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ABSTRACT

In recent years government agencies\in Canada have devel-

oped policies to implemdnt “stormwate' méﬁagement“ techni-
ques in master drainage lans which aré designed to regulate
watershed development in’a Sgg;ér com%atible with watershed
' needs. In order to do this, the post;ﬁeVelopment flows need
to be -assessed long before the detajfed désign is.done._ The
genéralebjective of this thesis is' to develop a planning
model for ur?gnizing iwatersheds‘jn the framework of master -
drainage plans. The model should be capable of.determining
the outflow hydrograph for the post-development watershed
using only the limited data. available at the planning stage
without any calibration. i

Lumped models are appropriate where the outfléw hydro-
graph is required at only a few critical poin;s in the wat-
ershed. HYMO, a lumped model which is very popular in Cana-
da for planning éhrposes, due to its facility of
'application, is found to underestimate the peak flows for
urban watersﬁeds, )

A literatu;e review indfcates “that various conceptual
models such a;‘éhe single linear reservoir (SLR) model have

been wused by several investigators for urban watersheds.

¢
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However there has not been a sysfematic assesement'of theee
lumped models as compared to the detailed simulation u51ng
des1gn models under Canadlan design condltlons. Therefore a
methodology is developed using mathematical watersheds to
compare the performance of conceptual models under different‘
conditions such as the size and the 1mperv1ousness levels of.
the urban watersheds. Based on the objective funqtlon of
‘minimizing the differences 'in the peak flows (as compared to.
those obtained by detailed simulation), the.‘optimal"param-
eters of these conceptual models are obtained by means of
Rosenbrock's hill—climbing technidue. They are then com-
pared with the parameters - predicted}by various relatione.
The one parameter of %he SLR " model which is the storage
ooefficient K has been related to watershed and storm char-
acteristics by means of multiple regression analysis by some
researchers while others have ‘related it to the time of
equilibrium.

From the analysis of eight relations it is observed that .
the single linear reservoir model using a relation derived
by Desbordes or one derived by Saéma,‘ Delleur and Rao pre-
dicts reasonably accurate peak flows for the larger storms
for watersheds up to 100 acres (40 ha) 1in size. A version
of this model has also been programmed on a calculator.

"For short duration high 1nten51ty sgo;msouééd in design,

there is a s1gn1f1cant contrlbutlon of rainfall excess from



]
-
-

rthe pervious or undeveloped areas:" The apbroach taken in

some -models is to simulate separately the runoff hydrdgraphs
from the impervious and.ﬁefvious portions -of the‘watérshed.
Therefore a model consisting ok two- linear‘reéervo{rg in
parallel is proposea here and pested.

It is found that the 2 paralle}_linéér reservoirs (2PLR)
‘model is a better tool than tﬂe SLR model. For planning
purposes the model. can predict acceptable peak flowslfdr the
whole range of storms tested for watersheds ranging from:.2
to 300 acres without calibration. The storage coefficients '
of the 2 reservoirs are related Qithlthe input réte i,
length L, slope § énd‘surface roughness nipsinglr;iétions
"based on the kinematic wave theory. The hodel\compﬂtes_the
losses in the pervious areas by means of the cumulative form
of Horton's infiltration equationfand has been programmed &s
a feadﬁ—to—use tool ih the HYMO structure. The optimization
subroutine with which it has been igterfagkd can be used for
the calibration of model parameters where rainfall-runoff
data is available.

Tests with several storms on two residential watersheds,
the Gray Haven watershed in Baltimore, Maryland and the Mal—.
vern watérshed in Burlington, Ontario have validated the

performance of the 2PLR model for predicting the outflow hy-

drographs from urban watersheds. , -

o
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, ".Chapter 1
INTRODUCTION

§

1.1  MASTER DRAINAGE PLANS

Traditionallj the bhilosophy in the deiﬁgn. of draihage.
'sfstems is to allow the runoff to drain_awaf_as fast as pos-
sible. i.e. convenience on-site bt little consideration
for downstream effects. Increased runoff‘would be diverted
éway by.means of - 'improved’ Ehanhels. As development pro-
ceeded, ﬁhe runof f froﬁ upstream .urbanized areas began to
cause flodding, erosion and pollution problems downstream,
nécgssitating the building of expensive downstream control
anGKEShveyance.works. The flooding problems are aggrava;ed

by the fact that houses are .often built on the floodplains

~of the rivers.

In view of this sifuation, "stormwater management” teéh—
nigues have’begen devéloped in Canada, U.S.A. and other coun- .
tries. In Ontario, the Ministry of Natural Resourcés {MNR)
and the Ontatio Ministry of the Environment (MOE) recognised
the neea for a new and comprehensive approach to urban
drainage hanagement and have proposed poliEies-(Urban Drain-

age Policy Committee,1878) to requlate the use of the flood-

plain and to mifigéte the hydrologic €ffects of mew develop-
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@ents,' _The fjrét ‘dfr'S, main policies 1is that every
municipality is required to develop master drainage plans
for all watersheds in their boundaries. It states

"that the purpose of this policy is to foster mas-

ter drainage planning for rapidly developing mu-

nicipalities to ensure that stormwater drainage

systems are developed in a manner compatible with

watershed needs, to¢o identify existing water quali-

ty and flooding problems and to avoid future prob-

lems."
It is suggested that master drainage plans should be devel-

oped for the entire - watershed. For new developments, policy

4 states thaﬁﬂ' ) ©
"The draft plan of .:subdivision for new develop-
ments shall indicate the predicted effects of the
proposed subdivision on the water resources and
the proposed measures to mitigate or prevent the
adverse effects ." .

The subdivision pﬁan shall

- 1nclude the expected change in the runoff hydro-
graph as compared to predevelopment conditions
for both freguent and infregquent storms.

- The effects the altered hydrograph would have on
the receiving watercourse, such as channel ero-
sion and flooding.

Legislation is currently being draftéd to support the poli-
cies. The concept behind these policies is to maintain the
natural pre-development hydrologic conditions where‘ﬁoésible‘
e.g. by maintaining the water table and éllbwing for
groundwater recharge.

Some of the simple guidelines in these policies such as
'zero runoff increase' which means that post-develophént

flows should not have any increase over pre-development

+
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flows are not easy to imélement. First of all, the assess-

¥

ment of pre-development flows.is hampered by the fact that

. |
“most of the areas where development is to take place are un-
gauged. The modelling of post-development flows is usually
_ : . ¥ .
difficult because urbanization has not yet taken place or is

an ongoing process,

In view of the above needs the general objective of this

thesis is to develop a planning model for wurbanizing wat-

ersheds in the framework of master drainage plans. The re-
T
guired medel should be able to predict the runcff hydrograph

for future urbanized conditions using the limited data

-

“available at the planning stage.

The thesis islpart of a more comprehensive research pro-
- gram conducted at the-Uniyersity of Ottawa in the followinq
directions:

l.‘ Analysis of the interface between simplified and so-
phisticated computer models and the deve€lopment of a
new standard method for the preliminary analysis of
stormwa;er management prdjects (Level 1).

2. Development of a conceptual hydrologic'model for mas-
ter drainage plans for use ie.both small and large
areas (Level 1I). .

3. Development‘of a medel for the simultaneous routing

‘of‘;unoff in major and minor systems for the detailed
design of drainage systems in new suhbdivisions (Level

II1).
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3_;; neveloément-of a modified procedure for' the applic?%
' ersheds. ‘

While each 0£ £he studies is basically i;gependent of the
others, the common goal is to develop a ééckage of models
that is applicable to a broad range of drainage studies. An
attempt is also made to defive ét.each level, results which

are consistent with the other levels.

1.2 MODELLING REQUIREMENTS FOR MASTER DRAINAGE PLANS
Urban runcff models can be classified as distributed sys-

tem or.lumped system models . A distributed system model can

be defined as one in which an attempt is made to model

the complex details of the physical flow processes .at every
part of the. watershed. An example of a distributed system
model is the EPA-SWMM. Where = detailed data 1is available,
distributed models can giQe good results. However practical
applications necessitates the use of a model-wfth a limit-
ed number of paramete;q. Where the.outflow hydrdgraph is

only required at a few points in the watershed,”.then a

lumped system approach can be wused. For planning purposes’

this ié generally the case. Also, as has been pointed out

by ﬂgPherson(iQ79) almost all sewer application model veri-

fications have been at the outlet of the watershed due to
v,

the limited data available. Therefore for verification pur-

tion of the SCS Curve Number 'method in rural wat-

S “‘“>
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poses, a distfibuted system modél 1is thus reduced to a

.lumpedfsystem MOdel. Hence the approach taken iﬁ this study

is t develop a ldmped system model that can give outflow

hydrographs with peak flows that are close to those from a

more sogh}stiéated distributed system model. The planning

model shoﬁld be able to account for the t%o major changes on
the hydrological regime due to urbgnization'i.e. increased
imperviousness and chéﬁnelizatibﬁt

Due to the iimited data'availa?le at the planning stage, 
the number of parameters for a plﬁnning model should be min-
imized. Watershed characterds}ics~ which are more easily
measurable should be related*fa model parameters as much as

. i .
possible. Some of these characteristics are discussed below.

1. Ared N |
This is .often determined by just a topographic map
and a'planiméter. However Alley and Veenhuis (1979)
have shown that the ratiocs of dra}nage area deter-
mined by this method and those defermined by field-
" verified boundaries for 12 basins in Denver ranged
from 0.13 to 4.90. This may be due to irrigation
ditches overflowing into the watershed or storm sew-
‘ers which discharge into an adjacent watershed.
Therefore field inspection is important. . The perime-

ter of the watershed is another characteristic that

can be measured.



" Future land use

Land use .can be broadly cléssified into categories
such as residential, commercial a;d'industrial. Dif-~-
ferent peréentage _of imperviousness. can be assiéhed
to these categories e.gq. industrial areas should have
about 90 % imperviousness, |
Soil type

The Soil Conservation SerQi?e have classified
soils into four broad categories, A,B,C,D depending
on their runoff potentiélg This soil classification
has been used with the SCS Curve NUmger (CN) procé—
dure. In the ILLUDAS model the soil:classificatidnl

is used for selecting Horton's infiltration parame-

ters (Terstriep and Stall,1974). The CN procedure

will be assessed in later sections.

Channel characteristics

The type , of channel e.g. sewers, man-made open
channels,- natural |channels is usually known at the'
planning stage. Manning's roughness coéfficient n for
these channels can be estimated. At. the early plan-

ning stage only the major system i.e. ‘the roads and -

)

the natural channels is known.
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1.3 _ THE PRESENT PRACTICE OF MODELLING FOR MASTER DRAINAGE
PLANS .. . |

The -most frequently used models for. urban.draiﬁage in

Canada are SWMM, ILLUDAS and HYMO {Perks,1978). The only
model whichﬂgas‘ been extensively tested by comparison with

measurements in Canada is SWMM‘(Proctor and Redfern, James F

‘MacLaren, 1876, James F Maclaren, 1975). ILLUDAS has been

extensively tested im the U.S. (Terstriep and Sféll, 1974,

Wenzel and Terstriep, 1976, Burké and Gray, 1979). . However

both -SWMM and ILLUDAS have been used mainly for design pﬁr~

poses., SWMM 1is often used to check the design of a sewer
system calculated by meqné of the‘Rational Method or to

evaluate an existing sysqém. ILLUDAS has the sizing of

pipes as one of its objectives. HYMO which is the most fre-

guently used ﬁodel for master drainage‘plans has not been

systematically verified in Ontario.

Both SWMM-RUNOFF an ILLUDAS have been used for planning

purposes by considering the watershed as a lumped watershed

. (Proctor and Redfern, James F., MacLaren, 1976, Purenne et

51,'1979, Ahmad, 1980). For planning, these models have
certain limitations which will be briefly discusséd. Some
of the detailed steps, such as computing the overland flow
hydrogtaph and then routing along the gutters for each sub-
watershed, would no longer be done. - For lumped watersheds
average values of the parahaters such as width and slope
would be used. The parametérs would then lose their physical

correspondence and become just calibration parameters.

P
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-ILLUDAS,comﬁQtes the outflow hydrograph by adding up the

hydrographs from the impervious and ervious areas. 'The hy-
S . .

drograph from the impervious area is ‘obtained by convoluting

thé-paved area rainfall excess supply rate with the time-

area curve. The time-area curve is assumed to be a straight

line jdining-the origin with the travel time from-the far-

thest point on the impervious portion of the watershed to

the inlet. This assumption of a linear function for the

:

. time-area curve ignores the watershed shape and is equiva-
]

lent to - assuming a regular shape like a rectangular wat-
ershed. Actually this is also equivalent to using a rectan-
gular unit hydrograph. The travel time ’is calculated’ by
using Manning's equation for the condition of unifdrﬁ sheet

flow. A g&milar procedure is followed in determining the hy-

\
i

drograph from the pervious portion of the watershed. The

travel time in this case s computed by a modified form of
Iizard's‘equatiqn (lQ&d{T/ilLLUDAé does not consider surface
detention and thus may result in higher peak flows thén oth-
er models. The only parameter foﬁ calibration is the inlet
;ime and if has been observed that the peak flow is not véry
sensitive to it (P'ng, Liang, Ray, Mosf,lgso).

HYMO (Hydrologic Model) (Williams and Hann,1973) is a

very popular model because it is easy to use and requires -

only limited input data. Basically HYMO is a computer pack-

age made up of a series of subroutines each of which relates
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to a specific hydrologic command. "It is intended as a

structure t0‘perform_hydrolo§ic modelling. The program is

written with hydreologists, who are .nat computer-oriented, in
mind as it . requires little computer training. It uses tﬁe
SCS CN procedure to compute the fainfall excess. It has a
built-in dimengionless‘unit hydrograph which is converted to
a unit hydrograph once the two parameters'K and tp are‘Fnown
(see section 2.2). The major portion of the unit hydrégfaph

. & . . . : :
from the beginning of rise to the inflection point is calcu-

"lated by means of the two-parameter gamma equatton. The

other portions of theAﬁnit hydrograph follows‘an exponenﬁial
decay curve; HYMO has gaihed some acceptance és being ade-
quate for rural or pre-development conditions. For ungaﬁgéd
watersheds, the K and tp parameters should héwever be cali-
brated instead of being determined by the'bﬁilt-in empirical
relationships (Cheung, Sautier, Wisner,1981). However ité
applicabilit& to small urban watersheds has not been estab-

lished to date (Perks,1978, Wisner and Cheung,1979).

1.4 APPLICATION OF HYMO FOR URBAN WATERSHEDS

1.4.1 MTRCA Study

'James F Maclaren Ltd (1979) have applied HYMO to urban
watersheds by deriving a procedure that modifies K and tp to
account for different levels of imperviousness for . use on

larger watersheds in a study, for the Metropolitan Toronto

-~

v
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and Region Conservation Authorit}.(MTRCA)._ ' ‘The K and tp |
values are . calibrated for highly grbanizéd and cémpletelx
rural watersheds in the Tofonto_region. Using ééaputer-simq;
lations. for hypqtﬁetical watersheds, the-parameters aréﬂfhen'”
interpolated for other-imberviousnesslievels. Sindé theApro;
cedure is based on thé calibration of'ﬁ.and tp fbr the rural
conditions in Toronto it is not applicable in other placés.

It is also applied for fairly large areas (about 5,squére km

or greater) and therefore is not recommended for use with

-smaller areas. Results from detailed. design studies done by o

‘various consultants . have shown seqious discrepancies when
compared to thoée obtained bg} this procedure, namely lower
flows by HYMO (Mather,1980). Comparisons between the flows
simulated by HYMO using the parameters, given by James F Ma-
cLaren {(1979) and the SWMM model confirm that for small aré—<
as and intense stormé these relations are not applicable.
These observed differences between an instantaneous unit hy-
drograph - (IUH) model and detailed deéign'modals are also

found for other planning models (see section 1.5).

1.4.2 Assessment of HYMO for urban runoff control studies:

ﬁYMOHis assessed for application iﬁ urban drainage plan-
ning in a research study -<conducted by Wisner and Cheung
(1979). It is attempted to calibrate CN and the unit hydro-

graph parameters K and tp in order to obtain peak flows



cigser to ;hbée-ffom détailed-SWMﬂléimulatiqns.'Kﬁéﬁd tp are 4
iﬁitially estimated ﬁrom watershed éata like aé;é and slope
using empirical ﬂrelqtiénships degived from data f:om rural
;Qgtershedg ih the Southern U.S. The paraméters are Caiibrat;
:edhby taking difféfent percentages of the initial K and tp
‘estiimates and then compariha'thg réSulting.peaks with those
obtained from SWMM.  The conglhsiqns ‘Erom the study are as

follows:

N -t

1, HYMO, as presently ﬁsed, dan underes;iméte the peak
flows significantly. Three sets of‘relationships.for
K and tp.(includihglthe MTRCA study) are used and
found to give lower peak flows than SWMM.

2. A 50 % reduction in the' K and\tp .values results in
increased peak flows comparable to SWMM for certain
storms.

The objective of the s{pay is mainly to point out the
limitations of HYMO. The.éalibration of the pa;amefétsjﬁs
~done for very limifed conditions. Therefore, as pointed out
in the study, the validity of the second conclusion for wide
planniné purposes is limited. ‘Also other unit hydrograph
relationships are not tested.

Another major limitation of HYMO for urban watersheds is
the use of the SCS bN_ procedure. It is found to underesti-
mate the rainfall excess for small rainfalls. Wisner, Gupta

and Kassem (1980) have shown that the runoff volumes ob-
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tained from measurements on two residential watersheds, Gray

Haven and Northwood, ,are greater than the runoff:volumes
computed with the._SCS curve number method. MéCuen (1981)
has computeﬁ the mean CN for 29 storms on the Gray.Haven
watershed and found it to be 94-(fig.l1.1). The waﬁershed's
CN obtained by means of the weighting procedure (National
Engineering Handbﬁok;197l) is B6.5. iThis shows that the ru-
noff volumes obtained from the CN procedure are\ lesslthan
the Tmeasured values fdr small skorms. A 1:2 year, 3-hour
storm with a rainfall of 1.2 in. would yield only 0.07 in.
of runoff volume from a watershed with CN = 75, ,

It can be concluded that despite. its wide wuse in Canada

and its advantages as a computer user oriented langquage, the

present hydrologic procedures in HYMO makes it unsuitable

. 4
for urban watersheds. 1Its use in master drainage plans will

lead to discrepancies with detailed design models. For ur-

ban conditions, other relationships for synthetic unit hy-

-

drographs would have to be incorporated. A better procedure =~
for determining the rainfall excess distribution is also\\

needed.,
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i.5‘ LIMITATIONS OF OTHER' CONCEPTUAL PLANNING MODELS

Différences between planninggand design.models have also

been reported for a study conducted in the U.S.A. Burke and

"

Gray (1979) have compared methods that are used in’ the deT

sign'of‘storm sewer systems such as the Rational Method and
ILLUDAS with the instantaneous unit hydgograpﬁ (IUH). method
of Sarma, Delleur and Rao (1969,1972,1973) (SDR).  The SCS
Curve éﬁmber (CN) procedure (appliéd in the same ménner‘as
in HYMO, section 3.2) is wutilized to compute the rainfall
excess increments for use in conjunction with the SDR meth-
od. Two watersheds, one 13.4 acres 1in size and the other,
121.4 -acres are used for testing; The peak flows estimated
by the gﬂﬁ method bf.‘SDR are fbund' to be much lower than
those predicted by the designfmodels such as ILLUDAS and the

Rational Method.

“

Discrepaﬁcies may be due‘to the method of rainfall excess
determination (which is felt to be the cause in the SDR
method with thg“CN procedure) or the subjective element in
?%?é selection of model parameters. This situation happens
quite frequently in the 'real' world as can be aﬁtested to,
by governmént agencies which have to revigw hydrologic stud-
ies (Mather,1980). 1In order to assess the performance of an
IUH modgl as compared to a'design model it is necessary to

. use the same effective rainfall.

wl

) - ————
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This is attempted_in the preliminary phase of this study
with another  U.S. planhing model, the Santa Barbara Urban
Hydrograph (SBﬁﬁg metthl which is recomﬁended in a‘didely
used urbanrhyarology textbook (Wanielista,1979).

The Santa Barbara Urban Hydrograph Method is proposed by .
Stubchaer (1975} as a simple méans'of obtaining the outflow
hydrograph from an urban watershed. Basically the method
consists of detérmining the rainfall excess froml both the
impervious and pervious afeas for each ﬁime .step,"édding
them together and routing through a single linear reservoir
with a storage coefficient K eqﬁal to the time of concentra-
tion. The flowchart for the model is shéwn in Fig.l.2. Thé
method has also been adapted by Gmlding (1980) for use on
the HP-67 and HP-97 programmable calculators and is known as
the Howard Needles Ver51on of SBUH (HNV- SBUH) The original
SBUH method calculates the rainfall -excess 'in the pervious
arga by a ¢-index which is related to .the aqﬁecédent mois-—
ture condition of the soil while HNV-SBUH calculates the in-
filtration by means of Hortdn's eguation. The transforma-
tion of rainfall‘ekcess to runoff, by routing it through a.
single linear reservoir, has been performed successfully for
small impervious areas by Wiileke (1966). For a linear res-

ervoir,

S = KQ . 1.1

where § = storage, K = storage coefficient and Q = outflow
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FIGURE 1.2

'FLOW CHART FOR HNV-SBUH METHOD
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bS =K@, = Q) ‘ .

where the subscripts 1 and 2  refer to the beginning and end

1

of the time increment respectively. From the continuity

equation, 9.
1.2
ds . .
1-0Q=43¢ .
Il+12 Q1+Q2 '_,éi
At
2 2 1.3
Substituting egn.1l.l in egn.l.3
_ e oI+l Q1+ Q ' 1.4
K(Q, Ql) = AS _:3._"A- At |
ZK(Q2 - Ql) =.At(11 + 1, -Q - QZ?
-
Ada 8t(Q, - Q)to both sides
(2K + At)(Q2 - Ql) = m:(I1 + 12 - 2Q1)
Q, - Q = _A%t _
27 g P h 2Q,) 1.5

- which 1is the routing equation used in the SBUH method.
S = KQ is actually a special case of the Muskingum routing

equation in which x = 0 in the equation
L

s = K[xI + (1-x)Q] 1.6
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When combined with the continuity equation, the following

routing equation is obtained.

, . . _ 47
Q2 = CoI + C2Q1

1 .

2 ¥ 61

vhere

C = 0.5At
K+ 0.5at
0.54t
K+ 0.55t

o]
]

c-= K - 0.54t
2 K+ o0.58t

Eqn.l.7 can be shown tos be equal td egn.l.5.

In ordef to test the model, the peak flows calculated by
HNV?SBUH and SWMM are comparéd for various watersheds at 2
levels of impe;viousness, 25% and 35%, using typicél South-
ern Ontario design storms at 2 recurrence intervals, 1:2
year and 1:5 year (P'ng,Wisner,Cheung,1980). The resulté
for the two storms are shown in figs.1.3 and 1.4 respective-
ly. | P

1. For the conditions tested, HNV-SBUH is found to give

lower peak flows than SWMM for the same total runoff
volume (obtained by adjusting f,). For the 1:2 year
storm, the peak flow ratio(HNV-SBUH/SWMM} varied from

0.58 to 0.73 while for the 1:5 year storm, it varied
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from 0.69 to 0.80. The differences in the peak flows

- »
are partly due to some differences in calculating the

rainfall excess. - (Although both models use Horton's
equation, SWMM uses the cumulaﬁive form of Horton's
infiltrétion'prdceduré while in HNV-SBUH the infil-
tration is solely a function of time). _

The peak flow is found to be very sensitive to the

storage coefficieﬁE;K for the storms tested which are

of high intensity and short duratjon. By calibrating

K it is possible to obtain peak flows close to those

from SWMM only under certain conditions.

"In order to be useful for planning purposes, K has-to

be related to watershed and/or storm characteristics.
The use of K =T  in the SBUH method is‘not adequate
since engineers may use different values of T, for
the same watershed as observed by Rossmiller,1980. K
would also haQe to be calibrated with real measuge—
ments.

This br%ef review shows tﬁat in Canada and the
U.S.A., the present practice of using IUH models for
l%rge urban watersheds in master plans without sys-
tematic comparisons with design models may lead to
significant discrepancies between the planning énd

the design stages of projects. As will be indicated

in chapter 1II, single linear®reservoir models have
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peen developed and té&sted for small inlet areas for -

design purposes. The hydrographs for small inlet
"areas are,f in fﬁis case, routed through the sewer
network., A typical example is the QUURM‘modgl (Watt
and Kidd{1972) developed in Canada. They ﬂéve'also
been apﬁlied on a lumped basis for larger watersheds

(Sarma et al, 1972). . These models will be reviewed

in the next chapter for suitability of application in-

master bianning studies. Prior to this review, a
brief summary of the basic concepts in linear concep-

. . ,
tual models will also be given.

£
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. Chapter 1I1I

LITERATURE REVIEW AND RESEARCH NEEDS

2.1 CONCEPTUAL‘MODELS.

2;{.1 System Models
h Hydrologic models are models that represent the procgsses
and‘syst;ms of the‘hyd}ologié cycle by using simplified con-
cepts. A system can be defihed;(Digkf?,lQBll as én ordered
assémbly of interconnected elements that trénsform in'a giv-
en'time-feférence, certain ”measurabie inputs into.oﬁtputs.
The inputs and outputs are usually functions of time which
means that they are 'dynamic' systems as opposed to 'static™
systems which 'are independent of time. If the 1input and
output are functions of both time and space, they are called
"distributed’ systems. 1f the spatial distribution.is ig-
nored, then the systems are known as 'lumped' systems.
Systems can bé further classified into linear and non-
linear systems. A linear system is one that has the proper-
‘ty of superposition. ’ Take a sysfem with an inéut function
that ethIS the sum of other input functions. 1If the output
function due to this input function is egual to the sum of

1

the individual outputs then the system is said to be linear.
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Consider three input functions xl(t), xz(t) and x3(t) and

their corresponding outputs Yl(t), Yz(t) and Ys(t) where

Yl(t) = ¢[x1(t)]

Y00 = olx,(0)) o 2.1

Y08 = 6lxy(0)]

$ is the linear operator.

If

X3(t) = aXl(t) + bxz(t) - 2.2
where a and b are any two scalar guantities and

Y3(t) = aYl(t) + sz(t) : 2.3

then the system is a linear system,. A nonlinear system by
definitibn is one that is not linear. One very important
advantage of linear systems is that the tools ofl linear
mathematics are very well-developed.

The assumption of time-invariance in a system means that
its parameters are constant with respect to time. The out-
put would depend only'on the form of the input and not the
time of ﬁts application. With this assumption it is then
possible to predict the output from past records of input

and output.

If

X{t) =+ Y(t)



~Ty
sy
;

_!',v
K

.25

N

then for a time-invariant system

X(tht) o+ ¥(tdr)

\

where v is a time shift (positive or negative).

'] For rainfall-runoff modelling two systems can be defined.
The first one can be called“the watershed system where the
input is the totalArainfall hyetograph and the output is the
total output hydrograph. The ‘second syétem, known as the
surface runoff'system 1is a subsystem of the hatersﬁed Sys-—
tem. | Here the input is the rainfall excess hyetograph and
thé output is the direct runoff hyarograph. - Shown * in
Fig.2.1 is a.block'diagram (Kulandaiswamy,1964) of the wat-

ershed system with the surface runoff system outlined 1in

dotted 1ings.v

Subsurfocae inflow

fitstion——0; to chooeal __
i
Ground water
Infiltraton Qg Inflow to - ’ ‘
chonnal Runot!
+ % chonnel to basin

Ry
Rainfall loxs

It H

Rainfall (R)
Suriocs Inflow
axcass to channel
' —

f‘mm 2.4 Kulandaiswamy's block diagram.

‘ ) ( Watershed System )

”,



The watershed system is highly nonlinear while the sur-
face runoff system ié only sliéhtly nonlinear. -_That.is why
mény suécessfui studies have been completed based on the as-
: suﬁption of a linear system for surface runoff. But the de-
' termination of the rainfalllexcegs ié not .an easy task and
is one of the weak links in rainfall-runoff modelling. ~To
obtain the direct runoff hydrograph, usually, arbit;ary
léethods‘qf baseflow separation are applied because little is
known about the physical processes involved. However it is
generallf accepfed.that the shape and volume of the direct
runoff hydrograph is relatively insensitive to the method of
Baseflow separation. |

v

2.1.2 Instantaneous Unit Hydrographs

The basic theory concerning the unit hydrograph, the in-
stantaneous uéit hydrograph and its historical.development
has been. well reviewed by Chow (19§4Y' and Dooge (1973).
This has been sﬁmmarized in Appendix A which also includés a
review éf the pasic linear conceptual models. Basically the
unit hydrograph theory assumes that the surface runoff sys-
tem is a lumped, linear sy;tem. The inputroutput relation
of a lumped, linear'system can be expressed by tﬂe convolu-

tion or Duhamel integral,

i}

£'<t, ' N
Q(t) I U(t-t)I(t)dr » S 2.4
5 ‘

1t

where Q(t) output -

U
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I(t) input

U(t-t) = impulse response or IUH
to = duratlon of ralnfall excess
t' = t when t < t and t's= t0 when t » % . ‘ .

The instantaneous unit hydrograph or IUH is the'impulse re-
sponse fudctidn of the surface runoff system. It is defined
as the hydrograph resulting from one unit oflrainfall excess
generated in zero time over the entzre watershed Ih other
words it 1is the unit hydrograph that results from an 1nf1n1—

tesimally small duration of rainfall excess.

2.1.3 Unit Hydrog;aphs by the Analysis_Approach

Thefe are two a;proaches.to derive synthetic uniE hydro-
graphs. The.'synthesis' approach cprrelates the paramete?s
of a conceptual model with watershed and storm characteris-
tics while the ‘'analysis' approach correlates the wunit hy-
drogreph characteristics directly with the watershed and
storm characteristics. The ordinates of the unit hydrograd%
or the IUH ean be derived from the rainfall excess and di-
rect runoff record.' Deriving - the unit hydrograph corre-
sponds to solving a set of linear algebraic eguations while
for the IUH it corresponds to solving an integral equation
for the continuous case. Variods methods have been used for

this problem of_det?rmining the system response. They range

from trial-and-error . methods to transform methods such as
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" the Laplace )transfo:m. This has been:discussed’ by Dooge
- (1973). In practice this is not eas§ as errors in the data
will causé errdrs‘in the unit hydrograph resulting in an ir-
regular shape. | .

An example of tﬁe 'analysis' approach is provided by Es-

pey et al '(1977) who developed 10-minute unit hydrographs

-

for use with small urban watersheds. Fiverhydrologic param- -

eters are selected to describe the shape of the 10-minute

unit Hydrographs. Two of the hydrologic parameters are the

.o , f
time to rise and the peak discharge. Relations are devel-

oped relating the five hydrologic parameters with watershed.

chqracteristics such as area, imperviousness, lengﬁh and
slope of main channel and ddnveyance factér 6. It is con-
cluded that the effec£s of urbanization can beu';ccouhted
‘for, by the ‘bercentage of impervious cover -and the conve-

yance factor. The main disadvantage with this method is

that the unit hydrographs have to be sketched by hand after

determining the hydrologic parameters. This also means that

there is no mathematical equation describing the shape of
the unit hydrograph and therefore the unit hydrograph cannot
be programmed on arcomputer. Most of the data is from Texas
and therefore the conclusions may not be appiicable for lo-
cal Canadian' conditions. Therefore the use of conceptual
models to delineate the{unit hydrograph has certain advan-

tages.
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First of all, conceptual models automatically provide a
number of constraints on the form :of the unit hydrograph
which are as follows ' | ‘
- All of the unit .hydrographs are normalized automatically

to unit area. -
- All of them produce onlylnon-negativé_ordinates.
- All of them produce unimodal shapes. ‘
These constraints will filter out some of the magnification
of data errors inherent in the inversion pfocesé of unit hy-
drograﬁh derivation. The shape of the IUH from conceptual
models is mathematicaliy defined and this is an advantage
‘over unit hydrograph methods like Espey et al (1977) " where
they have' to be‘sketched by hand from the wunit hydrograph
characteristics.

Another advantage is that the information content of the
data can be concentrated im a fixed, §mail number of parame¥
ters which will improve the chances of a satisfactory corre-

~lation with watershed characteristics (Dooge,1977).

2.1.4 Linear Conceptual Models

Various conceptual models have been proposed to delineate
the IUH Some of the basic linear concéptual models are the
(1) linear reservoir and the (2) linear channel or.various
combinations of these. The linear rese‘rvoir and the linear
channel account for storage and translation effects respec-

tively.
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a. Linear Reservoir

A linear reservoir 1is one in which the storage S is di-

rectly proportional to the outflow Q.

'S = KQ ‘ ‘ . .
- »
The IUH of the linear reservoir is
N 1 _ , i . . ) .
ule) = & e /K 2

which is representéd by the hydrograph for the outflow from

the first reservoir in Fig.2.2

ot ¢
* IMPULBE ALSPONSC

N S
Af| |

t —

as

Ouipt

Fig.2.2 Representation of the ﬁash model
(Ref. Institute of Hydrology, Wallingford, 1978)

b, Linear Channel

o

The concept of a linear channel represents pure transla-

tion in a linear catchment. & linear channel is defined as a

e gt
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_fictitious reach in which the time of travel T through the

reach fér a discharge Q of any magnitude is constant. At

_ény.point in the reach,

A = CQ 3 - 2.6

where A

n

cross-sectional area -
-Q = outflow
C = translation coefficient
When an inflow hydrograph is routed through a linear chan=-
nel, the shape of the inflow hydrograph will remain the same

but it will be laggedfby the time of translation T.
. ' W : .
A 3y

c. Nash's Model

Nash (1957) has proposed that the IUH can be obtained by
routing an instantaneous unit input through a cascade of

equal linear reservoirs (fig.2.2). The IUH is given by

U(t) - ) 1 ' (E)n—-l ;-e—t/K
KT (n) K

2.7

which represents a gamma distribution.

Other researchers who have used the gamma distribution as
a representation of the form of the unit hydrograph ére Wu
(1963), DeCoursey (1966) and Williams (1968).  The two-pa-

rameter gamma distribution equation can be written as

q/qp = [t/tp]n-l e(l_n) (t/tp_l) 2.8
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which can be derived from egn.2.§ as shown by Wu (1963)}.
DeCoursey (1966) - and Williams (19&')' have used-egn.2.8 to
describe the shape of thé unit hydrograﬁh from the beginnihg
of rise to the inflection point on thg falling limb and a
recession depletion equation for the remainder of the hydro-

graph. The recession depletion equation is written as

2.9

-where g, and t are. the floﬁ rate and time at the inflection
' point respectively. The relation used in HYMO which is also
described in Williams (1972) i5 almost the same except for a
slight modification. In HYMO the recession depletion equa-
tion is separated into two parts. From. t; &1 =to-+2x) to
= the recession depletion equation becomes

t] - t

—%)
4 = qy€ 2.10

where q, = flow rate .at t

Kl = 3K

The parameters K and n in egn.2.7 can be evaluated by the
method of moments {(Nash,1959),

For a large number of reservoirs, K becomes very small,
For n reservoirs, the first moment of the IUH about the ori—.

gin is

1 2,11



The second central moment of the IUH is
&> 2 S ' ‘ |
MU, = oK - 2,12

2 .
All additional moments approach zero. At the limit, the
gamma distribution becomes a straight line parallel to the
~ y-axis at the time lag‘(t = L), which is pure translation

(Overton,1970). : : o

Fig. 2.3 IUH ws a function of pumber of equal
Linear reservoin,

- (Ref: Overton, 1970)

2.2 APPLICATION OF CONCEPTUAL MOﬁELS IN URBANFWATERSHEDS
Different investigators ha;e applied conceptuél models

sucdessfully to various urbanized wafersheds ranging £from

small inlet afeas to* larger partiélly urbanized watersheds.

Small inlet areas refer to areas less than 5 acres in size.



et

34

- 2,2.1 Small inlet areas

Willeke (1966) has been among the first to apply concep-

W

tual models for synthesizing the runoff hydrographs in urban

areas. In that study the rainfall excess is routed through -

a- single linear reservoir with a storage coefficient equal
to 'the time lag t;. The rainfall excess is obtained by sub-

tracting first an initial loss and then a constant loss rate

i.e. ¢-index technigue. The routing of the rainfall excess

is accomplished by a special case of the Muskingum routing
procedure (egn.l.7) The data used are for 9 small inlet ares
as, less than 2 acrés in size, with imperviousness ranging
from 8.7% to 100%. Only a weak relationship is found to ex-
ist between stofm intensity and time lag and it is concluded
that the time lag is essentially constant for .small urban
watersheds. ﬁiessman (1966a) in a-discussion of the paper
has challenged Ehis conclusion due to the small numbé; of
sﬁorms used and the magnitude of the standard deviations of
the time lag. He has also found that the storage coeffi-
cient varies according to the rainfall loss equation applied
by as much as Eb% to 30 %. Another criticism is that K can
only be determined if the rainfall and runoff records are
available. However the study did demonstrate that the sin-
gle linear reservoir céuld be used for simulating the runoff
hydrograph from very small inlet areas. Viessman (1966b}

has applied the single linear .reservoir to some small imper-

N
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vious areas of less than 1 acre in size. From the two equa-=

'l

‘tions for outflow from the linear reservdir,

qQ = 1(1-e"t7ky | | | 2.13
“ Q = Ql e_T/k R , ’ ’ : 2.14"

where 1=t - t

1’ .
he has derived the l-minute unit hydrographs. t in eqn.2.13

is l-minute and Q is equél\éo Q .
. ‘ max

-1/k \ :
= I(l-e ™ .
Qmax- . (1 ) ' . 2.15
L)
-t/k : '
Q = QUi € ;o Tt -1 _ 2.16
.
"
i Y 7 . L) ; v A -
8-"(\lminuu 1l .
1] :
y . | .
E gr . -
< |~ | minute wnlt storm
~
“
v o__=1ti-a"1%
. o meL A
- - -
g Oy -omu. i
nzf T ot1-1
’ S Bt 1
z
Dol d
[=)
- o nf | L
-3 1
o 1 \\/unif hydrograoph
e} I v K =2minulas )
ot \ ]
TR ‘ |
(N
I A N
‘\
L “'-'\-—-—-——-*.. "]
0 4 8 B 4 16 20

~ TIME- MINUTES .
Fig2.4 Uit bydrograph for K = 2 misules, )
(Ref, Viessman, 1966)
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Viessman (1966) differs from Willeke (1966) in that he has
convoluted ,the rainfall Excess with{the.l-minute unit hydro-
graphs inst?ad of routing'it through .the linear reservoir.
However Overton (1970} has shown that routing is mathemati-
cd1ly equivalent to convolution. Good simulations of the
observed runoff hydrographs are obtained. 1In a coniinuatipn
of the previous paper, Viessman (1968) has found that al-
though K varies from storm to storm, - the calculated output
is nbt highly sensitive to K for variations of less thaﬁ 1/2
minute. The U.K. Institute of Hydrgfigy Workshop (1978)
also has concluded‘tha; variations of 1/2 minute or less are
not impogtant.f A relationship Between K and the watershed
characteristics, slope; length and Manning's roﬁghness
(eqn.4.1) is then derived by Viessman. ' Therequation is de-.
rived from data from‘4 imperyious areas. It is also applied.;
'to a pervious.area and the results obtained afé good. How—
ever this limited teéting does not make the relationship
generally applicable. No important relationship between the
storage coefficient K aﬁd the storm characteristics are
found. For large; peak flows the- K values are found to be
more stable. Neumann (1277) has réléfed the ?torage coeffi-
cient K with the watershed characteristics, slope, length,
Foughness aﬂd rainfall excess intensity based on the eqgua-
.'tion derived by Morgali and Linsley (1965) for time to egqui-

'librium which i@?\derived from kinematic wave theory. The
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Institute of Hfdrology Workshop (1978) has also found that

. it .
by means of the single linear reservoir (SLR) model.
[

the hydrographs from small impervious areas can be simulated

The studies reviewed so far have indicated that the sin-
gle linear reservoir model has successfully been used for
very 'small impervious inlet areas. ‘The. next step is to ap-
ply them in larger urban watersheds.

2.2.2 Larger Urbanized Watersheds

For urban watersheds where the channel or.séwer system is
known, the inlet hydrographs-can be routed-aéﬁ.added togeth~
er to form the -outflow hydrograph. - With an ;ééduate routing
procedure such a model can then be used for design purposes.
Watt and Kidd (1975} has attempted this in éhe Queens Uni-
versity Urban Runoff Model {QUURM) . The inlet hydrographs
are routed through the channel system using a time-offset
method. Viessman et al (1970) have also applied a linear
reservoir-linear channel model to the Gray Haven watershed.
The inlet hydrographs fromlthe 17 subwatersheds are computed

by means of the single linear reservoir model. Each 'inlet

~hydrograph is then routed through another reservoir with a

ﬁstorage coefficient equal to the estimated travel' time to

the outfall, to account for channel storage. The routed hy-
drograph is then translated to the outfall by means of a
time-offset method. Linear conceptual models have also been

applied on a lumped basis to larger urban watersheds.
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Delleur and Vician (1956). have found that for watersheds

which are ‘only partially urb&hized, the storage coefficient

‘of the SLR model is slightly less than the time lag and that

it can vary from storm to storm depending on the antecedent

" moisture conditions. They have applied the single linear

reservoir model to a -29-acre watershed of 38 % impervious-

ness and haveAfound that the' peaks will match well 1if the

time lag is reduced by 20 %. But the times to peak of the
calculated hydrographs are less than those.of the observed.

They have then attempted to separate the storage and trans-

‘lation effects by applying a ‘conceptual model éonsist{ng of

a linear reservoir in series with a linear channel for each

subwatershed. For each subwatershed the time-area diagram

is approximated by a trapezoid or an isoceles triangle de-

pending on whether the rainfall duration is greater or less

than the travel ‘time in the channel. The times to peak of

the observed and calculated hydrographs are found to coin-

cide indicating that the translation by the 1linear channel

is valid. However the peak flows are found to be lower.

This means that the storage coefficient which 1is estimated
by the travel time in the'éhannel is to?ﬂLi;:e. o
s'rale linear res-

ervoir model to urban watersheds and have also related K to

Pedersen et.al (1980) have applied the

the time of equilibrium t, (egqn.4.4) Sarma, Delleur and Rao

(1969,1972,1913f: in a study involving 13 watersheds, 8 of
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which are partially urbaniiedAhave tested 4 linear ‘conceptu-
al modelé

1. Single linear reservoir model

2. _Nash model |

3. Holtan-Overton model or double resepvoir in series

4. 1linear reservoir-linear channel model }
They have found that the IUH obtained from rainfall-runoff
daia by méans of}the Fourier transform ﬁethqd is of the ex-
ponential decay type which is the same as that of the single
linear reservoir. They have concluded that for small urban-
ized watersheds of less than 5 square miles the single lin-
ear reservoir model gives the best performénce in reproduc~-
ing the runoff hydrograﬁhs while the Nash model gives better
performance for larger watershéds. However the regeneration
performanée for the Nash model is not coﬁsidered to be very
good. . Of the 8_urbanized waters%eds, 4 are less than 1 sq.
mile and the rest range from 2.31 to 19.31 §quare'miles in
area. The highest imperviousness percentage is 38 %. Many
* of the storms analyzed are of low intensity.  The storage
coefficient K is correlated with the aféa, imperviousness
and storm characteristicsy rainfall excess Py and the dura-
tion of rainfall excess T.. The mean basin slope and the
mean baéin iength are not found to be significant. The peak
flow and the time to peak are also correlated with these 4

. parameters. Due to the small range of imperviousness it re-
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méins to be seen whether the relations derived can be ex-
fended for other levels of imperviousness., " The relations
also need to be tested for more intense storms. Tolﬁé’used ’
“as a planning tool, a subquel for determihiﬁg the rainfall |
excess distribution has to be linked with the single 1iheér
reservoir modgl.

The two paraméters of the Né§h model, n and K are relat-

ed by
nKk =t : . 2.17

tL.and Kﬁ are correlated with watershed and storm character-

istics. . |
. ~1.662 . -0.267 . 0.371 -
£, = 0.831 AP~“58(1+U) P, T, ‘ ) 18
-0. -0.106 . 0.222
x_ = 0.575 A%°% (s0) 0.662 p -0-306 ¢ 2.19

Desbordes (1978) has also-sucgessfully applied the single
linear reservoir modél to urban watersheds. The storage
coefficient K 1is correlated Qith both watershed ahd_storm
characteristics., Two of the watershed characterisiics are .
the slope and the length which are'not found to be signifi-

cant in the study of Sarma sgf al (1969). The data base that
lis used includes the watershed data of Sarma et al (1963

and other watersheds in France. . This relation is further

discussed in section 4.1.
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Since the Storage coefficient K is tﬁeofeﬁically equal té
the time lag t;, various .other relations correléting t; with
fhe vatershed charhcteristics are also reviewed with a view
" to applying them in the SLR model. ‘Schaake et .al (1967):
~have used multiple reqression analysis. to correlate t; with
the slope, length and the impefvioﬁsness ratio using data
from 29 urban watersheds. Schulz and Lopez (1974) derived
unit hydfoggaéhs from 9 ﬁrban watersheds around ﬁenvet.‘ The
changes in these unit hydrographs are found to be related to
the decrease in watershed response time which can be defined
as the sigﬁificant time require@ for a watershed to respond
to a uhiform input of rainfall excess. OQut of 8 definitions
of response time, they have found that the time lag t; is
the response time that has. the‘highest correlation with the
physical watershed and storm characteristics. The relation

is given in_section 4.1.

2.3  SEPARATE SIMULATION OF RUNOFF FROM PERVIQUS AND
IMPERVIQUS AREAS C

For urban areas the runoff during the éar;y part of the
storm c§mes from the impervious areas., For large intense
storms there will be some signifigant contribution from the
" pervious areas. In one series of their‘simulations for the
Gray Haven watershed, Viessman et al (1970) have assumed

that the contribution comes only from the impervious areas.

For this assumption, the peak flows for .13 of the 15 storms
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are simulated quite well by the model. "For two of the

storms however, the peak flows are 'underpredicted, These

_two storms are both large and intense with a runoff/rainfall

»

ratio greater than 0.50 which is the imperviousness ratio of

the drainage area. This shows that a separate consideration

f the pervious and impervious areas may be important. How-

ever this can be done in different ways.

.

a) Some models like the SBUH method calcplates‘the rainfall

" excess separately from the impervious and pervious areas and

adds them together for each time incnemeﬁt befo}é routing

them through the single linear reservoir.

£

"b) Other models perform:the separaté simulation of hydro-

graphs from the pervious and ' impervious areas and take ﬂpto

account the faster rate of response of the impervious areas.

Both SWMM a

separately the hydrographs from

- areas.

nd ILLUDAS

follow this approach of simulating

the pervious and impervious

ILLUDAS has two rainfall .excess hyetographs derived

from the total rainfall hyetograph

The runoff hydrograph is obtained.

fall

eXcess

hyetograph with the

" curve and then adding the results.

the impulse response function and

a linear channel.

The . parallel

{1964)

is

made up of 2

cascades model,

parallel

and two time-area curves.
by convoluting®each rain-
corresponding time-area

The time-area curve is

corresponds to the IUH of

first proposed by Diskin

cascades of equal linear
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reservoirs. In applying the model to urbanized areas, Wit-
tenberg (1975) has interpreted eaéh cascade "of equal linear
reservairs as representing the impervious.and pervious por-
tions of the‘watershed. It is an example of the sihulation
of separate hydrographs by using the IUH's from the cascades
of reservoirs. The IUH's are convoluted with the respective
rainfall excess diswributions. 1In deriving the two rainfall
excess inputs, Wittenberg has assumed that the impervious
area has initial abstractions but no infiltration, while for
the pervious area a specified constant percentage of each
rainfall increment will become lost to direct runoff. Dis-
kin et al (1978) have also applied the parallel cascades
model to an urban watershed of 3.5 square miles and their
model differs from that of Wittenberg only in the methéd of
obtaining the rainfall excess. The ¢-index method is used
in the model of Diskin et al (1978) for both pervious and

impervious areas., The instantaneous unit hydrograph for the

model 1is
U(e) = __a__ £ym-l otfgy o g ¢ 0271 e~t/Kg 2.20
Klr(nl) Kl : Kor(n,) 'K
‘ 2 2
where o+ g= 1.0 for a unit input. &

o and B are scaling factors‘corresponding to the portions
of impervious and pervious areas respectively. The rainfall

excess inputs for the two portions are multiplied by the

™
i
!
\
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~in which hA(t) is the impulse respons
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corresponding-scaling factors. The input and output for the
impervious area is related by the follbwing convolution in- .

tegral | '

o t _
YA(t)-= afo XA(T)hA(t 17)dt 2 21

o

[
vd

. function of the first’
cascade of reservoirs. It should be noted that both por-

tions of the watershed receive the same total rainfall hye-

"tograph'bup have different’ rainfall excess distributions.

The advantage of the model is that the increase in impervi-
ousness is'reflected in o while the improvement of the
drainage system is reflected in Ky+ the storagé coefficient
of eath of the reservoirs in the first gascade (Deileur,

1981).

2.4 SUMMARY AND RESEARCH NEEDS .

None of the models discussed above have been gydﬁ;mati~
cally compared with détailed simulation using desigh models
and"most have been tested just for limited qonditibns. The
review of planning procedures in Ontario also indicates that
most of the research results pgviewed aboﬁe, haye not been
used by engineerstfor practical modelling in planning stud-
ies. N

H?MO which is a form of the Nash model, when ap@lied as a

planning model ({using its original or modified parameters)

for. urban watersheds in Ontario, is found to underestimate

i
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the flows signifiéantly as compared to detailed SWMM simula~
tions (Wisner and Cheung,1979).

A widely used single reservoir U.S. planning model, the
SBUH method, investigated by the author as descfibéd in Sec-
tion 1.5, has not been found to give for all conditions:
results comparable with SWMM. 1Its assumption that the stor-
age éogfficient K equals the time of concentfation; Tc, may
make the method too subjective due to the widérvariation
poésiblé in estimates of Tg- For a planning model, it is
necessary to predict the parameters of the model from the
watershed-ch;racteristics.

From the preceding literature review, it is ' Mound that
the advantages of linear, time-invariant models are} . how-
ever, significant. The mathematical computations are facili-
tated and system behaviour can be compared directly since it
is expressed in the response fuﬁctions. The influences of
different components of rainfall excess can be identified
since superposition is assumed. The single linear reservoir
model which is simpler than the Nash model has been found to
be acceptable -for small watersheds. There are,‘ however,
many different relations for the storage coefficient K. Em-
pirical relations for the-storage coefficient for larger
pa;tially urbanized areas of up to a few square miles (Sarma

et al, 1969, Desbordes, 1978) have also been developed.
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A table 1listing the watershed and storm charécte;istics
correlated with the storage coefficient K in different stud-
ies is shown in Table 2.1. Due to the various relations
available and the différent Parameters involved it is Qiffi-
cult for a practising engineer- to select'gn appropriate re-
lation. Another approach is to use.two parallel cascades of
linear reservoirs which.theh increases the numﬁer of parame-

"ters from one to four. There are also no general relations
for the model paramefers.

In order to meet the o?jective of deveioﬁing a planning
model for Canadian urban watersheds, the following questions
need to be ané;ered. : § 0
(1) Which of the relations for model par;meters are-cémpati—
ble with Canadian design conditions? '

Some’ of these relations are developed from local data and
therefore may not be transferaﬁle to Canadian conditions.
This may be more true for larger watersheds with the accom-
panying larger variation of watershed characteristics. The
relations also may not be applicable for desjgn conditions
that is, high intensity storms.

(2) * Which relation wiil be the ‘'optimal' one for each spe-
cific 'applicétion e.g. a certain range of size of wat-
ersheds? |

.- There hag not been a systematic comparison of these rela-

tionships to assess their applicability under different con-
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ditions. - Thérefore’g methodology needs to be devéloged to

compare these different IUH - relations under design condi-

tions at different imperviousness levels for various wat-

ershed sizes. A systematic comparison will enable the lim-

iting conditions of each relation"to be>more clearly defined
and will also dete;mine the fqptimal' reléfidﬁ for each spe-
cific conditi&n.

The rainfall excess volume and the distribution of rain-
fall exéesé play .very important roles in the determination
of the outflow hydrographs. In deriving the varigus‘cofre-‘
lations for K; different rainfall excess distributions have
beeq.utiiized. Some have usedﬂtﬁe'¢-iﬁdex while others have
used the constant proportional iossﬁhbdel}- _ For comparing
the K relations, the rainfall excess submodel has to be the
same in each case. ‘Thsiifore a rainfall e%éess submodel
ﬁill be selected and“incorporated for testing.

| Another importént research need is to compare the effects -
of—asing the rainfall excess distribution obtained by adding .
both }hpervious and pe;vious rainfall excess contributions .
versus the separate modelling of the direct runoff hydro-
-graphs as done in models such as ILLﬁDAS. This is especial-

ly relevant for . intense storms where the contribution from

the perv&pﬁs'areas is significant.
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2.5 . - DETAILED OBJECTIVES OF THE STUDY

The 'genetal objectiﬁe of this thesis is ' to develop a
. l lplanning model for-ﬁrbanizing areés in the framework of ma§- 
ter drainaggﬂplahs; ) | |
‘F0110wihgﬁthe preliminary analysis and the literaturé re-
view this general'bpjective'can be fﬁrther expounded as mofe
clearla’défined, detailed objectivés which are li;ted as
fo}lows.. ' | | .
1; To, review - previous research ‘oﬁ conceptual models
th&h have been applied ‘in urban hydrology. T
2. "To develop a ﬁethodo}ogy'ﬁor the-c&mparisoh of;linear
COnéepfuailjmodels under Vdifferent watershed condi;
tions osﬁ&h:;s different imper§iousness levels and
"differén{}Sizesr
3. To propose an IUH model for master- drainage planning
in both small (25 acres qr.lo_ﬁa) and larger urban
watersheds up to 300 aéres'(izl.ha) in size. The
@fpposea model when applied for lumped areas és in
planning studies should give results cdnsistént with
- a frequently used distripuféd design model such as. -
SWMM. . This is to avoid the presently foundldiscre-‘
panci$s_§hich hinder the impleméntation of modelling
poliéiég. | _ |
4, To inte;face thé modgl with HYMO such-that it can be_:

used as a comprehensive model for drainage studies in

- Gy

small urban uatepshéds; \
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HYMO is sélgg;ed for' this purpose. for the following reasons
a) easy F“O‘uée‘ ez LT |
b} already popular amcné engineers in ontario.
c) has réservoir routing subroutine.
d) has channe.l' f.oUting capabi_liﬁy (variable travel time
(VTT) method). . . |

The. modei resulting from the sthdy will be called

URBHYMO. - ol N . f/

e el

. LeRE



Chapter III
'STUDY METHODOLOGY

3.1 DEVELOPMENT OF MATHEMATICAL WATERSHEDS FOR THE
COMPARISON OF IUH MODELS

3,1.1 Mathematical vs Real Watersheds

The methodology used in the study and the development
of the model is described in this chapter. Basically it can
be aivided into 4 parts: | | |

1. aevelopment oﬁ the mathematical watersﬁgds for the

cdmparison of IUH models -

2. selection  of a distfibuted model “for the detailed

o ~—— : . _

“simulatien of the outflow hggrographs from the mathe-

matical vategsheds

‘3. selection of a rainfall excess.subﬂbdel

4, _selection of an optimization scheme.

The outline of the methodology is discussed in the first
part. A methodology needs to be developed in order to com-
pére the performance of different relations for the storage
coefficient K of the SLR model. _This may be dpne.by means
of tgo possible appyoachés.

The first approach 1is to wuse measured rainfall-runoff

.data from some selected watersheds. There are, however,

- 51 -
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very few wurban watersheds‘with measured high intensity

. 'storms correSpondlng to de51gn conditions: (In fact there are

" also very few Canadian urban -waterghéds that have been
gauged for a relatlvely longer period of time). The second
approachris to compare the models on mathematical watershedsb
and simulata runoff ‘data using design storms as input and
mbdelling tha inlet ﬁydragraphs by means of tested design
models; ‘The main advantage of tﬁe last approach is that the
watarShed and chanﬁel characteristics can be varied for
widely differing conaitions.  Different ‘storms,- both real
and hypothetical can be used as'igbut. )

Vafious researchers have aaed-mathematical ﬁpdels to sim-
ulate data for their inqestfgatigns. Machmeier and Larson
(1968) have'developed a mathematical modei of a watershed
-1with the entire channel system:to assess whether such a mod-
el can. be used for éxperimental‘pqrposes: The watershed
model is used to repfesent small watersheds in South-eastern
-N‘ﬁinnasota. "The .equations of momentum and c¢ontinuity are
used for rquting unsteady fioh through the channel systam.
The model watershed 1is then used to investigate the effect
of supply rate on various hydrongic time parameters such as
time to virtual equilibrium, time to peak etc. and hence to
assess the validity of the unit hydrograph assumptions. It

is concluded that the mathematical watershed model is a use-

ful research tool for testing the principles of runoff on a
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vatershed basis, especially the channel routing phase. QOth-
- . J

‘er researchers who have used simulation:'models to simu}ate

data for experimental purposes instead of using measured

data are Ragan et al (1975) and Marsalek (1976). |
It is decided to use détailed simulation by a tested de-
" sign model on mathematical watersheds instead of real wat-

ershed data. This decision is based on the objective to

propose a * lumped model giving results consistent with de-.

tailed simulation, Real watershed data will only be used

for the wvalidation of the model. - The méthgmg;ical wat-—,

ersheds will be built in two stages. In the first stage,
2.5-acdre (lAha)- inlet areas will be used to build 25;acre
{10 ha) mathematicai subwatersheds. - These 2.5—écre inlet
“areas will be connected by the lateral pipe system. In the
seFobd stage the 25-acre (10 hé) subwatgr%heds will Dbe
joined together by the main trunk system té form'larger wat-
ersheds of up to 300 acres (121 ha). L

The hypothesis here is that if the féllowing two condi-
tions are fulfilled :
a) the 2.5-acre inlet hydrograpﬁs are accurately simulated

b) the routing model is adequate

then the outflow hydrograph for the entire watershed tan be

Y

accurately simulated as wéll. ~ This outflow hydrograph can

thus be considered as equivalent to one ‘obtained by means of

a distributed model.

-

—
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Fig. 3.1 25-acre test watershed

The outflow hydrogmaphs from various mathematical wat-
ersheds will be. wused for éssessing_thé ,perférmancé of dif-
feFent I1UH models. In order to assess the single linear
reservoir model qnd to select the-relation for K, the model
is applied and the optimized K values-:corresponding to the
outflow hydrographs from the mathematicél watersheds are de-
‘rived. These obtimized K values can be based on different
objective functions. Various relations predicting K can

thén be compared with these optimized values (e.g., fig.4.3).

3.1.2 Large Watersheds

-

For the second stage the out flow hydrbgraphs from the 25
acre . subwatersheds are routed and added together to obtain

the final outflow hydrograph for the entire watershed.

=i
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. Fig.3.2 Mathematical Watersheds up to 300 acres

The routing of the' trunk sewer system will be done by

means of the variable travel time hydrologic routing proce-

‘dure which is available in HYMO (Williams and Hann,1973).

This routing procedure has been found by previous compari-
\

sons with more sophisticated routing techniques to be accep-

table (Wisner and Kassem,1980). HYMO is capable of accept-

ing hydrographs as input at different points 1in the

"watershed. The stage discharge curve in HYMO is computed by

using Ménning's equation. The travel time for various dis-
charges is computed by using the variable travel time. The
three channel characteristics that affect the runoff are the

length, the slope and the Manning's roughness. The cross-
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* sectional shape of the channel is t;apézoidal’ﬂith- a side
slope of 2. |

-

3.2 ' SELECTION OF DISTRIBUTED (BASE) MODEL

To build the watershed, the inlet hydrographs firs; need
to be verified and then an accurate routing pfoceaure has to
be selected. After a review of various model comparisoné‘i£
is decided that the inlet hydrographs of the ?.S-acre intet
areas will be simulated by means of the SWMM-RUNOFF includ-
ing the ggtter roufing subroutine for ;outingﬁ;thrqugh the
lateral pipe systém. SWMM ié seleéted because it is a wide-
ly used model and géod results as compared with measurements
have been report?d gy many investigators (Prbctor_& Redfern,
J.F.MacLaren, 1976, Heeps and Mein, 1974). In a comparison
.of 4 urban runoff models (1) ~ SWMM (2) UCURM (3) RRL'(4)
QUURM, it is concluded (J.F.MacLaren,1975) that "flows simu-
lated by all urban runoff models agreed fairly' weil.with
measured runoff hydrographs. for small urban catchments”,
The study has utilized many storﬁ events from’ 4‘u;ban'wat-
e}sheds which are less than 100 acres in size. - It is also
‘concluded that "SWMM gives the best overall performance of
the models considered.” An ‘independent evaluation of tﬁe
RRL, UCUR and SWMM models has been done by Heebs and Mein
(1974) for a 172-acre test area in Melbourne. The study in-

dicates that the SWMM model gives the best results with the
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UCUR model giving_consistently higher flows and the RRL mod-
el lower flows. Proctor and Redfern, J.F.Maclaren, 1976 in
a comprehénsive studx/tégting the SWMM model for Canadién
conditiopf héve concluded. that "SWMM flow simulation has
préven to be accurate in a large number ofﬁapplications for
areés of greatly differing size, land use and sewér system
éonfigurations, and over a range of meteorologicai condi—.
tions. Consequently it is considered that the use of SWMM
can be recommended for the simulation pf' flows, where re-
: quifed, in most drainage planning and design studies, al-
‘though particular advantages offered by other models in cer-
tain spjgific_situations should not be overlooked."

The gutfgr 'routing‘ in SWMM-RUNOFF is also assessed.
Cheéng and Kassem (1979} have compared'the routing in.
SWMM-RUNOFF with that‘of EXTRAN, which is a dynamic routing.
model, for a 52-acre watersHed shown 'in fig. 3.3.The outflow
- hydrographs are shown in Fig.3.4. It is concluded ghat the
routing in SWMM-RUNOFF 1is adequate if there is no surcharge.
More recent improvements of channel routing by Kassem (1982)
have not been éonsidered for this sfudy.

In order to.check the accuracy of SWMM for simulating the
inlet hydrographs for high intensity storms, an independent
tést i conducted. The flows - simulated by SWMM-RUNOFF are
compare wiEh those simulated by the single linear reservoir

model developed at the International Workshop, Institute of
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Hydrology, Wallingford (1978) (IWW) for a 100 $ impervious,

25-acre ‘test watershed. This 25-acre test watershed |is
‘built from 2.5-acre inlet areas. For each storm, two dif-
ferent 1nten51t1es, the peak ralnfall intensity and half the'
peak rainfall intensity are used to assess the effect of us-
ing different intensities. Channel routing is done with the
variable travel time method. A 100 % impervious test wat-
ershed is used in order to eliminate any differences in the
rainfali‘excegs distribution, The IWW model is.selected be-
cause the relation 'is derived from data obtained from many
small inlet areas. The results are shown in Table 3.1..
1t can be seen that. the peak flows and the times to peék
agree very well for both the 2.5-acre inlet areas as well as
the 25-acre subwatersheds. This confirms that SWMM can be
used for simulating the iﬁlet hydrographs for 100 % impervi-
ous areas. SWMM ﬁill also be wused for other levels of im-
perviousness, In.urban wa eréheds, most.of the runcff comes
from the impervious areas 1t is felt that if the runoff
from the'imperviops _atéas an at least be accurately simu-
lated, this will ovetshadow the errors in simulating the ru-
noff from the perv1ous areas. N
The 1nput storm used is the "Chlcago design storm", which
gives a conservative, high peak 1nten51ty for the design
conditions. ‘The storms atedderived from typical IDF curves

in Ontario. The use of a: design storm for urban drainage
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design "is well accepted in engineering practice in Canada.

Although the design storm concept has its shortcomings, it
will continue to be popular with englneers because 6f its
~facility. Wlsner and Gupta (1981) have shown that model
_51mu1at1ons using Chicago design storms yleld reasonable es-
timates of the flows when cdjgared to those obtained with a

series of real storms.

. "
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‘Table 3.1 ° _ )
' COMPARISON OF PEAK FLOWS SIHULATED BY
SWﬂM—RUﬁOFf and tﬁe IWW MODEL
25 ac.-test watersheds, 2% slope, 100% impexv. .
- Differences
SWMM IWW in
Peak(cfs) Time to Peak(efs) Time to Peak Flows
o peak(hr) . peak (hr) - b4
B.49 0.917 7.78 0.917 8%
76.94 0.917 76.82 0.917 0
4.04 0.917 3.87 0.917 4
37.66 0.917 38.01 0.917 1
12.01 1.75 16.90 1.25 9%
112.53 1.25 108.18 1.25 4
5.70 1.25 5.40 1.25 5%
53.10 . 1.25 53.37 1.25 1

N
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3.3 SELECTION OF A RAINFALL EXCESS SUBMODEL

Rainfall-runoff modelling can be divided into 2 main

parts. }

-

1. determination of rainfalIfexCess distribution.

2. trgnsforﬁatioﬁ“Pf rainfall exceSS'tO'runoff
An accurate determination of ‘the rainfall excess is neces-
sary for the success;ul simulétion of runoff.  In an urban
area, there are 2 general typés oﬁisﬁrface,“impervious areas

and pervious areas. The impervious areas can be further sub-

divided into impervious areas directly connected (hydrau-

iically connected) to the drainage system and " those ﬁhich

are non-directly connected. Non-airectly connected iﬁpervi—

ous areas are those that drain onto pervious areas. Some of

the runoff from these areas will undergo infiltration and

the rate of runoff will be slower than that from the direct-
. n o :
ly connected imp

vioﬁs ‘area. Examples of such areas are
rooftops that drain to the backyard and road surfaces that
drainlto earth ditches. Delleur et al (1975) found that
"the proper estimation of the impervious area directly con-

nected to storm sewers is paramount in the estimation of ur-

ban runcff."  Except for initial losses due "to wetting and’

depression storage, . impervious areas are generally consid-
ered to have 100 % runoff. Therefore these areas will con-
tribute to runoff even for small storms. The pervious areas

will experience\ij higher depression storage as well as in-

T~
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filtration losses.  The rate of 1nf1ltrat10n wlll depend on

-

the soil'moistone condltlons and the 5011 . type.. The 5011

m01sture cond1t10n5 depend on the antecedent rainfall prior

- b

“to the beglnn1ng of the storm. . As the soil gets moré{and

-, ~

more -saturated the 1nf11trat1on capaczty rate‘ decreases.

When the ralnfall ‘intensity exceeds the 1nf11trat1on capaci--

"ty rate, - the rainfall excess $tarts to fill up the depres-

.

sion storage.. When "the depressic ofage is fllled then -
. -(,'... i ./ ‘ '
runoff occurs.‘ J P - : ' . <
L . .

Previous model“ comparlsons (3.F. MacLaren, 1975) did hot

.-

con51der the effect of dlfferent ralnfall excess in the com—,

parlson of peak flows. Duei to d1fferent infiltration mod-
els, the ra1nfall excess‘dlstrlbutlons for d1fferent models
are'not the same. Therefore some models may produce higher
peah flows becaose they have a highet- rainfaII excess vol-

o

ume . “In Jthe methodology used here thereforez the same rain-

fall excess -- submodel w1ll be used. In some‘ mgdels_thls.

ra1nfall excess distrlbutidh is “obtained by subtracting a
constant rainfall loss ($-indéx) - after accounting for ipi-

tial abstractions..” Or it may be obtained by deducting a

constant percentage of the rainfall-input.  .Other models

like the SBUH method have calculated ‘the rainfalllfexcess
=~ . .

from the,1mperv1ous——and perv1ous areas separately and then

added them together at each time lncrement. 'In order to_ée—

Ject the rainfall excess,éubmodel three précedures are re-

)

B -
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3.331 The Soil Conservation Sérvibe Curve Number Procedure

+

One of the most widely used procgéqres for ‘estimating the

. ' . . S, v, :
rainfall excess is the Soil Conservation Service Curve Num-

>

ber. (CN)  procedure. It is used in the SCS models such as

TR-55 and TR-20. It is also used in.HYMO.- Iilis'popular :

maiqiy becauéq it requires'very-iittle'*déta in order to es-
timate the CN and it can also reflect land use onditions:
Another reason is that it .has"peen.recommended}ginTSeQeral.
sewer design mapuals (Soil Conservation Service:.1975, Amer-

ican Iron and Steel Institute,1980). In this section the CN

procedure is critically assessed as to its . suitability for

<

use in urban areas.’

3 . - 1 . “ . o .
CN has no intrinsic meaning but is  only a\ nonlinear

Although the CN procedure is inten@gd for use in_e§ imating

~ the total direct runoff, -it is now used as an infiltration

- 1Y . ‘ - 3
equation with time steps as spall as 5 minutes (Aron et al

.1979) . The CN procedure is alsq extended ‘to computé the

rainfall excess iﬁ;;gggnté"for each time step.which are ob-
tained as follows. The cumilative direct runoff Q is calcu-
lated- from the cgﬁ@lative rainfall P up to the end of -the

time step. Th% rainfall excess increment for thatytime step

-is obtained by Légptracting‘the cumulative direct runofffup

to the end of the preceding time step. The dépa used for

" developing the, SCS CN procedure are daily precipitation and

: R B

‘ "I — i
Bl !
>

LW ‘

R

arameter. -

'
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runoff records from agricultural watersheds and infiltration

curves from infiltration studies. Therefore the validity of

its use for estimating rainfall excess increments can be

questioned {Hawkins, 1978) It is found - that the CN values

for rural watersheds for, large ' storms cannot be apblied_for
small storms (Cheung et al 1981) - -

In urban areas where there are 2 general types of‘land
use (1mperv1ous and pervious portlons) a weighted Cngroce—
dure has been suggested (501l Conservation Service, 1975,

Miller and Viessman,1972). However it has been found that

“'the SCS CN ptgcedure maf-severely,undere;timate' the runoff
VOlume-particuiarly for small rainfalls (Wisner, Gubta, Kas- |

_sem,1§81). There may also be significant errors for areas

with low CN. Golding (1980) has utlllzed the SCS CN proce-
dure to simulate runoff from a gauged urban. ba51n in South
Florida (58.34acres,'Group A soil, 36 % 1mperv1ousness (18 %
directly connected)). He has found that the computed ini-
tial abstraction Ia améunts to 0.86<in. (CN = 70) which is
gfeater than the total record;: rainfall on the ba51n which

has peak flows of up to 40 cfs in many cases. Reductlon of

the initial abstraction may ~give a more reallstlc runoff

-

"volume. "Golding has suggested the followlng values;:
. q

(@) CN <70, 1, = 0.075'S ; (b) 70 < N < 80, I, = 0.10 § ;

a a

R [+ . . 'S . i
(c) 80 < CN <90, 1. = 0.15 § i (d) 90 < CN, I_ =0.20 5 ;

Aron et al (1980) recommend a value of 0.10 S or lower for

.
v

e
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I_. Sautier (1979) . has determined Ia by measurements and
found that it is. significantly lower than 0.2 S. Jobin
(1981) has obtained good results with measufed Ia values, f

Burke and Gray (1979) have féund'that the CN is Qery‘sen—
sifive to AMC conditions. For an urbah‘ﬁatershed which is

30 %.impervioﬁs with type B soil,. there are 8 to 18 fgld
| variations in runoff- volume (from 23000 cu.ft. to 186,000.
cu.ft. and 422,000 cu.ft.) fdr'AMC I,LII and III.

Based on this revieﬁ; it is concluded that despite its
popularity the CN procedure should not be. considered. For
short duration high -intensity storms which are critical in
urban watersheds, ° the SCS CN procedure 'underestimétes the
rainfall excéss; .Another reason is that the rainfall excess
from the pervious'and impervious areas are not cqnsiaered

)
separately.

]

3.3.2 ¢-Index Method

- .
Q .

One simple method that is used for determining the rain-
fall excess 1is-tHe ¢ -index method. which is defined, as the
rate of rainfall above whiéh the rainfall volume gquals the
runoff volume. for rural watersheds this method geﬁerally
gives a poor time distribution of the rainfall excegs; The
error for'urban'areas may be reduced due to the larger por-

" tion é;//;mp ious "area with zero' infiltration. _If the
1

‘raiiﬁg

k

rateg are close to the infiltration capacities

.
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which vary with time, then the ¢ —index method can glve -mis-

leading results., Another dlsadvantage is, that ralnfall ru-
noff ata is_requlred to determine the ¢-index, For plan-
ning Iu}poses a more physically based appranh would be ﬁere
appropriate. The.¢-index is used in the Santa Barbara Urban
Hydrograph Method where it is e§timated as a function of the

antecedent precipitation index. The method is also used in

the parallel cascadeéﬁmodel by Diskin et al (1978).

3.3.3 Horton's Infiltration Pfocedure

The infiltration rate 1is the acﬁﬁal“rate at which water
ehfers the soil while the infiltration_capacjty rate is the
maximum possible infiltration rate for the Jprevailing condi-
tions at a certain point in time. I1f the rainfall rate ex-
ceeds the infiltration capacity rate then the infiltration
rate wlll be equal to the 1nf11trat10n capacity rate. Vari-
ous infiltration equations have been pfebaéed ‘One of the

most widely used 1is that of .Horton. It is used in models

such as SWMM, UCURM, QUURM and ILLUDAS. The Horton equation

~considers that the infiltration capacity rate is an exponen-

tial function of time which decays to a constant rate. It

is written as follows

fr = _ -at ' 3.1
t fc + (fo fc)e ) .
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, ' & ‘
T - where
. fy = infiltration capacity réte‘ (in or mm/hr)
- £, = initial infiltration capacity rate ' (in or mm/hr)
. N final infiltration capacity rate ' (in or mm/hr)
o = décay.rate : ‘ ' ( 1/hr)
e = base of natural logarithm

o o . :
The equation is only satisfactory for the condition that

"the rainfall intensity is higher than the infiltration ca-
pacity réte. I T&?o&ercoﬁe.ﬁhis:problem, the cumulative fo}m"
of the equation. can be used. It has the advantaée th;t;theéﬁ
“infiltration rate become’ a function -of the amount of wa?er's

accumulated into the soil.

F = s%¢ ar
ot

= £+ Fofed (1 oty
c . _'_Ct
.

where F = cumulative infiltration volume at time t

The average infiltration capacity rate during the next
time Stép is

’ ~

Ld
-

- _ E(t+ar) - F(e) : )
ft At : 3.3

A

o ————
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In brde: to determine the actual_infiitraiion rate f, the
.average infiltratien cépacity'rate is then compared with the

average rainfall intensity i during the period at.

£, A 1> f
f = -;7 ~ 304
i if 1< f '

Iff = f;; then the calculation proceeds to the next time
step with the cumulative:infiltration volume .at F{t+at). If
£ = i, then the acdtual cumulative infiltration would be

Focrual = F(e) + 1t a o | 3.5

where )
T
actual F(t+At)

"The new time ty which would correspond to the cumulative

infilgration F. is determined by means of an iterative.
actual

process. The calculation then continues from this point for
P - .

the next time step.

v : .'

/FLQ)

F
et

‘ N 1
if,}| frad '
lﬁdh“f445 '

Fig., 3.5 Cumulative form of Horton's Infiltratlon equatien
(Ref. Cheung, 1980)
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Since the .cumulative form of Horton's infiltration equa-
.tion has a better physicaf interpretation than the dtheg two .
rainfall loss models, it will be~used for determining the
ralnfall excess in the planning model. The antecedent mois-
ture condition can be represented by the water,. F, accumu-
'lated into the 5011 before the start of the storm F can be
dlrectly spec1f1ed as'lnput. The other infiltration parame-

ters also need to be specified.

3.3.4 Depression Storage | _ ' e

| Depression storage répresents thae portion of the rain-
fall that is anstracted‘by the ground before runoff occurs.

Due to . its variability i;!ls usually assumed to be @ con-.
stant over the entire watershed. . Some models use different
depression storage constants for the impervious and pervious
portioné of the watershed. Several investigators have re-
lated the depression storage of impervious areas to the

slope S of the watershed.

Ds = 4.1 - 1, oo S (Willeke,1966)
Ds = 3.30 - 0.77 § .. (Viessman,1968) o .
Ds = 0,86 - 0.14 S (Falk and Niemczynowiecz,1970)

where Ds = depression storage’ (in.)
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15} x DEPSTO *0.77 Slope "

[es-0.85) . : .

@ Swadish

b\ | B "G Engllsn - ' ‘

A Langtord and Turnes1073}

+3b- A U X Dulch 'i' '

1 _ 2 T 3 4
Catchment Slope |%] :

Fig. 36 Relationship between depression storage ‘and Catchment
Slope (Ref. Institute of Hydrology, Wallingford, 1978)

"t

However, the data base for the apove relationships are
limited and therefore cannot be recommended for général use.
Another study (Inétitute of 'Hydrology,1978) involvihg 22
watersheds has resulted  in a relationship for dépression

storage as a function of slope.
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d = 0.77 slope °0*%° S ' 3.6

where d = depressidn storage {mm), slope = %I

| This relationship shown in Fig.3.6 can be used to esti-
mate the depression étorage for'impervious areas since it is
derived from the largest da;a'base} .Consequently it is in-
corporated as a default equation 1in the model. The depres-
sion ‘storage for both the impervious ;nd-pervious areas’can
also 5e directiy specified for input. ‘

The rainfall excess submodel programmed in URBHYMO has
the capacity of considering 3 types.of-areas,'-i:e. the di-
rectly‘and non-directly connected impervious areas and the’
pervious areés. . The dlrectly connected 1mperv1ous areas un-
dergo only 1n1t1a1 losses due to depress1on storage The

non—-directly connected impervious areas are assumed to run

onto pervious areas. Therefore it ~means that the pervious

areas receive an extra amount of rainfall that can undergo
infiltrafion. The rainfall on the pervicus area is thus in
‘creased by a percentage equal to the ratio of the noh*di—
rectly connected-impérvious'area to the pervious area.

a

3.4 SELECTION OF AN OPTIMIZATION PROCEDURE

Delleur (1981) in a recent literature review of mathemat-
ical models in urban hydrology noted that the current trend
is towards more exact.models and towards automatic calibra-.

tion of the models. Optimization can be defined as the pro-
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cess by &hich the "best" esfimates of model parameters:are
determined according to some specified criterien of how weli
t calculated output fits the ebserved data. In this study
é::\\Pbserved“ data will be the outflow hydrographs obtained
from the mathematical watershed model. - An optimization pro-
cedure therefore needs to be ugalized in order to obtain the
"best™ estimates of.the' parameters of the planning model
corresponding to the "observed" outflow hydrographs. Once
obtained,l these parameﬁer estimates 'can then be compared
with the parameters predicted by various relations in order
to determlne the best relations for the plannlng model In
opt1m1zat1on there are two aspect; to be’ considered.

l. the selection of the optimization method 1tse1f.i.e.

the sfstematic variatien of "the parameters.

2. the selection of the objective function or measure of

goodness~of-fit by which the model is judfed.

Ibbitt and O'Donnell (1971) ﬁabe examined nine leading
optimization techniques to estimate the parfameters of a con-
ceptual model and concluded that Rosehbrock'S'ﬁethod.(196&),
is the most effectlve parameter estimation method.  Soroos-
hian (1980) - also has compared ‘two direct search algorlthms
used in the calibration of rainfall-runoff modegls: and con-
cludea that for the estimation of sensitive parameters in
rainfalli;unoff models, Rosenbrock's.method is to be p;eferr'

red. ‘Han and Rao (1980) have utilizqd Rosenbrock™s method

E*
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_to:ggtjmi?e the parameters in theiéingle event versioh o{
_ILLUDAS. Wenzel and Voofhees (1980) have also utilized Ro-
 senbrock's method for their continuous version of ILLUbAS.
Han and Rao (1980) also incorporated the optimization proce—:
dure in the SWMM-RUNOFF Block. There_;s found to be a sig-
nificant improvement in thé fit between the observed and op-
timized hydrographs as compared to those estimaged by
following the user's %anpal, The distributed rainfall-ru-
noff model of the USGS (Dawdy[Schgake,Alléy,lQTB)vhas é mod-
ified Rosenbrock optimization technique'for optimizing the

]
soil moisture and infiltration parameter§. Therefore the

Rosenbrockxﬁktlmlzatlon technique is selecied f;r use wlth'
the planning model.  The subroutine that "is used is a sub-
routine called CLIMB developed at- the University of Waterloo
Computing Centre.

Diskin and Simon (1977) have analyzed the procedure to be
used for the selection of an objectlve functlon and conclud—
ed that the selection depends on the problem encountered.
For exaﬁple, for the designlof storage facilities the objec—
tive function qhould emphasize the total runoff v&lume while
. for pipe siﬁing the peak flows should be emphasized. In
this study. the objective function used will,K ke the differ-
ences in peak flows of the computed and “observed“ Hydro-

graphs. Another objective function that may be used is.the

sum of the squares .of the differences between calculated and
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observed hﬁdrograph ordinates. It should be noted*that the
optimal oarameter estimates are opt1ma1 onIy Wlth respect to’
the objective function used.. ‘An obiective functxonﬂls need-
ed.eVen for trial-and-error methods.” "An example of the com=
par{son between an optlmlzed hydrograph - usihg'the SLR model

and the hydrograph obtalned from the detailed SWMM simula-

tion is shown in fig.4.17. ~ The runof f volumes need not be

considered since they are the same from both the mathemati-

cal watersheds and the plannlng model. For comparison with

measured ‘'data on real watersheds, however, the runoff vol-.

umes -would have to be con51dered._

l'q

URBHYMO.. Actually, for the objective function 6f minimizing

the. dlfferences_ in peak flows and the optimization of.one

parameter‘\ tr1al and-error methods will suffice. However, .

-,
the use of,the optimization procedure will be comparatlvely

more efficient if several parameters have to be optimized.

Several objective functions have been programmed in 'the

'ERROR' subroutine of HYMO. An example of the outputﬁusingi

the optlmrzatlon procedure is shown in - Appendix D which
shows the comparison between the optlmlzed hydrograph corre-
sponding to a speiiﬁjed objectlve function and the observed

hydrograph for a storm on the Gray Haven watershed.

-
o
*
2]

The opt1m12at1on procedure has been interfaced with

L
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Chapter IV
, SINGLE LINEAR RESERVOIR MODELS

T ———

4.1 25-ACRE (10 HA) TEST WATERSHEDS

4.1.1 .Introduction

The first series of exper1ments is to analyze the appll-

cability of the single linear reserv01r models under de51gn
conditions for watersheds of 25 acres in size. The outflow
hydrographs for the test watersheds of. 25 acres are obtalned

by simulating the 2.5-acre inlet hydrographs“agd then rout-

/ . ] . L
_ing them -by means of the. SWMM-RUNOFF Block. The ground

slope for the inlet areas is 2 $. The values for the infil-

tratiOn‘pérametérs are the SWMM,default values. The wat-

ersheds are. at’ 5 levels of 1mperv1ousness 25 %, 40 %, 60 %,‘

80 % and 100-.%. The single llnear reservoir model with the

1ncorporated nalnfall excess submodel is'then apblied in a

lumped manner. Using the Rosenbrock optlmlzatlon subroutlne

the storage coefflcient K is optimized.based on the objecf

t1ve functlbn of- mlnlmlzlng the differences between the peakf

flows. It-can béaéeen that the optimized K valyes decrease .

. with 1ncrea51ng 1mperv1ousness. The K values predlcted by .

various relatlons are tompared with the optimized - K values

L

and analyzed below.
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The relations used 1in the analysis are,'divided into two
groups as shown in table '4.1. The K values are given in
hours. The first Qroup of relations for K {except K1) are
derived from‘the kinematic wave theory. The storage coeffi-
cient is a function of length 1, slope S, surface roughness
n and input rate i. fo use these relations,. it is assumed
that the watershed is a planar 'surface. ?or partially im-
pervious.watersheds an average 'n' reflecting the lével of—
imperviousness,would be required. It is considered that

LY
n' should be decreasing for increasing impervious-

average
ness. ~ The K values are calculated bg using different n
ues for different percentages of imperviousness. Th
values used are 0.040, 0.027, 0.020, 0.017 and 0.013 for im-
ltperviousness levels of 25 %, 40 %, 60 %, 80 % and 100 % fe—
spectively. The 'n' values are for overland flow which may
be different from open channei values. The second group of
relations are derived from multiple regression analysis.
K5, K9 and K10 are relations for obtaining the time lag
- which is theoretically eqﬁal to the storage coefficient of
the single linear reservoir. One purpose of the tests is to
see whether these relations can be extended to conditions
beyond their original applicationl The rainfall excess dis-
tribution uééd' in all the tests are obtained by adding up
the contributions from the impervious aﬁd pervious areas for

each time step.
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Table 4.1  RELATIONS

FOR STORAGE COEFFICIENT K (hrs.) OF THE SLR MODEL

78

Author

VIESSMAN . (1968)

NEUMANN  (1977)

INTERNATIONAL WORKSHOP,
INSTITUTE OF HYDROLOGY,
WALLINGFORD  (1978)

PEDERSEN, PETERS, HELWEG
(1980)

SARMA, DELLEUR, RAO
(1969,1972,1973)

DESBORDES (1978)

—

SCHAAKE, Ggg§n, KNAPP
(1967

SCHULZ & LOPEZ (1974)

1st. Group

2nd. Group

K2

K4

K6

K7

K8

K9

K10

Relation

0.004
0.00719

0.02588

0.00775

0.831

0.887

0.788

0.11386

0;175‘

0.0041837 Tg

L0'66n0'66
S0.330

0.593 0.605
L n .
,0.388,0.38

L0.22

i0.4050.40

0.60 0.60
L n
i0.4030.30

A0.458TR0.371

1.662_ 0.267
(1+U) Pe

40+490, 0,294
1583 0.240
Pe -

<

(1+u)
AO.&OQTRO.ISG
2.06PE0.15

(1+0)

0.21
Tp

(1+U)1.9050.36HP0.07

A0.18L0.15

20,2 0.26
L 4 Ximp

SO.lG

0.31P80.323Hr0.80

.342
Ur0 34
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The performance of each relation as compared to optimized
values will be discussed first and the general conclusions
given next. Both the K values and the resﬁlting peak flows

are compared.

4.1.1.1 Viessman (1968,1970)

0.00025 [66.6667 n.L.s 001066 v .

~
n

%
=
n
rt
14
s
]

Manning's roughness coefficient

L = max. gutter flow distance (ft)

w
1

slope {ft/ft)
The relation is originally derived from 4 small impervious
areas with élopes ranging. from 1 to 2.5 %. The equation is

also tested on a pervious watershed and found to give good

results (Viessman,1970). Kl is not a function of any storm
‘ 3
characteristic or rainfall excess. It is not a function of

imperviousness and would result in a constant value for dif-

ferent imperviousness levels. However by changing 'n' val-.

ues corresponding to diffefept imperviousnéss levels, this
will be reflected iahdifferent K values: The computed K1
vaiues'are compared with the optimized K values 1in figs.
4.1, 4.3 and 4.5 for the 1:2 year, 1:5 year and 1:25 year
storms respectively, with\the correspopding peak flows plot-

ted in figs.4.2,4.4 and }4.6. The computed K wvalues are

slightly higher than the Optimized K values for the 1:2 year
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storm. However the resulting peak flows are close to the

peak~flows from SWMM being within 11 % as shown i:?;aﬁlel
4.2. For the 1:5 year storm the computed peak flows are ov-
erpredicted for the watersheds wffh lower imperviousness.
For a 25 % impervious watershed, the peak flow is overbred—
icted by 39 % for the 1:5 year storm. A similar trend is
also observed for the 1:25 year design storm (fig:4.é).

?he surface roughness n may be wused as a calibration pa-
rameter tb improve the results for the more intense>s£orms.
at lower iﬁperviqusness levels. The results indicate that

for some conditions, K1 is not considered a suitable rela-

tion for estimating the storage coefficient for the SLR mod- "~

el.
o P
4.1.1.2 - Neumann (1977) fﬂf
0.593 0.605
Kz = 0.00719 L~ """ n 4.2
40.38850.38 '

wvhere L = length of flow (ft)

n = Manning's roughness coefficient

S = slope (ft/ft)

i rainfall excess intensity (in/hr)

Neumann adapted K2 from the equation derived by Morgali and’
Linsley (1965) . relating the time to equilibrium t, with the
same parameters.as indicated above. The equation for out-

}

flow is
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Q = {}1 - ety

When t = =, the above eqguation gives Q = T, which means that .
the outflow approaches an equilibrium condition becoming
equal to inflow. Neumann assumed that equilibrium occurs

when 0 = 0.90 I.

9‘- =1 - e—t/k o=t , ' )
I e
’
e /X L 100,90 = 0.10

te/k = In 10 ’

K= 1 = 0.4343- ,

te 2.3025 , R
Therefore K can be obtained from t, - The model is quasi-

linear since it is a function of the rainfall excess inten-
sity. The rainfall excess intensity f is assumed to be the
maximum lO—minu@e rainfall excess intenéity. This 1is also
"done for K3 and K4. It can be applied'to different types of
‘surfaces since it includes the parameter"n'. The 'n{ val-
ues that are used for different levels of imperviousness are
the same as those .used for Kl. The computed storage coeffi-
cients and the 'corresponding peak flows - are shown in
figs.4.1 - 4.6. For the 1:2 year storm, - the computed K2.
values decrease with #ncreasing imperviousness and are high-

er than the optimized K values. The resulting peak flows
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are 'sigﬁificantly undefpfedicted. -The peak flow ratios
{(K2/SWMM) increase from 0.64 fo:‘25 % impervious&ess to 0.93
for 100 $ imperviousness. The results improve as impervi-
ousness levels increase since the differences in rainfall

excess distributions are minimized. For the 1:5 year storm,

the péék flow is 22 % overpredicted at 25 % imperviousness

but the differences are within 11 % for 40 % imperviousness

and above. . For the 1:25 year storm the peak flow is also

overpredicted at 25 % imperviousness. Of those in the figst

group, the K2 relation results in the best prediction for
peak flows ﬁbr the 1:5 year storm. But for the 1:2 year

storm it does not predict peak flows as accurately as'those

’

of Viessman (K1).

4,1.1.3 International Workshop, .Institute of Hydrology,
Wallingford (1978} (IwWW)

-

X_ = 0.02588 S-O.AO L0.22 1—0.40

3 4.4

ground slope (%)

where §

L overland flow length (ft)

0

i average intensity of rainfall excess

during the most intense 10 minutes (in/hr)

At this International Workshop several research gr?ups from

Europe have pooled together data from 20 small ﬁ%banized

watersheds in the Netherlands, Sweden and the gﬂfteé Kingdom

s
L

e
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. and compared the performance of varioés-models.~ Thg data is’
collected at the inlet or the interface betweenl the ébove-_
ground phase of "runoff and the below-ground phase which is
the sewe:¥routing component of- the rainfall-runoff process.
13 df the watersheds are fuliy-paved (100 %). However this
does not mean that they are fully impervious. - The Dﬁtch,
for éxample, pave some édrtion of the watershed w{th bricks
which may result in infiltration losses of up to 40 $. Even
for watersheds paved with asphglt or  concrete thgfe is a
certain amount of infiltration occurrfng. Most of the wat-
ersheds are small inlet areas of less than 1 acre. The mod-
eis are cqmpéred and it is concluded that the single linear
reservoir model performs satisfactorily. It is a quasi—lin;
ear model since K is a function of the rainfall excess in-
tensity. Morgali and Liﬁsley (1965) related thé time to
equilibrium t, to several wate;shea characteristics 1like -
slope, length, .roughness and rainfall excess intensity i.
From this it is assumed that the'storage coefficient K is of

the form €.i 949 The parameter C is then optimized and re-

gressed on watershed characteristics to obtain

C = 0.02588 ‘5—0.40 L0'22

r

which results in the relation for K3.
The watershed tested is 25 acres which is larger than the

watersheds used 1in the derivation of the relation. This
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test .is to see whether the relation can -be extended for
larger watersheds. The length parametér L is assumed to be,
650 feet which is the width of a. 25-acre rectangular wat-
ershed of eguivalent area. Another test is done where L is
estimated by the length {which is 1.5 times thé,width) of
the watershed. The &s5lope parameter 1is taken to be the
ground.slope. | | -

K3 does not appear to be Gerf sensitive to.length L. It
will be affected however by the method used in the determi-
nation of rainfall excess. The rainfall excess submodel
used here adds up. both the cbntributions from the pervious
and impervious portions{ of the watershed t;ough -in reality
there is a lagging.effect on the rainfall excess from the
pervious .areas. Tﬂereﬁore the peak lo;minute rainfall ;x~~
Eess intensity, ‘and cénsaquently K3, is a function of not
omly the rainfall intensity but also the infiltrgtion char-
acteristics and the percentage of impervious area. However
the results 1in figs.4.1,4.3 and 4.5 indicate that K3 does
not change significantly for different percenfages of imper-
viousnesé. The calculated K values are very close to the
optimized K values for the 1:2 year storm. This results in
peak flows whiéh are within 11 $ of those of SWMM, But for
both the 1:5 year and the 1:25 year storms, the calculated K
values are found to be much lower than the ‘optimized K val-
uwes. The peak flows are found to be highly overpredicted as

Y

shown in figs.4.4 and 4.6.

A}
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Among the relations_in the firét group, K3 giveg'thg best
predictioh for 'peak flows for the 1:2 year storm and the
worst for the,l:5.year and 1:25 yéar storms. The overpréd—
iction of peak flows for the 1:5 year and 1;25 year storms
is due to- the high contribution from 'the pervious areas
‘ which is ﬁot lagged since K3 is not a function of rougﬂﬁess

'n'. It can be concludeéd that K3 cannot be wused for pre-

dicting the peak flbws from partially impervious wvatersheds.

E
4.1.1.4 Pedersen, Peters and Helweg (1980)°
.60 0.60 ,-0.40 _-0.
K, = 0.00775 10-60 0.60 ,-0.40 4-0.30 4.5
where L = length of plane (ft)
n = Manning's roughness coefficient

i = constant rainfall excess intensity (in/hr)

S = slope of planar surface (ft/ft)
This relation is based on the following eguation for the
time to equilibrium te derived from kinematic wave theory

assuming turbulent flow conditions (Ragan ard Duru,1972).

t, = 0.93 (L.n)o'ﬁo

10.4050.30 | 4.6
.Overton and Meadows (1976) derived the expression

te"" 1.6 t50 4.7
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where tSO is the time difference betyeén 50 % of rainfall

excess and 50 % of the direct runoff volume, ‘and te is de-

fined by egn.4.6. Implicit in egn.4.7 is the relation

fso ™ 224 - 4.8

Fg
£

where Seq 1is the storage at equilibrium and i is the con-

~stant rainfall excesSaintensity. This relation is derived

in Overton (1870). However it is found that t, obtained by

eqn.4.7 .and eqn.4.8 ig about 0.8 times t obtained from

eqn.4.6. -
Seq
1.6 5 - 0.8
te ’ 4.9 °
2 —Asf . = t.e

pedersen et al (1980) set Seq /1 equal to time lag t, to ob-

- tain

This means that't = 0.8 tSO' Therefore

.60
t = teg = 0.93(1;.11)0 4 10
L 5 ~240.4050.30 3

which is equal to K& after conversion to hours. For a storm

-

input, the rainfall excess intensity is 'not constant.
- .
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Therefore it is assumed to be the maximum 10-minute rainfall
excess intensity. | o . .
The péak flows are .underpredicted ;for‘ﬁhe 1:2 year storm
and are overprgdicted kor both the 1:5 year and l:éé yeér
storms. The peak flow ratios are tabulated in table 4.2.
For a 40 %.imperviousﬁwétershed, the peak flow ratio for the
1:2 year storm 1is 0.82 while for the 1:5 and 1:25‘ year
storms it.is 1.22° and 1.32 respectively. -Thesé differences

are éons;dered too high and therefore it 1is concluded that

K4 cannot be used for predicting the storage coefficient for

‘the SLR model. )

4.1.2  Second Group of Relations

-

_Thexsecond group of relations for the storage coefficient

is obtained from multiple regression analysis. The relations

" derived by Sarma, Delleur and Rac (1969) (K5,K6,K7) and Des-

bordes (1978) (K8) have been applied in the single linear
reservoir model. The relations derived by Scha%ke et al .
(1967) (K9), Schulz and Lopez (1974) are actually relations
for the time lag £ and have not been applied previously for
the SLR modei. Therefore this extension of their original

use is to determine whether they can be applied.

4.1.2.1 Sarma, Delleur, Rao (1969,1972,1973) (SDR)

According to this study the storage coefficients are

» o~
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Kg = 0.831 (A*o.oolssés)o‘ASBUf“l'ﬁszpé”°'267Tr°'371 4.11
KG - 0.887-(A*O.0015625)0.490Uf—l:683pe—0.240Tr0.294 | 4,12
. {i -
K, = 0.788(A*0.0015625)0'409Uf_2'OGPETO'{?TrO'ISG 4.13
where A = area (acres) [0.0015625 is a factor for
conversion of acres to square miles]
Uf =1+ timp [timp = ratio of total impervious area .
to total area],
Pe = rainfall excess (in.) }

Tr = duration of rainfall excess (hr.)

Theoretically the storage coeff?;iént K is equal to the time
lag which is defined as the time'difference between the cen-
troids of the rainfall excess and the direct runoff which is
K5 in this case. Ké is obtained from optimization based on
minimizing the objecti%e function of the sum of the squares
of the differencés between observed and calculated hydro-
graphs. K7 is obtained from optimization based on minimiz-~
ing the objective function of the differences between the
peaks of the observed and calculated hydrographs.

The total impervious area or built-up area is defined as
"the area in the watérshed which does not contribute to di-
rect infiltration. Paved roads, parking lots, building

roofs, lawns, and sidewalks have been considered impervious

G
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‘areas."(Sarma et al,1969 ,pg.76) A total of 131 ;torms are
analyzed. | ‘

It can be Sﬁserved from egns.4.11l - 4.13 that the storage
coéfficient decreases with increasing urbanization and in-
.creasing rdinfall excess. It increases with the area and
the duration of;the rainfall excess. This is consistent

with physical processes. Since the storage coefficient is a

function of .the storm characteristics Pe and Tr_th}s makes

it a quasi-linear model i.e. - the storage coefficient and

consequently the IUH is constant during each storm but var-

ies from .storm to storm. Different methods of determining

the rainfall excess volume will result in diffefent rainfall
excess which will affect the storage coefficient. The time

of rise of the direct runoff hydrograph is taken to be the

start of rainfall excess. The duration of rainfall exdess,

Tr is measured from this point to the cessation of rainfall,
For- urban areas, rainfall excess usually commences when the
initial wetting losses on the impervious portion of the wat-
ershed is satisfied. Therefore Tr will depend on the value
of the depression storage on the impervious area. - This
shows that the storage coefficient K of the SDR method is
affected not only by the watershed and storm characteristics
but also by the rainfall excess submodel. ,
Two other regresfion equations relating the peak flow and

the time to peak to the same parameters used in the determi-

nation of the storage coefficient have also been developed.



£y
Qp. . 484.1(A*0.0015625)0;‘723Uf1'516Pé1'113;[‘r_0'403 4.14
T - 0.775(Ax0.0015625) 0+ 23y 7+ 28%p ~0.145, 0.634 415

where Qp = ?égk flow (cfs) -

L “Tp - ‘time to peak (hr)

The K values computed from the SDR formulas.are compared
with ﬁhg optimized K values in figs.4.7, 4.9 aﬁd 4.11. ~ The
corresponding peak flows are plotted in figs.4.8,, 4.10 and
4.12. It can be geen\that %or the 1¥2 year stdrm, the peak

r

flows predicted by K7, out of the.three relations, -are the

h il

5 -

most accurate. The differences in the peak flows are within
20 % for the imperviousness levels tested. For the 1:5 year
storm, however, K7 overpredicts the peak flows at lower\im—
perviousness. levels. For a 25 % impervious watershed‘the
peak flow is errprédicted by 28 3. For this storm, K5
gives the best Eesults at the lower imperviousness levels,
the differences in the'peak flows being within +10 %. For
the 1:25 year storm, the peak flow ratios for K5 range from
0.86 to 1.Q0 while forﬂgs, they vary from 0.91 to 1.10. For
K%, the peak flow ratios vary from 0.96 to 1.20. For highly

impervious watersheds, K7 produce the best prediction for
-all three storms. K6 predicts peak flows which are in be-
tween those predictéé by K5 and K7. A hydrograph ﬁomputéd
by hsing the SLR model for the K7 relation 1is shown in

fig.4.18. It is observ& that the general fit of the hydrd-
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graphs is very good. Since the peak flows are reasénably
well predictéd'for‘ the 2 larger storms, the model is pro-
grammed on a calculator. The flow chart ané the listing for
the program are shown in Appendix E. |

4,1.2.2 Desbordes (1978} L

KB - 0'llSBG_AO.lSS—O.36Uf41.90TD0}21L0.ISHp—0.07 ' | . 4.16
v ‘ .
"where A = area (acres)
S = mean slope (%)
) L = watershed length (ft.)
Uf = 1 + Timp

‘TD = duration of 'heavy' part of rainfall (hr.5

Hp = rainfall depth during TD (in.)
K8 is derived from multiple regression analysis from rain-
fall-runoff data of 21 French and American urban watérsheds.ﬂ
The American watersheds are those used in the study of Sar-
ma, Delleur and Rao (1969). The range of values for the pa-
rameters are

1 acre < A < 12355 acres ; 360.9 ft < 1 < 58402 ft =

0.4 3 <slp<65 % 0.16667 hr < TD < 3.0 hr

e

0.20 in < Hp < 9.45 in
" The range of data covered by this regression equation is
wider than that of SDR and includes smaller watersheds as

well. Tests by Desbordes with the model have shown good re-
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sults in almost all cases (less than 20 % error in the peqks
and 10 % in the times to peak}. For pantially urbanized

\\M\\uaggrsheds,' Timp is replaced by the instantaneous runoff
coefficient. This model is also quasi-linearréincE K is a
function of rainfall characteristics TD and Hp. Siﬁcé TD is
not defined exactly, in the tests condqcted herej' it is as-
sumed that TD equals 10 minutes since that 'is the duration
of the peak rainfall intensity.’

The watershed length used is 850 feet. The KB values are
also computed using a length of 1280 feet. The storage
coefficients are not found to be sensitive to the watershed
length'L. Thé predicted storage coefficients are plotted. in
figs.4.7, V4.9 and 4.11 and the corresponding peak flows are
plotted in figs.¢.8, 4,10 and 4.12 for the 1l:2 year, 1:5
year and the 1:25 year storms respectively. The computed K8
values are found to be very close to the ébﬁputed-KS values.
For the 1:2 vyear storm, the peak flows are underpredicted
Qith the peak flow ratios ranging from O.Tl—fo; the 25 % im-
perviousness level to 0.92 for the completely impervious
watershed, For the 1:5 year and.1:25 year storms, the pre-
dic;ed peak flows are found to be close to the optimized
peak flows with the differences being within +11 % as shown
in table 4.2. The computed K8 values are found to be very

close to the computed K5 values.

—
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In general, the peak flows are reasonably well predicted
and further tes;s”ére done to test KB for larger watersheds

as described in the next section.

4.1.2.3 Schaake, Geyer and Knapp. {1967)

N . 0.24,.-0.16, -0.26 ,
Rg 0.01?5 L S Ximp . 4.17
where L = length of main drainage channel (ft)
S = aﬁﬁ;ade slope of main drainage channel (%)
Ximp = directly connected imperviousness (%)

K9 is an equation for time lag which is derived by multiple
regression analysis of the data for 19 gauged urban drainage
areas; Schaake et al (1967) have stated that about two-
thirds of the esti&étes of time lag by using K9 is expected
to be between ;22 % and +13 % of the true value of thé time
lag. K9 is not correlated with storm characterisgics and
therefore 1is the estimate}for the average value of the time
lag for a number of storms. The estimate may vary for indi-
vidual storms on a watershed. The range of values for-which
the correlation is based is as follows:

imperviousness > 8 % ; 0.5 % <5 < 6 %

150 ft < L < 6000 ft

The gutters draining to storm water inlets are paved and the

house roofs are not.directly-cbnnected to the storm drain.
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Co

Two different values for slope are used in tﬁe-computa— yd
tions. For the 1:2 yqarAstorﬁ, the K9 values (fig.JTT3T75;:,f/{/
to the two slopes are fdund to be close to the optimized
values. The resulting peak flows are foﬁndlto be very close
to those computed for the detailed watershed by.SWMM as seen
in fig.4.14. The‘storage coefficients for the 1:5 year and
1:25 year storms are plotted in figs.4.15 and 4.11 with the
corresponding peak flows in figs.4.16 and 4.12. For both
the 1:5 year and 1:25 year storms the K9 values are not
close to‘the optimized K values at all, except between 60 %
and 70 § imperviousness. The resulting peak flows ére sig;
nificantly.different"from those computed for the detailed
wéﬁershed. |

K9 is not a function PT the rainfall characteristics.
Therefore iF predicted the same values for all three storms.

X
But the optimized K values change significantly from storm

e

to storm. Therefore K9 cannot be extended to predict the

storage coefficient for different storms.

4.1.2.4 Schulz and Lopez (1974)

0.0041837 Tg0 - 1p0- 323 0-80

=
1

10 TV 4.18
T . .
. wvhere Ts = duration of storm rainfall (hr.)
Pe = rainfall excess (in.) |
Hr = hydrologic radius (Prea/perimeter)
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Ur = 1 + Ximp (Ximp = ratio of directly-connected
impervious area to the total area.)

Schulz and Lépez have deri&ed unit .hydrégrdphs froﬁ
events on 9 urban watersheds 1in the Denver Metropoiitan Re-
gion which are from 0.10 to 1.0 sg. mile. The impervious-
néss range from 25 % to 100 .%. The unitAhydrbgraph parame~
ters are then correlated with watershed and storm
characteristics. The changes in the unif ﬁydrograph are re-
lated to the decrease in watershed response time. They have
concluded that the lag time tf is the best way of defining
the response time for the determination of peaks of the unit
hydrograph. Since the lag time is theoretically equal to
the storage coefficient of the single linear reservoir it is
incorporated into the model for testing as K10. It can be
seen that K10 1is also a function of the watershed Shape in
terms of a pafametef called the hydrologic radius which is
defined as the ratio of area to perimeter‘of the watershed.

From figs.4.13 and 4.15 it can be seen that thebcomputed
K values do not follow the same trend as the optimized K
values since they increase with increasing imperviousness.
This is because K10 increases with increasing rainfall ex—
cess Pé, which is in contrast with other relations like K7
or KB where K is inversely proportional to Pe. The predict-
ed peak flows for the 1:2 year and the 1:5 year storms are

shown in figs.4.14 and 4.16 respectively. It can be seen
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that the ~predicted peak flows are significantly underpred-
iicted, except at the 25 % imperviousness levels.  The peak
flow ratio is from 0.56 to 0.75 for the 1:2 yeaf,storm and
from 0.51 to 0.96 for the 1:5 year storm. It can Be_con—
cluded that the stora coefficient K of the SLR model can-
not -be adequately«ﬁgedicted by means"pf K10 for planning

purposes.

4.1.3 Discussion of results for the 25-acre watersheds
>

In the previous section, various relations for computing

the storage coefficient K of the single linear reservoir
with storm and watershed characteristics have been analyzed.
These various models,  when coupled with a rainfall excess
submodel are then compared as to their predictive perform-
ance for watersheds of 25 acres undeg planning conditions.
‘Some of the relations for K are however applied for condi-
tions beyond the data base from which they are derived. For
ekample, K2, K3 and K4 are based on the kinematic wave theo-
ry in which a homogeﬁeous planar surface is assumed. It is
attempted to extend their use to non-homogeneous watersheds
by varying the surface roughness parameter 'n' for wat-
ersheds at different impervious;éss levels.

The optimized K values for the 1:2 year storm are very
different from those ﬁor the 1:5 vyear or the 1:25 year

storms for the same watersheds. Therefore for the SLR mod-
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Table 4.2 THE RATIOS OF THE PEAK FLOWS OF THE SLR MODEL TO DETAILED SWMM SIMULATION

FOR DIFFERENT RELATIONS FOR K (25-acre watersheds)

_ 1l:2 vear storm
Imperviousness % K1 K2 g3 K4 K5 K6 K7 K8 K9 K10

/ 25 - " 0.89 0.64 1.11 0.72° 0.69 0.75-0.81 0.7L 1.0l 0.75
40 0.91. 0.75 1.04 0.82 0.76 0.81 0.86 0.75 0.96 0.65
60 ~0.92 0.83 1.01 0.89 0.84 0.88 0.92 0.82 0.93 0.60
- 80 0.93 *0.88 1.00 0.92 0.90 0.93 0.97 0.88 0.93 0.58
T100 . 0.95 0.93 0.99 0.96 0.94 0.96 0.99 0.92 0.93 0.56

1l:5 year storm
- 25 1.39 1.22 2.12 1.37 1.07 1.18 1.28 1.11 1.62 0.96
40 1.20 1.11 1.56 1.22 0.98 1.06 1.14 0.99 1.28 0.72
60 1,05 1.02 1.23 1.09 0.94 0.99 1.06 0.93 1.07 0.59
80 ’ 0.96 0.94 1.06 0.99 0.92 0.95 1.00 0.90 0.96 0.53
100 0.94 0.95 0.99 0.97 0.93 0.95 0.98 0.92 0.92 0.51

w
~

‘ 1:25 year storm
25 1.27 1.30 1.98 1.44 1.00 1.10 1.20 1.06 1.47 0.77
40 1.19 1.22 1.58 1.32 0.97 1.05 1.14 1.00 1.26 0.63
60 1.02 1.05 1.22 1.11 0.90 0.96 1.03 0.92 1.04 0.5l
. 80 0.91 0.94 1.03 0.98 0.86 0.91 0.96 0.87 0.92 0.46
100 0.93 0.95 0.99 0.97 0.90 0.93 0.96 0.91 0.91 0.46
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N
el} relations for the 'storage coefficieﬁffihich are func-
tions of just watershed but not storm chéégcteristics, may
not be adequate.' ‘For 100 % impervious watersheds, all the 4
relations in the first group gave }elatively very good re-
sults since the differences in the rainfall excess distribu-
tion are minimized. The Viessman storage coefficient Kl
which%is § function of just watershed charactgrisﬁics; pre-
dicts peak flows wh?ch are acceptable for the 1:2 year but
not the 1:5 and 1:25 year storms. The IWW storage coeffi-
cient K3 which does not have sur%ace;réughness as a parame-
£er changes with the peak rajnfall excess intensity. The
peak rainfall excess intensity is a function of the impervi-
ousness level. K3 is found to overpredict the peak flows
for the 1:5 year and 1:25_ year storms. The differences in
the peak flows are found to be about 100 % for the 25 % im-
perviousness level which is typical for residential develop-
ments. \\?ﬁé}efore t?ié shows that K3 cannot be extended for
ﬁsa on’ .partially impervious wagersheds. The Neumann (K2)
and Pedersen et al (K4) felations, which both have rainfall
excess intensity and surface roughness as parameters, per-
form better than -thé previous ones. However they aiso do

not result in acceptable peak flows at all imperviousness

levels for the three storms tested. For conditions corre-
sponding to residential developments, they overpredict the
peak flows by 30 - 40 % for the 1:5 year and the 1:25 year

storms.
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-

For the second group, the relations that predicted the K
values closest to the optimized K values are those of Sarma,
Delleur, Rao (SDR). K6 predicts peak flows that are in be-
ﬁween those predicted by K5 and K7. For this relatioﬁ, the

range of discrepanci¥s in the peak flows is from -25 § to

+18 ¢ for the three storms tested. “The relation derived by .

Desbordes (K8} 1is also found to predict the peak flows rea-
sonably acghrapely. ‘The peak flow ratios range from 0.71 to
1.11. .

From the results there is not one relation that has dif-
ferences in peak flows of less. than 20 % as compared with
the detailed SWMM simulations for all 3 storms at different
levels of imperviousness. All the relations in the first
group are fouﬁd to give. sigﬁificant errors. Some of the
discrepancies are due to the contribution of rainfall excess
from the pervious areas. It is felt that the results can be

improved by considering the different response times of the

impervious QVG pervious portions of the watershed.

4.2 LARGER WATERSHEDS

4.2.1 100-acre (40 Qg)lwatersheds %
Following the methodology outlined in Chapter 1III, the

mathematical watersheds are built up to 300 acres in size

aﬁd the outflow hydrographs are then obtained. Since the

tests are for urban watersheds, a value of n = 0.013 is as-

—~—t
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sumed for the channel rouéhne;s. The channel slope is taken
to be 2 %. .

" Only the relations derived by Desbordes (K8) and Sarma et
al (K5,K6,K7) are tééted since they are derived from larger
watersheds. These regression equations are functions of the
area and the conclusiohs. derived from the tests with the
25-acre watersheds are not necessariiy applicable for these
larger tersheds. The predicted peak flows fSr a first se-
ries of 'tests with 100-acre watersheds are shown in
figs.4.19,4.20 and 4.21 for the 1:2 year, 1l:5 year and 1:25
year storms respectively. The peak flow ratios are tabulated
in table 4.3.-

The best results afe given by K7 for all three-storms.
The peak flows predicted for the 1:5 year and 1:25 yearl
storms are considered acceptable. For the 1:5‘year storm,
the fatios of 'the predicted peak flows to those using de-
tailed SWMM simulations from the mathematical watersheds are
above O.Qo'for all levels of imperviousness tested. For the
1:25 year storm, the peak flow ratios are above 0.80 for all
imperviousness levels above 40 %. The. reéults imgkove with
increasing imperviousness because the errors due to the-
;ainfall excess distribution wili be reduced. For the 1:2
year storﬁ, it underpredicts thé peak flows at the lower im-

perviousness levels. A plot of the predicted runoff hydro-

. graph from a 40 % impervioﬁé, 100-acre watershed is shown in
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Yig:4.22. K5 ana K6 predicts lower péak flows than K7 for
the-three storms tested at all.levelg of impe;viousness énd,
should not be used in conjunction with the SLR model.” ' The
peak flows predicted by usiﬁg K8 are also considered accep-
table. They—are very close to those predicted by K7, the

biggest discrepancy between ‘them being only 7 %.

4,2,2 300-acre (121 ha) watersheds g

~Only K7 is USéd in obtaining the computed outflow hydro-
graphs for 300-acre watersheds since it predicted the best
results for the 100-acre watersheds. Table 4.4 shows the
peak flow ratios for the three storm inputs. The results
show that the peak flows are badly underpredicted for all
three storms. The peak flows are plotted in figs.5.17 -
5.19 (in the nex£‘chapter). Therefore the SLR model using
K7 is not recommended for urban watersheds. larger than 100

v
acres.

4.3 GENERAL CONCLUSIONS

The conclusions from this chapter can be summarized as
follows:
1. The second group of relations derived from multiple.

regression analysis provide better estimates of the

storage coefficient for the single linear reservoir .

model. The first group of relations based on the

—~

e
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kinematic wave theory cannot be directly applied for
the SLR model for watersheds with low impervicusness
levels, |
There is not one formula that can give peak flows

that have differences of less than 20% as compared to

a detailed simulation with SWMM for all three storms?

at the different levels of imperviousneés‘ tested.
However the K7 and K8 relations are found to provide
reasonable estimates of the peak flows for watersheds
up to 100 acres in siie - for the two larger storms.
For these two storms, the’ peaﬁ ?lows predicted by
these two relations are within 25 § less than those
obtained by detailed SWMM simulation. For the 1:2
year'storm, the peak flows are significantly under-
predicted at “the 25 - 40 % imperviousness levels,
with the differences ranging from 29. % to 39 %. It -

is observed from tables 4.2 - 4.4 that the peak flow

' ratios for the SDR relations decrease as the area of

the wétersheds‘increase in size.

A single linear reservoir model using K7 has been
programmed on a calculator for use in runoff control
studies for watershedé of less than 100 acres (ngha)

in size.
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Table 4.3 THE RATIOS OF THE PEAK FLOWS OF THE SLR MODEL TO DETAILED SWMM SIMULATION

FOR DIFFERENT RELATIONS. FOR X (100-acre watersheds)

Imperviousness %

i’

l:2 year storm

K6

K5 K7 K8
25 0.48 0.51 0.62 0.61
40 0.57 0.60 0.71 0.68
60 0.68 0.71 .- 0.81 0.76
80 0.77 0.80 0.90 0.84
100 0.85 0.87 0.97 0.90
1:5 year storm
25 0.64 0.69 0.83 0.83
40 0.67 0.71 0.85 0.82
60 0.73 0.76 0.90 0.84
‘ 80 0.76 0.80 0.91 - 0.86
100 0.80 0.82 0.92 0.87
1:25 year storm
25 - 0.58 0.63 0.76 0.77
40 0.62 0.67 0.80 0.79
60 0.68 0.73 0.86 0.83
80 0.71 - 0.75 0.87 0.83
100 0.75 0.78 0.89 0.84

Table 4.4 THE RATIOS OF THE PEAK FLOWS OF THE SLR MODEL USING K7

Imperviousness 7%

TO DETAILED SWMM SIMULATION. (300-acre watersheds)

1:2 year storm

1:5 year storm

1:25 year storm

25
40
60
80

100

0.43
0.51
0.61
0.70
0.78

0.60
0.61
0.65
0.71
0.77

0.57
0.58
0.63
0.68
0.76
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Chapter V

THE 2 PARALLEL LINEAR RESERVOIRS MODEL (2PLR)

5.1 INTRODUCTION

The relations for predicting the storage coefficient of -

the SLR model are found to be adeqguate for some storms but

not the entire raﬁge_pf émall as wéLl as largé storms test-
ed. Some relations which can predidé acceptable peak flows
for the 1:5 year and the 1:25 year storms are found to over-
predict for the smaller 1:2 year storm. This m;y be due to
the method used in obtaining the rainfall excess distribu-
tion by adding the contributions from thé.impeyvious  and
pervious areas for each time increment. To - improve the re-
sults, it seems that the seéarate simulation .of the hydro-
graphs from both the impervious and perjpious portions of the
watershed would be a more logical approach iéTfi can account
for the different response timeé' from these two portions of
the wétershed.

In both the SWMM-RUNOFF and ILLUDAS models the outflow
hydrograph is obtained by adding the hydrographs from the
impervious and pervious areas. ~ For lumped models, it has

been mentioned in the literature review in chapter II that

the parallel cascades model (fig.5.1) has been used by some

]

- 117 -
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investigators (Wittenberg 1975, Diskin et al 1978). It is

proposed here to develop a model that is made.up of 2 linear
reservoirs in parallel (fig;5.2). - The reservoirs would
transform the input to the impervious "and pervious areas
into the“correspondiﬁg hydrographs from each area. These
hydrographs would ﬁhen be added tégeﬁher to form the outflow
hydrograpﬁ from the entire watershed,

‘The 2 parallel linear reservoirs model is a épecial case
of the parallei cascades modél.in which-Ni = Np = 1. The
main advaﬁggge of the 2 parallel linear reservoirs model is
that it eliminates 2 parameters which are the number of res-
. ervoirs (Ni, Np) 1in each casca@e. To use it as a planning
model, the Storage coefficients would have to be related
with watershed characteristics. The finst group of rela-
£ions (K1,32,K3,K4) are used to estimate the storage coeffi-
cients of the 2 linear reservoirs.‘ 'Ki,KZ and K4 are func-
tions of the surface roughness 'n'. Therefore the different
response times of the impervious and pervious portions can
be reflected in different 'n' values. The storage coeffi-
cient of fhe linear reservoir for .the impervious area is
represented by Ki while that for the pervious area is repre-

sented by Kp.
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5.1.1 25-acre {10 ha) test watersheds

In the first sefies of experiments, Ki is estimated by Kl
(Viessman) while Kp is estimated bf each of the four rela-
tions meﬁtioned above. In the second series of experimeﬁts,
the storage coefficient proposed by IWW, K3 is used‘tp esti-
'mate the impervious area storage coefficient, Ki. This re-
sults in eight possible coﬁbinations of estimatés for the
storage coefficients. - The experiments are conducted for
25-acre watersheds with different imperviousness ratios.
Thé Chicago design storms for three return periods, 1:2
year, 1l:5 year and 1:25 yearlare used as input. vThe over-
land flow length is taken to be 850 feet. The slope is tak-
en to be the slope of thé overland flow plane. The length
~and slope parameters are assumed to be the same fbr both im-
pervious and pervious areas. The surface roughness is taken
to be n = 0.013 for the impervious area and n = 0.25 for the
,pervibus areé. The input rate i for the impervious area is
taken to be the same as the rainfall intensity since there
are no infiltration losses. For the pervioué area thé rain-
fall excess intensity is obtained after subtracting the in-
filtration losses and averaéing’ over the most intense 10
minutes, The computed storage coefficients are independent
of the impe;;iousness. For the same storm, they would re-

main constant for different imperviousness ratios.
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It can be seen in fig.5.3 that the 2PLR model predicts

‘'very good- peak flows for the 1:2 year storm with the  combi-
nathns using Ki = K3 giving sllghtly better resulfs than
those using Ki = Kl. Although four different relations are
used to estimate Kp,‘the resulting peak flows are very close
together. Therefore‘not all the results are plotted in thé
figure.. The storage coefficients estimated by these four
relations are significantly different, though, ~%rom each
other and from the optimizeq\Kp values. However.the peak
flowWws are not sensitive to the Kp because thé contribution
of the rainfall excess from the pervious.aréa is small for
the 1:2 year storm.

For the 1:5 year storm, the results shown in £ig.5.4
again demonstrates that the 2PLR model can predict accurate
peak flows. When Kp is estimated by K3.however, the peak
flows are overpredlcted except for watersheds with impervi-
ousness ratios hlgher than 0.80. Again the combinations us-
_ing-Ki - K3 estimate slightly better peak flows than those
using Ki = Kl. The results for the 1:25 year storm are
shown in fig.5.5 and support the same conclusions as reached
for the 1:5 year storm. Due to the higher contribution of
rainfall excess from the pervious area the peak flows are
found to be more sensitive to the Kp values.

The overall results indicate that for the 3 storms test- .

ed, the best combination of relations out of the 8 combina-

L
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tions tested is K3 for Ki and K4 (Pedersen et al,1980) for
Kp. Two of the hydrographs simulated by the}ZPLR model are
comparea with the hydrographs simulated- in detail by
SWMM-RUNOFF in figs.5.6 and 5.7.

The 2PLR model using the relations (K3,k4) is then'tested
on another urban watershed, test area B which is a residen-
tial development of 52.1 acres (fig. 3.3}). Detailed simula-
tion by SWMM is afgo'done on the watershed. The hydrographs
simulated by the 2 models for the 1:5 year storm are shown
in fig.5.8. The 2PLR model is applied on a lumped basis.
The peak .flow i; very accurately predicted.

L

5.2 LARGER WATERSHEDS

The 2PLR model is also tested on a lumped basis for the
100-acre (40 ha) and 300-acre (121 ha) test watersheds to
see whether it can be applied to larger watersheds. The
outflow hydgographs from these test watersheds are simulated
in detail by means‘of SWMM-RUNOFF. The testing procedure is
similar to the one applied in testing the model for the
25-atre watersheds. Most of the rainfall excess in urban
areas come from the impervious areas. Therefore the peak
flows are more sensitive to changes 1in Ki. This time four

different relations are used to estimate Ki.
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5.2.1 lOQ—écre'(ig ha) watersheds-

For the 1:2 year storm as shown in fig.5.9, it 1is ob-
served that all the four combinations produced good peak
fiows, being within about 10 % of those from the de;ailed
SWMM simulations. The bést results are given by the rela-
tions of Ki = K3 and Kp - Ké.

For the 1:5 year storm, in the first series of tests Ki
1s estimated by four different relations with Kp being esti-
mated by K4. The results are presented.in fig.5.10. It is
observed‘thag the best results are obtained when Ki = K3,
with the next closest results being produced by Ki = K4. 1In

the second series of tests therefore, Ki 1is kept constant

{
and estimated by K3. Kp is estimated by K1,K2 and K4. It is
found that the computed values of Kp do not vary by much,
ranging from 47.3 to 58.7 minutes} The resulting peak flows .
are very close to each other. |
The input rate parameter i used in the computation of the.
storage coefficients has been taken to be the rainfall ex-
cess intensity during the most intense 10 minutes since the
rainfall maintains the peak intensity for a duration of 10
minutes, This assumption is based on the premise that the
peak discharge in an urban watershed . is often caused by a
high intensity, short duration,burst of rainfall. This type

of storm can alsoc be characterized by the Chicago design

storm which is used as the input for these tests. For the
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impervious area, the rainfall excess intensity is the same
as the rainfall intensity while for the pervious portioh of
the watersﬁed,rthe rainfail.exteSS-intensity is dependent on
the infiltratidn pérameters. Therefore i for the, pervious
area changes for every time steb and depends on the duration
over which it is ayeraged.’ ‘It is attempted to find out the
effect of .determining i by the maximum A&t-minute rainfall
excess intensity in which 4t is the time increment used'in
the combutationé. Fig.5.11 shows the results of two differ-
ént options of determining thelintensity'i parameter used in
the calculations. Option 1 is for the case wheh 1 is the
peak rainfall excess intenﬁity over 10 minutes. Option 2 is
when i is determined by the maximum at-minute rainfall ex-
cess intensity in which at = 5 minutes. The.results.for the
1:5 year storm does not demonstrate any appreciable differ-
ence in the peak flows for the two options.

The results for the 1:25 year storm are shown in
figs.5.12 - 5.14. Fig.5.12 show the peak flows whén 4 dif-
ferent relations are used to estimate Ki and Kp is estimated
by K4. The best results are given by Ki = K3. Fof a 25 %
impervious watershed, the peak flow ratio is 0.83. For Ki =
K4, the peak flow ratio is 0?79. Fig.5.13 show tﬂe results
when 4 different relations are used to estimate Kp and Ki is
estimated by K3. It is observed that the use of K3 for es-

timating Kp will result in overpredicted peaf flows. The

/
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results giyéi by the other three relations are  very close

together. The peak"flows are all within 20 % of the peak
flows from the mathemafical watershed model.

Fig.5.14 compares the results when the two options of de-
termining the intensity i is used. The second option when i
is détérmined by' the maximum At:minute rainfall excess in-
tensity gives slightly better results but which af;:not sig-
niﬁicantlyfdifferent from those of the first option.

The results demonstrate that the ZPLﬁbmpdel can estimate
the peak flows for the 100-acre watersheds even for intense
storms such as the 1:25 year storm. Two hydrographs simu-
lated ‘by the 2PLR model using.K3. téiestimatevKi and K& to
estimate kp are shown iﬁ figs.5.15 and 5.16. These ‘hydro-
graphs are compéred with the hydrographs obtained from de-
tailed SWMM simulations froh-the mathematical watershed. The
hydrographs generally fit well ﬁogether. The hydrograph
predicted by the 2PLR model is also compared'with the hydro-
graph predicted by the SLR model as shown in fig.S.l?.;‘The
peak flow simulated by the 2PLR model is much better than
that predicted by the SLR model.

] 7 .

5.2.2 300-acre (121 ha) watersheds

The 2PLR model 1is also applied to 300-acre.test wat-
ersheds at different levels of imperviodsness. The compari-

son of peak flows are shown in fids.i.le, 5.19 and 5.20 for
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the 1:2 year, 1:5 year and 1:25 year storms respectively.
The relations used for predicting the storage.coefficient
are K3 for the impervioﬁé area and K4 for the perQious area.
The plotted peak flows show that'fpr all the three storms,
the predicted peak flows are very ciose to the‘ones from the
mathematical watershed. The péak flows obtained by using
the SLR model usiqg K7 are also shown in the same figures
for cbmparison. The 2PLR model gives much better results
than the SLR model. The times to peak are 5 minutes less
than those obtained by the mathematical watershed. The sim-

ulated hydrographs are plotted and compared in £fig.5.21 -
5.22.

5.3 GENERAL CONCLUSIONS

It is, found that the 2PLR model can predict peak flows
close to those obtained from detailed SWMM simulation from
the mathematical watersheds for areas of 25 acres up to 300
acres. This has been done without calibrataon of the model
parameters. For watersheds larger tﬁgn 100 acres, the peak
flows simulated by this model are more accuraté than those
simulated by the SLR.model. The nonlinearity in the urban
wateréhed,system is accounted for, 1in the model by the pro-
ducing of the two différent rainfall excess hyetographs from
one total rainfall'hyetograph. The.transformation of each

rainfall excess hyetograph to a runoff hydrograph by a lin-
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ear reservoir is quasi-linear since the storage coefficient

is a function of the rainfall excess intensity. The 2PLR

-

model will be calied URBHYMO.

‘
A}
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Chapter VI’//

VALIDATION OF URBHYMO AND FURTHER RESEARCH

‘ ST,
‘ 6.1 INTRODUCTIOCN

The development of the plahning model is done by using
‘hypothetical mathematical watersheds and simulation of the
runoff from these watersheds by using SWMM-RUNOFF for the
small areas and routing the hydrographs through the channel
systeﬁ; It is attempted to validate URBHYMO by comparing
how well the simulated hydrographs can fit the observed hy- -
drographs on two urban watersheds. The two watersheds.éé—
lected ére 'the Gray Haven watershed and the Malvern wat-
ershed. In both cases, only the more intensé storms are
selected for validatioh because measurement errors are re-
duced and these stofms are important for design.

o ‘

6.2 GRAY HAVEN WATERSHED

This watershed has good'documeﬁted rainfall-runoff data
and has been uséd for the validationﬁg} other models such as
SWMMh(J.F.MacLaren,1975) and ILLUDAS, including the recent
continuous version (Weqzel and Voorhees,1980}. It is a
’ 23:3—acre residential watershed with group houses and is lo-

cated in Baltimore, Maryland. 52 % of the area is classi-

T 142 -
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fied as impervious of which 44 % is directly connected to

* the seser system, It has a seperated storm sewer system
connected to an outfall,” Shown in hfig.‘VS.l is a detailed
plan of - the watershed together with a schematic layout of
Fhe drainage system. Seven of the most intense storms are
selected for simulation. | )

URBHYMO (2PLR model) is applied in a lumped manner to the
watershed. Ki is estimated by K3 and Kp is estlmated by K4.
The slope and length of the watershed ' is taken to be the

/

saTe;in both the impegyious and pervious portions of the
watersheds., Thelslope is taken as the average slope of the’
main channel system since it runs right through. the wat-
ershed. The watershed is roughly rectangular in shape and
the "length™ in" the K relations is calculated by assuming
that it is the width of a 1.5x by lx rectangle with equiva-
lent area. It is found to be 822 feet. This is taken to be
the length for both the impervious and pervious portions.
The surface roughness n is assumed to be 0.25 for the pervi-
ous areas. éince the intensity of the rainfall changed from
minute to minute, the intensity i is estimated by the peak
rainfall excess intensity._ The infiltrafion.parameters used
are £ = 3.0 in./hr., £ = 0.52 in./hr., = 4,14/hr, No

calibration is done to the model parameters.

Results comparing observed and simulated hydrographs are

tabulated in tables 6.1 which also include the results ob-

-
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~ tained by  other 'models such as SWMM, RRL and MIT {(Maclar-

en,1974). Observed and simulated hydrographs for séveral

storms are plotted in figs.6.2\- 6.8.
. : )
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Table 6.1 COMPARISON OF OBSERVED AND SIMULATED PEAK FLOWS BY VARIQUS-MODELS

Qp 1

ﬂGray'Haven-W§QErshed)

- STORM' Obg::;rced SWMM RRL =~ . MIT URBHYMO

- DATE T " (efs) QqQp 2 2/1 ) Qp 3 3/ qp 4 4/1 Qp 5 - 5/1
1. 5 June 1963 "80.7 78.0 0.97 © 59.4 0.74 - =% \72.8 0.90
2. 10 June 1963 79.6  78.1 0.99 58.9 0.75 82.5 1.04 72.9 0.92
3. 14 June 1963 30.8 3l.4 1.02 32.9 1.07 34.5 1.12 30.4 0.97
4. 20 June 1963 29.6 3.1 1.15 35.7 1.21 . - - 32.3  1.09
5. 1 August 1963 '88.1 63.3 .0.72 59.2 ,0.67 83/0 0.93 67.8 0.77
6. 14 August 1963 34.7 38.5 L1.11° 40.5° 1.17 (- -  41.7 1.20
7. 2 August 1965 30.3  34.7  1.15 36.6 1.2i |- o 33.7 . 1.11

) R

. , , _
COMPARISON OF OBSERVED AND SIMULATED TIMES TO PEAK (min.) BY VARIOUS MODELS

.

1. 5 June 1963

2 J I8 June 1963

T 3. 14 JE%& 1963

4. 20 June 1963

5. 1 August 1963

6. 14 August 1963 2
7. 2 August 1965

—

41
41
22
22
12

16

35

39 .95 34 .83 - - 37

39 .95 34 .83 34 .83,
21 296 22 1.00 23  1.05 20
21 .96 22 1.00 - - 20
13 1.08 13, 1.08 14 1.17 11
15 .94 16 ° 1.00 - -
34 .97 35 1.00 = - 32

v

HgNote: The results for the other models besides URBHYMO are obtained from
J.F. MacLaren 1975.

. ]

0.90

0.91
0.91
. 0.92
0.88
0.91
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3

6.3 MALVERN URBAN TEST CATCHMENT

‘This watershed is located  in Burlington, Onta;io._ " ‘The
data has been collected by the Hydraulics Research Division,
Canada Centre for-Inland Waters {(Marsalek,1977,1979). = Two
report’s which tabulate the data coliected in 1973 and 1974
have been written by Marsalek. The reports also contain a
description of the watershed. Rainfall data is measured by
means of a flow-measuring weir at thé drainaée outfall.
Many of the storms collected are small and iﬁ‘.many casés,
~ the runoff comes onlf from the impervious areas.

The contributing area of the watershed is 57.6 acres
which 1is determined from a topographical map as well as
field inspection: The watershed is a residential subdivi-
sion drained by a separate sewér.system. The average slopes
of the drainage area have‘beenrdetermined as follows.

northeast - southwest direction 1.0 %

northwest - southeast direction 0.7 %

highest elévation point - drainage outlet 1.0 %
Front yafds and back yards have varying slopes depending on
local conditions. Road slopés are on the average 1 %.
19.51 acres of the area is imperﬁious which is 34 % of the
’watershed. The imperwvious area consists of roofs, roads,
driveways and sidewalks and.all the roof leaders are con-
nected to the sewer systems. The storm sewer system is‘

shown in fig.6.9. The soil \types are well-drained, fox
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séndy_loam. Marsalek has used the SWMM-RUNOFF Block to sim-
ulate the runoff hydrographs ana the results are presented
in ﬁable 6.2.

The infiltration default values in SWMM are used in the
simulatioﬁs. The default values for surface roughness are

also used. For surface depression storage, the pervious

area value of 0.184 in. 1is used while for the impervious.

area, it is estimated as 0.02 in., from the runoff simulation
instead of the default value of 0.062 in. For URBHYMO {2PLR
model) the  same infiltration pérameters as those used in
SWMM are utilized. The slope is taken to be 1 % for both
the impervious and pgrvious éreés. The overland flow length
is taken to be the width of a 1.5x by 1x rectangular wat-
ershed. The width x is found to be 1233 feet. The roughness
values are the same 4s those of SWMM. .

4

6.4 SUMMARY OF RESULTS

The results show that for planning purposes the peak
flows are simulatéd véﬂy well by URBHYMO. For five of the
seven storms in the Gray Haven watershed, the simulatéa peak
flows are within 11 % of the ébserved peak flows. The other
two storms have simulated peak flows within 25 % of the ob-
served peak flows. The results from URBHYMO are also com-

pared with the detailed simulations of SWMM., The SWMM simu-

lations are done by routing the inlet hydrogfaphs tﬁrough

e A —— o e e



Table 6.2 . COMPARISON OF OBEEhVED AND SIMULATED PEAK FLOWS
' (Halvgrn Watershed) ..

‘ Observed S URBHYMO

Storm Qpifcts) 2 . 2/1 . Qp3 3/1
1. 22 Sept. 1973  32.4 34.5 1.06  29.8 .94
2. 23 Sept. 1973  25.2 22.4 .88 19.2 .76
3. 31 May 1974 3.8 39.3 _  1.23 33.9  1.07
4. 21 June 1974 20,4 25.7 1.27  23.9 1.17
5. & July 1974 27.2 23.8 0.88 21.4 .79
6.

19 July 1974 24.1 18.2 . 0.75. 16.3 .68

COMPARISON OF OBSERVED AND SIMULATED TIMES TO PEAK.(min.)

1. 22 Sept. 1973 39 37 .95 % .94

2. 23 Sept. 1973 113 118 1.04 118 1.0
3. 31 May 1974 v 32 27 0.84 27 .93
4. 21 June 1974 16 - 13 0.81 20 1.05
5. 4 July 1974 8. s 0.63 6 .75 #
6. 19 July 1974 7 8 1.0 8 1.14

Note: The results for SWMM are obtained from Marsalek, 1977, 1979.
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‘the sewef system while URBHYMO is applied on.e lumped basis.

The times to peak are also simulated very well, being within

10 3 of the observed values for six of the seven storms.
Some multi-peaked hydrographs are simuiaeed as well.

For the Malvern.watershed, the results show that for five

. of the six storms, -the simulated.peak flows are dithin.25 %

of the observed peak flows. Two of these storms arelwithin

10 % of the observed peak flows The etoro of 19 July, 1974

(£ig.6.15) is highly underpredlcted, with the simulated peak

flow being only 68 % of the observed peak flow.  The.data

reveeis that for this storm, the simulated runoff volume is

much lower than toe observed runof f volomes, being only 75 %
of it. It 1is not <clear where the extra runoff is coming

from. Since the-storm_is of iow intensity (peak intensit&

is less than 2 in./hr.) there is not expected to be any ru-

noff from the pervious areas. The six storms that are simu-

lated are plotted and compared with the observed hydrographs

in figs.6;10 - 6.15. The fit of the hydrographs is general-
ly considered to be good. The ‘times to peak are elso simu-

lated well. Four of the six simulated hydrographs have

.

. N . .3 .
times to peak that are within 10 % of the observed times.
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6.5 FURTHER RESEARCH

“6.5.1 Test for URBHYMO as a design model

.Watt and Kidd (1975) have developed a design-oriented ur?
ban runoff model called QﬁURM which utilizqd the linear res- -

ervoir to simulate the inlet hydrograph and a tiﬁé-offset-

method to perform the channel-routing. However no tests are

done ph how to predict K from watershed.and/or .storm charac-

teristics.and this limited its utility.  Burke and Gray

'(1979) in their assessment of several metﬁods of storm sewer
design felt that the IUH method of SDR has good potential
for further development as a “aeﬁign model. They have sug-
gegted-;pat_if%éthere is an improved method for determining

the raihfall excess instead of the CN procedure and if the

‘model is coupled with a suitable routing technique the meth—

od might be an alternative to- ILLUDAS. Since some of the
relations for K are derived from small areas, and Horton's
infiltration procedure has been incerporated into URBHYMO,
it is decided to test URBHYMO as a design model.

A test watershed of 25 acres made up of 2.5 ac. inlet

areas is used to test for HYMO's channel routing procedure'

by comparison with SWMM-RUNOFF's gutter routing procedure.

The runoff for a.l:5 year design storm is simulated by using .

SWMM with detailed routing. The SWMM hydrograph for the 2.5
acre inlets is then' routed to the outlet by the variable
travel time (VTT) routing subroutine. Open channel gutters

-~

o

— e
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are used instead of pipes. The bottom width of the gutter

is taken to bé the same as- that of the diameéer of the .pipe
with a side slope of 2:1 (vertical/horizontal). It is as-
sumed that.the gutters have a Manning's n of 0.013. It can
be seen in [fﬁg.s.le thqt the hydrégraphs from thé two dif-
ferent réuéing procedures are‘very close.‘ This démqnstrates
“that the VTT éhannel routing in HYMO is adequate for routing
‘the flo;s from Small urban areaé. The runoff for.the 2.5 .
ac. ihlets are then simulated by " URBHYMO and routed by the-
VTT chanﬁel routing. = The resultiﬁg outflow hydrograph is
vaiso plotted on_fig.G‘.lsq It is found to compare very well
with the other 2 hydrographs. This demonstrates that
UﬁBHYMO can be uséd for simulating small- inlet hydrographs
URBHYMO is applied to simulate the subwatershed hyéro—
‘graphs ih Test Area B (fig. 3.3) with detailed routing per-
fofmed. The results are found to compare vefy well with the
detailed SWMM simulations (fig. (3.4). This demonstrates
that URBHYMO may be used as an alternative to SWMM—RUNO&F as
a design-oriented model for urban watersheds. However fur-
ther tests in applying URBHYMO for small wateréheds.with de-

tailed routing is still required to confirm this.

,URBHYMO~has the poténtial to be a design-oriented model
"if further improvements are made to the channel routing pro-
iceduré. Tﬂe specially-weighted finite diffé;ence-formulatfon
‘of the kinematic wave model for channel routing (Kas-

,sem;%982) is being considered. The method can be used for

pipe routing or open channel flow.



"6.5.2 Larqer Watersheds
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The methodology that is developed can be wused to extend
the watershed size tested up to 5 square km, For larger wat-

ersheds, the pérailel cascades model may also be tested.

,For rural watersheds, where rainfall losses are sensi-

tive, improvements in the CN procedure' by considering a

variable initial abstraction correlated. with the antecedent

BELIAL

FLOW (CFS)

precipitation index API (Jobin,lQBl), 'may be incorporated
into HYMO. Other unit hydrograph models such as Nash's mod-

el may also be tested.
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Chapter VII

CONCLUSIONS

The conclusions derived from this étudy can be summarized

as follows:

1.

A review.of hydrologic planning studies has indicated
“that the present Canadian practice of using HYMO with.

empirical relagibns for the X and tp parameters is

not adeguate for prbénizing watérsheds and gives sig-

nificant ‘discrepancies. in flows when compared with
detailed design mbdels.l |
A procedure has been developed, by using mafhématical‘
watersheds, for the comparison of conceptual models
in urban watersheds undér ‘different watershed condi-
tions such as imperviousness levels.
Eight relations for the storage coefficient of the
Single Linear Reservoir model have been tested. It
is found that only two empirical relations derived by
Desbordes apd Sarma, Delleu;, "Rao (SDR) can predict
the‘peak flows wiﬁh discrepancies of less than 25 %,
under limifed conditions such as larger storms and
watersheds of less than 100 acres (40 ha). A version
r

of the single linear reservoir model and the relation

derived by SDR has been programmed on a calculator.

-~ 167 ~
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A series of tests with a proposed model which is com-

posed of two linear reservoirs in parallel {2BLR} has

shown ,that it 1is more appropriate for urban ‘wat-

~ersheds. .It is found that under the ﬁesting condi-

tions, the model can simulate accurate peék flows

with discrepancies of less than 20 % as .compared to-

the detailed SWMM simulations without calibration.

For the 2PLR.model, of the relations for the storage
coefficients of the linear reservoirs 'which were
tested under the study conditions, those-that produce
the best resuits are derived from the time to‘equi-
librium obtained from kinematic wave theory. This
model can be u aé for émall inlet areas of 2 acres as

-

vell as larg areas pf -up to 300 acres.

The perforflance of the model f£ /pgséicting the out-
‘ TN,

flow hydrographs from urban watersheds hés been vali-
dated (ysing real measurements from two residential
watersheds, Gray Haven in Baltimore, Maryland and

Malvern in Burlington, Ontario.

The 2PLR model has been incorporated into the HYMO
structure as é ready-to-use package. It will be
known as URBHYMO. Since URBHYMO has been interfaced
with 'the Rosenbrock optimizatien scheme, this will
enable the model- -parameters té be calibrated automéﬁl

ically where rainfall-runoff data is available.

- s

[ N Y



8. Although the model is chiefly for planning pﬁlébseésg
limited investigation indicates that it can also be
used for design purposes. | This can be done by simu-
‘lating the inlet hydrographs and routing with the
variable travel time (VTT) routing procedure in HYMO.
Further research needs to be done ih thié direction.

The main advantages of URBHYMO as compared to other mod-

els are the following:' |

- for planning stuaies the results -are found to be accepta-
ble even without célibration; o
--«the model.pérameters can be related to watﬁgshed and.stprm
characteristics which are easily determined. The watershed
characteristiqs are length t, siébe,s and surface roughness

n. The storm characteristic is the peak rainfall excess in-

tensity. -

£ .
- it gives- better results than the SLR model for ‘a broader

range of watershed conditions; ’
- 1t requires fewér parameters than the parallel cascades
model of Wittenberg and Diskin et al.

f'Thé main limitation of the model is that'it has only been
tested for watersheds of up to 300 acres (121 ha). The in-
trofuction of URBHYMO will reduce.EﬂL problems due to incon- ..
sistencyzzetweén the flows simg}ated during the planning and

design stages of drainage studies.

e
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Appendix A

UNIT HYDROGRAPH THEORY AND LINEAR CONCEPTUAL
: MODELS

A.l UNI'R_HYDROGRAPH THEORY

The unit hydrograph which was introduced by Sherman in

©

1932 is regarded as one of the méjor contributions to hy-
drology. It is defined as the hydrograph of direct runoff
resulting from 1 unit of rainfall excess generated uniformly
over the basin érea at a uniform rate during a specifiéd du~
ration of time. Basically the unit hydrograph ~theor§ as-—

sumes that the surface runoff system is a lumped linear sys-

have been well-reviewed in Chow (1964) and will

.

tem. The ofher assumptions and limitations of the. unit
hydrogr;gb

not be repéated here. A unit hydrograph of duration At can
be represented by U(At,t) where t is any time after the be-'
ginning of rainfall excess. The ordiﬁate of the direct ru-

noff hydrograph for a given storm can be expressed as

Q(t) = T Ulst, t-(i-1)At ] T,At 1
©qe1
5
]
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A.1.1 Instantaneous Unit Hydrograph Theory

The concept of the instantaneous %2}5\h§drograph or IUH,
first introduced by Clark (1945), _is a f&rther development
of the unit hydrograph. The Igﬁ/;s defiéed as the hydro-
graph"resulting from one unit 9% rainfall\ excess generated
in zero time'over the entire ﬂétgrshed. r&n other words it
is the unit hydrograph_that-’rzéygps:from gn infinitesimélly
small duration of rainfall excess. This/ks just a concept
and does not occur in reality. Mathémati#ﬁlly it is written
as |

lim U(At,t) v : T,

U(O)t) = At"'o. o

The ordinates of the instantaneous unit hydrographs have the
dimension of discharge rate per unit depth where U{(At,t) is
the unit hydrograph of duration At. An IUH can be converted

to a unit hydrograph of any duration st by

1 (¢
U{At,t) = ~——J u(o,t) dt

At g
t-At
For- a linear system with an input of a unit impulse function
or a unit puJlse function the output is defined as the unit
imbulse r;sponse and unit pulse'respoqse respectively. A

unit pulse functioen is defined as

1/b 0SSt =b

] | : &
0 otherwise

s(t,b) =" [



-

When b approaches 0, the equation becomes a

181

unit impulse

function &(t) which is also known as a Dirac-Delta function.

§(t) = | 2

78 (t)

—

+1f t & 0 )
if t =0

dt = 1 -
. (o

6

The IUH is the impulse response function of the surface tu-

noff system.

The input-output relation of a lumped, linear

system can be expressed by the convolution or Duhamel inte-

gral. .
te

Q(t) = gt =£0 y(e-1)I(r)dr
where Q(t) = output

I{t) =.input

U(t-1) = impulse response or IUH

t, = duration of rainfall excess
t' =t when t < t, and t'= t when t > t .,
. S " o o

xlr) ’

« - Convolution of inflow with JUH.

r
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If the input and output i.e. rainfall excess and direct ru-
noff in the convolution integral are measured in the same
units, then thé ordinates of the IUH must have a dimenéion_

of [timél].

{: u(t) det = 1.0 S 8

fo u(t)t dt = t | 9

where t; is the time lag of the IUH. The time lag is also
equal to the time interval between the centroids of the

Y
rainfall excess and the direct runoff.

A.2 LINEAR CONCEPTUAL MODELS

_The linear conceptual models are made up of combinations
of linear hydrologic components such ag (1) linear reservoir
and (2) linear chﬁnnél which account for storage and trans-
lation effects respectively. These compo;ents_are described

below.

a. Linear Reservoir

A linear reservoir is one in which the storage S is di-
rectly_proportional to the outflow Q.
s = KQ 10

When cqmbined with the continuity equation (egn.1.2), this

results in the linear differential egquation
1-9=x9 | |
1-Q=K3; 11

For a linear differential equation

Su
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S - | 12

If F(t) = M the general solution is
| C tja ‘ ‘ ' | 13
x=M+ ce /2 o
Therefore\the solution for egn. 11 is
. P ._ o X l[‘
Q=L+Cet/k .
When I is the inflow (effective precipitation) to the reser-

voir for the boundary conditi?n t=0, Q=0

c=-1
15
Q=1- Ie_t/k - "
=. I(l-e"t/k)
For t = = the above eguation gives Q@ = I which means that

the outflow approaches an eguilibrium condition becoming

egqual to inflow,.

If F(t) =°0 the general eQuation is

X = Ce_t/a "16

If the inflow ceases at some time t after the beginning of

runcff i.e.'I = 0, then the solution for egn. 11 is
-t/k
Q = cet/ 17
= =
When tl 0, Q1
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e-r/k' A . | ~ .

Q = Q. 18

where 1=t - tll i.e. equal to the time since inflow termi-

nated. .
For an instantaneous inflow which fills the reservoir S in
t = 0, egn.10: gives Q.= S/K

Eqn. 18 gives the outflow as
Q=2 et/k . o | 1

For~a unit input or S = 1 the IUH of the linear reservoir is

therefore //

U(t) = %_e-t/k .- : .~ 90
« ) ‘
which is represented by the hydrograph for the outflow from

the first reservoir in Fig.A.l
f«

I~

AR

e

A,

Cutput

Fig.A.1 Representation of the Nash model
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b. Linear Channel

The concept of a linear channel represents pure transla-
tion in a linear catchment. A linear channel is defined as a
fictitious reach in - which the time of travel T through the
reach for a discharge Q of any magnitude is constant. = At.
any point in the reach, -

A = CQ \/ .2

cross-sectional area

11

where A

Q

[}

outflow
C = translation coefficient

In other words -the rating curve is a linear reiationship bg—
tween discharge and areal: The velocity-is constant for all
discharges at any pbint ﬁpt may vary’ from point to point
along the'req;h. When. an inflow hydfograph is routed
through a linear channel, the shape of the inflow hydrograph
will remain the same ?ut it will be lagged by thé time of
translation T. If the input function is f(t) then the out-
put function is f(t-T). The outflow for an inflow to the

linear channel of volume S and duration At is (given by

Q= Sé (t,ﬁt)

22
where 1
& (t,ﬁt) = EC S

for O<rst and t=r+T, It is zero otherwise. =t .is the time
measured from the beéinning qg\the segment while T 1is the
translation time. The Dirac-delta function §(t)  as At ap-

proaches zero is the IUH for the linear channel.
e

—
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- A watershed can be considered as a linear channel

. receiving spatially varied flow. The watershed can then be
divided into 'n' subwatersheds by isochrones which are con-
tours joiﬁing all poinfs in the;watershed which are separat-
ed frbq the outlet by the same translation time. Isochrones
cannot cross one ahother, cannot close, and can only origi-

nate or terminate on the boundary of the watershed.f

Alte)

AT | T _ dA
dr

]

T te 0 T te

o
;
FicureA.2.—Top: Isochromes of travel time. Botlom: Left, time-area curve; righl, time-
N ares-concentration curve.

(Ref: Dooge, 1973)
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' Assumelthat the isochrones aré separated from each other by
1eqﬁa1 travel times At. When the area énclosed by each suc-
~ceeding isochrone to the outlét is plotted against the trav;
el time, the time-area curve is obtained. 1If.the @é;fvative
of the time-area curve 1is dividéd by the wétershedjarea then
it is\known as the time—area-concentfation-curve which has a
Vbase—length-equal pyatﬁe time of concehtration te- The
time-area-concentration curve has_ ordinates directly propor-
tional to the éhépe of the drainage area projected onto the

main channel. . The time-area-concentration curve w(t) 1is

given by -
- ' 1 dA a o
Ww(t) = [ A at 0 <r <t | 23
. 0 . otherwise
S W(nde = 1.0 | | 24

For this case where only translation effects are considered,
Dooge (1959) has shown that the IUH has the same shépe as
the time-area-concentration curve.

Clark (1945) has suggested that the IUH can be derived by
routing the time—-area-concentration curve through a single
storage element such as a linear reservoir. O'Kelly (1955)
has found that 1if the time—area—concentratidn curve 1is re-
placed by an isoceles triangle and then routed through a

linear reservoir, the resulting IUH-is not significantly

different. This is due to the smoothing effect of the lin-

L]
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ear reservoir such that the wvariations in watershed charac-
..

teristics are removed by routing.

c. Nash's Model

Nash (1957) has proposed that the IUH can be obtained by
‘routing an instantaneous unit input through a cascade of

equal linear reservoirs (fig.ﬁfi). The IUH is given by

r

1 £ -1 -~t/k o 25
u(t) KT (o) (%) e .
which represents a gamma distribution, For integers the
gamma function (n) = (n-1)!. If n is not an integer then
T(n) = f: tn_l‘e—tdt , n>0 26

The parameters K and n in egn. 25 can be evaluated by
the method of moments (Nash,1959). Nash (1960) has applied
the model to rural watersheds 1in Britain aﬁd correlated the
moments with watershed”characteristics. The first and séc-
ond moments of 'the IUH about the ‘origin-'t = 0, 6 are respec-
tively

M1-=nK ’ _ 27

M, = n (n+1)K2 28

The second central moment of the IUH is

. 2
MU2 = nK .‘ : 29
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The first moment M]_represehts the time lag of"the centroid

of the IUH. The time difference between " the centroids of -

the raihfall excess hyetograph and the runoff hydrograph =

tL = n.K-

4

The Nash model does not involve the concept of ‘transla- .

Fion of flow. Dooge (1959) has attempted to develop a gen-
eral conceptua1' model of the unit hydrbgraph‘made up of a
series of linear reservoirs and linear channels. The linéar
channel is used to account for translation. The order of
occurrence of the linear components do not ‘maéter since it

is a linear process.



O0N00NONONNO0N

0Oon 0On

oNole

eleke;

_Appendix B
LISTING OF URBHYMO PROGRAM

SUBROUTINE CMPHY

THIS PROGRAM IS KNOWN AS URBHYMO. IT IS A CONCEPTUAL MODEL ,
MADE UP OF TWO LINEAR RESERVOIRS IN PARALLEL FOR COMPUTING N
RUNOFF HYDROGRAPHS FROM URBANIZED WATERSHEDS.

IT ACCEPTS A RAINFALL HYETOGRAPH (IN/HR) AS INPUT AND COMPUTES
INFILTRATION LOSSES IN THE PERVIQUS AREA BY MEANS OF HORTON'S
INFILTRATION EQUATION.

THE ORIGINAL HYMO VERSION HAS NOT BEEN DELETED AND CAN BE

USED AS AN OPTION.

. &
>

HYMO
THIS PROGRAM DEVELOPS A UNIT HYDROGRAPH, . CONVERTS MASS RAINFALL
"TO POINT RUNOFF, AND COMPUTES STORM HYDROGRAPHS BY SUMMATION.

REAL CF(200) : . '

COMMON OCFS{300,6},DATA{(310),CFS(200),CTBLE(25,11),RAIN{200),
lA(20,6),Q(20,6),DEEP(ZO,G),ITBLE(25,2),DP(20).5CFS(20),C(20),
2ZALFA{(20},IEND(6),DA(6) ,DIST(6),SEGN(6),DT(6},PEAK(6},158G{6),
3NPU, NHD, NER ,MAXNO,NCOMM, ICC, NCODE TIME, ROIN TPEAK(G)

INTEGER STA,STP, START NURI /

DIMENSION RIM(BOO) RP(300) RAINM(300),RAINEX(2,300)

CUMINF(TT)}=FC*TT+(FO~FC}/DC*{1.0-EXP{-DC*TT)})

I0UT 2 6
ID=DATA(1l)
NHD=DATA (2}
DT(ID}=DATA(3)
DA(ID)=DATA{4)

IS URBHYMO TC BE USED

CKI=DATA(5)
IF {CKI.GT.0.9) GO TO 100
CN=DATA(6)

ARE K AND TP FURNISHED OR WILL THEY BE COMPUTED
IF (DATA(7)) 1,2,2

- 190 -
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XK=-DATA(7) \ ' , -
TP=—DATA(B)

GO TO 3

HT=DATA(7)

XL=DATA(8)

SLOPE=HT/XL

XLDW=(XL**2,)/DA(ID)
XK=27.0*(DA(ID)**.231)f(SLOPE**(—.777))*(XLDW**.124)‘
TP=4.63*(DA(ID)**.422)*(SLOPE**(-.46))*(XLDW**.133)
PEAK(ID) = 1,

DO 4 1=1,300

OCFS(I,ID}=0.

COMPUTE N,BY ITERATION.

XN=5.0 \

XKTP=XK/TP

DO 6 1=1,50 o
TINF=1.+SQRT(1.,/(XN-1.)) :
XN1=.05/(XKTP*(ALOG(TINF/(TINF+.05))quS))+l.
DIFF=ABS (XN1-XN) .

IF (DIFF-.001) 7,7,5

XN=XN1

CONTINUE

WRITE (IOUT,29)

GO TO 28

DETERMINE Cl.

DELT=TINF/100.

TC1=0.
XN1P=XN-1.
XN1M=1.-XN

DO 8 1=2,101

TC1l=TC1l+DELT
CFS(I)=(TC1**XNIP)*EXP(XNIM*(TCl-l.))
SUM=CFS(101)}/2.

DO 9 1=2,100

SUM=SUM+CFS(I)

Cl=SUM*DELT

CFSII=CFS(101)

TTINF=TINF*TP
TREC1=TTINF+2Z, *XK
EEE=EXP ( (TTINF-TREC1)/ZK)
XK1=3,*XK
B=645.333/(C1+CFSII*(XKTP*(l.—EEE)+EEE*(XKl/TP)))
COMPUTE B, QP, AND CFSI.
QP=(B*DA(ID)) /TP
CFSI=QP*CFS(101)
CFSR1=CFSI*EEE

WRITE (IOUT,30) XN,QP
DETERMINE INCREMENTAL RUNOFF
R=1000,/CN-10.

Bl=.2*R

J=8 :

IF (DATA(J)) 13,10,10

Biinn MUY

sat
s

. 2t
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11
13
33

14

oe ke

2
2

16
17
19
198
197
199
202
20
21

2
3
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RAIN(1)=DATA(J)

DO 11 1=2,200

J=J+1

RAIN(I)=DATA(J) .

IF (RAIN(I)-RAIN(I-1)) 12,11,11
CONTINUE

NUMB=I-1

DO 15 I=1,NUMB

IF (RAIN(I) Bl) 33,33,14

DATA (I)=0.

Q1=0.

GO TO 15

02={ (RAIN(I}-B1)**2.)/(RAIN(I)+.8%R)
DATA (I)=02-Q1

Q1=Q2

CONTINUE

COMPUTE UNIT HYDROGRAPH
UHV=645.333*DA{ID)/DT(ID)

SUM=0.

T2=0.

CFS(1)=0.

DO 20 I=2, 200

T1=T2

T2=T2+DT(ID)

IF (T2-TTINF) 16,16,17

CFPS(I)= QP*((T2/TP)**XNIP)*EXP(XNIM*(T2/TP 1.))
GO TO 198

IF {(T2-TREC1l) 18,18,19

CFS(I)= CFSI*EXP((TTINF T2)/XK)

GO TO 198

CFS(I)= CFSRl*EXP((TRECl T2)/XK1)

IF (T1.GE.TP.OR.T2.LE.TR) GO TO 202
IF (CFs(I)—CFs(I—l)) 197,197,199
SUM=SUM-CFS(I-1)+QP

CFS(I-1)=QP

GO TO 202

CFS(1)=QP

SUM=SUM+CFS(1I)

IF (CFS(1).LE.0.1/OR.SUM.GE.UHV} GO TO 21
CONTINUE

1=200 | ;\w)?

ICND=1
COMPUTE STORM HYDROGRAPH

DO 24 J=2,NUMB :
N=J+ICND-2 .

IF (N-300) 23,23,22 -

N=300

1=2

DO 24 K=J,N

OCFS (K, ID)= OCFS(K ID)+DATA(J) *CFS(I)



N
oo

sXeleiskeksiek

100

000N

94
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11;I+1
CONTINUE
GO TO 200

URBHYMO COMPUTATION BEGINS

READ IN DATA

NURI=NUMBER OF RAINFALL INCREMENTS

CKP=DATA(6)
STOCQOI=DATA(7)
STOCOP=DATA{8)
XIMP=DATA({9)
TIMP=DATA(10)
NURI=DATA(11)
FO=DATA(12)
FC=DATA(13)
DC=DATA(14)
F=DATA(15)
DEPSTI=DATA(1l
DEPSTP=DATA(1
SLOPEI=DATA(1
XLENGI=DATA(1
XINTEI=DATA(2
XMANNI=DATA(2
SLOPEP=DATA (2
XLENGP=DATA(?2
XINTEP=DATA(?2
XMANNP=DATA (2
TDUR=DATA(26)
HP=DATA{27)
HYDRAD=DATA(28)

SLPI=SLOPEI/100.0
SLPP=SLOPEP/100.0

INITIALIZE TO ZERO

DO 94 I=1,300
OCFS(I,ID
RAINM(I =
RAINEX (
RAINE?(
=0

I ) .0
) G
1,I
2,1

RIM(1)=0.0

RP(I)
STP=0

.0

DETERMINE RAINFALL EXCESS (URBHYMO)
TTRAIN = TOTAL RAIN (IN)

J=29

IF (paTA (J)) 113,110,110

193

[ Y
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110

121

113
114

111
116

130

185

201

TOTRN=0.0

RAIN(1)=DATA(J)
TOTRN=TOTRN+RAIN(1)

DO 121 I=2,NURI

J=J+1 : .
RAIN(I)}=DATA(J)
TOTRN=TOTRN+RAIN(I) A
CONTINUE .

TTRAIN = TOTRN*DT(ID}

WRITE (IOUT,253) TTRAIN

IF (DEPSTI.NE.5.0) GO TO 114
DEPSTI=0.0303*(SLOPEI**(-0,49)) -
DEPTI=0.0 '
DO 111 I=1,NURI ‘
DEPTI=DEPTI+(RAIN(I)*DT(ID)})

1F (DEPTI.GE.DEPSTI!) GO TO 116
DATA(I}=0.0

CONTINUE e

. XKEEP=RAIN(I)

RAIN(I)=(DEPTI-DEPSTI)/DT(ID)
STA=1 _

RUNOFF FROM IMPERVIOUS AREA

DO 130 I=STA,NURI
RIM(I)=XIMP*RAIN(I)
CONTINUE
RAIN(STA)=XKEEP

INFILTRATION COMPUTATION FOR PERVIOUS AREA
T=0.0 :

DO 185 1=1,200

TEMP=CUMINF (T)

WRITE (IOUT,67) I,TEMP

COMPARE F WITH TEMP=ACCUM. INFIL.

1F (F.LE.TEMP) GO TO 201

T=T+0.01 :

CONTINUE-

ASSUME FLAT INFILTRATION CURVE AFTER TLIM

TLIM=960.0/DC
TP=T

154

TP IS TIME ON HORTON CURVE THAT CORRESPONDS TO CUMULATIVE

INFILTRATION

Y

DEPTH=0.0
DO 150 I=1,NURI
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165

101

157

156

- tor gy e

195

RAINM(I)=(1.+{TIMP-XIMP)/{(1.-TIMP)})*RAIN(I) , ! . -
DEPONE=DEPTH+ (RAINM(I )*DT(ID)) " : i
TP1=TP

IF (TP.LT. TLIM) GO TO 160

FIL=FC -

TP=TLIM
GO TO 155

TO OBTAIN AVERAGE INFILTRATION RATE

FIL=(CUMINF{TP+DT{(ID))-CUMINF(TP})/DT(ID)
WRITE (IOUT,G%) I,FIL

COMPARE RAINFALL INTENSITY WITH INFILTRATION RATE
RAINFALL EXCESS IN IN/HR

RIM=RAINFALL EXCESS (IMPERVIOUS AREA)

RP=RAINFALL EXCESS (PERVIQUS AREA)}

IF (DEPONE.LE. (FIL*DT(ID))) GO TO 156
ACFIL=FIL )

DEPTWO=DEPONE- (FIL*DT{ID)}

IF (DEPTWO.GE. DEPSTP) GO TO 101
RP(I)=0.0

DEPTH=DEPTWO

.GO TO 157

IF (STP.EQ.0) STP=I

RP(I)={1.-TIMP)*( (DEPTWO- DEPSTP)/DT(ID)) ) .
DEPTH=DEPSTP ' :
TP1=TP+DT(ID)

GO TO 175

ACFIL=DEPONE/DT(ID)
DEPTH=0.0
RP(I}=0.0

"IF (TP.GE.TLIM) GO TO 180

OO0

170

FIND ACCUMULATED INFILTRATED VOLUME FROM INTEGRATED HORTON'S
EQUATION

CUMI=CUMINF{TP)
CUMI=CUMI +ACFIL*DT(ID)
TP1=TP+DT{ID)*0.5

DO 170 J=1,11

EE=EXP (~TP1*DC)

FT=FC+{F0O~FC)*EE
FF=FC*TP1+(FO-FC)/DC*(1.0-EE}-CUMI

DELF=FF/FT

TP1=TP1-DELF

IF {(ABS(DELF)}.GT.0.001*DT(ID)) GO TO 170

IF (TP1.LT.TP+DT(ID).AND,TP1.GT.TP}) GO TO 175
CONTINUE )
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anon

NO CONVERGENCE. AS DEFAULTrUSE TP=TP+0,9*DT
TP=TP+0.9*DT(ID)
GO TO 180
175 TP=TP1
180 IF (TP.GT.TLIM) TP=TLIM
150 CONTINUE
C TOTAL RAINFALL EXCESS ‘
PEI=0.0 -
PEP=0.0
PETO=0.0"

IF CKP IS EQUAL TO 3.0 THEN THE SINGLE
LINEAR RESERVOIR MODEL WILL BE USED .

0000

IF (CKP.NE.3.0) GO TO 220
DO 135 I=STA,NURI
RAINEX(1,I)= RIM(I)*DT(ID)
RAINEX(2,I)=RP(I)*DT(ID)
DATA(I)=(R1M(I)+RP(I))*DT(ID)
PETO=PETO+DATA(1)
135 CONTINUE
GO TO 221
220 DO 221 I=STA,NURI
RAINEX(1,I)= RAIN(I)*DT(ID)
RAINEX(2,1)=(RP(I1)*DT(ID))/(1,~-7IMP)
DATA(I)-(RIM(1)+RP(1))*DT(ID)
PEI=PEI+RAINEX(1,1)
PEP=PEP+RAINEX(2,1)
PETO=PETO+DATA(I)
221 CONTINUE
C

DTEN=1. /6.

NRANIT=( (DTEN/DT{(ID))+0.5)
SDUR=NURI*DT(ID)
TRI=(NURI-STA+1)*DT(ID)
TRP= (NURI-STP+1)*DT(ID)
URBF=1,+TIMP
URDC=1,+XIMP

NBER=2

IF (CKP.EQ.3.0) NBER=1
DO 140 M=1,NBER -

IF (CKP.NE.3.0) GO TO 213

c COMPUTATICN OF RAINFALL EXCESS INTENSITY

PKDATA=0.01 ‘
DO 211 I=STA,NURI - Ly s
IF (DATA(I)-PKDATA) 211,211,212
212 PKDATA=DATA(I)
XTIP=PKDATA/DT(ID)



211

261
262

263

265
264

213
134

139

138

218

219

223

222

133

197

IXTIP=1 : o
CONTINUE - :

IF (NRANIT.EQ.1l) GO TO 261

IF (NRANIT.EQ.2) GO TO 262

IF (NRANIT.EQ.10) GO TO 263 {

XINTEN=XTIP

GO TO 264 ¢
XTIPA=DATA(IXTIP-1)/DT(ID) :
XTIPB=DATA(IXTIP+1)/DT(ID) .

XINTEN={XTIPA+XTIP) /2.

‘IF ((XTIPA+XTIP).LT.(XTIPB+XTIP)) XINTEN= (XTIPB+XTIP)/2

GO TO 264

NXTIPA=I1XTIP-9

SMXTIP=0.0

DO 265 I=NXTIPA,IXTIP
SMXTIP=SMXTIP+DATA(I)

CONTINUE

XINTEN=SMXTIP*6.

WRITE (IOUT,242) XINTEN

GO TO 133

IF (M.EQ.1) GO TO 133 .

IF (XINTEP.GT.0.0) XINTEN=XINTEP
IF (XINTEP.GT.0.0) GO TO 133
PKRP=0.0

DO 138 I=STP,NURI

IF (RP(I)}-PKRP) 138,138,139
PKRP=RP(I)

TIP=PKRP/(1.-TIMP)

ITIP=1

CONTINUE

IF (NRANIT.EQ.1)} GO TO 218

IF {NRANIT.EQ.2) GO TO 219

IF {NRANIT.EQ.10) GO TQ 223
XINTEN=TIP

IF (XINTEN.EQ.0.0) XINTEN= 0.0001
GO TO 133
TIPA=RP(ITIP-1)/(1.-TIMP)
TIPB=RP({ITIP+1)/(1.-TIMP)
XINTEN=(TIPA+TIP)/2.

IF ((TIPA+TIP).LT.{(TIPB+TIP)) XINTEN=(TIPB+TIP)/2.
IF (XINTEN.EQ.0.0) XINTEN=0.0001
GO TO 133 _

NTIPA=ITIP-9

SUMTIP=0.0 ’
DO 222 I=NTIPA,ITIP
SUMTIP=SUMTIP+RP(1I)

CONTINUE |
XINTEN=SUMTIP/{10*(1.-TIMP))

IF (XINTEN.EQ.0.0) XINTEN= 049001
IF (M.EQ.1) GO TO 141

CK=CKP

SLOPE=SLOPEP



OnNon

198

XLENG=XLENGP ‘
XMANIN=XMANNP
SLP=SLPP - .
RATIO=1.-TIMP
TR=TRP
PE=PEP
GO TO 142
141 CK=CKI} . ' _
' SLOPE=SLOPEIL . X
XLENG=XLENGI
XMANIN=XMANNI . :
IF (XINTEI.GT.0.0) XINTEN=XINTEI
SLP=SLPI’
RATIO=XIMP '
IF (CKP.EQ.3.0) RATIO=1.0
TR=TRI :
PE=PEI ]
. IFTCKP.EQ.3.0) PE=PETO
142 IF (CK.GT.l.0) GO TO 74
IF (M.EQ.1) GO TO 143
SC=STOCOP -
GO TO 85 ~ o ' _
143 SC=STOCOI ' : - 8 .
144 GO TO 85 '

COMPUTATION OF STORAGE COEFFICIENT K |
74 IF (CK.GT.1.l)}) GO TO 75 :
SC=0.00025*((66.6667*XMANIN*XLENG*(SLP**(-O.S)))**0.66)
GO TO 85 .
75 1F (CK.GT.l.2) GO TO 76 .
SC=0.00719*(XLENG**O.593)*(XMANIN**O.605)
c*(SLP**(—0.38))*(XINTEN**(—0.388))
GO TO 85 .
76 IF {(CK.GT.l.3) GO TO 77
sc=o.02588*(SLOPE**(—0.40))*(XLENG**O.22)*(x1NTEN**(—0.40))
GO TO 85
77 1IF (CK.GT.l.4) GO TO 78
SC=0.00775*(XLENG**O.G)*(XMANIN**O.6)*
c(XINTEN**(—0.4))*(SLP**(—0.3))
GO TO B85 :
78 IF (CK.GT.l1.5) GO TO 79
sc=0.831*((DA(ID)*O.0015625*RAT10)**0.458)*(URBF**(—1.662))*
C(PE**(-0.267))*(TR**0.371) :
GO TO 85
79 I1F (CK.GT.1.6) GO TO B0 °
sc=0.887*((DA(ID)*O.0015625*RAT10)**0.490)*(URBF**(—1.683))*
C(PE**(-0.240))*(TR**0,294)
GO TO 85
g0 IF (CK.GT.1.7) GO TO 81
sc=0.788*((DA(ID)*O.0015625*RAT10)**0.409)*(URBF**(—2.06))*
C(PE**(-0.15))*(TR**0.156) .

9
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. GO TO 85. . .
81 IF (CK.GT.l1.8) GO TO B2
SC=0. 11386*((DA(1D)*RAT10)**0 18)* (SLOPE** (-0,36))* (URBF**{-1.9))
C* (TDUR**(0. 21)*(XLENG**0 15)*(HP**( 0.07))
GO TO 85
g2 IF (CK.GT.1.9) GO TO 83
SC=0.,0175*% (XLENG**(0 .24 ) * (SLOPE**(-0. 16))*(XIMP**( 0.26))
GO TO 85
83 SC=0.0041837*(SDUR**0.031)*(PE**Q. 323)
C* (HYDRAD**0.80) * (URDC**(-0.342))

/85 455CMIN=SC*60

70
71

53

aon

“u“ OP=(645.333*DA(ID)*0.0015625*RATIO) /SC
™ QPP=1.0/DT(ID)

_COMPUTE UNIT HYDROGRAPH.

SUM=0,

T2=0.

CFS(1)=0.0
OMX=QPP*{1-EXP({-DT(ID)XSC))
DO 70 1=2,200
T2=T2+DT(ID) _
CPS{1)=QMX*EXP(-(T2-QT(ID))/SC)
IF (CFS(1).LE.0.001)\GO TO 71
CONTINUE
1=200
ICND=1
IMD=ICND-1

WRITE (IOUT,251) PETO,TR :

WRITE (IOUT,301} SC, QMx XINTEN,RATIO

WRITE (I0UT,241Y SCMIN |

WRITE (1QUT,40)} URBF

SUMCF=0.0

DO 53 I=1,ICND

SUMCF=SUMCF+CFS (I}

CONTINUE

WRITE(IOUT,43) SUMCF

NUMB=NURI+1

CONVERT CFS/ACRE TO CFS

DO 59 I=1,ICND
CFS(1)=CFS{I)*DA(ID)*RATIO*1.00833 S
59 . CONTINUE > f

COMPUTE STORM HYDROGRAPH.

IF (CKP.EQ.3.0) GO TO 34
DO 96 J=2,NUMB

L=J-1

N=J+ICND-2

1F (N-300) 98, 98 97

L T it
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7
8

96
140

34

225
226

- 224

200

5
6

205,

-N=300

I =2

DO 96 K= J,N

OCFS(K,ID) =OCFS (K, ID)+RAINEX(M L)*CFS(I
I=1+]

CONTINUE

CONTINUE '

WRITE (I10OUT,44) DEPSTI,DEPSTP

.WRITE (IOUT,57) STA,STP

GO TO 200
DO 224 J=2,NUMB
J-1
ﬁ\J+ICND 2
IF (N-300) 226,226, 225
N=300
I=2,

DO 224 K=J,N .

OCFS{K,ID) OCFS(K ID)+DATA(L)*CFS(I)
I=I+1

CONTINUE

COMPUTE RUNOFF VOLUME

- DETERMINE PEAK

TPEK=TIME ‘

WRITE (IOUT,210) TPEK

PEAK(ID)=0.2

RO = 0,

Do 26 I =2,N

RO = RO + OCFS(I,ID)

iF (OCFS(I ID)- PEAK(ID))ze 26,25
PEAK(ID)= OCFS(I ID) %

TEPE=(I- l)*DT(ID)

CONTINUE

TPEK=TPEK+TEPE

WRITE (10UT,250) TEPE,TPEK
TPEAK(ID)=TPEK,

IF (CKI.LE.0.9) GO TO 205

WRITE (IQUT,58) XKEEP

WRITE (IOUT,193) RAIN(STA)

WRITE (IOUT,192) XMANNI,XLENGI,SLOPEI
WRITE (IOUT,196) XMANNP,XLENGP,SLOPEP

1)

WRITE {(10UT,69) (I,RIM{(I},I,RP(1),I=STA,NURI)

WRITE (I10UT,55)

WRITE (IoUT,56) (I,DATA(I),I=1,NURI)
WRITE(IOQUT,39) RO

IEND (ID) = N

ROIN=(RO*DT(ID))/(DA(ID)*0.0015625 * 645.333)

WRITE (IOUT,63) PEAK(ID),ROIN,TPEAK(ID)

PUNCH CODE
IF (NPU) 28,28,27

27 WRITE (IOUT,31)ID,NHD,DT(ID)},DA(ID)},PEAK(ID),

200

ROIN,IEND(ID)
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WRITE (I0UT,32} - (OCFS(I ID) 1=1, N) ) .

28 RETURN !

-C

29 . FORMAT(' N DID NOT CONVERGE AFTER 50 ITERATIONS ') '

30 FORM?T(TIO ' SHAPE CONSTANT, *N = ', F6<3/T10;' UNIT PEAK = ',FlO.l,‘C
1FS*/

31 FORMAT( 'RECALL HYD' T21 '1D=’,I1, T29 'HYD NO=' 13 T42, DT- , F9.
16, HRS',TGl ‘DA=" FB ! SQ MI' /T21 PEAK— F7. 0 CFS T40 RO=

2F6. 3, INCHES' TS59, NO st- ,13/T21, 'FLOW RATES ' )
32 FORMAT (T21, 7F8.0) -
301 FORMAT(T10, 'STORAGE COEFF. sc = ',FB8.4,' HOURS'/T10, '
1'UNIT PBAK(QMX) = FlO 4,' CFS$'/T10,
2" INTENSITY= ,F10.4, IN/HR /T10,
3'RATIO= FlO 4,/) !

37 FORMAT(TlO 'Cco- ~ORDINATES OF THE UNIT HYDROGRAPH ARE')}
38 FORMAT{T10,F10.4) p

39 FORMAT(T10, 'SUM OF RUNOFF CO- ORDINATES = '",F10.3)

40  FORMAT(T10, 'URBANIZATION FACTOR URBF=',FB8.3)

‘41 ' FORMAT('T10,' IMPERVIOQUSNESS RATIO IMP="' FB 3)

[

FORMAT(T10, ' DEPRESSION STORAGE(IMP) ="' FB 3,' (PERV)=',FB8.3)
43\\\EEORMAT(T10 'SUM OF UNIT HYDROGRAPH co- L ORDINATES=" ,F10.3)

50 FORMAT(T10, 'CFS{I+1)="' ,F10.3)"

51 FORMAT({(T10,'CF{I)=" FlO 3)

52 FORMAT(T10, ‘CF(I+1)- ,F10.3)

55 FORMAT(T10, ' EXCESS RUNOFF 1IN I'NCHES ')
56 FORMAT(T10, 13 F10.4) -

57 FORMAT(T10, STA— ,13,2%,' STP=',13)
58 FORMAT(T10, " XKEEP="' F8 4) .

61  FORMAT(T10,'PE-®(',I3,')=",F12. 4)

62 FORMAT(TIO,'PE-Z(',IB,') F12 1)
63 FORMAT(T10, ' PEAK DISCHARGE=',F10.4,' CFS',2X, 'RUNOFF VOLUME='

CF8.4,' INCHES',' TIME TO PEAK=',FB.4)
64 FORMAT(TIO,'FPL(',I3,')— JF12.4)
65 FORMAT{T10, 'ACF-1(", ,')= Fl2.4)
66 : 'FORMAT(T10,'ACF- 2(' 3,')= Fl2 1)
67 . FORMAT(T10,'F (', )=',F12.4)_'
68 FORMAT(T10, ' CUMI~ 1(',13,')= ;F12.4)
69 FORMAT(T10, 'RIM(’ 13;‘)=‘,F10.4,' RP(' 13,")="',F10.4)
191 FORMAT(TIO,‘PEAK DISCHARGE (SDR)=',F12.4, CFS'/T10,
) C'TIME TO PEAK (SDR) = ',Fl2.4,° HOURS ' )
192 FORMAT(T10,'XMANNI=',6F10.4,' XLENGI=',F10.3,' SLOPEI="',F10.4)
193 FORMAT(TlO,'RAIN(STA)=',F10.4)
194 FORMAT{T10,'OCFS(',13,')=",F12.4) :
196 FORMAT(T10,'XMANNP=", F10ﬂ4,' XLENGP=',F10.3,' SLOPEP=',6F10.4)
195 FORMAT(T10,'CUMI-2(',13,")=",F12. 4)
210 FORMAT(T10,' TPEK(l)- ,F12.4)
214 FORMAT(T10,' RAINEX(1){ ',13,')=',F12.4)
515 FORMAT(T10,' RAINEX(2)( ',I3,')=',Fl2.4)
516 FORMAT{(T10,' CFS(',13,')="',F10.4)
217 FORMAT(T10,' OCFS(',I ,')=',Flp.4)
241 FORMAT(T10,'STORAGE COEFF. = ',F10.4,' MINS')
242 FORMAT(T10,' XINTEN = FlO 4}
250 FORMAT(T10,' TEPE= FlO 4, TPEK(Z)— ,F10. 4)
251 FORMAT(T10,' RAINFALL EXCESS PETO F12 4,' INCHES'/T10,
C'RAINFALL EXCESS DURATION TR = FB 4," HOURS ' )
253 FORMAT(T10,' TOTAL RAINFALL = ‘,Fl2.4,‘ INCHES')

END

- e aALf R FLAE Sl S
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EXAMPLE OF URBHYMO COMPUTER SIMULATION
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Appendiﬁ D

EXAMPLE OF URBHYMO SIMULATION WITH OPTIMIZATION
PROCEDURE
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Appendix "B

A SINGLE LINEAR RESERVOIR MODEL FOR PROGRAMMABLE
CALCULATORS

- 214 -



Enter F (infilirated wl.)(in)
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' Y

Caleulate infilhation mte
Faptt) « £ - KLFLO - £ £]

H.t) PLE) P(t)ﬂ: )

. '
215

FLOW CHART FOR IMPSWM-SLR MODEL
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User Instructions

SLR MODEL 216
s .. INPUT OUTPUT
STEP ) INSTRUCTIONS DATA UNITS KEYS DATA'UNITS
A | Enter rainfall increments (maximum of 27 im | |l ]
registersR11-R19. [____][_“__J
(2_decimal places; min.=0.01 in/hr., l | | I
max.=9.99 in/hr. [:::]‘ l
1. Load side 1 of card mo. 1 |. | |
2. Place first rainfall increment in P(1) A 1 |
X—registér. (in/hr.) [:::] [:::]
3. Place second rainfall increment in _ P(2) [ZEZSJI::::1 ;
X-register. {in/hr.) L__;J L___J
' g
4. Place third rainfall increment in P(3) (R/S] [}
X-register. (in/hr.) 1 |
5. Continue to place successive rainfall P(n) [ R/S] [ |
increments in X-register. (in/hr.)
B | Toe record rainfall data for subsequent- future
use, press £ W/DATA'and pass blank magnetic
ecard through calculator (not necessary if data
not to be saved).
C { To compute rainfall excess
1. | Load sides 1 and 2 of card no. 2
2. | Iaput rainfall increments into calculator by P's
loading both sides of rainfall data card —.only (in/hr.)

if rainfall increments not entered in steps A

and B above.

00000ec000R000000EHIL
00000o00000oo00d0DeEnn




User Instructions

SLR MODEL (2) 217
STEP INSTRUCTIONS DA:&PS,E,TS KEYS D:TTS:;I;'S
LI '
3. | Input known values r——] {_—i ‘
- - CE )
a) Depression Storage DEPSTO (in) @ EE
b) Accumulated Infiltration due to AMC F (in.) (sto] (1 )
¢) Time step At (hr.) [sTo][ 3 |
d) Initial infiltration rate fo(in/hz.) STC [(c]
e) Final infiltration rate fe(in/hr.)| [5T0] D]
£) Directly connected Impervious Area -I(decimal] B
' LI
4. | To obtain rainfall excess (in 3 dec. places) CE [ [ _(hrs.)
_ C 0 RO @/
(several minutes running time before ] [:] .
output begins) [ 101 [2ac (hrs)
_ I[_:—]—H_—l R (2) (in/hr)
3
1 :] 3At (hrs)
[ 1 &) a/nr)
-~ C_1C_]
I:I :] nAt (hrs)
[ 311 R @n/nr)
I | I
5. | To print supplementary information PE (in)
PE - rainfall excess (11 | 1R (hr)
TR = duration of rainfall excess C ] F (in)
F = accumulated infiltratlen (1 [__: i (ar)
At = total time in which infiltratiom 1} {_—7,
takes place [:] —
C_1[__
| D jFor n>27, require 2nd. run. To continue 0]
| computation of rainfall excess . i [__.J ‘_} ’
1. Clear registers ' [Il [IJ
] 1 _]
2.. Load side 1 of card no. 1 113
a0
3. Place rainfall increment in X-register P _(in/hr) L—A—J L—-]




User Instruetions

A

A ' SLR MODEL (3) 7 218
sTER INSTRUCTIONS A KEYS A
4. Continue to place successive rainfall P . RV
increments in X-register {in/hr.) E:l E
5. To record rainfall data for subsequent .‘ |:| :]
future use, press £ W/DATA and pass blank L]
magnetic card through calculator. : [
R |
[ 6. Load sides 1 and 2 of card no. 2. [: [::,
- .
7. Input rainfall increments into calculator Ej [:‘
by loading both sides of rainfall data card L_—] L
(only if not entered in steps 2-4 above) [_| E_l
' L1
8. Inoput knowm values :! [_j
(Depression storage = o and..is not required |:]|:]
as input since it is already subtracted LI ]
at the begi.nning of the storm in the [__‘ r—l
first rum). ) :”:l
I
a) Accumulated infiltration F {(in) [-S'r_ol (1]
(from supplementary information of lst. run) ] |:|
b) Time step _ At (hr) @
c) Total.time in which infiltration takes place] Iat (hr) | sTO |
» {(from supplementary informarion of lst.run) . L1 1.
d) Last time step in the lst. run t (hr) @ E]
e) Initial infiltration rate (ST0] ¢ |
£)- Final infiltration rate STO
2) Directly connected imparvious area I(decim2l) | STO m
| N
. (1]
47+ To obtain rainfall excess ordinates. r_f__] [1—__] ndt (hrs)
' ' [__ 1 _] lra (in/nr)
10 _ 3
8. To print supplementary information (£ 1] [I] PE (in)
- 17 [ ()
(Sum of PE, sum of TR from both runs are [ | L} F (in)
used as ippye £Or card ma oy :] [J LAt (hr)
T ]




User Instructions

219
SLR MODEL (4)
OUTPUT
STEP INSTRUCTIONS . mer:g:;urs - KEYS DATA UNITS

A Enter rainfall excess increments (maximum of ' l AJl_ AJ
26) which are obtained from output of card no. 2| [ i ]

(3 decimal places; min. = 0.001 in/hr., L___J [;__J
max. - 9.999 in/hr) C 301

1. Load side 1 of card no. 14 L 1
(Card no. 1A is the same as card no. 1 | l[:__l

except that it takes input of 3 decimal | l' !

places). : " ' [:___JL_;::]_

2. Place first rainfall excess increment in R(1) l_A_-_—J E:]
X-register ' {(in/hr) 1 __

3. Place second rainfall excess increment in “R(2) [j§L§J[:___J
X-register. : (in/hr) [: E

C 1]

4. Continue to place successive rainfall R(a) r/s] | ]

" increments in X-reglster. (in/hr) [ || R

B To record rainfall excess data for subsequent I ||W;DAﬂA
future use, press £ W/DATA and pass blank | |‘ '|
magnetic card through calculator (not necessary ‘ J[____J

if data not to be saved). i |] I

¢ | To compute hydrograph ordinates ] | { ]

1. " Load sides 1 and 2 of card no. 3. | ] Il
- | IR

2. Input rainfall excess increments into R's [ [ j

calculator by loading both sides of rainfall (in/hr) ‘ |

excess data card - only 1if rainfall

increments not entered in steps A and B

above.




/ User Instructions.

Continue to place gsuccessive rainfall incre;nent:

in X-register

JOR0AN00E0L

SLR MODEL (5) 220
) uTFUT
STEP INSTRUCTIONS 0 A.’r'f'l"]’:ws KEYS o fr N UNITS
3. | Input known values l _J[ ] ]
‘ L]
a) Area A (acres) [sSto jL 0 ]
b) Total impervious Area I@ecinal) [STO ]
¢) Rainfall excess PE (in) lsto |1t 2 |
d) Drration of rainfall excess TR (hr) EEEE:][:E:]
e) Time step At (hr) isto 1 51|
f) Time before the start of runoff tat (hr) : EQEL_![;::]
4. | To obtain hydrograph ordinates [35?:1[:::] ot (hrs)
“\ l || } QL) (cfs)
: ] '
1 ] l2at (hrs)
l | [ | {Q(2) (cfs)
3 |
1L 1 |nat_(hrs)
I l[ | Q(n} (cfs)
5. | To compute runoff volume Ca]l | |R.0. Vol
| } | | (in)
6. |To print supplementary information [ 1 1) (brs)
I{t) =~ last inflow into linear reservoir 1 J_ £Q(t) (cfs
Q(t) = sum of hvdrograph erdipates [ 1 | K (hrs)
K Storage Coefficient [_-___] [:l
- 1]
D Tf n »26, reguire 2nd. Tun (_» i
Continue computation of hydrograph ordinates | |
1. |Clear reglsters 1
2. lLoad side 1 of card no. 1A - . L_—-J
3. |Place rainfall excess increment in X-register

Oodot

Ty
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SLR MODEL (6) 221
'STEP INSTRUCTIONS DATA UNITS KEYS DATAUNITS
3. | To record rainfall excess data for subsequent \_] I_-_]
future use press f W/DATA and pass blank E [—__T_]
magnetic:card through calculator. ) % %
§. | To compute hydrograph ordinates % %
Input knowm values 11
i a). Area A (acres)! [STO) [0 ]
{b) Total impervious area Iroc(@cimal) @ F_l__l
c) Rainfall excess PE (in) [sTo ]
d) Duration of rainfall excess TR (hr) [sTo ][ 3 }
e} Time step ' At (hr)
f) last inflow into linear reservoir I(t) (cfs) E
(from supplementary information of lst.run) v [: :l
g) sum of hydrograph ordinates . EQ{t) {cfs) '
(from supplementary information of lst.run) . r_l Iﬁ
h) Last time step printed om lst.run [sto | [—_9_|
i) Last hydrograpfw. ordinate printed on lst.run
7. {To obtain hydrograph ordinates CE I [nae ar)
- L 107 jem) (efs)
3. |To compute runoff volume Q R.0.Vol .
‘ [ (in)
]
]
L]
1
]
L]
1
L__]

I

(000000

]
i

INLERN

T




POOR COPY : |
COPIE DE QUALITEE INFERIEURE ‘ ¥

CARD NO.1
‘ CARD NO.1A 222'

Foeoa

{46 ETC
&d47 £

it LEL 5 - :
ML . H B ce
s ! o1 E&f telen mroe
: 0! 5 ) -
R * - Le'e - r!
b : [ Juz . -
dov  STal Ik soe LT ar b
T . - oLy S, JTo
aas b =1 ans o T
ons oy D s S -t Te
Ly Tul —. Lo i e e .
" B [T : "t
g » k] Lalid L"“ - "
‘L ! vl anT . ..
... . . [ AL AY) N .
'HHY B or “ e s . M
S : iy O s L d ol
e T RN Girs : St
(L si04 e 316 m—— - aa
21 i -y L LU PRV TIoeT
L8 -
B AT TE-ET -t a1l d !
1 AT comal L - m- e - Ll
G130 RCLA P Jiz RFRSUNINOSE N
o % S X} K Y == - =
SR A We AL D8
e T TPt “oe dd 31« =nT 2 .
15 PoE Y - et
b Pk ic Il 115 rre v - e
e ROL - ia . raz .
e T - - -
i =g L ole Rolq wt =L
ey o Toa AT T n Lof o =t
115 - o tly borc .- ona
e RS - g18 P c
Bl EQNTI 0 a1 c == s
L e L dis I Ci
Lot f) ._"_. - —_——— -
-, " Jd29 L. -n3
dzi 4 Ja - i
30 . - Gzl g o
Ure = -d " .
nn= = Ve . L=
i2s : I
i < e o] vl
[P I rE crs o o, .-
-t ~ R el Ty NN Lt
'I:[' _;-. -:|- - . - - .-
az7 - . i€ RILE . D
e Ly T LITo ST OON
:.-:.‘- r H "-i _.'_ . - Lt
Nt £ < 3iE e ‘oz
625 RILi T 4T A i E
: - RN gz R Le
g3t L8R3 -2 A3 = et D Ny
i Y ol RN - .- _—— a
@31 RS iy L T
A " = - - =
0 b - —~ 03 7
fiz ENTI ok el -
- ' s T N
¢33 EEN -:T PR
ey 2 o 833 LTG0l 52
td4 R i o 53 ;
bl . - Al | roe = 5‘1
0835 z -Id
e o
Efe  ET+i IERES AT
as7y i )
436 STed I5-TT ¢ '
Pl folallin il
fas  Ruob Y S
846 L3FW -7 0o
& Fer iz 1
-y o=
tiz  KCLi I 4F
045 LiF2 -¢o 02
g44 nt T
g45 rANY 4s oAs e
! wa e = Te
. .
4 — LAI
ce
-4



POOR COPY -
COPIE DE QUALITEE INFERIEURE

e

r
: Card No. 2
223
, ..
. - =00 RN
'H-:-: :-a ::‘ P R P
). -l ETad RA
- .. STnT tEoss
L L. :.:L. :‘-L‘. Ly -
! . o b o .-
S I o
-i0: feal KN
I;.“: Pt Tt
! :
R
. T PR
- :
. ']
: g
Lo yed
. TIon s
e
-y — e o
ftel oo L. B
re v tm ma -oEw
et B koo
'L‘.Ir'.!:. :: :1:' 1
: :
- - ol hd
sTeE TR o
g e IR
YR cwo b2 A=l
e PR Gr g
WLELE NESI wre R:'a
ST roo -
I J: Lir JS&J a'.'-
: & (SR e
- - — - T ML
31 O e abls
: o g
DL SR
: P, s .y -
RoLioaf ot e ebels
EEN .53 Lre  &ix ;
e st A,
3 o di s Clod ORI
< - Ce s - -
-3T oo c M
v 3~ = -"-.' o
‘“‘ i T4 sud -
i b adi
- - . - -
a3 ] i o b
== = TEy o
633 f i & iy
! 1o T
fz4 - -I: (1l I
. i = o -
Al I s w1
.- . am e =i e
i -7 Sooa L .
- — —— - - SEX T
K arde LT Bk --
036 &sbd i3 0 aLn o
o - . - ar 7943 oo
B33 AoLa PN ok L
il ., e ot - -
g EE -3 v =
- - -— --: -":
541 2 57 {52 -25
- ) - [ cT..F e, T 5
UJ(-. A _3:' C’.—..- bT"-' NCRN L‘S
- - - gLy - e
fe3 FRr 64 B F2s RN
- - - -
fdg  EEN =27 655 FOLD Jg il
- - - (19¢ gt ot
l.";s 3 3: 19¢ F-—D a-'.-“.‘l
. R - YI N bl B =4 e d
"‘it‘ . _‘_.f (k=¥ .F.L-L.J P .:
) o e . s ., e
h R 072 f=n A=l Pl
- - oG ST 0L . >
Dan ! P [ el sl Lo 13
- - e - - -
049 G 3‘.. ey -p-\'.‘ :C'-.-.‘
(15¢ i ae




- -

POOR COPY . _ . .
COPIE DE QUALITEE INFERIEURE _ :

224

. CARD NO.2 ) .
.
) :

: o sl T3

BCLL KR i RN L TDoeT e S
P23 ig-E $nay - SIRD PRy TeT
- N 143 - =l X : 33
ifon I oan 44 : 3 4 FRIN e
ETIC 1Dl MIORNA  IE i s i e
2y M5 - -2t iy Ry Loal
FILT I 8T T .7c IS eLELD 213
3Ted ITiET [ETI 1o-iT 88 §Te et
YLELD SR 45 LTIr T 83 Froes R
FoLE 5o (36 RCLT T P30 ; i
ACLD KRR 150 RCla 3l i8] . I
y 3% 152 N 9 3
CH3 =22 153 . -ee 153 4 a4
RCLI R 154 &T0¢ I o7 154 A -3
+ -t 155 6735 2l ik 193 o8 2z

§ e 156 zalBL7 kg 19 ey RS

. -2 (577 RoLT %8 137 RELS T

: o H At I8 L. e RILE R

4 & 153 -IT 155 - -3

S =it 166 3705 Ic s i - -7
CH3 -2z 161 aL2L3 RO 200 RN o3
RCLE Iz 152 RCL3 I3 G dés ¥BLY Il 4
: -57 163 §ir: I5-E8 22 A -
£753 7T oA i64  §Tr4 35-5% 2 el CLEs ie-IT
Car Iooarv 155 s 3c o 283 Fod iZ=2
<7 1E-38 ‘ 165 PRTY -4 285 CLRS 15-53
£T2S Zps 167 RCLE 3¢ °f e Rih o4
RCLE o 165 3Tei 35-55 &Z clz wille Il I I7
STIE ez . 185 FRIN -2 g5 IR fe-l!
SCL3 70T 178 by 16~13 2le  RELE 2L 2z
T =77 171 . -3 -3 & SR PO CENNN
57+1 5I-3F ¢l 12 g i cli -l
T i 73 6 aé 213 FRTA -3
WLELE 21 G5 174 ! G! 214 RoL4 T
ETaE ;e 175 e 15-32 SIS FRYA -1
KCL3 o7 {76 ET0: IIig i clo RCLI 3
i -7 . 177 RN 24 217 FRTA -id
5Tl ZT-£¢ 3! 176 #LBLC iz 218 RCLS IZoee
iLBLA 2106 179 FCL3 36 ¢7 214 FRTY -4
ol 12 186 ST+5 I5-53 oz 2ze R3S N



=
o]
g Tva v—a

TS T T T Iy 'Ry T T T 0
Lo de Tap Ca] fed Ted fa) fad tad Fa) fag 0a) Fon Lo
N Jn Lo by = Ty 00 O, 10

£

L&

D O T T

it

= ~
LAC R N AR 2 . TN Y

~
[ardY SRR I

-~

Julewo
- om
Mol

.
'
¢
=
oy
!
!
-
Rlii

=

.
L
[
C
TR
Lac
Y

Ao Feg vt n

i

Bog w06 oy F PR 8 g e e My e

P aei, 0 el Fea v r e scama Fe 0y

L
e

r
y O, Targ
A~ Fr kst

L
rgo

r
&% B ]
LECN P

€
)

™,
LRV
4

'
LA
- T

L
&

RS T

1
AT P R TN O g ) gy

N . R R R )

LEY |
LET]

S
T
-

fukeg

F.
€y

D Ca T o Ca

POOR COPY

COPIE DE QUALITEE INFERIEURE

Card No. 3

LK)
g3l
kK
a5y
u55
IR
asvy

858

455
HE
el

Lo

al Fog —

ot O6 N O

s Real

s

LaCRR Y I Bl B e SR A )

T D Co ot

AR = B TR Y e JLY BB a B RELY CERN SR SR (ILY SR LI R =

Jor V== S W0 Gh =) T CR 3 e P

b e e G O D O G O T

8

N=RY
T4
JRP—
ot
Eons
KILT

LLn

Fpf-n sa ¥
['4

'
1 POy
A
e P T 0y Sl Ty vy

gl
o,
FELAL LY Bl S PN Y |

I
s

y L)
-0 4

+

<
o .
T
we WL
[V
el
_crc
-
-+
Jo It
-
10
-F
Ve
~JE
4 -
e
VL]
-~
L
o
-
-
-- -
LRV R

e b R b= b e s Smm b m

L L T PR N e S T

g Tag ") T3 Eu Fa Pod Foe Fel Fua T Fog

e Bme #s B bn Rw bm Rew Fna 3=t b bk bea ba boa

— i b=

faf Foa -

PR Y R
T Tae OO T T, L L

G omen T LTy 6 g VX, P T Ty T s

of Fo

o] Faf Cap ol fm}

.

o il TR SRR I, I )

LU T

[ TR SR A A I |
g g v

-
g
£

[
.
RSP

14
143

— b
nwhTh
o L Iy v T

L

S
n-on

Y,

-

Pem~
[Ty
Vi

: 1]
P
m

e

[RRE SR |
4 Ty
[N AT

Y gy

10
e

XY Ty TR v I3 ey

“ty
2l B & L
- yr

fey -

re,
L}

-t
el g, Frp I

2 B & W= 0 3N i

- =

—y P~ =y~ =y r=-r-
[a¥]

*T1 2T T
P33 T, AN, Iy LTy T

Ly

T
..
L
- - .
N
s,
-l
-7
Il
- s
.o
- .
e 4
cr o
TS
- a
S ..
_—e -
P
'
Uy
PR
=
-
- !
S. .
..I-i
P
T
T
-
-s .
[SAF S,
- -
T
(S
(A
-4
[SN
-
O
Il
-
-
LA
e .-
Sl
-1
P
P
ol ol
L)
- -
[
LR
.
X
-

s

225





