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USERS GUIDE FOR DISTRIBUTED ROUTING RAINFALL-RUNOFF MODEL

By David R. Dawdy, John C. Schaake, Jr., and William M. Alley

ABSTRACT

A computer program of a watershed model for routing urban flood
discharges through a branched system of pipes or natural channels using
rainfall as input has been developed and documented. The model combines
soil-moisture-accounting and rainfall-excess components developed by
Dawdy and others (1972) with the kinematic-wave routing method presented
by Leclerc and Schaake (1973).

INTRODUCTION

The model presented here combines the soil-moisture-accounting and
rainfall-excess components of the model developed by Dawdy and others
(1972) with the kinematic~wave routing components of the model developed
by Leclerc and Schaake (1973). Input to the model includes daily rainfall,
unit rainfall (any multiple of 5 minutes), and daily pan evaporation.
During unit-rainfall days, the model generates a simulated discharge
hydrograph based on input data from as many as three rain gages, and a
physical definition of the drainage basin discretized into as many as 50
segments, including overland flow, channel and reservoir seqmentsl/.

The model maintains a daily soil-moisture accounting between unit-
rainfall days.

The model uses a deterministic mathematical approach, which includes,
as much as possible, approximations to physical laws. Wherever possible,
a physical interpretation is placed upon the parameters used in the
model. A particular effort was made to use model parameters which can
be estimated on the basis of physical features alone.

STRUCTURE OF THE MODEL

The model described in this report can be divided into four major
components: a soil-moisture-accounting component, a rainfall-excess
component, a routing component, and an optimization component.

l-/Ifc' one description fits more than one segment, then there can be
more than 50 segments.



Soil-Moisture-Accounting Component

The soil-moisture-accounting component determines the effect of
antecedent conditions on infiltration. Soil moisture is modeled as a
two-layered system, one representing the antecedent base-moisture storage
(BMS)2/, and the other, the upper wetted part caused by infiltration
into a saturated moisture storage (SMS).

During unit-rainfall days, moisture is added to SMS based on the
Philip infiltration equation (Philip, 1954). On other days, a specified
proportion of daily rainfall (RR) infiltrates into the soil. Irrigation
(for example, lawn watering) can be accounted for in the daily water
balance. This is achieved through user-supplied irrigation rates for
each month. 1If a daily precipitation is less than the daily irrigation
rate, the daily precipitation is reset equal to the irrigation rate.

Evapotranspiration takes place from SMS, based on availability,
otherwise from BMS, with the rate determined from pan evaporation multi-
plied by a pan coefficient (EVC). Moisture in SMS drains into BMS with
a controlling parameter (DRN) determining the rate. Storage in BMS has
a maximum value (BMSN) equivalent to the field-capacity moisture storage
of an active soil zone. Zero storage in BMS is assumed to correspond to
wilting-point conditions in the active soil zone. When storage in BMS
exceeds BMSN, the excess is spilled to deeper storage. These spills
could be the basis for routing interflow and baseflow components, if
desired. However, this option is not included in the present version of
the model. A schematic flow chart of the soil-moisture=-accounting
component is shown in figure 1.

Rainfall-Excess Component

Impervious Surfaces

Two types of impervious surfaces are considered by the model. The
first type, effective impervious surfaces, are those impervious areas
which are directly connected to the channel drainage system, such as
streets and roofs which drain onto driveways and streets. The second
type, noneffective impervious surfaces, are those impervious areas which
drain to pervious areas. An example of a noneffective impervious area
is a roof which drains onto a lawn.

The only abstraction from rainfall on effective impervious areas is
impervious retention. This retention, which is user specified, must be
filled before runoff from effective impervious areas can occur. Evapo-
ration occurs from impervious retention during periods of no rainfall.

2/

=’ Definitions of selected model variables can be found in
attachment B.
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Rain falling on noneffective impervious areas is assumed to run off
onto the surrounding pervious area. The model assumes that this occurs
instantaneously and that the volume of runoff is uniformly distributed
over the contributing pervious area. This volume expressed as inches
over the pervious area is added to the rain falling on the pervious
areas prior to computation of pervious-area rainfall excess.

Pervious Surfaces

The point-potential infiltration (FR) is computed by a variation of
the Green-Ampt equation (Green and Ampt, 1911) known as the Philip
equation (Philip, 1954): The Philip equation is

FR = KSAT (1 + PS/SMS) (1)

where KSAT is the effective saturated soil capillary conductivity and PS is the
capillary potential at the wetting front. PS is varied over the range from
field capacity to wilting point by the linear function

PS = PSP [RGF - (RGF - 1) BMS/BMSN] (2)

where PSP is the suction at the wetting front at field capacity, RGF is
the ratio of suction at wilting poirt to that at field capacity, and BMSN
is the effective soil-moisture storage at field capacity (fig. 2).

Point-potential infiltration (FR) computed by the Philip equation is
converted to effective infiltration over the basin using a scheme first
presented by Crawford and Linsley (1966). Letting SR represent the supply
rate of rainfall for infiltration, and QR represent the rate of yeneration
of rainfall excess, the equations are

OR = SR2/2FR SR < FR (3a)
OR = SR - (FR/2) SR > FR (3b)
The schematic representation of the relations is shown in figure 3. The
parameters for soil-moisture accounting and infiltration are summarized in
table 1. Two different soil types can be handled by the model with separate

soil-moisture accounting and infiltration parameters for each soil type.

Routing Component

A drainage basin is represented in this model as a set of segments
which jointly describe all sub-basins in the total basin. There are
four basic types of segments: overland-flow segments, channel segments,
reservoir segments and nodal segments. There is wide flexibility to the -
approach one can take in dividing a basin into segments for runoff
computations. At present, it remains largely an art to characterize the
total basin in terms of a number of segments which account for the
essential basin properties. An example of basin segmentation is illustrated
in attachment E.

.
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Table 1l.--Parameters for soil-moisture accounting and infiltration

Soil-Moisture Accounting

Parameters:
DRN--A constant drainage rate for redistribution of so0il moisture
between SMS and BMS, in inches per day
EVC--A pan coefficient for converting measured pan evaporation to
potential evapotranspiration
RR--The proportion of daily rainfall that infiltrates into the
soil for the period of simulation excluding unit-rainfall days.

BMSN-~Soil-moisture storage at field capacity, in inches

Infiltration

Parameters:
KSAT--The effective saturated value of hydraulic conductivity, in
inches per hour
RGF--Ratio of suction at the wetting front for soil moisture at
wilting point to that at field capacity
PSP--Suction at wetted front for soil moisture at field capacity,

in inches of pressure




Channel and Overland-Flow Segments

A channel segment is permitted to receive upstream inflow from as
many as three other segments, including combinations of other channel
segments, reservoir segments, and nodal segments. It also may receive
lateral inflow from as many as four overland-flow segments. The overland-
flow segments receive uniformly distributed lateral inflow from excess
precipitation. A schematic illustrating the relationships between
channel and overland-flow segments is shown in figure 4.

Kinematic-wave theory is applied for both overland-flow and channel

routing. The kinematic-wave equations are difficult to solve analytically.
For practical catchment configurations and natural storms, the analytical
solutions are untractable; therefore, numerical solutions must be used.
One approach is to solve a finite-difference equation which converges to
the differential equation as the step size decreases. That approach has
been taken here. The finite-difference scheme used (Leclerc and Schaake,
1973) is unconditionally stable for any values of Ax and At.

The Kinematic-Wave Equations

The partial differential equation to be solved for each channel and
overland-flow segment is

24 30

3t ax = 49 (4)

in which A is the area of flow, Q is the rate of flow, g is the rate of
lateral inflow, t denotes time, and x denotes distance along the segment
increasing in the downstream direction. The dependent variables are A

and Q, and these are functions of the two independent variables x and t.

The rate of lateral inflow, g, is generally a function of both x and
t, and it serves as an input function, or "forcing function"”, of the
differential equation. In this model the value of g for any particular
segment is the same everywhere along the length of that segment, so in this
case, g is a function of t but not of x.

The relationship between A and Q is given as
0 = aa". (5)

If the length of the segment is L, the outflow hydrograph from the seg-
ment is QO(L,t). The inflow hydrograph to the upstream end of the segment
is 0(0,t), and this is the boundary condition needed to solve equation 5.
In the case where there is an upstream inflow, the solution will also
depend on that inflow. Therefore, the solution must be some function of
x, t, g, and 0(0,t). The outflow hydrograph is given by

o(L,t}) = f£[Q(0,t), q(t)] (6)
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The Finite-Difference Scheme

Because Q(0,t) and g(t) are difficult to manage by analytical methods,
numerical techniques are used to approximate Q(x,t) at discrete locations
in the x-t plane. 1In this case, a rectangular grid of points was selected.
These are spaced at intervals of time, At; and distance, Ax. The value of
Ax varies from segment to segment, but the value of At is constant for all
segments.

Four points of a finite-difference mesh are illustrated in figure 5.
The purpose of the finite-difference equations is to solve for A and Q at
point d, given values of A and Q at points a, b, and c.

In an attempt to keep the solution errors small while maintaining
an unconditionally stable solution, the model contains two different finite-
difference equations and selects the appropriate one at each point in the
solution. The decision depends on the parameter

0
e=mA—t—"i=amA’"1(A—t (7)
Ab Ax

If 6 is greater than or equal to unity, the equations used are

Ax
04 = 0o * qbx - At (Ac - Aa) (8)
and
_ 1/m

This involves only mesh points a, c, and d. It was derived by substi-
tuting (Ac - Aa)/At for 3A/3t and (Qd - Qc)/Ax for 30/3x.

If 8 is less than unity, the equations used are

_ .. At -
A, = Ab + gAt + i (Qa Qb) (10)
and
_ m
Qd = aAd . (11)

Equations 8 to 11 are solved by the model beginning with x = Ax
and proceeding downstream to x = L. Initial values of A and QO are
given along the entire x - axis. At t = 0, the model sets A = 0 and
Q0 = 0 everywhere. During the solution, upstream inflows are given and
equation 5 is used to compute the upstream boundary condition for A.
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One of the computational problems often encountered in finite-
difference approximation is failure to conserve volume. Indeed, there
are certain finite-difference approximations of the kinematic-wave
equations that lose water during the solution. It can be proved for the
special linear case, when m = 1, that equations 8 to 11 will conserve
volume. Computational experience for m > 1 also gives empirical evidence
that volume is conserved.

Selecting Ax and At

There is obviously no "best" way to select Ax and At. One approach
would be to choose At first and then fix Ax to keep computational errors
within acceptable bounds.

Two factors are important for At. One is the frequency of the
rainfall input to the catchment. The other is the frequency response
characteristics of the catchment. If the rainfall input contains many high
frequency components, the runoff hydrograph will contain frequency components
limited by the high frequency response characteristics of the catchment. A
convenient rule of thumb in unit-hydrograph theory is to select At so there
are about 10 nonzero ordinates. This appears to be a reasonable value to
use in the kinematic-wave model also. Applying this rule to a basin having:
a typical overland-flow length equal to L , overland-flow kinematic-wave
parameters a and m. a main channel 1enggh equal to Lc, and channel flow
parameters . and m, gives the rule

At20.1 (¢t + t) (12)
o c
where
L l/mo
t =|—=2 (13)
o mo—l
ao(le/43200)
L 1/m,
t = <
c m -1 (14)
ac(NleLo/43200)

ie = maximum rainfall intensity, and

N = number of sides of channel with overland-flow
. segments contributing lateral inflow (1 or 2).

The units are t (seconds), Lo and Lc (feet), and ie (inches per hour).
After a value of At is selected, choose Ax for each

segment. This is done by specifying the number, NDX, of Ax increments
in each segment. The value of NDX may vary from segment to segment.

11



The finite~difference solution will be an exact solution if Ax and
At are selected so that the characteristic passing through point a also
passes through point d (fig. 5). Then, the solution A, Qd depends only
on A_, Q_ and the lateral inflow along the characteristic curve between
a and d. In the special linear case where m = 1, it is possible to achieve
the exact solution by setting the ratio Ax/At equal to a. In the general,
nonlinear case the ratio Ax/At would need to be equal to a* where

a* = ama™ ! (15)

Hence, the rule is
Ax & a*At (16)
The parameter a* is the effective value of a that would be used for a

linear approximation (m = 1) to a given kinematic-flow segment. For
overland flow

L
g x5 2 (17)
(o] t
o
and for channel flow
Lc
nRg — (18)
C t
c
Thus,
Lo
Ax = — At (19)
[e] t
o
Lc
Ax = — At (20)
c t
c
Finally, L ¢
o) o
= -2 21
NDXO ix v (21)
o
Lc tc
- ~ _C (22)
NDXC Axc N'At

In general, the smallest subarea of interest and the highest intensity
rainfall should be used to estimate At. If detailed output from the basin
outlet is all that is required, the At computed as above may be based on
the entire channel length through the basin and average basin overland-
flow length.

Example to select At and Ax

Given the example shown in figure 4,

12



LO = 30 feet Lc = 315 feet
a 7.8 m_ = 1.67
o o
ucas 2.0 mc = 1.33
ie = 2 inches per hour and N = 2.
Substituting in equations 13 and 14 1/1.67
to = 30 &7 = 123 seconds
7.8(2/43200)°
d
an 1/1.33
tc =[315 33 = 193 seconds
2[(2) (2) (30)/43200]°

Then from equation 12

At 2 0.1(123 + 193) = 31.6 seconds

Let,
At = 30 seconds = 0.5 minutes
Then,
NDXc:s 193/30 = 6.4, say 7
NDXOSS 123/30 = 4.1, say 4.

Estimation of Parameters a and m

The kinematic-wave model contains two parameters, a and m. These
parameters have no particular physical significance, directly, but they can
be determined by analysis of the physical characteristics of the basin
segments. The particular functional relationships of o and m for channel
and overland-flow segments are listed in table 2.

Special Notes on Circular Pipes

The exact relation between A and QO for circular pipes, assuming the
kinematic-wave theory is valid, does not follow the simple algebraic
relation (5) with constant values of a and m. Rather, these parameters
are, in fact, functions of A. However, this exact relation may be approxi-
mated by (5) with values of a and m selected to give a "good fit."

The approximation selected for this model was derived by first recog-

nizing that the dimensionless relation between flow area and flow rate was
nearly linear. Let QFULL be the flow rate when the pipe is flowing full.

13
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Let AMAX be the cross-sectional area of the pipe. The approximation is then

Q ~~_A

QFULL " AMAX (23)
Assuming an equality relation, and rearranging (23), gives

_ QFULL )

0 AMAX A (24)
so that the parameters are

= QFULL 5
@ AMAX (25)

m=1 (26)

The relation between these two curves is illustrated in figure 6.

The capacity of rectangular-conduit and circular-pipe segments is
limited to nonpressurized-flow capacity. If that capacity is exceeded
during a storm, provision is made to store the water arriving at the
upstream end of the segment in excess of the segment capacity. The
volume stored increases without upper limit as long as the upstream
inflow exceeds segment capacity. After the upstream inflow drops below
segment capacity, the volume stored is released to the segment. The
upstream inflow to the segment remains at the maximum capacity until the
water stored at the upper end of that segment has been released. 1In the
real world, the capacity of a sewer may be controlled by inlets which
restrict flow in the sewer to less than full-pipe flow. A second possibility
is that a sewer may flow under pressure, thus having more capacity than
predicted using kinematic-wave theory. A third possibility is that once
a sewer is flowing full, additional inflow to the sewer is transferred
to streets parallel to the sewer system. These situations can, at
times, be approximated by adjusting the size of the circular segment
appropriately. A modified-Puls reservoir segment, described in the next
section, can be used to simulate culverts which detain water due to
limited capacity and for which outflows are uniquely described as a
single-valued function of storage behind the culvert. More complex
situations may call for revision of the model.

Reservoir Segments
Provision is made in the model for two types of reservoir routing.
The first type is linear-storage routing in which outflow is a linear
relation of storage. The user specifies a value of K for the relationship

S = KO (27)

where,

0n
[

storage, and
outflow.

o]
]

15
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A second type of reservoir routing is modified-Puls routing (Soil
Conservation Service, 1972) based on the continuity equation

- = AS
0O =TI - At (28)
where,
é = average outflow during the time interval At,
I = average inflow during the time interval At, and
AS = the change in storage during the time interval At.
Equation 28 can be rearranged to
258 25
———2+o=(1+1)+——1-0 29
At 2 2 1 At 1 (29)

At the beginning of a routing period, all terms on the right-hand side
are known. From a user-specified table of storage versus outflow, a

table of outflow versus (%%- 550) is determined by the model. Entering

this table with the value of\— + 0O computed using equation 29,
outflow (02) at the end of the routing period (At) can be determined.

An assumption of the above procedure is that the water surface in
the reservoir is level and responds instantaneously to inflows and (or)
outflows. The reservoirs are also assumed to be detention reservoirs
with no storage in the reservoir at the start of a storm unless the
storm immediately follows a previous storm. Direct rainfall on the
storage surface, evaporation, bank storage, and leakage are not accounted
for by the model.

Nodal Segments

Two types of nodal segments are used by the model. The first type
is a junction segment. Junction segments are used when more than three
segments contribute inflow to the upstream end of a segment. A second
type of nodal segment is an input-hydrograph point where the user may
specify an input hydrograph for each storm event. Only one input hydro-
graph point in the basin is permitted. Nodal segments (both types) do
not have a routing component; therefore, the output from the segment is
equivalent to the input.

Optimization Component

An option is included in the model to calibrate the soil-moisture
and infiltration parameters for drainage basins having observed rainfall-
runoff data. The method of determining optimum parameter values is
based on an optimization technique devised by Rosenbrock (1960). The
utility of the procedure, as related to system identification in hydrologic
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modeling, was discussed by Dawdy and 0'Donnell (1965). The method
revises the parameter magnitudes and recomputes the objective function,
using the revised set of parameter magnitudes. If the result is an
improvement, the revised set is accepted; if not, the method returns to
the previous best set of parameters. The objective function is the sum
of the squared deviations of the logarithms of computed and measured
storm-runoff volumes. Thus, the fitting procedure develops a nonlinear
least-squares solution.

Rosenbrock's method of optimization proceeds by stages. During the
first stage, each parameter represents one axis in an orthogonal set of
search directions until arbitrary end-of-stage criteria are satisfied.

At the end of each stage, a new set of orthogonal directions is computed,
based on the experience of parameter movement during the preceding

stage. The major feature of this procedure is that, after the first
stage, one axis is alined in a direction reflecting the net parameter
movement experienced during the previous stage.

To start the fitting process, the model is assigned an initial set
of parameter values and upper and lower bounds for each parameter. The
objective function is calculated and then stored in the computer memory
bank as a reference value. A step of user-specified length is attempted
in the first-search direction. If the resulting value of the objective
function is less than or equal to the reference value, the trial is
registered as a success, and the appropriate step size, e, for each
parameter is multiplied by 3 (3 > 1). 1If a failure results, the step is
not allowed and e is multiplied by -8, where 0 < 8 < 1. An attempt is
made in the next search direction, and the process continues until the
end-of-stage criteria are met. At this point, a new orthogonal search
jrattern is determined, and another stage of optimization undertaken.

The objective function value and associated parameter values are printed
for each successful trial. Also, a listing by flood event of the simulated
hvdrologic response and of observed data are output at the start of each
stage.

The observed values of runoff volume may be either user specified
or computed by the model using unit-discharge data. If unit-discharge
data are supplied to the model, surface runoff is calculated by a simple
hydrograph-separation technique which assumes a constant base flow equal
to the lowest observed discharge for the storm event. The simulated
volume of surface runoff is based on rainfall excess. The user can
select all storms or any subset of storms to be included in the calculation
of the objective function values.

Impervious area is not included as a parameter to be optimized, but
is a parameter to which simulated runoff volumes are very sensitive.
Therefore, values of imperviousness should be accurately determined
before using the optimization option. If initial estimates of imperviousness
are grossly in error, resulting volumes and peaks will be grossly in
error. In that case, estimates of imperviousness must be adjusted by
the modeler, and optimization achieved by trial and error for the estimates
of effective and noneffective impervious areas.
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DATA INPUT SPECIFICATIONS
Input for this program must be on punched cards.

All listing of numeric data is right justified. All listing of alphabetic
data is left justified. The letter "Oh" is written $ to contrast with the
number zero--written O.

The format F5.0 means that the floating~-point magnitude of the variable
contains no significant digits to the right of the decimal point. No decimal
point need be punched in the card listing. If a significant digit is required
to the right of the decimal point, the point must be punched in card listing.
The format F4.2 implies that two significant digits lie to the right of the.
decimal point.

Experience with the program has indicated that great care must be exer-
cised in preparing the input card deck. A schematic of program deck setup is
shown in attachment D.

Input item Program Format Card
variable columns

Card Group 1 (1 card)

Option to list data

If GPTIPN = LIST all input @PTIPN A4 1-4
rainfall, runoff and evap-

oration data are printed.

If no unit-discharge data oPT Il 5
are to be read-in either

because storm-runoff volumes

are supplied for optimization

or no optimization is to be

performed, set @PT = 1.

Otherwise, leave blank.

If daily rainfalls are to be ‘
modified for irrigation, N@PT1 Il 6
set N@PT1 = 1. Otherwise,

leave blank.
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Input item Program Format Card
variable columns
Card Group 2 (1 card)
Include Card 2 only if
N@PT1 = 1.
Irrigation rate (inches/
week) for
January IRR(1) F5.3 1-5
February IRR(2) F5.3 6-10
March IRR(3) F5.3 11-15
April IRR(4) F5.3 16-20
May IRR(5) F5.3 21-25
June IRR(6) F5.3 26-30
July IRR(7) F5.3 31-35
August IRR(8) F5.3 36-40
September IRR(2) F5.3 41-45
October IRR(10) F5.3 46-50
November IRR(11) F5.3 51-55
December IRR(12) F5.3 56-60
Card Group 3 (1 card)
Streamflow station number STAD 18 1-8
Name of streamflow station TITLD 50A1 9-58
Drainage area of basin DA F6.2 59-64
{(square miles)
Card Group 4 (1 card)
Daily-rainfall station number STAP 18 1-8
Name of daily-rainfall station TITLP 50al 9-58
Card Group 5 (1 card)
Daily-evaporation station number STAE 18 1-8
Name of daily-evaporation station TITLE 50A1 9-58
Card Group 6 (1 card)
Beginning year, BYR 13 21-23
month, and BM@ I3 24-26
day of record BDY I3 27-29
Ending year, EYR I3 33~-135
month, and EM@ 13 36-38
day of record EDY I3 39-41
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Input item Program Format Card
variable columns

Card Group 7 (1 card for each station)

Unit-rainfall station number STAUP 18 1-8
Name of unit-rainfall station TITLUP 50al1 9-58
Time increments for input of

unit rainfall and unit

discharge, in minutes. (Must PTIME F6.0 59-64

be a multiple of 5.)

If more than one rain gage is used, a Card 7 must be placed in front of
the data for each rain gage.

The following types of cards contain input data of unit rainfall, unit
discharge, daily rainfall, and daily evaporation. The cards must be arranged
in chronolo<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>