hydrology of semiarid Basic source material: Branson et al. 1981 
rangelands technical overview Renard, 1970 

Upland runoff: scsa runoff equation NEH-4, 1972 
Infiltration Influence of basin Murphey et al. 1977 

characteristics 
Hydrographs Shape Diskin and Lane 1976 

Stream routing: 
Transmission losses Routing equations Lane 1980 
Hydraulics Basic equations Chow 1959 

Sediment transport: 
Equations Basic source material Graf 1971 
Model Procedure development Lane 1982b 

Contaminant transport: 
7ransport General overview Watters et al. 1982 

Knisel 1980 
Model Procedure development Lane and Hakanson 1982 

-- .. --------
8Uf Department of Agriculture, Soil Conservation Service. 

in metric ur.its. Values of curve number vary from 0 
(no runoff) i o 1 00 (all rainfall becomes runoff). 

When Wt... apply Eq. (1) to upland or lateral flow 
area, curve number can represent a homogeneous 
area; an average or composite value for the area; or 
an area subdivided into subareas, each with its own 
curve number. Variations in curve number reflect 
soil type and structure, vegetation and cover man­
agement, :tnd antecedent soil moisture. 

C. Estimal ing Runoff Curve Numbers 

The basic source material for estimating cw ve 
numbers i8 the SCS National Engineering Har.d­
book (NEH-4 1972). However, additional research 
to determin'3 cu.rve numbers, especially under semi­
arid condit )ns, has been reported. !his section 
summarizet curve numbers from the SCS Hand­
book and from other sources for antecedent soil 

4 

moisture condition II (average or normal); descrip­
tive variables are listed in the original English units. 

Hydrologic soil groups and their general 
characteristics are summarized in Table 11. Given 
the hydrologic soil group, curve numbers for various 
cover types, densities, and conditions are listed in 
Table Ill. Table IV lists curve numbers for various 
surface types ranging from unimproved bare soil to 
surfaces that are nearly impervious. Table V shows 
the per cent of impervious cover for various degrees 
of urbanization, and it shows how the per cent of 
impervious cover is used to deriv~ a composite 
curve number to reflect urbanization influence. The 
SCS National Engineering Handbook describes 
procedures incorporating the influence of antece­
dent moisture on curve numbers. However, most 
practical applications usually involve the assump­
tion of antecedent moisture condition II during the 
surface runoff simulation. 



Table II. Soils Descriptions and Hydrologic-Soil Groups (NEH-4, 1972) 

Soil 
Group Characteristics Comments 

A Soils with high infiltration rates, even Low runoff potential and 
lowCN when wetted; well- to very well drained 

gravel, sand, loamy sands, and sandy loam; 
soils of 36 in. or deeper without 
infiltration-reducing layers 

B Soils with moderate infiltration rates; 
moderately well to well-drained soils with 
moderately fine to moderately coarse tex­
ture, usually moderately deep soils 

Low to moderate runoff potential 
and CNs 

(20 in. or deeper) 

C Soils with slow infiltration rates; 
soils with moderately fine to fine tex­
ture, or with an infiltration-reducing 
layer; usually less than 20 in. of soil 
over an infiltration-impeding layer 

D Soils with very slow infiltration rates; 
clay soils with swelling potential, 
shallow soils over a clay layer, and 
shallow soils over nearly impervious 
material; usually less than 12 in. of 
soil over an infiltration-restricting 
layer 

D. Streamflow Routing 

Although the procedures described herein were 
derived for ephemeral stream channels with trans­
mission losses, they can be applied, with somewhat 
coarser approximations, in alluvial channels without 
significant transmission losses. 

E. Transmission Losses 

Many semiarid watersheds have .broad alluvium­
filled channels that abstract large quantities of 
streamflow (Babcock and Cushing 1941; Burkham 
1970a, 1970b; Renard 1970). These abstractions, or 
transmission losses, are important because water is 
lost as the flood wave travels downstream, and thus 
runoff volumes are reduced. Although these ab­
stractions are called transmission losses, they are 
an important part of the water balance, because 

Moderate to high runoff poten­
tial and CNs 

High runoff potential and 
high CNs 

they support riparian vegetation and they recharge 
local aquifers and regional ground water (Renard 
1970). 

Several procedures have been developed to esti­
mate transmission losses. These procedures in­
clude inflow loss rate equations (Burkham 1970a, 
1970b; NEH-4 1972), simple regression equations 
(Lane, Diskin, and Renard 1971 ), simplified differen­
tial equations for loss rate (Jordan 1977; Lane 
1980), storage routing for a cascade of leaky re­
servoirs (Lane 1972, Wu 1972, Peebles 1975), and 
kinematic wave models incorporating infiltration 
(Smith 1972). Therefore, procedures range in com­
plexity for estimating runoff in ephemeral streams 
with transmission losses. As a rule, the simplified 
procedures require less information about physical 
features of watersheds, but are more specific in 

· their application. The more complex procedures 
may be more physically based, but they require 

5 
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Table Ill. Hydrologic Soil-Cover Complexes and Associated CNs 
(NEH-4 1972; Zeller 1979; Branson et al. 1981) 

Cover Type, Density, CN (by hydrologic soil group) 
or Condition A B c 

Unimproved bare soil 72 82 87 

Desert brush (% cover): 
<10 84 88 
:::::20 83 87 
:::::40 82 86 

Pasture or range: 
Poor 68 79' 86 
Fair 49 69 79 
Good 39 61 74 

Herbaceous plants and grass (%cover): 
20 79 86 
40 74 82 
60 69 77 

Pii'lon-juniper-grass (% cover): 
40 65 75 
60 57 70 
80 48 62 

Ponderosa pine (% covnr\: 
40 61 75 
60 55 70 
80 49 65 

Table IV. Approximate CNs for Bare Soil and Impervious Areas 
(NEH-4 1972, Zeller 1979) 

Surface Type 

Unimproved bare soil 
Hard-surface dirt roads 
Exposed bare roc'< 
Completely imper ·ious 

urban areas 

CNs (by hydrologic soil group) 

A B C D 

72 
74 
96 
99 

82 
84 
96 
99 

87 
90 
96 
99 

90 
92 
96 
99 

D 

90 

93 
92 
90 

89 
84 
80 

92 
90 
88 

88 
86 
83 

80 
77 
73 



Table V. Approximate Urbanization Influence 
upon Degree of Impervious Areas 

(Zeller 1979) 

Development Type 

Suburban: 
<1 house per acre 
~ 1 house per acre 
~2 houses per acre 

Light to moderate 
urbanization: 
~ 3 houses per acre 
~ 4 houses per acre 
~ 5 houses per acre 

Highly urbanized: 
Multiple dwellings 
Light industry and commercial 
Heavy industry and commercial 

% Impervious Covers 

min 

5 
15 
25 

30 
35 
45 

50 
50 
80 

av 

10 
20 
30 

35 
40 
50 

65 
70 
90 

max 

20 
25 
35 

40 
45 
55 

90 
80 
95+ 

acomposite curve number calculated as 

CN 
CN0(1 00 - u) + 99u 

100 

where CN0 is the curve number for natural conditions and 1... is the per 
cent impervious area. 

correspondingly more data and more complex com­
putations. 

The simulation model presented herein attempts 
to develop a procedure for practical applications. 
The model is a compromise between the more 
physically based deterministic models and the more 
simplified procedures described in earlier referen­
ces. The resulting model is constructed so as to 
require a minimum of observed data for calibration 
and to provide a means of predicting on ungaged 
watersheds. 

Observations from many locations suggest that 
runoff from semiarid watersheds generally follows 
periods of thunderstorm rainfall, and at other times, 
the stream channels are normally dry. Runoff is 
accompanied by substantial infiltration losses in the 
stream channels. These losses, and the usually 

steep slope of the channels, tend to produce 
sharply peaked runoff hydrographs. The res~:~lting 
shape of the hydrograpt1s, which start from and end 
in conditions of no flow consists of a fairly narrow 
triangular peak followed by a relatively longer re­
cession of low flow. The time to peak (time from 
beginning of runoff to the hydrograph peak) is 
usually shorter than the recession time. This charac­
teristic shape of the runoff hydrographs suggests 
that they can be fairly well approximated if the runoff 
volume, peak rate, time to peak, and duration of 
flow are known. Moreover, if the ratio of time to 
peak and duration is relatively constant, then the 
relation between runof' volume and peak rate is 
nearly linear. Based 01 these observations, the 
model described herein simulates a runoff volume 
and a flow duration, and then simulates peak flow 
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rate as a function of runoff volume and flow dura­
tion. 

To route flow through the channel network, we 
must know peak discharge as well as runoff volume 
from the upland and lateral flow areas. Peak dis­
charge is assumed to be a function of runoff volume 
and time characteristics of the runoff hydrograph. 
Peak discharge of a unit hydrograph from small 
areas can be estimated from runoff volume and time 
to peak (NEH-4 1972) as 

where, in English units, the variables are 

a= peak rate (in cfs), 
v·= runoff volume (in in.), 
A= drainage area (in sq. mi.), and 
T P = time to peak (in h). 

(4) 

The conversion factor 484 converts units of square 
miles-inches per hour to cubic feet per second. If 
time to peak TP is assumed to be a constant propor­
tion of flow duration D, and discharge is expressed 
in inches per hour, then Eq. (4) becomes 

a= 484aV 
6400 ' 

where 

a= peak discharge (in in./h), 
a= the ratio of flow duration to peak time. 
D =flow duration (in h), 

TP= D/a, and 

(5) 

the conversion factor 640 is the number of acres 
per square mile. For a constant a, Eq. (5) is of the 
form 

a= C5V/D , (6) 

where C5 is a parameter expressing hydrograph 
shape. 

The use of a double-triangle unit hydrograph as a 
model for unit hydrographs of small watersheds has 
been proposed by Ardis (1972, 1973); with results 
for a number of watersheds published in a report by 
TV A 1973. These procedures were applied to a 
small semiarid watershed by Diskin and Lane 

8 

(1976). Based on analysis of 1 0 hydrographs from a 
4-acre (1.6-ha) watershed, they found that for a 1-
min hydrograph, 

u = 6.6V/D (7) 

where u is the peak of the unit hydrograph, V is 
runoff \Oiume in inches and E> is the duration of the 
mean unit hydrograph in hours. By convoluting the 
unit hydrograph with observed excess rainfall pat­
terns, the relation between runoff volume, mean 
flow duration, and peak runoff rate was 

a = 4.82V /D , (8) 

or C5 = 4.82. 

Using data from 15 semiarid watersheds in Ari­
zona with 10 to 35 yr of record, Murphey et al. (1977) 
found that mean flow duration was related to 
drainage area as 

E> = C,Pc2 = 2.53A0·2 ' 

where 

E> • mean duration of flow (in h), 
A · = drainage area (in sq. mi.), and 

c,,c:' '"'parameters. 

(9) 

The co' )t :icient of determination for Eq. (9) was 0.78, 
with a ~tandard error of 21%. They also found that 
mean rw;off volume per runoff event was related to 
drainage area as 

where 

. V =mean runoff volume (in in.), 
A = drainage area (in sq. mi), and 

C3,C4 = parameters: 

(1 0) 

The coefficient of determination for Eq. (1 0) was 
0.61, with a standard error of 28%. 

A similar equation for mean peak discharge: was 
found to be 

Q = O.H A-0·38 , (11) 



where 

a= mean peak discharge (in./h), and 
A = drainage area in sq. mi. 

Combining Eqs. (9), (1 0), and (11) (from Murphey et 
al. 1977), the equation corresponding to Eq. (6) is 
approximately 

a= 5.06V/D (12) 

or C5 = 5.06, which is quite close to the value of 4.82 
found by Diskin and Lane (1976) in an independent 
analysis. 

The procedure used was to compute runoff vol­
ume from the upland and lateral flow areas (using 
the hydrologic model for uplands), and then mean 
flow duration, using Eq. (9), and peak discharge, 
using Eq. (6). The runoff volumes are then taken as 
upland or lateral input into a channel segment for 
the routing calculations. As will be shown in the next 
section, estimates of mean runoff volume and mean 
flow duration are also used to compute trans­
mission loss parameters for a channel segment. 

Equations for the runoff volume at the end of a 
channel reach are derived, and then used with the 
peak discharge equation to estimate peak dis­
charge. These equations thus estimate the in­
fluences of transmission losses on runoff volumes 
and rates. 

In the absence of lateral inflow, if observed in­
flowjoutflow data for a channel reach are related by 
regression analysis (Lane, Diskin, and Renard 
1971 ), then an equation of the form 

V(x,w) = 
{

0 
a(x,w) = b(x,w)Vup 

results, where 

Vup :5 V0 (X,W) 

Vup>V0 (X,W) (13) 

a(x,w) =regression intercept (acre-ft or m3
), 

b(x,w) =regression slope, 
V0 (x,w) =threshold volume (acre-ft or m3

), 

V(x,w) =outflow volume (acre-ft or m3
), 

Vup =inflow volume (acre-ft or m3
), 

x = length of channel reach (mi. or km), and 
w = average width of flow (ft or m). 

When we set V(x,w) = 0.0, and solving for Vup• the 
threshold volume is 

-a(x,w) 
Vo(x,w) = b(x,w) (14) 

This is the inflow volume required before outflow 
begins. Inflow volumes less than V 0 (X, w) will all be 
lost or infiltrated into the channel alluvium. 

Based on the preceding empirical observations 
and Jordan's work (1977) using an ordinary dif­
ferential equation, Lane (1980) approximated the 
rate of change in runoff volume with distance as 

dV 
- = -we -wk V(x w) 
dx ' ' (15) 

where c and k are parameters, and the other 
variables are as described above. The solution to 
Eq. (15) is 

-c 
V(x,w) = k [1 - e-kxw] + Vup e-kxw , (16) 

where Vup = V(x = O,w) = the upstream inflow 
volume. By letting x = w = 1, Lane (1980) defined a 
unit channel, where a(1, 1) = a; b(1 , 1) = b; and c 
= -k(a/1 - b), so that Eq. (16) becomes 

Notice that if the following equivalence is made, 

b(x,w) = e-kxw ' (18) 

so that 

a a 
a(x,w) = 

1 
_ b [1 - e-kwx] = 

1 
_ b [1 - b(x,w)] 

pg) 

then Eq. (17) is identical to the regression model 
described by Eq. (13). Therefore, given observed 
inflowjoutflow data for a channel reach, least 
squares analysis can be used to estimate 
parameters in the differential equation, Eq. (15), or 
its solution, Eq. (17). 

If lateral flow areas contribute flow along the 
channel reach, and if this flow can be considererl 
approximately uniform with distance along th,, 
channel reach, then Eq. (15) becomes 
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dV 

dx 
-we -wk V(x,w) + VLArtx (20) 

where VLAr is the lateral inflow volume. The solution 
to Eq. (20) is 

VLAT 
V(x,w) = a(x,w) + b(x,w)Vup + k- (1 - b(x,w)] , 

wx 
(21) 

where a(x,w) and b(x,w) are defined by Eqs. (19) and 
(18), respectively. If the quantity (1 - b(x,w)]/kw is 
denoted F(x,w), then Eq. (21) becomes 

V(x,w) = a(x,w) + b(x,w)Vup + F(x,w)VLArtx , (22) 

where a(x,w), b(x,w), and F(x,w) are parameters to 
be determined for a particular channel reach. 

The basic equation for the transmission loss 
model (Eq. (22)] involves upstream input (Vup), 
lateral inflow along the channel reach (VLAr), stream 
segment length (x), channel width (w), and 
parameters a(x,w), b(x,w), and F(x,w). Given a run­
off volume from Eq. (22), an estimate of the hydro­
graph shape parameter, and a mean flow duration, 
we use Eq. (6) to estimate peak discharge where the 
channel segments end. The procedure is repeated 
for each channel segment used to represent the 
channel system in a watershed. Each exterior chan­
nel segment receives input from an upland area and 
from lateral inflow along its reach coming from two 
lateral contributing areas. Each interior channel 
segment receives upstream inflow from one or two 
tributary channels and lateral inflow along its reach 
from two lateral contributing areas. The channel 
network and its contributing areas are \.!Sed to rep­
resent the entire drainage basin or watershed. 

Ill. ESTIMATING TRANSMISSION LOSS 
PARAMETERS 

A. Equations and Techniques 

Lane (1980) analyzed data representing 139 
events from 14 channel reaches in Arizona, Texas, 
Kansas, and Nebraska. Based on these data, the 
unit channel parameters were estimated as 

a = -0.00465KD (23) 
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and 

k = -1.09 Qn [1 0.00545KDJV] 

where 

a = unit channel intercept (acre-ft), 
K = effective hydraulic conductivity (in.fh), 
D = mean duration of flow (h), 
V = mean volume of flow (acre-ft), and 
k = decay factor (ft/mir1

• 

(24) 

When we use these parameter values, the trans­
mission loss parameters are 

b(x,w) = e-kxw ' 

a a 
a(x,w) = 

1 
_ b [1 - e-kx'1 = 

1 
_ b (1 - b(x,w)] , 

and 

F(x,w) = [1 - b(x,w)]/kw 

(25) 

(26) 

(27) 

(28) 

Equations (23)-(28) define the tra•1smission loss 
parameters to be used in the bas : transmission 
loss model described by Eq. (22). 

In addition to these analyses, data were obtained 
from 14 other channel reaches in Ariz.Jna (Wilson et 
al. 1980) and from seepage rates in L:nlined canals 
(Kraatz 1977). This information was 'tsed to derive 
estimates of effective hydraulic conductivity from 
alluvial characteristics, as summarizer1 in Table VI. 

The transmission loss component (as part of a 
basin-scale simulation model) was tesLed using data 
representing 222 runoff events from eight ex­
-perimental watersheds on the Santa Rita Ex­
per:imental Range near Tucson, Arizc•na. The model 
was also applied to predict annual flc")d series from 
13 yr of data on a small watershed near Tombstone, 
Arizona, and for 30 yr of annual flood series on a 
small watershed near Safford, Arizora. The results 
of these analyses are summarized by Lane (1982a), 
wherein the model produced reasonable estimates 
of mean runoff volumes and peak r 1tes and was 
used to simulate accurate flood frequ mcy distribu­
tions. 



Table VI. Effective Hydraulic Conductivity for Transmission 
Losses in Channel Alluviums 

Bed Material Group Bed Material Characteristics 

Effective 
Hydraulic 

Conductivityb 
{in./h) 

1. Very high loss rate Very clean gravel and large sand; >5.0 
d50 > 2 mm 

2. High loss rate Clean sand and gravel under field 2.0-5.0 
conditions; d50 > 2 mm 

3. Moderately high toss rate Sand and gravel mixture with less 
than a few per cent silt and clay 

1.0-3.0 

4. Moderate loss rate Sand and gravel mixture with 0.25-1.0 
significant amounts of silt and clay 

5. Very low loss rate Consolidated bed material with high 0.001-0.1 
silt-clay content 

8 8ased on data analyses from 14 channel reaches in Arizona, Texas, Kansas, and 
Nebraska, from 14 other channel reaches in Arizona, and from canal seepage rates in 
unlined canals (Lane 1980). 
bValues of effective hydraulic conductivity reflect the flashy sediment-laden character of 
many ephemeral streams, and thus do not represent steady-state rates of clear water 
infiltration. 

Based on the transmission loss analyses sum­
marized above (Lane 1980; 1982a), on the hydro­
graph analysis for semiarid watersheds (Murphey et 
al. 1977), and for subhumid watersheds (Lane et al. 
1975), and on established hydrologic relationships 
(NEH-4 1972), parameter estimation techniques are 
summarized in Table VII. 

Values of the duration-watershed area coefficient 
C, in Eq. (9) are shown in Fig. 2. The basin average 
curve number CN is the area-weighted average 
curve number for the watershed (NEH-4 1972), and 
it summarizes soil type, vegetation, and land use. 
The watershed length/width ratio, L/W = L2/A, 
measures the rel<otive length of the watershed with 
respect to the total drainage area. Low values of 
L/W usually indicate compact watersheds with effi­
cient drainage systems. The exponent C2 in Eq. (9) 
represents the rate of increase in mean flow dura­
tion with increasing watershed area; it varies from 

about 0.2 on semiarid watersheds to about 0.5 on 
more humid watersheds. We have no detailed 
hydrograph analyses suggesting a value for C2, so 
we recommend using a C2 in the range of 0.2 to 0.3. 

Values of the mean volume-watershed area coef­
ficient C3 in Eq. (1 0) are shown in the upper portion 
of Fig. 3. The mean runoff volume per runoff event . 
(in inches) varies with the basin average curve num­
ber. If all other factors are equal, the higher the 
curve number, then the higher the mean runoff 
volume per event. The exponent C4 in Eq. (1 O) 
represents the rate of change in mean runoff vol­
ume per event with increasing watershed area. We 
have no long-term hydrologic data suggesting 
values for C3 and C4 in Eq. (1 0), so we recommend 
using the upper portion of Fig. 3 to estimate C3 and 
using a C4 value in the range -0.2 to -0.1. 

Values of the hydrograph shape parameter C5, 

representing the peak-volume relationship for a 
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Table VII. Parameters in the Transmission-Loss Streamflow-Routing Component 

4.0 

..,- ,_, .. 
z 

Parameter or 
Variable 

Watershed 
Area A 

Channel 
Length x 
Width w 

Hydraulic 
conductivity K 

Hydrograph 
parameters 

c, 

C2 

c3 

c4 

Cs 

D 
v 

asemiarid. 
bSubhumid. 

Value Range 

0.001-5.0 

2.5-5.0 
0.28 

0.5b 

0.03-0.078 

-0.28 

O.Ob 
3.0-5.0 

>0.0 
>0.0 

4.S~ 

~ s.o,...._-~:------:!4,..-------:-----:---~ 

;;: 
~ <1.0 
0 
u 

: '·' II: .. 
0 3.0 

"' :z: .. 
: !.5 .. .. eN 16- eo 

• 2 ·0'L.------,z:------:!.c-----:----:--~,o 
z 
5! 

i 3.S[ 
S.O 

!.S 

2·0'...._-~u=--· --~4:------:----:,--~.,.o 
CN >10 

WATERSHED LENGTH·WIOTH lt&TIO LIW 

Estimate Source and Comments 

Topographic map; drainage area contributes 
to the channel segment 

Topographic map and field observations 

Table VI or runoff data; function of channel 
alluvium, antecedent moisture, etc. 

Fig. 2 in Murphey et al. 1977; or hydrograph 
analysis 
Murphey et al. 1977; or hydrograph 
analysis 
Fig. 3 in Murphey et al. 1977;orhydrograph 
analysis 
Fig. 3 in Murphey et al. 1977; or hydrograph 
analysis 
Fig. 3 in Murphey et al. 1977; NEH-4 
1972; or hydrograph analysis 
D = C,Ac2, mean flow duration (h) 
V = C3Ac4, mean runoff volume (in.); must 
convert to acre-ft 

Fig. 2. Variation in duration-area coefficient C1 as 
a function of basin average curve number 
CN and watershed length/width ratio LjW . 
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watershed, are shown in the central and power por­
tions of Fig. 3. The basin average curve number 
measures flashy runoff, with higher curve numbers. 
usually representing more rapid, and thus· higher 
peaked runoff events, as shown in the central por­
tion of Fig. 3 (NEH-4 1972). Watersheds with lower 
length/width ratios usually have a more compact 
and efficient drainage_ system, and thus produce 
higher peak rates of flow, as shown in the lower 
portion of Fig. 3. The procedure is to estimate C5 as 
a function of CN using the central portion of Fig. 3 
and to adjust this preliminary estimate, based on 
L/W, as shown in the lower portion of Fig. 3. Values 
of C5 usually range from 3.5 to 4.5, but they can vary 
from less than 3.0 to over 5.0. 

The p.trameter values shown in Table VII, Fig. 2, 
Fig. 3, at1d recommended in the preceding para-

graphs should produce reasonable estimates for 
small rangeland watersheds, where streamflow is 
intermittent or ephemeral. However, if hydrologic 
data are available, hydrograph and regression anal­
yses can be used to estimate values of effective 
hydraulic conductivity K and the hydrograph 
parameters C, to C5 • 

Without observed hydrologic data, Table VII and 
Figs. 2 and 3 can still be used to estimate 
parameters for the hydrologic portion of the channel 
component. However, use judgment to ensure the 
believability of parameter estimates, so that the 
model will produce reasonable estimates of runoff 
rates and amounts. Although it is impossible to 
anticipate all circumstances, some general rules 
can be stated. The model is not intended for applica­
tion in perennial streams or on watersheds where 
the runoff is dominated by snowmelt runoff. These 
include watersheds with significant baseflow, where 
the ground-water component dominates the 
streamflow. Generally, the model probably does not 
apply to watersheds where the mean annual 
precipitation is over 20 in., or where the mean 
annual runoff is much over 1.0 in. 

The model is intended for application on small 
watersheds up to a few tens of square miles in size. 
For larger watersheds, to include a sufficient num­
ber of channel segments to accurately represent the 
drainage network is difficult. The model is intended 
to simulate runoff over a large range in storm size. 
However, during large storms, rivers may flow over 
the banks, so estimates must be adjusted to ac­
count for channel width and effective hydraulic con­
ductivity during flow out of the banks. 

B. Example Hydrographs 

The routing procedure used herein assumes a 
characteristic hydrograph shape where the time to 
peak is 20% of the flow duration; the time to the 
inflection point on the recession is 40% of the flow 
duration; and the discharge at the inflection point is 
20% of the peak discharge. The equations describ­
ing the double-triangle approximating hydrograph 
include: 

{

t= 0 

q=O, 

(29) 

(30) 
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r~_.,~ 0.20 (31) 

(32) q- Qp ' 

{'' ~ 2t, ~ 0.40 (33) 

q, = 0.2 QP , and (34) 

r~ 0 
(35) 

q=O (36) 

where D is the equivalent durafon for the standard 
hydrograph shape [Eqs. (29)-(36)], the mean dura­
tion for the transmission loss equation is 

(37) 

and the estimated peak discharge is 

(38) 

The quantity A in Eq. (37) is the drainage area in 
square miles above the channel segment; values of 
t are in hours; values of q are in inches per hour; and 
the quantity V in Eq. (38) is the runoff volume from 
the transmission loss equation [Eq. (22)]. When we 
integrate Eqs. (29)-(36), we find the runoff volume 
under the standard approximating hydrograph is 

(39) 

which means that the equivalent duration is given by 

0 = 25/7 V/Op = 25/7 O/C5 • (40) 

where 0 is given by Eq. (37), and C5 is given by the 
lower portions of Fig. 3. Equation (40) means that, 
when c5 is less than 25/7 = 3.57, the equivalent 
duration for the standard approximating shape is 
greater than 0, and when C5 is greater than 25/7, 
the equivalent duration is less t'1an D. By using 0 
from Eq. (40) in the standard ap;>roximating hydro­
graph, the volume V from Eq. {22) and the peak 
discharge QP from Eq. (38) are preserved or 
matched, but the hydrograph duration D is more or 
less than 0, depending on the ratio of 25/7 to C5• 

Because C5 varies from 6.0 to 2.8 (Table VII), the 
equivalent duration 0 is always in the range of 0.60 
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to 1 .30. The reason for adopting a standard approx­
imating hydrograph for sediment routing in the 
channel is to be able to use a single piecewise 
normal approximating hydrograph, as discussed in 
a later section. 

To summarize, the mean runoff volume for a 
channel reach [V in Eq. (1 0)] and the mean flow 
duration [D in Eq. (37)] are used in Eq. (22) to predict 
runoff volume and in Eq. (38) to predict peak dis­
charge. Equation (40) is used to compute an equiva­
lent flow duration for the standard approximating 
hydrograph [Eqs. (29)-(36)]. The standard approx­
imating hydrograph is then used to represent the 
runoff hydrograph at the end of the channel seg­
ment. Effective hydraulic conductivity values are 
selected from Table VI, and the parameters c, 
through C5 are selected from Table VII and Figs. 2 
and 3. This parameter set and the appropriate equa­
tions are used to compute runoff volume, peak 
discharge, and an approximate hydrograph shape. 

Hydrographs for drainage areas of 0.1, and 1 0.0 
sq. mi. are shown in the upper portion of Fig. 4. In 
this example, an average CN of 80, an average 
channel slope, and a L/W of 4.0 were used in Figs. 2 
and 3 to estimate C,, C5, and thus D and QP for a 
runoff volume of 1.0 in. The upper portion of Fig. 4 
illustrates the influence of drainage area on the 
approximate hydrograph shape. The lower portion 
of Fig. 4 illustrates the influence of the basin aver­
age curve number on hydrograph shape. Th~ upper 
portion of Fig. 5 illustrates the influence of the main 
channel's slope on the hydrograph shape, and the 
lower portion of Fig. 5 illustrates the influence of the 
watershed length/width ratio. Under typical condi­
tions, as assumed in this example, Figs. 4 and 5 
show that drainage area dominates hydrograph 
shape. Next in importance is the basin average 
curve number, followed by channel slope and water­
shed length/width ratio. 

Transmission loss equations [Eqs. (22) and (38)] 
were used to route the hydrograph, shown in the 
upper portion of Fig. 6, in a channel segment with 
various hydraulic conductivity values. The routed 
hydrographs are shown in the lower portion of Fig. 
6. In this example, there was no lateral inflow, and 
the outflow hydrographs were plotted on a common 
time scale. 

Figures 4-6 show the influence of watershed 
characteristics and transmission losses on the 
shape and magnitude of the approximating hydro­
graph described by Eqs. (29)-(38). Although other 
factors affect the shape and magnitude of the runoff 
hydrographs, these examples illustrate that the 
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Fig. 4. Double-triangle approximating hydrographs for 1.0 in. (25.4 mm) of runoff illustrating (A) 
influence of draina!.e area and (B) influence of basin-average curve number on hydrograph 
shape. 

model described herein accounts for many of the 
most important factors influencing runoff from semi­
arid watersheds. 

IV. OPEN-CHANNEL FLOW HYC•RAULICS 

where 

V average velocity (ft/s), 
S slope of the channel bottom, 
R hydraulic radius (in ft), and 
n = Manning's roughness coefficient (in sjtt1' 3). 

The sediment transport calculations are based on 
two major hydraulic assumptions for simplicity in 
calculations; rectangular channel cross sections 
and of normal flow. 

Under these conditions, the average flow velocity 
is given by the empirical Manning equation, which, 
in English units, is 

v 1.49 1/2 2{3 -s R n 
(41) 

The hydraulic radius for a rectangular channel is 

R 
A 

WP 

WD 

W+2D (42) 

15 



"" <l> 
a: 
Cl 
X 
0 
f/1 
0 

"" <l> 
a: 
Cl 
.x 
0 
f/1 
0 

2.0 

lA) INFLUENCE OF CHANNEL SLOPE 
FOR 1.0 in. OF RUNOFF, A=I.O mi~, 
AND CN•80. 

2.0 3.0 4.0 5.0 
TIME (h) 

(B) INFLIIENCE OF L/W FOR 1.0 ln. OF 
RUNOFF, A=I.O lfti

2, AND CN•SO. 

2.0 3.0 4.0 5.0 
TIME (h) 

Fig. 5. Doul 'e-triangle approximating hydrographsfor 1.0 in. (25.4 mm) of runoff illustrating (A) 
injlu nee of channel slope and (B) influence of length/width ratio on hydrograph shape. 

where 

A = cross se;:tional area (in ft2
), 

WP = wetted p 3rimeter (in ft), 
W = channel 111idth (in ft), and 
D = depth cf r1ow (in ft). 

The continuity equation is 

a= AV = WDV 

where 

a = discharge rate (in cfs), 
A = WD = cross-sectional area (in ft2), and 
V = average velocity (in ft/s). 

(43) 

The flow depth, wh. ~h satisfies Eqs. (41) and (43), is 
called normal deptl. Flow, where the depth is nor­
mal, is called normal flow. 
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A. Hydraulic Roughness 

The roughness coefficient n in Eq. (41) has been 
tabulated for several channel types (Barnes 1967), 
and it represents the flow resistance provided by 
the channel bed and banks. This resistance or 
roughness is called the total roughness. Values of 
total roughness coefficients nr for various channel 
types are shown in Table VIII. 

B. Correction for Wall or Bank Roughness 

Because the flow resistance contributed by. the 
channel banks (wall roughness) is not directly in­
ll.:>lved in transporting sediment near the channel 
bed, its influence can be separated from the in­
fluence of the bed. Following Einstein (1942, 1944, 
1950), the total cross-sectional area Ar is divided 
into an area pertaining to the wall Aw and an area 
pertaining to the bed Ab as 
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(44) 

Now, if the energy gradient S and the velocity V are 
the same for the wall and bed, and the area is 
defined as the product of hydraulic radius and 
wetted perimeter, A= RWP, then Eq. (41) becomes 

(45) 

Fig. 6. Influence 'Of transmission losses on inflow 
hydrograph for various values of effective 
hydraulic conductivity. 

5.0 

By the Manning equation, the hydraulic radius is 

[ 
vn J 3/2 

R = 1.4951' 2 
(46) 

where V is velocity and S is slope. Substituting Eq. 
(46) 1ntG Eq. (42), where V and S are common to all 
terms, produces 
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Table VIII. Approximate Hydraulic Roughness Coefficients for Open-Channel Flow 

(values are for the total roughness coefficient nT) 

Total 
Manning n, 

- nT 

(0.02-0.1 0) 
0.022 
0.027 
0.025 
0.030 
0.080 
(0.03-0.1 0) 
0.030 
0.040 
0.048 
0.070 
(0.012-0.040) 
0.018-0.030 

0.020-0.040 
0.014-0.030 
0.012-0.030 

Channel Description 

Excavated or Dredged Channels" 
Earth, straight, uniform, and clean 
Same, but with some short grass or weeds 
Earth, winding and sluggish, with no vegetation 
Same, but with some grass or weeds 
Channels not maintained; weeds and some brush 
Natural Streams• 
Clean and straight; no rifts or deep pools 
Clean and winding; some pools and shoals 
Clean and winding; some weeds, stones, and pools 
Sluggish reaches with weeds and deep pools 
Wide, Alluvial Channelsb 
Ripples bed form, sediments finer than 0.6 mm, Froude 
Nos. <0.37 
Dunes bed form, Froude Nos. 0.28 to 0.65 
Transition<11 bed form, Froude N::>s. 0.55 to 0.92 
Antidunes L'ed form, Froude Nos. >1.0 

8Source: Chow 1959. 
bSources: ASCE 1966; Simons a.1d Richardson 1971. 

and the solution for the hydraulic roughness of the 
bed nb is 

Equation (48) is evaluated for nb subject to Eq. (49) 
as a constraint, which means that the hydraulic 
radius of the bed is 

(48) 

Geometric considerations suggest that the L:~ast 

value of Rb is 112 RT, which means as a minimum 

(49) 

and as a maximum 

( W+ 4D)
213 

nw .:S 4D nT (30) 

18 

(51) 

The procedure is to select a value of nT from the 
second column in Table IX and a value of nw :::: nT 
from the third column of Table IX. The computer 
program is written so that nw must satisfy the con­
straint given by Eq. (50). 

C. Correction for Grain 

The grain, or particle resistance coefficient n
9 

is 
related to a representative grain size to the 1 /6 



Table IX. Approximate Hydraulic Roughness Coefficients for Total and 
Bank or Wall Roughness in Natural, Alluvial Channels8 

Total, Wall, 
Channel Description 

Upland Streams: 
Sand and gravel bed; bare exposed banks 0.030-0.040 

0.035-0.045 
0.030-0.045 
0.035-0.050 Sand and gravel bed; exposed banks with some 

vegetation; grass and weeds 
Sand and gravel bed, vegetated banks; grass 

and weeds with some brush 
0.040-0.048 0.045-0.060 

Wide, Alluvial Channels: 
Sand bed; bare, exposed banks 
Sand bed, vegetated banks 
Gravel bed, '(egetated banks 

0.025-0.035 
0.030-0.040 
0.030-0.040 

0.030-0.040 
0.035-0.050 
0.035-0.050 

asee Table VIII for values of nr. In natural, alluvial channels, nw is usually greater than 
nr. 

power (Strickler, 1923). This can be approximated 
as 

(53) 

The hydraulic radius for grain resistance can then 
be estimated as 

(54) 

where Rb is obtained from Eq. (51), and nb is ob­
tained from Eq. (48), subject to the constraints given 
by Eqs. (49) and (50). 

D. Effective Shear Stress for Sediment Transpor­
tation 

The effective shear stress for sediment transpor­
tation is given by 

where 

't = effective shear stress (lb/ft2), 

y = specific water weight (lb/ft3), 

(55) 

R
9 

= hydraulic radius for grain resistance (ft), and 
S = energy gradient, slope of the channel bed 

for normal flow. 

The effective shear stress, given by Eq. (55), wi!l 
be less than the total shear stress averaged over 
the cross section y = yRrS Lecause some of the 
total available energy is exp.:mded on the rough 
banks and some is expended :>n the rough bed. 

V. HYDROGRAPH APPR')XIMATION TECH­
NIQUES 

Hydrographs in natural channels consist typically 
of a period of increasing discharge until the max­
imum or peak discharge is reached, then a period of 
recession or decreasing peak discharge, and finally, 
a longer period of gradually decreasing discharge. If 
the hydrograph is in an ephem~ral stream, or if base 
flow is subtracted from the h~drograph, the result­
ing flood hydrograph starts at zero, rises to the 
peak, and. returns to zero. Throughout this report, 
the term hydrograph refers to flood hydrographs of 
this type. 

A. Double-Triangle Approximation 

A continuous hydrograph representation is the 
double triangle, consisting of straight-line segments 
between the points given ty Eqs. (29)-(36), as 
shown in Figs. 4-6. The equa.tion describing this 
standard, double-triangle hydrograph is 

19 



where 

q(t) = runoff rate (in.fh), 
QP =peak runoff rate (in.fh), 
tP =time to peak= D/5 (h), 
D = equivalent flow duration (h), and 
t =time (h). 

B. Piecewise Normal Approximation 

The double-triangle hydrograph can be approx­
imated by a series of step functions over the flow 
duration. If normal flow is assumed [Eqs. (41) and 
(43)] during each interval on the stepwise approx­
imation, the result is a piecewise normal hydrograph 
approximation. Let t; be the dimensionless time to 
the midpoint of an interval, let z. be the length 
interval, and let ui be the dimensionless ordinate for 
each interval. By our using nine intervals and the 
double-triangle hydrograph described by Eq. (56), 
the dimensionless hydrograph described in Table X 
results. 

If each zi is multiplied by the effective duration D 
and each ui is multiplied by the peak discharge QP, 
the result will be a piecewise approximation to the 
double-triangle hydrograph, with duration 0 and 
runoff volume V. That is, the piecewise hydrograph 
matches the given runoff volume and effective dura-

Table X. Values of the Dimensionless, Piecewise 
Approximating Hydrograph for Nine Intervals 

and the Standard Double-Triangle Hydrograph 

Index 
(j) 

1 
2 
3 
4 
5 
6 
7 
8 
9 

20 

Distance to 
Interval 

Midpoint 
(t;) 

0.050 
0.125 
0.175 
0.225 
0.275 
0.350 
0.500 
0.700 
0.900 

Interval 
Length 

(Z;) 

0.10 
0.05 
0.05 
0.05 
0.05 
0.10 
0.20 
0.20 
0.20 

Dimensionless 
Hydrograph 

Ordinate 
(U;) 

0.250 
0.625 
0.875 
0.900 
0.700 
0.400 
0.167 
0.100 
0.033 

tion exactly, and i~ approximates the peak discharge 
as 0.90p· Each mterval length on the piecewise 
hydrograph equals zp and each discharge equals 
upP. Within each interval, flow is assumed to be 
normal a~d thus sati~fies Eqs. (41) and (43) through 
a numencal calculatron subroutine; Eqs. (41 )-(43), 
(48), (51), (54), and (55) are solved to estimate the 
hydraulic variables for the sediment transport calcu­
lations. 

C. Discussion 

Development of a simplified hydrologic model 
has been described, which will compute runoff 
amounts and rates, runoff hydrographs, · and 
hydraulic variables in ephemeral stream channels. 
The model is simplified to approximate these 
processes. Runoff volume, as a result of storm 
rainfall, is estimated using the SCS runoff equation. 
Hydrographs are represented by means of a proce­
dure that accounts for drainage area influence in­
filtration through the basin average curve number 
main channel slope, and watershed shape through 
the lengthfwidtt ratio. These watershed features 
are used to est"mate the volume, p&ak discharge, 
flow duration, al'd thus the hydrograph shape for 
runoff delivered \::> the stream channel system. The 
complex proces~ as controlling transmission losses 
are modeled w th a linear differential equation 
which includes 1angth and width of the channei 
reach, effective : 1ydraulic conductivity of the chan­
nel alluvium, ar c the mean values of flow duration 
and runoff volur 1e. Note that all of these runoff 
variables and h~ drograph features are calculated 
based on their average relationships with the water­
shed and chan 1el features; the average rela­
tionships are the!l used to compute values for indi­
vidual runoff events. 

Because we bC~sed the hydrologic model on these 
average relatione, predictions for individual events 
may be in error, especially for extreme events as­
sociated with very large or very small storms, or 
those associate: d with unusual-antecedent condi­
tions. As an example, flow duration is a function of 
antecedent conaitions and storm size and duration. 
However, an average, or representative, flow dura­
tion is useful in predicting expected transmission 
losses and average peak discharge-runoff volume 
relations. 

Runoff in nc :ural stream channels is char­
acteristically sp; tially varied and unsteady, but 
~hese variations in space and time G~re approx­
rmated by the piecewise normal hydrograph. Flow­
ing water and the channel bed and banks interact 



dynamically and produce complex open-qhannel 
flow relationships, represented by bed, bank, and 
grain resistance to flow in rectangular channels. 
These simplifications and assumed piecewise nor­
mal flow allow application of sediment transport 
equations to estimate sediment transport and yield. 

VI. DEVELOPMENT OF THE SEDIMENT YIELD 
COMPONENT 

Soil erosion, sediment transport and deposition, 
and sediment yield represent complex processes 
inasmuch as they depend on runoff rates and 
amounts, hydraulic variables, other climatic and 
watershed features, soil and sediment 
characteristics, and several dynamic interactions. of 
the controlling processes. Ideally, all of these fac­
tors would be included in a mathematical model to 
predict sediment yield. However, as the area of 
interest extends from the upland areas to larger 
downstream areas, the processes occurring in 
stream channels become relatively more important. 
Features of the channel network or system can 
influence the runoff rates and amounts, as well as 
sediment yield. Under these conditions, we can 
develop some understanding and thus an approx­
imate predictive capability, by emphasizing the in­
fluence of stream channel processes that partially 
control sediment yield. 

A. Sediment Transport Calculations 

Sediment transport is assumed equal to sediment 
transport capacity. If sediment load exceeds trans­
port capacity, deposition occurs, and if transport 
capacity exceeds sediment load, scour or erosion 
may occur. However, for alluvial channels with non­
cohesive sediments, sediment transport rate is 
commonly assumed to be equal to sediment trans­
port capacity. To avoid more elaborate sediment 
deposition models and channel erosion models 
(Foster et at. 1981 ), we assume in a first approxima­
tion that sediment transport rate and sediment 
transport capacity are equivalent. 

Because sediment transport capacity is strongly 
related to localized, in-channel processes, it is 
largely determined by hydraulic variables. In-chan­
nel features, such as channel morphology and sedi­
ment properties, as well as the hydrologic and 
hydraulic variables, reflect upland processes, so 
these upland processes are reflected in the trans­
port capacity calculations. That is, the channel sys­
tem is part of the general landscape development. 

B. The Bed-Load Equation 

Following Einstein (1950) and others, we dis­
tinguish between bed load and suspended load. If 
we assume that sediment transport rate is propor­
tional to the water flow rate, then this distinction is 
arbitrary, because particles that travel as bed load 
at one flow rate may be suspended at another. The 
relationship between transport model and flow rate 
is a dynamically complex one, and it represents a 
continuous rather than a distinct transition. 

Nevertheless, we assume that the ''larger'' parti­
cles travel as bed load and that the "smaller" parti­
cles more easily enter suspension. Calculations are 
easier if we make a sharp distinction based on 
particle size. Therefore, we arbitrarily assume that 
all sediment larger than 0.062-mm in diameter is 
transported as bed load and that finer material is 
transported as suspended load. Separate transport 
equations were derived for bed-load transport and 
suspended-load transport, based on this assump­
tion. 

By using a modification of the Duboys-Straub 
formula (see Graf 1971 for a complete description), 
Lane (1982b) computed transport capacity for bed­
load-sized particles, 

(57) 

where 

g50(d;) = transport capacity per unit width for 
particles of size d1, 

a = a weighting factor to ensure that the 
sum of the individual transport 
capacities equals the total transport 
capacity computed using the median 
particle size, 

f1 = proportion of particles in size class i, 
d1 = diameter of particles in size class i 

(mm), 
B.(d1) = sediment transport coefficient (ftl/lb-s), 

t = effective shear stress (lb/ft2), and 
tc(d; = critical shear stress for particles in size 

class i (lbfft2). 

Values of B. and tc were determined by Straub 
(1935). The total bed-load transport capacity is then 
found by summing the results from Eq. (57) over all 
the size fractions. · 

However, values of B. and tc, as developed by 
Straub (1935), were for total shear stress, rather 
than the effective shear stress, corresponding with 
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grain resistance. Lane (1982b) derived parameter 
estimates to be ·· 

(58) 

and 
_ { 0.0022 + 0.01 Od1 , 0.062 :::::; d; :::::; 1.0 

'tc(d;) - -0.0078 + 0.020d
1 1.0 < d; ' <

59
) 

where d1 is the representative particle diameter (in 
mm~ Equations (58) and (59) were calibrated with 
observed sediment transport data from the 
Niobrara River in Nebraska (Colby and Hembree, 
1955) for particle sizes up to 2.0 mm. Therefore, 
Eqs. (58) and (59) have not been ~valuated for 
particles larger than 2.0-mm diam. The weighing 
factor a in Eq. (57) ensures that the sum of the 
individual transport capacities equals the total 
transport capacity computed using the median par­
ticle size d50 in Eqs. (57)-(59). Consequently, the 
model has not been evaluated for values of d50 in 
excess of 1.0 mm. 

C. The Suspended-Load Equation 

Bagnold (1956, 1966) proposed a sediment trans­
port model based on the concept of stream power, 

. e.u. 
1 = P-(1-e) 
s v. b ' 

(60) 

where 

is = suspended sediment transport rate per unit 
width (lb/s-ft), 

P = tV = available stream power per unit area 
of the bed (lb/s-ft), 

e. = suspended-load efficiency factor, 
eb = bed-load efficiency factor, 
u. = transport velocity of suspended load (ft/s), 

and 
v. = settling velocity of the particles (ft/s). 

If u. is assumed equal to the mean. velocity of the 
fluid V then Eq. (60) is 

gsus = fsc • CAS • tV2 
, (61) 
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where 

gsus = suspended sediment transport capacity 
(lb/S-ft), . 

fsc = proportion of particles smaller than 
0.062-mm diam in the channel bed mate­
rial, 

-r = effective shear stress (lb/ft2), 

V = average velocity (ft/s), and 
CAS = suspended sediment transport coeffi­

cient (s/ft). 

The suspended sediment transport coefficient CAS 
incorporates the efficiency parameters and the settl­
ing velocity of the suspended particles. CAS values 
have been determined by calibration with observed 
data. However, because data are scarce and the 
efficiency parameters and settling velocity interact 
with flow dynamics, CAS values are not well speci­
fied by measurable physical characteristics. 
Moreover, washload or sediment from the upland 
areas is transported through the channel system 
and may obscure the appropriate CAS value for fine 
sediments derived from the channel alluvium 

D. Calculation of Sediment Transport and Yield 

1. Applications. Typical applications c ' the 
model's sediment transport component i· lCiude 
predicting sediment discharge rates for stec>.OJ flow 
and predicting sediment yields using the ph rewise 
normal hydrograph approximation. The s tl :iment 
transport model was fitted to data represer.t ng 27 
observations at the Niobrara River in Nel :raska 
(Colby and Hembree 1955). These data represent 
nearly steady-state conditions. Observed anc com­
puted sediment discharge rates are shown in the 
upper portion of Fig. 7. The fitted and m.gasured 
sediment discharge rates agree very well. 

The sediment yield model, using the pidc.ewise 
normal approximation, was used to predict sedi­
ment yields for 47 runoff events from five small 
watersheds in southern and southeastern P. rizona. 
These small (1.6- to 4.0-ha) watersheds are cetailed 
by Lane et al. (1978). Predicted and observed sedi­
ment yields for these watersheds are shown in the 
lower portion of Fig. 7. Note the sediment yield data 
vary more than the sediment discharge data, and 
that the observed and computed data agree more 
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Fig. 7. Obsened and computed sediment data for 
(A) the Niobrara River and (B) the Arizona 
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closely when the model 'vas calibrated (upper por­
tion of Fig. 7) than when it was used to predict (lower 
portion of Fig. 7). 

2. Parameter Estimation. We based our esti­
mates on the sediment transport model sum-

marized above (Lane 1982a, 1982b; and Lane and 
Hakanson 1982), the suspended transport model 
(Bagnold 1956, 1966), open-channel flow 
hydraulics (Chow 1959), and established sediment 
transport theory (Graf 1971 ), and our parameter 
estimation techniques are summarized in Table XI. 

The channel width is not the mean representing 
average segment width in the transmission loss 
equations but is the actual channel width at the 
particular cross section where the sediment trans­
port calculations are made. To meet the normal flow 
assumptions and the assumption that the channel 
bed material represents the sediment size distribu­
tion available for transport, the cross section should 
represent the assumptions and the particular chan­
nel reach. As much as possible, the cross section 
should reflect a straight reach with uniform flow 
conditions, uniform channel slope, and a represen­
tative sediment particle size distribution. The chan­
nel slope is the bed slope and should represent a 
uniform reach, as described above. 

The sediment particle size distribution(f1, d1) 

should represent the sediment available for trans­
port at the particular cross section and should not 
be biased by unrepresentative samples. Particles 
larger than those expected to be transported under 
anticipated flow conditions should be excluded from 
samples used to compute particle size distributions . 
The median particle size d50 is a critical parameter 
and should be based on enough representative 
samples to reflect the median size accurately. The 
proportion of silt-clay in the bed material f.c is an 
equally important parameter, subject to the same 
sampling restrictions. Moreover, high values of fsc 
will result in unrealistic proportions of silt-clay parti­
cles in transport. When the silt-clay proportion in the 
bed material fsc exceeds a few per cent, the channel 
alluvium may change character from noncohesive to 
cohesive and may violate the model assumptions. 
Lacking better information, we recommend that the . 
sediment model described herein should not be 
used if f sc is greater than 0.1 0. 

Take care while estimating the hydraulic rough­
ness coefficients nr and nw, because they determine 
the velocity and effective shear stress under speci­
fied discharge rates and channel width and slope. 
All other factors being equal, higher values of the 
roughness coefficients result in lower sediment 
transport rates. 

We estimated the transport parameters 8 5(d1) and 
Tc(d1) from the representative particle diameter using 
Eqs. (58) and (59). As the particle diameter in­
creases, B.(d1) decreases and T 0(d1) increases. The 
combined result is a decrease in transport capacity 
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Table XI. Parameters in the Sediment Transport-Sediment Yield Component 

Parameter or Variable 

Channel: 
Width w 

Slopes 

Sediment: 
Particle size dis­
tribution (f;, d;) 

fsc 

Hydraulics: 
Total roughness 
nr 

Wall roughness 
nw 

Transport parameters: 
B5(d;) 
Tc(d;) 
CAS 

Value Range 

>0.0 

>0.0 

0.062 .s d50 .S 2.0 mm 

0.0 < fsc .S 0.10 

0.020-0.048 

0.030-0.060 

>0.0 
>0.0028 
1.0-15.0 

Estimate Source and Comments 

Cross-section data; not the mean 
reach width as used in the trans­
mission loss equations but actual 
width at the cross section of 
interest 

Topographic map; field observations 
(Note: a very sensitive parameter, 
careful measurements must represent 
the channel at the point of interest) 

Bed material samples; distribution 
of bed sediments larger than 0.062-mm 

Bed material samples; median parti­
cle size 

Bed material samples; some bed mate­
rial finer than 0.062 mm; fsc values 
> 0.1 0 may indicate cohesive material 

Table IX; field observations 

Table IX; field observations 

Eq. (58) 
Eq. (59) 
Suspended transport parameter; com­
plex function of particle dynamics; 
estimate from calibration using 
observed data; default value, cor­
responding to medium-sized silt, 
CAS = 5.0 recommended 



with increasing particle size. Finally, the transport 
parameter CAS is the least known and the most 
difficult to estimate from physical features of the 
sediment and flow dynamics. Preliminary rela­
tionships have been established, but without better 
information, we recommend using a value of 5.0 for 
CAS. 

E. Discussion 

Particle sorting and enrichment processes result­
ing from selective erosion, transport, and depo­
sition are modeled by sediment transport equations 
for suspended particles and those in up to 1 0 class 
intervals in the bed-load range. By including dis­
charge variations throughout the hydrograph and 
transport capacity variations through the range of 
particle sizes, the transport calculations simulate 
the particle-sorting processes. We used the 
piecewise normal approximating hydrograph and 
the particle size distribution for bed sediments, so 
the sediment yield calculations include the influence 
of particle-sorting processes on sediment yield. 

As in the hydrologic model, observed data can 
help determine parameter values for the sediment 
yield component, or they can help improve the ac­
curacy of the parameter estimates. However, in the 
absence of observed data, the relationships 
presented herein can be used to estimate the model 
parameters. 

Once the model is applied to a particular water­
shed-channel system, we can use it to derive 
statistical relationships such as sediment rating 
curves, delivery ratios, and enrichment ratios. 
These relationships, in turn, can be used to predict 
sediment yield, to characterize the particular water­
shed, and to compare it with other watersheds. 

VII. DEVELOPMENT OF A CONTAMINANT 
TRANSPORT MODEL 

Many contaminants are transported and re­
distributed in the environment because of surface 
runoff and sediment yield. For these contaminants, 
if we can predict runoff and sediment yield as the 
driving force and transport mechanism, then we 
should be able to predict contaminant transport 
rates. Many contaminants, such as the actinides in 
general and plutonium in particular, are strongly 
associated with soils and sediment. Under these 
circumstances, it we can predict sediment yield, 
then we can begin to explain varying contaminant 

transport rates because of variations in sediment 
transport rates. 

A. Transport of Sediment-Associated Contami­
nants 

Differential erosion, transportation, and depo­
sition result in sediment particle sorting. Because 
these processes are selective as a function of par­
ticle size and characteristics, transported sediment 
is usually enriched in finer sized particles. Because. 
of physico-chemical processes that relate to par­
ticle size and characteristics, contaminants can be 
more strongly associated with the smaller sediment 
particles than they are with the larger sediment 
particles. The combined processes of particle sort­
ing and differential association of contaminants by 
sediment particle size can produce contaminant 
enrichment in the transported sediment. 

B. An Approximate Enrichment Ratio 

A traditional approach to estimating transport 
rates for a particle-associated contaminant is to use 
an enrichment ratio (see Massey and Jackson, 
1952), whereby contaminant flux Qc is estimated at 

(62) 

where: 

Qc = contaminant discharge rate (M/T), 
ER enrichment ratio, 
Cs = mean concentration of soil contaminant, 

and 
Qs sediment discharge rate (M/T). 

If contaminant concentration and sediment trans­
port rates are available by particle size classes, then 
we can write 

N. 

Qc = LC5(d;) 0 5(d;) 
i=1 

(63) 

where 

Qc = contaminant discharge rate (M/T), 
C5(d;) = contaminant concentration associated 

with particles in size class i, 
d; = representative particle diameter in size 

class i (mm), 
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a.(d;) = particle transport rate in size class i 
(M/T), 

i = index for the sediment particle size 
class, and 

N = number of size classes in the sediment 
mixture. 

Tile mean contaminant concentration c. in Eq. (62) 
can be defined as 

N 

c. = If; c.(d;) 
i=l 

(64) 

where f1 is the proportion of the channel bed mate­
rial in size class i, and the variables are as defined 
above. Equating Eqs. (62) and (63) with c. as de­
fined in Eq. (64), we solve the enrichment ratio from 

ER 
L c.(d;) a.(d;) . 

a. L f; c.(d;) 
(65) 

wt.ere the summations are over the N-sized 
cla~ses. Equation (65) describes an enrichment 
ratb for sediment-associated contaminan~s in chan­
nel llluvium, which are transported as described by 
the sediment transport equations. Equation (65) de­
fires an enrichment ratio to use in Eq. (62), or Eq. 
(6 l can be used directly. In any event, Eqs. (62), 
(6 \;, and (65) describe the influence of sediment 
par icle sorting on ~ontaminant enrichment in 
strt-amflow. 

Equations (62) and (63) are for discharge rates at 
a p~:rticular time. If we integrate over an entire runoff 
eve.1t, through the piecewise QOrmal hydrograph, 
sim;lar relationships can be derived in terms of total 
SE'!d.ment yield. In this case, the enrichment ratio 
ana other variables will be constant for the entire 
runoff event and associated sediment yield, rather 
than for a particular instantaneous rate. 

C. Approximate Values for Enrichment Ratios 

Recently, Watters et al. (1982) compi ed enrich­
me;1t ratios for several elements at vatlous loca­
tions in the United States from a survey o' literature. 
These data are summarized in Table XII. 

ft though the enrichment ratio data in Table XII 
wer i collected under many circumstances, they 
represent typical values and their range or variability 
about the mean values. 

26 

VIII. A SIMPLE MASS-BALANCE-INVENTORY 
CALCULATION 

When a sediment-associated contaminant is in­
troduced directly into a channel system and is thus 
associated with the channel bed sediments, we can 
write a mass-balance equation. A mass-balance 
equation for a particular channel reach and for a 
particular time period is 

dM 
dt 

I - kQ5 M (66) 

where 

dM/dt = time rate of change in contaminant 
mass (MfT), 

I = contaminant inflow or input rate (MfT), 
k = coefficient (M-1

), 

a. = sediment yield per unit time (MfT), and 
M = contaminant mass (M). 

The coefficient k, multiplied by the contaminant 
mass M, is expressed in units of concentration and 
can thus incorporate the dimensionless enrichment 
ratio described earlier. Equation (66) states that the 
rate of change in contaminants stored in a channel 
reach equals the difference between input to the 
reach and output from the reach. In this case, output 
from the reach is calculated from contaminant 
transport associated with sediment yield. For 
subsequent downstream channel reaches, the input 
to the reach is the outflow from the previous reach. 
In this way, we can route contaminants through an 
entire channel network model, and the total amount 
of stored contaminant is found by summing the 
contaminant mass M over all channel reaches in the 
channel network. · 

IX. PRELIMINARY EVALUATION OF SIMULATION 
RESULTS 

When the simulation model is applied to water­
sheds where observed runoff, sediment, and con­
taminant yield data are available, the simulation 
results should be compared with observed data. 
However, if observed data are unavailable, or when 
they represent short or limited observations, we 
should still assess the accuracy of the simulation 
results. Although it is not possible to really assess 
the accuracy of simulation results under these con­
ditions, we can compare the simulation results with 



Table XII. Approximate Enrichment Ratios for Nutrients and Plutonium 
Associated with Sediment (Watters et al., 1982) 

Approximate 
Land Use Enrichment Ratio 

and Location Mean Range Comments 

Cropland, USA8 4.5 2.5-7.4 Nitrogen 
3.6 2.6-6.0 Phosphorus 

Rangeland, USA8 2.6 1.1-6.7 Nitrogen 
7.1 2.7-17 Phosphorus 

Cropland, USAb 1.6 1.1-2.5 Fallout plutonium 

Pasture, USAb 2.3 0.8-4.0 Fallout plutonium 

Mixed cropland, USAc 2.5 1.2-4.0 Fallout plutonium 
transport in perennial river 

Semiarid, USAd 5.5 1.4-13.3 Waste effluent plutonium 
transport in ephemeral streams 

8 Small agricultural watersh 1ds (5.2-18 ha) at Chickasha, Oklahoma. 
bSmall agricultural watersh 'ds (2.6-2.9 ha) near Lebanon, Ohio. 
cGreat Miami River (drainaf;e area= 1401 km2

) at Sidney, Ohio. 
dLos Alamos watersheds (176-15 000 ha) near Los Alamos, New Mexico. 

somewhat generalized empirical relationships. 
These comparisons should provide a preliminary 
assessment of the simulation model's performance, 
and should help to identify possible errors· in esti­
mating the parameter values. 

The National Weather Service publishes a 
precipitation frequency atlas containing estimates 
of rainfall depths for various durations and return 
periods (Miller et al. 1973). In a particular location, 
rainfall depths expected to occur in a given time 
period (1 h, 2 h, 24 h, etc.) can be estimated for 
various return periods (2 yr, 10 yr, etc.). Data for Los 
Alamos, New Mexico, are shown in Table XIII. Simu­
lated flood frequency estimates can be derived by 
running the hydrologic model with rainfall frequency 
data (such as in Table XIII) to estimate fiood peaks 
for various return periods. In the runoff simulations, 
Eq. (9) can be used to estimate a mean flew duration 
IS in hours; then 20% of this mean duraton can be 
taken as an equivalent storm duration. For example, 
if C, = 3.5 and C2 = 0.2, the mean flow duration for a 
10-mi.2 watershed is IS= 3.5(10)0

·
2 = 5.55 h, or 330 

min. Taking 20% of this duration results in a 66-min 
estimated storm duration. Therefore, as a first ap­
proximation, we would suggest using the 60-min 
rainfall depths from Table XIII to derive a flood 
frequency curve for a 1 0-mi. 2 watershed at Los 
Alamos, New Mexico. 

Selected criteria for preliminary evaluation of 
model simulation results are summarized in Table 
XIV. Simulated flood frequency curves can be de­
rived and compared with regional flood frequency 
estimates from the U.S. Geological Survey (for ex­
ample, see Dalrymple, 1965) or other sources. We 
suggest plotting normalized flood peaks (in cubic 
feet per second per square mile or cubic meter per 
second per square kilometer) against the return 
period using simulated and regional measured data. 
We can thus visually compare the simulated peak 
discharge rates per unit area with those measured 
in the region surrounding the particular watershed 
of interest. If the simulated and observed flood 
frequency distributions differ greatly, we may need 
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Return 
Period 

Tr 
(Years) 

2 
5 

10 
25 
50 

100 

Table XIII. Precipitation Frequency Estimates for Los Alamos, New Mexico 
(106°19' W, 35°52' N, elev = 7410 ft) 

15-min 
p15 

0.56 
0.72 
0.82 
0.95 
1.07 
1.19 

from Precipitation Frequency Atlas, "NOAA Atlas-2" 
(Miller et al. 1973)• 

Estimated Rainfall Depths, in ·Inches, for the 
Given Time Period and the Given Return Period 

30-min 60-min 2-h 3-h 6-h 
P3o Peo p2 p3 Pe 

0.77 0.98 1.11 1.20 1.36 
1.00 1.26 1.42 1.53 1.74 
1.13 1.43 1.62 1.75 2.00 
1.31 1.66 1.89 2.04 2.32 
1.49 1.88 2.13 2.30 2.61 
1.64 2.08 2.36 2.55 2.90 

24-h 
p24 

1.76 
2.32 
2.67 
3.14 
3.57 
4.00 

----------

Annualb 
PA 

17.99 
24.06 
25.79 
27.9c 
29.0c 
30.24 

asource: J: F. Miller, R. H. Frederick, and R. J. Tracey, "NOAA Atlas-2, Precipitation-Frequency Atlas of the 
Western United States, Volume IV - New Mexico," U.S. Dept of Commerce, NOAA, National Weather 
Service, Silver Spring, Maryland (1973). 
bSource: W. V. Abeele, M. L. Wheeler, and B. W. Burton, "Geohydrology of Bandelier Tuff," Los Alamos 
National Laboratory rej:.ort LA-8762-MS (October 1981 ). 
clnterpolated values. 
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:able XIV. Selected Criteria for Preliminary Evaluation 
of the Model Simulation Results 

Component;••rocesses 

Hydrologic Moe el: · 
Flood frequet .cy analysis 

Runoff drainage area 

Sediment Yielt.: Model: 
Discharge-concentration 

relationships 

Sediment yield-drainage 
area 

Contaminant Tr '"sport: 
Enrichment ratios 

Mass balance 

Criteria/Comments 

Regional flood frequency curves; compare simulated 
flood frequency with regional values 

Plot runoff volume and peak discharge vs drainage 
area for given return period floods; evaluate 
exponents 

Compare with empirical sediment-rating curves 

Compare with empirical delivery ratios 

Compare with empirical enrichment ratios 

Check the mass balance and inventory 



to adjust the parameter estimates in the hydrologic 
model. 

Limited sensitivity analyses (Lane 1982a) show 
that hydrologic model results are most sensitive to 
runoff curve number, rainfall depth, and effective 
hydraulic conductivity. First, the user should review 
the data presented in Tables 11-V to verify the CN 
estimates, and in Table VI to verify the estimates of 
effective hydraulic conductivity. Next, we would 
suggest reviewing Table VII and Figs. 2-5 for the 
estimates of C,-C5• Changes in these parameters 
might require re-estimating the effective storm dura­
tion. 

Specific relationships for the other criteria listed 
in Table XIV are shown in Table XV. Once the flood 
frequency estimates are judged to be reasonable, 
we can examine other derived relationships. To 
compare simulated runoff variables with the em­
pirical criteria summarized in Table XV, we recom­
mend using simulated runoff for particular flood 
frequencies. In some cases, the mean annual flood 
(the flood corresponding with 2-yr rainfall depths as 
shown in Table XIII) may be appropriate. However, 
in low-runoff areas with significant transmission 
losses, the 2-yr flood estimates may vary, with 
transmission losses masking runoff/drainage area 
relationships. Under these circumstances, the S­
and 1 0-yr flood estimate may be more appropriate. 
In general, we recommend using the 2-yr flood 

estimate for deriving ronoff-drainage area rela­
tionships to compare with the empirical rela­
tionships shown in Table XV. Although unusual 
circumstances can occur, if the exponents c4 and c7 
are outside the probable ranges shown in Table XV, 
we suggest a careful examination of the input 
parameters. We may also compare the derived rela­
tionships for the 50- or 1 00-yr floods with the em­
pirical relationships shown in Table XV to determine 
how the model performs with extreme values of the 
rainfall input. 

If the hydrologic model is providing reasonable 
runoff estimates, we can compare computed sedi­
ment concentration with water discharge rates. By 
selecting discharge rates from the piecewise nor­
mal hydrograph approximation and comparing them 
with corresponding sediment concentration esti­
mates (for example, with the 18 discharge rates 
represented by the 2-yr and 1 00-yr flood hydro­
graphs), a relationship, C = C8 qc9, can be derived 
as shown in the central portion of Table XV. If the 
exponent C9 falls outside the probable range shown 
in Table XV, we suggest reviewing Tables IX and XI 
to verify the parameter estimates. If the value of C9 
is less than zero, or near zero, the-estimated chan­
nel width may be too narrow to represent hydraulic 
relationships in the natural channel, or the wall 
roughness es mates may be too high, or both. If so, 

Table XV. Evaluation Criteria for Model Simulation 

Process 

Runoff volume­
Drainage area 

Peak discharge­
Drainage area 

Sediment concentration­
Discharge rate 

Sediment yield­
Drainage area 

Contaminant 

Enrichment ratio ER, 
Mean value 

Relationship 

V= C3Ac4 
(in., sq. mi.) 

Q= CsAc7 
(in.fh, sq. mi.) 

C = C8qc9 

(-, cfs) 

y = C,oAc,, 
(Tonsfsq. mi., sq.-mi.) 

Comments 

Probable range of C4: 
-0.2 .:::;; c4 .:::;; o.o 

Probable range of C7: 

-o.s .:::;; c7 .:::;; -0.3 

Probable range of C9: 

0.0.:::;; C9 .:::;; 1.0 

Probable range of C,,: 
-0.50 .:::;; c,, .:::;; 0.0 

Probable range of ER: 

2.0·.:::;; ER.:::;; 6.0 
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we recommend plotting the depth-discharge rela­
tionship for the natural channel, and comparing it 
with the depth-discharge relationship for a rec­
tangular channel with the assumed width. It may be 
necessary to adjust the rectangular channel width 
until the natural channel and rectangular channel 
depth-discharge relationships are in better agree­
ment. If the exponent C9 is greater than 1.0, we 
suggest checking the roughness estimate, the par­
ticle size estimates, and the channel slope estimate. 

As in the case for runoff-drainage area rela­
tionships, we recommend using the 2-yr flood to 
estimate total sediment yield as a function of 
drainage area. Normalized sediment yield (in tons 
per square mile or metric tons per square kilometer) 
should be plotted against drainage area to deter­
mine the exponent C11 • Values of C11 should fall 
within the probable range shown in Table XV. If C11 

is outside the probable range, parameter estimates 
from Table XI should be reviewed and adjusted if 
they are in error or outside the specified value 
range. 

Finally, computed enrichment ratios should be 
compared with the probable range, as shown in 
Table XV. If the computed enrichment ratio is 
outside the probable range, then we suggest re­
viewing the particle size estimates, particularly the 
proportion of material finer than 0.062-mm diam. 

Although the preliminary evaluation criteria are 
arbitrary and empirically based, they reflect our 
recommendation for a preliminary assessment of 
how well the model is performing ·in a particular 
application, especially when the application is on an 
ungaged watershed with insufficient data to analyze 
the accuracy of the simulation results. 

If the procedure described above is followed, and 
the simulation results agree with the empirical 
criteria outlined in Tables XIV and XV, the model is 
not necessarily reproducing processes accurately 
that occur in the actual watershed. Instead, the 
model is probably operating as it was intended to 
operate, and thus is probably reflecting the physical 
processes that are represented by the equations 
included within the model structure and their 
representations that are limited by our abilities to 
parameterize these equations. Intentionally, and of 
necessity, the model is structured to represent 
simplified average relationships between water­
shed characteristics, rainfall, runoff, sediment, and 
contaminant yields. 
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X. APPLICATIONS AT LOS ALAMOS, NEW MEX­
ICO 

Los Alamos is located about 1 00 km north-north­
east of Albuquerque, New Mexico. The Los Alamos 
National Laboratory is on the Pajarito Plateau, 
which ranges in elevation from 1800 m near the Rio 
Grande to about 2400 m on the east flank of the 
Jemez Mountains. Climate varies from an arid con­
tinental climate, near the Rio Grande, to semiarid 
continental mountain climate in the remainder of the 
Pajarito Plateau. Mean annual precipitation varies 
with elevation, from about 240 mm near the Rio 
Grande, to over 500 mm at the upper elevations of 
the plateau near the mountains, with correspond­
ingly higher· values in the Jemez Mountains. The 
annual mean minimum temperature at Los Alamos 
is about -4°C, and the corresponding mean max­
imum is about 22°C. 

On an areal basis, some 60% of the soils in Los 
Alamos County were derived from Bandelier Tuff 
composed of ashfall, ashflow pumice, and rhyolite 
tuff deposited as a result of a volcanic eruption in 
the Jemez Mountains. The tuffs adjoin older vol­
canics of the Tschicoma Formation near the Jemez 
Mountains, and this formation accounts for an addi­
tional 20% of the soil mapping unit in Los Alamos 
County. Detailed soil survey data are given by 
Nyhan et al. 1978 and Griggs 1964. 

Although as many as seven major overstory 
vegetation types are described in the soil survey 
data., we will consider only the three main types: (1) 
pinon-juniper WOC'dland in roughly the lower third of 
the plateau, (2) ponderosa pine forest/pinon-juniper 
woodland in roughly the central third of the plateau, 
and (3) ponderosa pine-fir, fir, and fir-aspen in the 
upper areas of the plateau and the Jemez Moun­
tains (Nyhan et al. 1978). 

Los Alamos Canyon heads into the Jemez Moun­
tains and cuts into the surface of the Pajarito 
Plateau. Except for the upper reaches, near the 
mountain front, streamflow is intermittent. Gener­
ally, the stream channels are narrow and incised in 
the upper reaches, and broader and more 
ephemeral in the lower reaches. The relative im­
portance of transmission losses ir to the channel 
alluvium increases in the downstrear 1 direction. Ma­
jor tributaries are Acid-Pueblo Canyon and Bayo 
Canyon from north of Los Alamos (;anyon. Farther 



downstream, Los Alamos and Guaje Canyons com­
bine for about 2.4 km before reaching the Rio 
Grande (Fig. 8). 

A. Operations, Waste Disposal, and Contami­
nants 

Details on site operation, waste treatment and 
disposal, and contaminant types and concentra­
tions were summarized by Stoker et al. (1981 ). The 
following material (without references to specific 
figures and tables) is excerpted from Stoker et al. 
(1981, pp. 1 0-11) to provide a brief description of 
waste disposal operations. 

"The radioactive liquid wastes re­
sulted from work starting in 1943 as part 
of the U.S. Army's secret Manhattan En­
gineer District to develop a nuclear fis­
sion weapon and carried on after 1947 
under auspices of the AEC as the Los 
Alamos Scientific Laboratory. Los Ala­
mos was selected in November 1942 as 
the site for Project Y. The War Depart­
ment acquired the Los Alamos Ranch 
School with 54 buildings and about 14.6 
km2 of school and other private holdings. 
About 186 km2 of additional land were 
acquired. from other government agen­
cies with the total land filling out essen-

_ tially all of what is in the present-day Los 
Alamos County. The first construction 
contract was let in December 1942, and 
in January 1943 the University of Califor­
nia assumed responsibility for operating 
the Laboratory. The first technical facili­
ties known as the Main Te.chnical Area or 
TA-1 were constructed on about 0.16 km2 

near the existing Ranch School facilities 
around Ashley Pond and along part of the 
north rim of Los Alamos Canyon. Build­
ings in which general laboratory or pro­
cess chemistry and radiochemistry 
wastes were produced, were served by 
industrial waste lines known as acid sew­
ers. Ultimately, all such industrial wastes 
flowed into a main acid sewer that ex­
tended generally north to a discharge 
point at the edge of Acid Canyon. 

"The untreated liquid wastes were dis­
charged starting in late 1943 or early 
1944 and continued through April 1951. 
These· effluents contained a variety of 
radioactive isotopes from the research 
and processing operations <.1ssociated 
with nuclear weapons develo~ment. No 
detailed analyses are availabln but it is 
known that radioactivity of in·,erest in­
cluded isotopes of strontium cesium, 

Fig. 8. Los Alamos Canyon drainage area and main channel network. 
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uranium, plutonium, americium, and 
tritium. 

"In 1948 a joint effort was started with 
the U.S. Public Health Service to develop 
a method for removing plutonium and 
other radionuclides from radioactive 
liquid waste. Bench-scale experiments 
showed that conventional physico-chem­
ical water treatment methods could be 
modified for treatment of radioactive 
waste. By June 1951 a treatment plant 
(identified as T A-45) had been designed, 
constructed, and began processing the 
radioactive and other laboratory wastes 
by a flocculation-sedimentation-filtration 
process. 

"From startup until mid-1953, the 
T A-45 plant treated liquid wastes from 
only the original Main Technical Area, 
T A-1. Starting in June 1953, additional 
radioactive liquid wastes were piped to 
T A-45 from the new laboratory complex 
(T A-3) south of Los Alamos Canyon, 
which included the Chemistry and 
Metallurgical Research building where 
plutonium research was conducted. In 
September 1953, liquid wastes from the 
Health Research Laboratory (T A-43) 
were added to the system. Initially the 
T A-3 waste was very dilute, and a prac­
tice was adopted of monitoring the level.s 
to determine if treatment was required to 
maintain the 2-week effluent average 
from TA-45 below 330 disintegra­
tions/min/Q (the level adopted from Na­
tional Bureau of Standards Handbook 
52, Ref. 4, as the administrative level for 
effluent release from T A-45). If treatment 
was not required to meet the criteria, the 
T A-3 waste was discharged untreated to 
Acid Canyon. By December 1953, only 
about 30% of the T A-3 waste was re­
leased untreated. In 1958, liquid wastes 
from a new radiochemistry facility 
(T A-48) were added to the line coming 
from T A-3. The wastes from this facility 
included primarily fission products and 
are reflected in the higher gross beta and 
gamma content of the T A-45 effluents. 

"In July 1963, the wastes from TA-3 
and :r A-48 were redirected to a new Cen­
tral Waste Treatment Plant (T A-50) 
located south of Los Alamos Canyon 

within the present Los Alamos National 
Laboratory site. The liquid wastes from 
T A-43 were redirected to the sanitary 
sewer because only small quantities of 
very low concentration wastes were gen­
erated by that time. Subsequently, only 
liquid wastes from T A-1 were processed 
at T A-45 until it ceased operation near 
the end of May 1964. Some untreated low 
level liquid wastes containing some fis­
sion products from decommissioning of 
Sigma Building at T A-1 were released 
until June 1964. After this time no further 
effluents were released into Acid Can­
yon. 

"Other releases have been or continue 
to be made into Pueblo and Los Alamos 
Canyons that have some bearing on the 
interpretation and assessment" of the 
measurements of residual contamination 
in these canyons. Nonradioactive ef­
fluents include those released into 
Pueblo Canyon from three sanitary waste 
treatment plaf'ts, two of which continue 
in operation U•lder the management of 
Los Alamos County. Radioactive ef­
fluents are thoue from the radioactive 
liquid waste tre 1tment plant still serving 
T A-21 on the Lc. s Alamos National Labo­
ratory site. Ef.,luents from this plant are 
released into ) ::~ Canyon, a small tribu­
tary to Los A ;t nos Canyon. This treat­
ment plant sta1ted operations in June 
1952 to serve tt.e old plutonium process­
ing facility that b now undergoing decon­
tamination for conversion to other uses. 
The plant may treat wastes from new 
operations at T:~.-21, but levels of pluto­
nium and americium are expected to de­
cline. Some res1duals from these treated 
effluents are carried into and down Los 
Alamos Canyon." 

Acid-Pueblo Canyon received unknown amounts 
of radioactive wastes from 1943 to 1964, and DP­
Los Alamos Canyon received various amounts of 
treated radioactive wastes from 1952 to 1980. The 
major emphasis in this report is on the transport and 
distribution of plutonium. Therefore, waste dis­
charge data for plutonium are summarized in Table 
XVI. 

The discharges of' ffluent into upper Acid-Pueblo 
Canyon from 1951 through 1964 are well 
documented in comparison with discharge amounts 



Table XVI. Estimated Discharges of Plutonium 
in Stream Channels on the 

Los Alamos National Laboratory 
(Discharges are in terms of activity measured 

in millicuries of plutonium isotopes) 

Effluent Discharge (in mCi) 

Upper Upper 
Year Acid-Pueblo DP-Los Alamos 

1943 
1944 
1945 
1946 
1947 
1948 
1949 
1950 
1951 
1952 
1953 
1954 
1955 
1956 
1957 
1958 
1959 
1960 
1961 
1962 
1963 
1964 
1965 
1966 
1967 
1968 
1969 
1970 
1971 
1972 
1973 
1974 
1975 
1976 
1977 
1978 
1979 
1980 

18.75 to 375 
18.75 to 375 
18.75 to 375 
18.75 to 375 
18.75 to 375 
18.75 to 375 
18.75 to 375 
18.75 to 375 

1.3 
1.1 
1.2 
2.2 
2.2 
1.1 
0.9 
0.9 
1.2 
2.6 
5.3 
3.9 
3.0 
0.04 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
1.27 
1.27 
1.27 
1.27 
1.27 
1.27 
1.27 
1.27 
1.27 
1.27 
1.27 
1.27 
1.27 
1.27 
1.27 
1.27 
1.27 
1.27 
1.27 
1.27 
1.27 
1.27 
1.27 
1.27 
1.27 
1.27 
0.54 
0.14 
0.045 

from 1943 to 1951. During this earlier period, an 
unknown amount of activity was introduced into 
Acid Canyon. Some estimates ranged as low as 150 
mCi (Stoker et al. 1981, p. 26). However, inventory 
estimates, based on analysis of plutonium concen­
tration data from sediment samples collected during 
surveillance activities, are much higher. For exam­
ple, data presented in Table VIII, p. 49, of Stoker et 
al. 1981, suggest an existing inventory in the Acid­
Pueblo Canyon system of about 600 mCi, with an 
uncertainty (expressed as ±2a) suggesting a range 
of 300-900 mCi. If 300-900 mCi- are in the canyon 
system at the present time, then more than 150 mCi 
of activity must have been introduced as effluent 
between 1943 and 1951. Therefore, to reflect this 
unce.rtainty in the subsequent plutonium-routing 
calculations, we assumed a range of 150-3000 mCi 
as the initial input or effluent discharge to Acid 
Canyon for the period 1943-1950. 

The data shown in Table XVI summarize the 
plutonium effluent discharges into two ephemeral 
stream channels at Los Alamos. The problem here 
Is to describe the subsequent contaminant re­
distribution and transport by streamflow. Previous 
studies of contaminant transport in these stream 
channels suggest that most of the plutonium trans­
port is associated with transported sediment 
(Stoker et al. 1981, p. 141 ). Therefore, to compute 
contaminant transport rates, we first had to com­
pute runoff rates, then sediment transport rates and 
yields. The general procedure was to relate pluto­
nium transport rates to sediment transport rates; 
the piecewise approximating hydrograph was used 
to relate plutonium yields to sediment yields for 
individual runoff events. Next, we summed yields 
from the individual storm events to estimate annual 
sediment and plutonium yields. These computations 
were made for the time periods shown in Table XVI. 
The result was a mass-balance calculation for each 
channel reach used to describe the drainage 
network from the upland areas to the confluence of 
Los Alamos Canyon with the Rio Grande. 

To describe the contaminant yield calculations, 
we first needed to describe the hydrologic and 
sediment yield models as applied to the Los Alamos 
watersheds. This required characterizing the water­
sheds, estimating parameters, and conducting the 
model evaluation as described in Tables XIV and 
XV. 
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B. Application of the Models and Pr~liminary 
Evaluations 

Drainage areas and the main channel network for 
Los Alamos Canyon (a principal drainage on the 
·Pajarito Plateau, and the major emphasis of this 
analysis) are shown in Fig. 8. The upper 65.3-km2 

(25.5-mi.2) drainage area of Los Alamos Canyon to 
the confluence of Guaje Canyon was subdivided 
into drainage areas and channel segments, as 
shown in Fig. 8, and as detailed in Table XVII. The 
land-use cover data in Table XVII correspond with 
the three vegetation types discussed above, except 
that the urban areas are fisted without regard to 
vegetation type. The composite curve numbers 
reflect variations in soils, vegetation, and land u~e in 
that the distributed runoff simulation model was 
used to compute runoff from the 2-yr, 1-h storm 
using runoff curve numbers from 18 upland and 
lateral flow areas, as shown in Fig. 8. These dis­
tributed curve numbers varied from a low of 68 on 
the upland forest areas to a high of 85 from areas 
that were partially urbanized. The composite curve 
numbers also reflect the influence of transmission 

losses. For example, the composite curve number 
for channel segment number 8 was 77, without 
considering transmission losses, and 75 when 
transmission losses were included. 

Additional features of the Los Alamos water­
sheds are summarized in Table XVIII. Drainage 
units labeled LA-1 through LA-5 refer to Los Alamos 
Canyon; AP-1 and AP-2 refer to Acid-Pueblo Caf"'­
yon, G-1 refers to Guaje Canyon, and B-1 and B-2 
refer to Bayo Canyon (see Fig. 8 and Table XVII). 
Hydrologic data for G-1 were estimated, based on 
runoff-drainage area relationships from watersheds 
LA-1 through LA-4, AP-1 and AP-2, and B-1 and 
B-2. Hydrologic data from LA-4 and G-1 were com­
bined and routed to the Rio Grande to estimate 
runoff for the enti;·e watershed designated LA-5 in 
Table XVIII. The 1-h rainfall depths (Table Xfll) were 
adjusted following procedures outlined in Miller et 
al. (1973) to compute 1-h rainfall depths (87.5% of 
the point values) over the upper 25.2-mi.2 drainage 
area of Los Alamos Canyon. These rainfall depths 
were used to compute flood frequency data for the 
eight subwatersheds. Peak discharge values for the 
2-yr flood are shown in Table XVIII. 

Table XVII. Characteristics of the Los Alamos Canyon 
Watershed Above the Confluence with Guaje Canyon 
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Land-Use Cover (%)b 

Channel Drainage Area• Ponderosa Pinon 

Segment (mi.2) (km~ Pine Juniper Urban 

1 9.1 23.6 90 10 
2 10.6 27.5 80 10 10 
3 5.8 15.0 60 40 
4 8.2 21.2 50 20 30 
5 20.7 53.6 60 20 20 
6 1.9 4.9 70 10 20 
7 3.9 10.1 30 60 10 
8 25.2 65.3 50 30 20 

----------
arotaf drainage area contributing above the downstream end of the channel segment. 
bApproximate percentages of drainage areas with mixed forest cover dominated by 
ponderosa pine, woodland areas dominated by pinOn-juniper, and urban areas 
regardless of vegetation type. 
ccomposite curve number for the entire drainage area to match runoff volumes 
computed with distributed curve numbers and the 2-yr, 1-h rainfall. Includes the 
influence of transmission losses in the ephemeral stream channels. 

Composite 
CNC 

76 
75 
77 
75 
75 
76 
75 
75 
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Table XVIII. Selected Physical Features of Drainage Areas and Channel Segments in the Los Alamos Watershed 
(English units used in this table correspond with units used in the simulation models) 

Channel Segment at Watershed Outlet Bed Materialc 
Effective Median Drainage Mean Annual Reach Average Hydraulic Proportion Particle Drainage Area Flood Peak• Length Widthb Conductivity Width Manning of Size Unit {acres) {cfs) No. {mi) {ft) (ln./h) (ft) Slope n Silt-Clay (mm) -

LA-1 5·ao7 72 1 4.10 4.4 2.00 10 0.018 0.040 0.066 0.62 LA-2 6 791 61 2 2.85 4.9 2.00 12 0.019 0.040 0.035 0.78 LA-3 13 253 101 5 2.20 15.2 2.00 19 0.024 0.035 0.026 0.42 LA-4 16 127 100 8 0.90 24.0 2.00 45 0.017 0.030 0.037 0.73 LA-5 37 293 180d 10 -- -- -- 55 0.019 0.030 0.035 1.00 AP-1 3 696 68 3 3.30 14.6 0.50 14 0.019 0.040 0.026 0.80 AP-2 5 222 51 4 4.10 15.5 1.00 20 0.023 0.035 0.032 0.75 .8-1 1 209 21 6 3.70 5.0 1.00 12 0.030 0.045 0.018 1.04 B-2 2 496 19 7 3.80 12.0 1.50 15 0.034 0.035 0.023 0.84 G-1 20 650 117d 9 -- -- -- 43 0.027 . 0.035 0.075 0.57 ----------acalculated using the hydrologic model and the 2-yr, 1-h rainfall depth averaged over the 25.2-mi.2 drainage area. bAverage width over the entire channel reach as used in the transmission loss equation. 
caased on particle size analysis of channel bed material samples taken during periods of no flow. 
dCalculated using peak discharge-drainage area relationships extrapolated from the simulated flood peaks on the eight subwatersheds comprising drainage area LA-4. 



Procedures outlined in Table XIV were used to 
compare simulated flood peaks with· measured 
flood peaks in the region (Dalrymple, 1965), as 
shown in Fig. 9. The curve labeled "upper" in Fig. 9 
refers to the subwatershed with the highest peak 
discharge per unit area, and the curve labeled 
"lower" refers to simulated flood frequencies from 
the subwatershed with the lowest peak discharge 
per unit area. The upper and lower curves approx­
imate envelope curves for the observed data shown 
in Fig. 9. 

Simulated runoff data for the eight watersheds 
are shown in Table XVII, and exponents for the 2-yr 
flood were C4 = -0.13 and C7 = -0.32, which are 
within the probable ranges shown in Table XV. 
Therefore, base<i on the flood frequency analysis 
summarized in Fig. 9 and the values of C4 and C7 

given above, the hydrologic model appears to be 
producing reasonable results. 

Analysis of sediment concentration vs discharge 
rate produced an exponent of C9 = 0.27 for the 2-yr 
flood on watershed LA-1 . This value of C9 = 0.27 is 
within the probable range shown in Table XV. Ob­
served and computed suspended sediment dis­
c.;harge rates are shown in Fig. 1 0. The observed 
data represent sediment discharge rates computed 
from suspended sediment samples and estimated 
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Fig. 9. Simulated and observed flood frequency data 
for Los Alamos watersheds and drainage 
areas within the region of Los Alamos, New 
Mexico. 
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Fig. I 0. Measured and computed suspended sedi­
ment discharge rates for seven channel sec­
tions in the Los Alamos Canyon watershed. 

discharge rates. The data represent se.ven observa­
tions from watershed LA-1, two each from water­
sheds LA-2, LA-3, LA-4, and AP-2, one from LA-5, 
and five observations from Mortandad Canyon. 
Computed sediment discharge rates, shown in Fig. 
1 0, were computed using the suspended sediment­
transport capacity equation [Eq. (61 )], the channel 
data shown in Table XVIII, and the given discharge 
rates. From these analyses, we concluded that the 
sediment discharge calculations were producing 
reasonable results for suspended sediment dis­
charge rates. Finally, for the eight watersheds listed 
in Table XVII, we computed sediment yield for the 2-
yr flood and related sediment yield to drainage area, 
as suggested in Table XV. The exponent was 
C11 = 0.16, which is outside the probable range 
(-0.50 to 0.0) shown in Table XV. Analysis of the 
channel features (see Table XVIII) suggested that 
channel width increased downstream, and Man­
ning's n decreased downstream. However, channel 
slope and particle size characteristics varied more 
than they had previously. These factors, taken 
together, resulted in complex patterns of transport 
capacity and thus sediment yield with increasing 
drainage area. As a result, even though the derived 
value of C, 1 = 0.16 was outside the probable range, 



we judged the sediment yield-drainage area rela­
tionship to be reasonable for this particular applica­
tion at Los Alamos. 

Plutonium discharge data (in nanocuries per sec­
ond) were available for 14 of the 21 observations 
shown in Fig. 10. Based on plutonium concentra­
tions in the channel alluvium and in the suspended 
sediment samples, ttie observed enrichment ratios 
varied from 1.4 to 13.3, with a mean of 5.5. The 
corresponding computed enrichment ratios, based 
on concentration in the channel alluvium and com­
puted concentration with the suspended sediment, 
ranged from 2.9 to 7.0, with a mean of 5.2. Although 
the computed enrichment ratios had a smaller 
range, the mean was close to the observed mean. 
Based on total load calculations, including the esti­
mated bed load, the computed enrichment ratios 
varied from 1 .3 to 4. 7, with a mean of 2. 7. Observed 
enrichment ratios did not include bed-load sedi­
ment. Measured and computed plutonium flux 
values with suspended sediment are shown in 
Fig. 11 . 

. A preliminary model evaluation was conducted 
using the criteria outlined in Tables XIV and XV. With 
one exception (C11 in t~e sediment yield-drainage 
area relationship), derived relationships had expo-
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Fig. 11. Measured and computed plutonium dis­
charge rates for five channel sections in the 
Los Alamos Canyon watershed. 

nents within the probable ranges specified in Table 
XV. Moreover, flood frequencies computed with the 
hydrologic model agree with observed regional 
values. Computed sediment and plutonium dis­
charge rates agreed with measured values, and 
mean computed enrichment ratios were within the 
probable range specified in Table XV. From these 
analyses, we concluded that the simulation models 
were producing reasonable results for runoff, sedi­
ment concentration and yield, and contaminant con­
centration and yield. 

C. Simulation of Annual Values and Projections 

Based on procedures outlined in NOAA Atlas-2 
(Miller et al. 1973), daily rainfall records at a point in 
Los Alamos were used to estimate maximum 1-h 
rainfall averaged over the drainage area. The ap­
proximating equation, in inches, is 

P1 = 0.039 + 0.553P24 (67) 

where P24 is the daily rainfall at a point, and P1 is the 
maximum 1-h rainfall averaged over the drainage 
area. Equation (67) was applied to all daily rainfall 
data from 1943 to 1980. The 1-h rainfall data were 
then used as input to the hydrologic, sediment yield, 
and contaminant yield models for the watersheds 
shown in Tables XVII and XVIII. Individual storm 
values were summed to compute annual sediment 
yields. Observed data were then used to calibrate a 
series of regression equations relating snowmelt 
runoff to average March-April water content of the 
Jemez Mountains snowpack. The sediment trans­
port model was then applied to these runoff data to 
derive regression equations relating average 

.March-April water content of the snowpack to sedi­
ment yield for positions in the channel.s of Los 
Alamos Canyon. Snowmelt runoff in most other 
canyons is usually zero or insignificant and was 
omitted from the analysis. 

Annual sediment yield (from storm runoff and 
snowmelt runoff) was then used in a discrete form 
of Eq. (66) to compute an annual mass balance for 
plutonium. Plutonium was discharged into Channel 
1 (LA-1) and Channel 3 (AP-1 ). The plutonium 
outflow from these channel reaches was then taken 
as input to downstream reaches (Fig. 8), and the 
calculations were made for each channel segment 
until the confluence with the Rio Grande. Therefore, 
for each year (1943-1980), the calculations included 
input, output, and residual storage for each channel 
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segment or reach; by summation, the entire channel 
network was calculated. 

Inventory estimates in the past (Stoker et al. 
1981, and Nyhan et al. 1980) included significant 
plutonium amounts in inactive channel areas, in 
channel banks, and in overbank and flood plam 
areas. Hereafter, we refer to these areas as out-of­
bank areas. Therefore, we say that a channel seg­
ment consists of the active channel and the out-of­
bank areas. For computational purposes, we as­
sume a rectangular cross section for the ".ctive 
channel and then a trapezoidal cross section for 
out-of-bank flow. When the discharge increases 
beyond the capacity of the active channel, the flow 
width increases with increasing discharge, accord­
ing to the lateral slope of the out-of-bank areas. 
Flow in these out-of-bank areas can deposit sedi­
ment and associated contaminants if the existing 
sediment load from the active channel exceeds the 
transport flow capacity in the out-of-bank areas. 
Shallow flow depths and increased hydraulic re­
sistance can reduce flow velocity, and thus trans­
port capacity, in out-of-bank areas. However, the 
relatior~hip between available sediment supply and 
out-of-blnk transport capacity is a dynamic function 
of discharge rates, as well as being a function of the 
hydraulic. roughness characteristics in out-of~~ank 
areas. U 1der other circumstances, flow cond1t1ons 
in out-of bank areas may produce sediment trans­
port ca%cities in excess of the available sed.ime~t 
supply, 'thich would suggest scour or eros1on m 
out-of-1 •c nk areas. 

BecaL se runoff rates chenge with time at a given 
channel cross section, sediment deposition may 
occur at one time but erosion may occur at other 
times. F )r a given flow rate along a channel seg­
ment, dEposition may be occurring at o_ne position 
while, at the same time, erosion may be occurring at 
another position. Out-of-bank flow hydraulics and 
sedimen.: transport mechanics are very complex in 
time and in space. However, we may compute esti­
mates of lower and upper bounds for sediment 
transpcrt capacity in out-of-bank areas during run­
off ever,ts. If this is done for upstream and down­
stream cross sections on a given channel reach, 
then we can approximate limits for sediment jepo­
sition or out-of-bank erosion. A channel segn•ent's 
net deposition or erosion is predicted to fall within 
these bounds. 

The lc wer limit on transport capacity can be cal­
culated I y Einstein's procedure for computing the 
sedimem trap efficiency of a settling basin de­
veloped in 1965 (see Borland 1971, for a useful 
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summary). This procedure assumes deposition is 
occurring throughout the channel reach, so it sets a 
lower limit on transport capacity. If t112 is the half-life 
for deposition to reduce sediment concentration by 
one-half, then the flow length, L, over which one-half 
the particles are deposited is 

(68) 

where v is the mean velocity for the out-of-bank 
flow. The sediment fraction deposited over a di~­
tance xis 

p = 1 - exp(-0.693x/L) (69) 

Equations (68) and (69) can be applied if we have 
estimates for the velocity v and the half-life time t112• 

This time can be estimated by 

t112 = 0.657 yfvsn (70) 

where y is the average water depth in the out-of­
bank areas, V5 is the particle fall velocity, and n is a 
parameter assumed to be 1.0 for rivers. Given a 
sediment supply (expressed as the concentration of 
suspended sediment delivered to the out-of-bank 
areas from overflow out of the active channel) at the 
upstream boundary of a channel reach, Eq. (69) is 
used to compute sediment transport capacity and 
deposition rates as functions of distance along the 
channel reach. Therefore, we now have estimated 
the lower bound for transport capacity and, from 
this, an upper bound for sediment deposition rate. 
Equation (66) also can now be applied to the out-of­
bank areas to compute a potential maximum depo­
sition rate for contaminants in out-of-bank areas. In 
this case, M and a. would refer to inventory and 
sediment yield in out-of-bank areas. 

An upper limit on transport capacity in out-of­
bank areas can be computed by applying the sedi­
ment transport equations used in the active chan­
nel. In this case, the procedure will be exactly the 
same as used in the active channel (and as de­
scribed earlier), except that we assume a 
trapezoidal cross-sect,ional geometry for out-of­
bank flow. If the computed transport capacity in out­
of-bank areas exceeds the sediment supply from 
the active channel, then scour or erosion is 
predicted to occur. If the computed transport 
capacity is less than the sediment supply, then 
deposition is assumed to occur. In most cases, the 
deposition amount or scour is only a small fraction 



of the total sediment yield for a runoff event. The 
estimated amounts were usually less than a few per 
cent, with the largest estimate being 15% deposition 
during one year in lower Pueblo Canyon. 

1. Physical Features of the Channels and Out­
of-Bank Areas. Basing our estimates on the annual 
floods computed for the period 1943-1980, we cal­
culated the width of out-of-bank flows for the vari­
ous channel reaches. Using the channel segments ·· 
as defined in Table XVIII, we show the physical 
features of the active channels in Table XIX. Col­
umns 7 and 8 in Table XIX show the estimated peak 
discharge of the 2-yr flood and the discharge 
capacity of the active channel. We estimate a small 
amount of out-of-bank flow for the 2-yr flood in the 
upper reaches (LA-1, LA-2, and AP-1 ), but note that 
the 2-yr flood is entirely within the active channel in 
the lower channel reaches. 

Physical characteristics of the out-of-bank areas 
are summarized in Table XX. The average width of 
out-of-bank flow is shown in the third column of 
Table XX. These width estimates should be com­
pared with the corresponding width estimates ·given 
in Stoker et al. (1981, Table VII, p. 49). The most 
significant difference is in the out-of-bank width 
(width of contaminated area) in mid Pueblo Can1on, 
AP-1. The value of 3.5 m, shown in Table XY, is 
about one-fourth the average width estimateu by 
Stoker et al. (1981 ). The widths in Table XX were 
based on computed widths of out-of-bank flow 
based on measured channel cross sections at gen­
eral positions in each channel reach. The values 
presented by Stoker et al. (1981) were based on 
measurements of cross sections at several posi­
tions, and they included no hydraulic calclllations. 
The magnitude of these differences indicates the 
uncertainty involved in estimating average widths of 
out-of-bank flow events. 

The out-of-bank flow events were the larger 
events, about 2 to 4 times the mean annual flood, 
suggesting more frequent runoff in the active chan­
nels than in the out-of-bank areas. 

2. Calculation of Plutonium Concentrations and 
Inventories. Plutonium transport is assumed to be 
related to sediment yield 

apu = ER Cas , ~71) 

where apu is plutonium yield in millicuries, C is the 
mean plutonium concentration in the alluvium in 
millicuries per ton, as is the sediment yield in tons, 

and ER is the enrichment ratio. But from Eq. (66), we 
know that 

apu = k as M (72) 

where k is a coefficient (tons-1
) and M is the currently 

available inventory in millicuries. Thus, k must be 
equal to (ER)(C)/M and, because C = M/S, where 
S is the mass of contaminated sediment, 

k = ER/S . (73) 

Values of k, for the individual channel reaches, are 
shown in the last column of Table XIX. 

Equation (66) describes an entire channel reach. 
Let the subscript o refer to the out-of-bank areas. If 
we assume there is net deposition in the reach, then 
the discrete form of Eq. (66), with 6t = 1 year, 
becomes 

(74) 

for the active channel, and 

(75) 

for out-of-bank areas where as refers to the total 
sediment yield (deposition plus net yield), aso; refers 
to the out-of-bank deposition, M refers to the active 
channel inventory, and M0 refers to the out-of-bank 
inventory. Plutonium discharge at the end of the 
channel reach is then 

(76) 

where as; - asci is the net sediment yield for the 
channel reach. Application of Eqs. (73)-(75) will give 
a lower bound for the net sediment and plutonium 
yield and an upper bound for the out-of-bank depo­
sition of sediment and plutonium. 

Calculations based on the above assumptions 
were made for the period 1943-1980, and the re­
sults are summarized in Tables XXI and XXII. The 
assumed initial input I (1943-1950 effluent dis­
charge) to Acid-Pueblo Canyon was varied from 150 
to 3000 mCi. The numbers sh::>wn in Tables XXI and 
XXII are all rounded to two decimal places. Ac­
curacy to this many significant figures is not sug­
gested, but significant digits are preserved to allow 
verification of the calculations. Also, notice that a 
20-fold range in input results in a 6-fold range in the 
currently existing inventory. Finally, the listed values 
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Table XIX. Physical Characteristics of the Active Channels in the Los Alamos Watershed 

Peak Discharge 
Average Alluviumb Surface Sediment Estimated in 

Channel Length Width• Depth Area Mass 2-yr Flood Active Channel 
Reach (m) (m) (m) (m2) (mg) (m3/s) (m3fs) 

LA-1 · 6600 3.0 0.30 19 800 9 320 2.04 1.22 
LA-2 4600 3.7 0.30 17 000 8 010 1.73 1.22 
ACID 750 1.5 0.16 1 125 283 
AP-1 5310 4.7 0.30 25 000 11 200 1.93 1.20 
AP-2 6600 5.2 0.30 34 300 16 200 1.44 2.15 
LA-4c 4990 9.8 0.30 48 900 23000 2.83 3.99 
LA-5 2400 15.2 0.30 36 500 17 200 5.10 6.37 

----------
a Average f1ow width to cover active channel bed along the channel reach. 
bAssumed contamination depth in channel alluvium. 
clncludes channel reaches LA-3 and LA-4 as defined in Table XVIII. 

Coefficient 
k(Tons-1

) 

0.00113 
0.00148 

0.000906 
0.000664 
0.000466 
0.000622 



Table XX. Physical Characteristics of the Out-of-Bank Areas in the Los Alamos Wate;shed 
(includes the inactive channel and channel banks) 

Estimated 
Averageb 

Average Alluvium Surface Sediment Peak Peak-Discharge 
Channel Length Width8 Depth Area Mass Discharge Maximumc 
Reach (m) (m) (m) (m2) (mg) (m3/s) (m3/s) 

LA-1 6600 4.8 0.30 31 700 14 900 3.58 11.59 
LA-2 4600 5.7 0.30 26 200 12 300 4.06 11.66 
ACID 750 0.8 0.30 600 283 
AP-1 5310 3.5 0.30 18 600 8 750 4.35 12.36 
AP-2 6600 16.3 0.30 107 600 50 700 5.41 12.05 
LA-4 4990 8.2 0.30 40 900 19 300 10.87 25.53 
LA-5 2400 25.9 0.30 62 200 29 300 18.82 47.49 

acalculated maximum width (both sides of channel, but not including active channel) for largest out-of-bank 
flow event during period 1943-1980; average for the channel reach. 
bAverage peak discharge of out-of-bank flow events, 1943-1980. 
cMaximum peak discharge for out-of-bank flow, 1943-1980. 

Table XXI. Estimated Plutonium Inventory in Active Channels in the Los Alamos Watershed 
(a function of the assumed initial input I to Acid-Pueblo Canyon) 

Channel Estimated Plutonium .Inventory {mCi} as of 1980) 
Reach 1=150mCi 1=300mCi 1=750mCi I= 1500mCi 1=3000mCi 

LA-1 0.15 0.15 0.15 0.15 0.15 
LA-2 0.23 0.23 0.23 0.23 0.23 
ACIDa 5.43 5.43 5.43 5.43 5.43 
AP-1 3.16 4.43 8.22 14.61 27.34 
AP-2 6.58 9.93 19.99 36.85 70.49 
LA-4 4.70 5.50 7.86 11.83 19.76 
LA-5 6.07 7.42 11.36 0 17.98 31.22 

Totals 

Acid-Pueblo 15.17 19.79 33.64 56.89 103.26 
Upper LA 0.38 0.38 0.38. 0.38 0.38 
Lower LA 10.77 12.92 19.22 29.81 50.98 

Total 26.32 33.09 53.24 87.08 154.62 

----------
avalue for Acid-Canyon averaged from estimates of Nyhan et al. (1982) and Stoker et al. (1981 ). 
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Table XXII. Estimated Plutonium Inventory in Out-of-Bank Areas in the Los Alamos Watershed 
(a function of the assumed initial input I to Acid-Pueblo Canyon) 

Channel Estimated Plutonium Inventory {mCi} as of 1980 

Reach I= 150 mCi 1=300mCi 1=750mCi I= 1500 mCi 1=3000mCi 

LA-1 0.52 0.52 0.52 0.52 0.52 
LA-2 0.34 0.34 0.34 0.34 0.34 
ACIDa 54.64 54.64 54.64 54.64 54.64 
AP-1 4.13 7.75 18.74 36.67 72.83 
AP-2 11.84 22.19 53.23 104.98 208.46 
LA-4 3.30 5.95 13.72 26.75 52.80 
LA-5 5.08 9.19 20.79 40.42 79.69 

Totals 

Acid-Pueblo 70.61 84.58 126.61 196.29 335.93 
Upper LA 0.86 0.86 0.86 0.86 0.86 
Lower LA 8.38 15.14 34.51 67.17 132.49 

Total 79.85 100.58 161.98 264.32 469.28 

----------
8Value for Acid-Canyon averaged from estimates of Nyhan et al. (1982) and Stoker et al. (1981 ). 

for Acid Canyon represent the average of cor­
responding estimated values derived using 
dimensions and concentration data presented by 
Nyhan et al. (1980) and Stoker et al. (1981 ), because 
Acid Canyon was excluded from the channel 
reaches analyzed herein. · 

Plutonium concentrations corresponding with the 
inventory estimates are shown in Tables XXIII and 
XXIV. Active channel concentrations are listed in 

Table XXIII, and the out-of-bank concentrations are 
listed in Table XXIV. Again, the data represent esti­
mate:: corresponding with an assumed input range 
of I = 150 to 3000 mCi. Total plutonium concentra­
tion ir, the active channels is shown in Fig. 12. The 
vert c il bars represent 95% confidence intervals 
abo.Jt the mean concentrations from surveillance 
data. The curves shown in Fig. 12 connect the 
concf'ntration estimates for each reach (data from 

Table XXIII. Estimated Plutonium Con· :entrations per Unit Mass of 
Contaminated Sediments in the Active Chc.m1els of the Los Alamos Watershed 

(as of 1980) 

Channel Estimated Plutonium Concentration {~Ci[g} 

Reach I= 150 mCi 1=300mCi I= 751) mCi I= 1500 mCi 1=3000mCi 

LA-1 0.02 0.02 0.02 0.02 O.C2 
LA-2 0.03 0.03 0.03 0.03 0.03 
ACID 19.19 19.19 19.19 19.19 19.13 
AP-1 0.27 0.38 0.70 1.24 2.32 
AP-2 0.41 0.61 1.~ 3 2.27 4.35 
LA-4 0.20 0.24 0.~4 0.51 0.86 
LA-5 0.35 0.43 0.66 1.05 1.82 
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Table XXIV. Estimated Plutonium Concentrations per Unit Mass of Contaminated 
Sediments in the Out-of-Bank Areas of the Los ·Alamos Watersheds 

(as of 1980) 

Channel Estimated Plutonium Concentrations {eCiLg} 
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ACID 
AP-1 
AP-2 
LA-4 
LA-S 

100 

10 

1.0 

I= 150 mCi I= 300 mCi 

0.03 0.03 
0.03 0.03 

193. 193. 
0.47 0.89 
0.23 0.44 
0.17 0.31 
0.17 0.13 

AVERAGE PLUTONIUM CONCENTRATION 
IN ACTIVE CHANNELS, lARS SHOW 
THE .,PROXIMATE IS% CONFIDENCE 
INTERVALS FROM SURVEILLANCE DATA. 
* LOWER LIMIT INCLUDES ZERO 

I =3000 mCi 

I= 1500mCi 

I= 750 mCi 
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CHANNEL REACH 

Fig. 12. Simulated and measured total plutonium 
concentration in active channels at Los Al­
amos. 

I= 750 mCi I= 1500 mCi I= 3000 mCi 

0.03 0.03 0.03 
0.03 0.03 0.03 

193. 193. 193. 
2.14 4.19 8.32 
1.0S 2.07 4.11 
0.71 1.39 2.74 
0.71 1.38 2.72 

Table XXIII, where reaches LA-4 and LA-S are com­
bined as lower Los Alamos). From these data, an 
initial input estimate of I = 7SO mCi seems to fit the 
measured concentration data in the active channels 
better than larger values of I. Total pluton•um con­
centrations in the out-of-bank areas are ::;hown in 
Fig. 13. Again, the vertical bars represent measured 
data, and the curves connect the simulat~·d data. 
For the out-of-bank areas, the initial esti11ate of 
1 = 1SOO mCi fits the measured data better ~:han the 
other estimates. Total plutonium inventory i:: shown 
in Fig. 14. Again, the vertical bars repre.;ent con­
fidence intervals about the means, sugt;ested by 
surveillance data, and the curves connect estimates 
from the simulation model. In this case, an estimate 
for the initial input of I = 3000 mCi appears to be 
best in all reaches except lower Los Alam.:>s Can­
yon. Finally, the data shown in Fig. 14 are also 
summarized in Table XXV. 

Using the model and computational logic )Utlined 
earlier in this report, the simulation data sum­
marized in Figs. 12-14 suggest that the initial input · 
to Acid-Pueblo Canyon (effluent discharges from 
1943-19SO) was in the range of 7SO to 3000 mCi. 
When the data in Table XXV are examined, a value 
of I = S60 mCi results for a total active channel 
inventory of about 4S mCi, which was also sug­
gested by surveillance data. A value of I = 3100 
mCi would result in a total inventory estimate of 
about 649 mCi, inferred from the surveillance data. 
However, Stoker et al. 1981, Table E-IV, stggest a 
95% confidence interval for the total inve 1tory of 
631 ± 298 mCi ranging from 333 to 929 mCi. A 
corresponding range of initial input I is suggested 
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Fig. 13. Simulated and measured total plutonium 
concentration in out-of-bank areas at Los 
Alamos. 

ranging from 1400 to 4700 mCi. Therefore, total 
inventory estimates, based on surveillance data, 
vary by a factor of 3 and the assumed initial input I 
varies correspondingly for the simulation model to 
produce inventory estimates varying by a factor of 
3. Finally, because of differences in estimates of the 
out-of-bank width in Pueblo Canyon, the simulation 
model suggests less out-of-bank contamination 
than is suggested by the surveillance data. Under 
these conditions, even if the simulated and 
measured concentrations are comparable (see 
curves labeled I = 750 and 1500 in Figs. 12-14), the 
simulated total inventory is less than suggested by 
tile surveillance data (Fig. 14). Therefore, when we 
are estimating plutonium concentration, a reason­
able value for I probably ranges from 750 to 1500 
mCi. When estimating total inventory, we would 
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Fig. 14. Simulated and mea..~;rred total plutonium 
inventory for stream :hannels at Los Ala­
mos. 

suggest a reasonable input \. ~ ue to be from 1500 to 
3000 mCi. Therefore, the initaf input is uncert&~n. 
but surveillance data sugge::.t some rather broad 
ranges, as discussed above. 

3. Projected Concentrations in the Active Chan­
nels. Earlier, we used histcrical rainfall data to 
estimate mean annual run•)H and sediment yield 
from each channel segment. We assumed this 
mean annual sediment yield would be experienced 
during each year in the futur ~. and we repeated the 
plutonium-routing and mas,;-balance calculations 
for the active channels. Figul"e 15 shows projected 
concentrations in mid Pueblo Canyon. Similar data 
for lower Pueblo and lower Los Alamos Canyons 
are shown in Figs. 16 and 1 7. Note that the pro­
jected concentrations vary by about a factor of 3, 
depending on the assumed vr lue of the initial input 1 

to Acid-Pueblo Canyon. Als l, because we used 
mean annual sediment yield~ , the decay in mean 



Table XXV. Summary of Plutonium Inventory Eatimatea from Surveillance Data and from the Simulation Model 

Surveillance Data Estimated lnvento!X jmCi! Usi!!j Simulator Model 
jmCI) 1=150mCi 1=300mCi 1=750mCI 1=1500mCI 1=3000mCi 

Channel Active Out of Active Out of Active Out of Active Out of Active Out of Active Out of 
System Channel Bank Channel Bank Channel Bank Channel Bank Channel Bank Channel Bank 

Acid 8.9 90.0. 5.4 54.6 5.4 54.6 5.4 54.6 5.4 54.6 5.4 54.6 
Pueblo 20.6 476.0 9.7 16.0 14.4 29.9 28.2 72.0 51.5 141.6 97.8 281.3 
Acid-Pueblo 29.5 566.0 15.1 70.6 19.8 84.5 33.6 126.6 56.9 196.2 103.2 335.9 
DP-Upper 4.4 2.2° 0.4 0.9 0.4 0.9 0.4 0.9 0.4 0.9 0.4 0.9 

Los Alamos 
Lower los 11.1 23.7 10.8 8.4 12.9 15.1 19.2 34.5 29.8 67.2 51.0 132.5 

Alamos 
DP-Los Alamos 15.5 25.9 11.2 9.3 13.3 16.0 19.6 35.4 30.2 68.1 51.4 133.4 
All channels 45.0 591.9 26.3 79.9 33.1 100.5 53.2 162.0 87.1 264.3 154.6 469.3 

*From Stoker et al. (1981, Table VIII, p. 49), as modified to match the definition of channel reaches shown in Table XIX. 
"Estimated Inventory based on 20% of the original input remaining in the channel and 34% of that associated with bank sediments (Stoker et al., 1981, p. 193). 
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Fig. 15. Projected plutonium concentrations in the 
active channel in mid Pueblo Canyon. The 
circled p~int and bar show mean and 95% 
confidence interval from surveillance data. 
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Fig. 17. Projected plutonium concentrations in the 
active channel in lower Los Alamos Can­
yon. The circled point and bar show the 
mean and 95% confidence interval from 
surveillance data. 

concentration is very regular after 1980, but concen­
trations reflecting year-to-year variations in climatic 
input before 1980 varied much more than in the 
recent years. Therefore, these projections are 
highly uncertain. These uncertainties are due to 
approximations involved in the model formulations, 
errors in model parameters, and the obvious errors 
involved in assuming that the rainfall, runoff, and 
sediment yield, in the future, will exactly equal their 
c verage annual values over the last 38 years. None­
theless, the projection data, summarized in Figs. 
15-17, still estimate the future plutonium concentra­
tions in active channel sediments. The data sum­
marized in Figs. 15-17 include no out-of-bank areas 
or interacting active channels and out-of-bank 
areas. Out-of-bank hydraulics, erosion, and sedi-
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ment transport processes are complex. Although 
we did not project out-of-bank processes on an 
average annual basis, we did estimate the active 
channel out-of-bank interaction for a large floo<;l 
eventoccurring sometime in the future. 

4. Projections for a Large Flood in Pueblo Can­
yon. A large flood, occurring within the entire Los 
Alamos watershed, might have sufficiently high dis­
charge rates to erode or scour previously deposited 
sediment (and associated plutonium) from the out­
of-bank areas and transport it out of the watershed. 
However, a large storm. limited to the Pueblo Can­
yon watershed, might result in erosion of out-of­
bank areas in Pueblo Canyon and deposition in 
lower Los Alamos Canycn. This deposition might 
occur because transmission losses would tend to 
decrease the peak discharge (and thus sediment 
transport capacity) in the downstream direction. 
Because this deposited sediment could increase 
plutonium inventories in lower Los Alamos Canyon, 
we decided to analyze this situation as a ''worst 
case." 

Under the above assumption, net erosion is ex­
pected to occur in the active channel and out-of­
bank areas in Pueblo Canyon, and net deposition is 
expected to occur in active channel and out-of-bank 
areas in lower Los Alamos Canyon. Therefore, we 
used the sediment transport equations [Eqs. (57) 
and (61 )] for Pueblo Canyon and then the Einstein 
deposition model [Eqs. (68-70)] to compute depo­
sition in the out-of-bank areas in lower Los Alamos 
Canyon, given no lateral inflow and the upstream 
input of water, sediment, and plutonium from 
Pueblo Canyon. The computations were made for a 
50-yr flood in Pueblo Canyon. 

If, as assumed, a 50-yr storm occurs over the 
Pueblo Canyon watershed, but not over the lower 
portion of the Los Alamos watershed, then runoff 
volume and peak discharge would decrease as the 
flood progressed through lower Los Alamos Can­
yon (channel reaches LA-4 and LA-5). Our calcula­
tions for runoff and sediment yield, under these 
assumptions, are summarized in Table XXVI. Notice 
that our calculations suggest a net erosion or scour 
in Pueblo Canyon and net deposition in active chan­
nels and out-of-bank areas in lower Los Alamos 
Canyon. Therefore, we predict a net reduction in 
plutonium inventory in Pueblo Canyon, and a net 
increase in lower Los Alamos Canyon. These rela­
tive changes for I = 1500 mCi are summarized in 
Fig. 18. The relative changes are niuch greater in 



Table XXVI. Summary of Estimated Runoff and Sediment Yield for a 50-yr Flood in Pueblo Canyon 

Net 
Runoff Sediment 

Channel Volume Peak Yield 

Reach (m3 X 103
) (m3fs) (tonnes) 

AP-1 94.3 21.1 1460 
AP-2 104.2 21.8 3760 
LA-4 86.6 14.4 2240 
LA-5 71.3 10.1 1660 
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Fig. 18. Per cent change in plutonium inventory (or 
mean concentration) as the result of a 50-yr 
flood in Pueblo Canyon. 

the more dynamic active channels than they are in 
the out-of-bank areas. Therefore, we predict that a 
major flood, of the type assumed in this analysis, 
might decrease the mean active channE-l and out-of­
bank plutonium inventories some 60% and 4%, 
respectively. Deposition of sediment and as­
sociated plutonium in lower Los Alamos Canyon 
m1ght increase the overall mean plutonium inventory 
in the active channel some 30% to 60% and, in the 
out-of-bank areas, some 1% to 2%. The lower in­
creases in Los Alamos Canyon correspond with an 

Sediment (in tonnes) 
Net Change in Reach 

Active Channel Out-of-Bank 
Erosion Deposition Erosion Deposition 

85 
380 

1520 69 
580 13 

assumed initial input of I = 750 mCi, and the higher 
ones, with an assumed I of 3000 mCi. 

XI. SUMMARY AND DISCUSSION 

A hydrologic model has been developed to 
simulate runoff rates and amounts occurring on 
semiarid watersheds, and procedures have been 
developed to estimate the model parameters from 
physical features of the watershed. The hydrologic 
model is an event model designed to simulate runoff 
that results from rainstorms. The model applied to 
watersheds at Los Alamos and, based on a regional 
flood frequency criterion, produced reasonable re­
sults. 

Computing procedures developed for runoff 
hydrographs incorporate spatial variability owing to 
nonuniform runoff production and transmission 
losses. Basic concepts of open-channel flow 
hydraulics were used to develop a piecewise normal 
approximating hydrograph and to estimate the ef­
fective shear stress for sediment transport in al­
luvial channels with noncohesive sediments. 

Sediment transport equations have been de­
veloped to compute sediment transport capacity 
according to the classes of sediment particle sizes. 
The approximating hydrograph and sediment trans­
port equations are used to estimate sediment yield 
from semiarid watersheds with alluvial channels. 
Computed sediment transport rates were compared 
with observed rates from stream channels in Ne­
braska and New Mexico, and computed sediment 
yields were compared with observed yields from 
watersheds in ·Arizona. Although there were signifi­
cant errors in computed sediment transport rates 
and yields for individual observations, the model 
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explained the trends in the observed data and 
produced reasonable estimates of sediment yield.· 

Procedures were developed to approximate the 
influence of particle sorting on enrichment of fine 
sediment particles and associated contaminants. 
Computed enrichment ratios for plutonium trans­
port in stream channels at Los Alamos were com­
parable with measured enrichment ratios. As a re­
sult, computed plutonium transport rates explained 
the trends in observed transport rates in several 
channel reaches at Los Alamos. 

Based on historical precipitation records at Los 
Alamos, procedures were developed to compute 
maximum 1-h rainfall, and thus runoff rates and 
amounts, from daily precipitation records. These 
estimated runoff data were then used to compute 
sediment yield for individual storm events from 1943 
to 1980 on 1 0 subwatersheds draining into Los 
Al!ilmos Canyon. These data provided plutonium 
transport rates in a mass-balance equation. The 
mass-balance equation was applied to compute 
plutonium outflow and storage in contaminated 
channel reaches at Los Alamos. Computed values 
of plutonium stored in the channel alluvium were 
roughly comparable with storage estimates based 
on plutonium concentration data obtained from al­
luvium samples collected for the environmental sur­
veillance program. Based on the relative agreement 
between computed and estimated plutonium 
storage in the channel alluvium, mass-balance cal­
culations were used to project plutonium storage 
and outflow to the year 2000. Although these projec­
tions. are uncertain, they may help us design and 
interpret monitoring and remedial action programs. 

Reasonably simple, yet physically based, simula­
tion models have been developed to predict runoff, 
sediment transport and yield, and contaminant 
transport and yield from semiarid watersheds. Run­
off and sediment transport provide the driving force 
and transport mechanisms for contaminant trans­
port in alluvial stream channels. To the extent that 
runoff and sediment yield are predictable, contami­
nant transport and yield are predictable. 

The procedures reported herein synthesize 
simplified procedures to describe and predict the 
complex processes of runoff, sediment yield, and 
contaminant yield fror 1 semiarid watersheds. At 
each point in the development, simplifications were 
made and simple relationships were used to approx­
imate complex processes. There is considerable 
room to develop improved descriptions of the physi­
cal procEsses and improved models of the campo-
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nents describing them. Also, observed data, if avail­
able, can be used to improve parameter estimates 
for the simulation models. However, in the absence 
of improved models or observed data for improved 
parameter estimation, the procedures outlined in 
this report can be used for a first approximation of 
runoff, sediment yield, and contaminant yield from 
semiarid watersheds as described herein. 
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