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Abstract

Hydrologists frequently employ simplifying assumptions when
using so calied “‘design’’ storms for estimating runoff. In par-
ticulag, wniform rainfall rates are often assumed as well as a
uniform spatial distribution and a stationary storm. In this paper
attention Is brought to the variability of real rainfall rate ia time
and space, and to the movement of storms. The kinematic equa-
tions are employed to simulate the effect of these variables on
cunoff from a simple catchment, Generalized graphs indicating
the effect of each variable on the peak runoff are included as well
as guides o the selection of design storms to account for the
storm dynamics and distribution.

Introduction

It is common practice to design stormwater systems for uniform
intensity, uniformly distributed, stationaty storms. Lack of data
often makes any other basis for design difficult. There is little -
formation available on instantancous precipitation rates, storm
cell size and cell movement. Time average precipitation rate or
total precipitation depth can be predicted from intensity-
duration-frequency curves (e.g. Van Wyk and Midgley, 1966) or
equations such as that of Bell (1969). The most common method
of abstracting data from rainfall records is to select a duration and
calculate the maximum storm precipitation in that period. The so
defined storm may include times of low rainfall intensity im-
mediately preceding and succeeding a more intense precipitation
rate.

Such simplifications in data render runoff calculation
simplistic. Even when employing numerical models it is simplest
to use a uniform intensity hyetograph for every point on the cat-
chment. Although time varying storms are sometimes used, the
precipitation patrern is seldom related to the maximum possible
runoff rate.

Warnings have been made against simplification in rainfall
patterns. For example, James and Scheckenberger (1983) in-
dicated that storm movement can affect the runoff hydrograph
significantly. Eagleson (1978) has expounded on the spatial
variability of storms and Huff (1967) studied the time variability
of storms,

Although much reseacch has been done on storm variability,
relatively little has been published on the resulting effects on
runoff hydrographs. Research appears rather to have concentrated
on models of particular (monitored) storms over particular cat-
chments. The design engineer or hydrologist does not have suffi-
ciens guidance as to what storm patiern to design for. Presumably
cerrain rainfall sequences, spatial variations and storm move-
ments will result in a higher rate of runoff than other rainfall pas-
terns for a particular catchment. Apart from an indication of
what storm pattern produces the worst flood, one needs 2n in-
dicatton of what storm pattern could be expected for the design
catchment. Such data should be available on a frequency basis in

order to estimate the likelihood of the worst hyetograph shape,
spatial storm distribution and movements occurring. Although
isolated catchments are being studied by the Water Systems
Research Programme at the University of the Witwaterstand, con-
siderably more information is required for the country as 2 whole.
Analysis and use of such data in different combinations would re-
quire many trials before the worst storm patterns would emerge.
An alternative approach is a deterministic one. Before calculating
runoff, the analyst determines the following in order to select the
correct design storm:

® the storm duration (for small catchments this is usually
equated to the time of concentration of the carchment. Excep-
tions are irregular shaped catchments, and when losses are not
propottional to rainfall (Stephenson, 1982));

® variation in precipitation rate during the storm;
® spatial distribution of the storm; and the

® direction and speed of movemem of the storm.

The above information could be employed in modelling the
design storm using numerical models. Alternatively, for minor
strucrures, simnplistic methods such as the Rattonal method could
be empioyed. Since data shortage often limits the accuracy of
modelling, the latter, manual apptoach, is often sufficiendy ac-
curate. The guides presented below may assist both the modeller
by providing information on which design storm would produce
the highest ranoff rate and the formula orientated solution by
providing factors to account fot storm vartability.

Storm patterns
Variation in rainfall intensity during a storm

In order to understand the reasons for and extent of variability
(spatial and temporal) of rainfall, it is useful to describe the
physical process of cloud formation and precipitation. The ma-
jority of storms in the interior of South Africa are convective, that
ts, the clouds originare from rising air masses. On the other hand,
storms of winter and all year rainfall regions e.g. 65% of Cape
Town’s annual events are from frontal activity and 70% of
Pietersburg’s ‘extreme’” annual events are caused by tropical and
mass movements. The size and shape of the rising aic mass
depends on the topography and the air masses will usually be of
smaller scale than the air mass which has been brought by advec-
tien and which contains sufficient moisture for raindrops to
precipitate. Mader (1979} concluded from radar observations of
storms in South Africa that storm ateas, duration and movement
were felated to mean 500 mbar winds, thermal instability and
wind shear.
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Most recorded hyetographs indicate thar rainfall intensity is
highest somewhete in the middle of the storm duration. Huff
(1967) presented extensive data on rainfall rates for storms of
varying intensity indicating a time distribution somewhat be-
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Frgure 1
Hyetograph with peak near beginning,

Spaual distribution

The nacure of storm cells within a porential rain area has been
documented by many researchers e.g. Waymire and Gupta
(1981). The persistence of storms observed in the Northern
Hemisphere has not been found in South Africa hawever (Carte,

tween convex upward and tiangular. In order to create a /_.

hyetograph which could be used for simple design of intercon- LMSA

necting stormwater conduits, Keifer and Chu (1957) proposed an ¢

exponential distribution termed the Chicago storm. The position o SMSA

of the peak intensity could be varied and was observed to occur at g 9 ]

about 0,375 of the storm duration from the stare for Chicago (Fig. CONVECTIVE CELLS

Synoptic area

Fegure 2
Typucal avead diseribution of @ convective storm,

1979). The larger air mass within which storm cells occur is refer-
ted to as the synoptii area (see Fig. 2). The synoptic area can last
for 1 to 3 days and the size is generally greater than 104 km?.
Within the synoptic area are large mesoscale areas {LMSA) of 10%
to 10* km? which h:ve a life of several hours. Sometimes small
mesoscale areas (SMEA) of 107 to 10* km? can exist simulraneous-
ly. Within the mescscale areas or sometimes on their own, Con-
vective cells, which ire regions of cumulus convective precipita-
tion, exist, These may have an areal extent of 10 to0 30 km? z2nd
have an average life »f several minutes to half an hour. These cells
are of concern to th> hydrologist involved in stormwatet design.
By comparing the storm cell size with the catchment size he can
decide whether the cell scale is significant in influencing sparial
distribution over th: catchment. There may be overlapping cells
which could result in greater intensicy of precipitation than for
single cells. Eaglescn {1984) investigated the statistics of storm
cell occurrences in a cacchment and found the possibility of fatge
storms can be com uted assuming overlapping small storms.
The shape of the storm cell has significance for catchrents
lager than the cell. Scheckenberget (1984) indicates thar the cells
are elliptical which may be related to storm movement. The rain-

Fgure 3
Wuseravion of spatial distribution of precipitation miensty.
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fall intensity is highest at the centre and decteases outwards. The
intensity has been shown to decrease exponentially, radially out-
wartds from the focus, in vatious localities as in Fig. 3 (Colyer,
1982; Wilson 7 @/, 1979). Generzlly the variability in intensity
does not necessarily cause higher runoff intensities, but on small
catchments near the centre of the cell the average precipitation
can be higher than for 2 larger catchment, and as a rule, the rain-
fall depth increases the smaller the storm area {Narural Environ-
ment Research Council, 1975).

It should also be noted that local effects, e.g. built-up areas,
can influence the amount of precipitation. Huff and Changnon
{1972) indicated that local thermal effects over utban areas can
add 15% to the storm precipitation on the leeward side of the
town.

Storm movement

Clouds generally travel with the wind at their elevation. Rain-
bearing wind speeds can vary widely with, speeds between 2 and
60 km/h not uncommon in South Africa. As che rain falls it goes
through lower speed wind movements so that the most signifi-
cant speed is that of the clouds. The direction of lower winds can
also differ from the general direction of movement of the upper
strata. This may be the reason Changnon and Vogel (1981)
observed slightly different directions for storm and cloud
movements. Dixon {1977) analysed storm data from Nelspruit
and other areas and indicared storm cells have a circulation in ad-
dition to a general forward movement.

Numerical solutions

The effects of storm dynamics and distribution can be studied
pumerically and the results for simple plane catchments are
presented below. The kinemaric equations are employed in the
numerical scherne. Alchough these solutions are no substitute for
detailed catrchment modelling when there are sufficient data,
they do indicate which vaciables ate likely 1o be the most impor-

tant-in storm dynamics. [t must be pointed out that the following
studies are simplified to the extent of assuming constant speed
storms with unvarying spatial disttibution. True storms are con-
siderably more complex as explained in the above references.

Kinematic equations

The one-dimensional kinematic cquations are for a simple plane
catchment (Brakensiek, 1967):
ay

the continuity equation 3+ + a4 _ I and
at  3x  °F

flow resistance q = zy®

y is water depth on the plane, q is discharge rate per unit width of
planc, i, is excess rainfall rate, t is time, x is longitudinal distance
down the plane, z is assumed a constant and m is a coefficient.
Employing the Manning discharge equation in SI units
z = V'S,/n where S, is the slope of the planc, n is the Maaning
roughness coefficient, and m is 5/3. (Fig. 4).

The number of variables can be reduced to facilitate solution
by re-writing the equations in terms of the following dimen-
sionless variables:

X = x/L
T = t/t,
I =i/i,
Q = q/iL

where L is the lengrth of overland flow, i, is the time and space
averaged excess rainfall rate and t, is the time to equilibrium, or
gime of concentration, for an average excess rainfall i,. Subscript ¢
refers to time of concentration, d to storm duration, 2 to time and
space average and p to peak. Then the following expression for ¢
can be derived:

1 = (Lizip-Hiie

Figure 4
Plane rectangular catchment studicd with storm.
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In genetal the dimensionless variables are proportional to
the dimensioned variables. Thus Q is the proportion of max-
imum flow at equilibrium. Substituting y =(q/z)"'™ from the
fesistance equation and for X, T, I and Q from the equations for
the dimensionless terms, the following equation replaces the con-
tinuity equation;

9Q

S5 = s =28

a

X

This single equation can be solved for © in steps of T and X for
various distributions of 1,

Numerical scheme

Although it appeats a simple matter to replace differentials by
finite difference, rthere can be problems of convergence and speed
of solution unless the correct numerical scheme is employed. The
simplest finite difference schemes are explicit, employing values
of Q at a previous T to estimate new values at the next time T.
This method is not recommended as it is often unstable when
disconcinuities in rainfall intensity occur. Upstream differences
are usually aken in such schemes, as downstream effects cannot
be propagated upstream according to Huggins and Burney
{1982). Ir is also necessary to limit the value of AT/AX to ensure
stability,

Woolhiser (1977) documented various aumerical schemes
including very accurate methods such as Lax-Wendroff's. Braken-
sick (1967) suggested 3 schemes: four point, implicit and explicir.
His second scheme (implicit) is adopted here as it is accurate and
rapid for the examples chosen.

Employing the notation in the grid in Fig. 5:

2Q Q-9
ax Ax

_3_9 _ Qi+ Q-0 -Qy
aT 2AT

Since 2Q/8T is not sensitive to Q¥3, (the power is less than
one). Q¥ is approximated by ((Q;+Q)/2)*%, i.e. an explicit
form is employed hete ot else the resulking equations would be
difficulr 1o solve. The finite difference apptoximation to the dif-
ferential equation is thus:

Q+Q-Q5-Q; Q5+ Q4 Q:-Q
22AT3 * =513 52 (1= AX )

solving for Q:

5/3(9_;;(24):”5 L+ Qz)+ Q+Q-Q

o, - AX 24T
b L Z”ﬁ(gif'&)zrs
2AT © AX 2

Starting at the upstream end of the carchment where Q, =0
and replacing Q, at the next point by Q, at the previous point, all
the variables on the right hand side are known and one can solve
for Q,. The dimensionless time step used was 0,05. The dif-
ference for smaller time steps was found by trial to be unnotice-
able.
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Specific cases

Time varying storms

One of the most frequently used simplifying assumptions, bur a
dangerous assumptio 1, in many rainfall-runoff models is that of
constant precipieation rate throughout the storm duration. The
temporal variation o! precipitation intensity for storms over II-
linos was documentd by Huff (1967) whose findings are often
extrapolated to othet regions. He suggested identifying the quar-
tile of maximum [recipitation and further employing pro-
babilities of the rain: occurring sooner or later than the median.
Huff (1967) plotted his results as mass rainfall curves so it is not
easy to discern the shape of the hyetographs unless his curves are
cifferentiated with r2spect to time. In general they are found to
be convex upwards. Apart from Keifer and Chu's (1957) syn-
thetic hyetograph, cvidence points to convex up hyetographs.
The assumption of : triangular hyetograph is thus extreme as a
real storm would tend to be less ‘peaky’ than a triangular one.
The general triangular-shaped rainfall rate versus time relation-
ship depicted in Fig 6 is therefore studied. The time of the peak
is vatied between tae start of the storm (T,=0) and the end
(T, =1).

Simple models of hyetographs assume a single peak in rain-
fall intensity. Storms with muitiple major peaks can be synthesiz-
ed from overlappiny; compound storms. It is a single peak-storm
which is considered here and the time of the peak intensity pet-
mitted to vary,

It was found ly Sutherland (1983) that design storms for
flood estimation generally peak in intensity in the first half of the
storm. This is an alleviating facror in peak runoff, as indicated in
Fig. 7. That is a plot of hydrographs from the simple cacchment
depicted in Fig. 4 -vith various hyetographs imposed, i.e. a rec-
tanguiar hyetograph and triangular hyetographs with various
peak times were employed. The ordinate in Fig. 7 is the discharge
rate expressed as 2 raction of the mean excess precipitation rate,
and the abscissa is 1 ime as 2 fraction of the time of concentration
for a uniform storr with precipitation rate equal o the mean rare
over the storm for ach of the triangular hyetographs.

It will be obs:rved from Fig. 7 that if the storm intensiry
peaks in the first part of its duration (T,<0,5) the peak runoff is
less than that for a uniform storm of the same average intensity.
This holds for peats up to 80% of the duration after the com-
mencement of rair.. Only for the peak at the end of the storm
(e.g. T, = 1,0) doe.: the peak runoff exceed that for a uniform in-
tensity storm. Then the peak runoff is approximately 10%
greater than for a uiniform storm of the same duration.

If the storm ¢ uration is not equal to the time of concentra-
tion for a uniform storm however, the peak can be higher. Fig. 8
is for a storm of constant volume peaking ac its termination
{T,=1) and for d 1rations represented by Ty=0,4 to 1,2. It ap-
pears that the tim: to equilibrium for this type of hyetograph is
the same as for . uniform storm. These hydrographs are for
storms of equal volume so that the shorter duration starms are of
a higher intensity than longer duration storms.

Iz should be recalled that all other hydrogtaphs plotied are
for a specified txcess rate of precipitation. That is, if the
hyetograph is uniform so are the abstractions. In practice, losses
will be higher at ¢t 1e beginning of a storm, resulting in a late peak
in excess rain eveit for a uniform precipiration rate. This has the
same effect a5 a st 3rm peaking in the latter pare as it increased the
peak runoff. The effect is compounded as a storm which peaks
neat the end will occur on = relatively saturated carchment so a
greater proportion of the higher rate of rain will appear as runoff
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X-T grid employed in numerical solution.
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Fegure 6
Temporally varying storm.
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Simenlated dimensionless hydrographs caused by storms wirh time varying
ranfall intensities (Fig. 6) but the same total precipitation.

near the end. This tends to make the excess rain versus time
graph concave upwards if the hyetograph was a straight-lined
triangle. This effect is not modelled here but all the effects result
in a higher peak than for a uniform input. Sheckenberger (1984)
in fact indicates peaks up to 30% greater than for uniform storms
due to the sum of these effects.

Spatial vatiations

it appears that zreal distribution of the storm is less effective than
temporal distribution in influencing peak runoff rate. Fig. 10
represents the simulated runoff from a 2-dimensional plane sub-
jected to various distributions of a steady excess rain. The storm
duration was made infinite in case the time tw equilibriumn ex-
ceeded the storm duration. The spatial {or longitudinal in this
case) distribution was assumed triangular, the peak varying from
the top to the bottom of the catchment as in Fig. 9.

—
Ny o

0.4 0,60,81

Figure 8
Simulated dimensionless hydrographs caused by late peaking storms of
constant volume and varying duration.
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The same exampl : would apply to a uniform intensity storm
over 2 wedge-shaped carchment, the catchment width increasing
linzarly to X, and then decreasing linearly towards the outlet
where X =1.

Fig. 10 depicts the resulting simulated hydrographs which
indicate that the runoff never exceeds that for a recrangular
spatial discribution of rainfall.

The resulting diinensionless time to equilibrium is nearly
unity for all cases, imf lying the same time of concentration holds
for uneven distribution as for uniform distribution of rain. There
is therefore not a chan:e of a shorter duration storm with a higher
intensity contributing to a greater peak than the uniform storm
(unless the intensity-duration curve is abnormally steep) since the
time to equilibrium is not reduced relative to a uniform storm.

I
I peak intensity
P
=2
I —_ S—
a
=1
X
X X=1
p
Figure 9
Catchmen.' with longitudinaily varying storm.
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_ Frgure 10
Simulated dimensionle.s hydrographs caused by steady semi-infinite
starms of varying distribution down catchment (Fig. 9).

Moving storms

Fig. 12 represents sinulated hydrographs from a storm with a
constant precipitatior. rate and spatially uniform travelling down
the catchment. The ongitudinal extent of the storm cell is the
same as the length of the catchment since in general smaller area
storms are reputed tc be more intense than larger cells. (Fig. 11)
C is X/T, ot the specd divided by the rate of concentration. For
slow storms (C<1) t1e dimensionless hydrograph peak is unity
while for faster storn s the peak is less. The fastet storms do not
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Catchment with a storm moving down 1.

1 i T
Figure 12

Simulated dimensionless hydrographi caused by unit steady untform
storms moving down catchment at different speeds (See Rg. 11).
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Frgure 13
Simulared dimensionless hydragraphs caused by steady uniform semi-
infinite stovms moving down catchment at different speeds,

fall on the carcchment long enough to reach equilibrium.

Fig. 13 indicates there s also no increased peak for storms of
semni-infinire longitudinal extent (never ending once they enter
the carchment). All peaks converge on unity and there is no peak
grearer than unity. Thus movement does not appear to result in a
hydrograph peak greater than for a stationary storm,

For storms of limited extent travelling up the catcchment, the
peak flow was observed o be less than for a stationary storm and
the faster the speed of travel of the storm the smaller the peak
runoft.

Conclusions

It has been demonstrated using numerical solutions to the
kinematic equations for simple cacchments that non-uniformity
in rainfall intensity can affect peak runoff rates.

Temporal vatiation in excess precipitation rate can increase
tunoff rate above that for 2 steady rate of rain. Since scorms usual-
ly peak sometime after commencing and time diminishing
abstractions tend to cause a later peak in excess rainfall rate, the
assumption of steady rainfall can be dangerous as peak runoff is
underestimared.

Uneven spatial disttibution of 2 storm does not directly con-
tribute 1o higher peak runoff unless it results in a shorter duration
storm being the design storm.

Storm movement reduces the peak flow unless the move-
ment is down-carchment, when this mode! shows no change in
peak runoff rate. A smaller, more intense storm than the one to
equilibsium for the cacchment may however result in a higher
peak runoff sate,

The model did not account for time varying losses {abstrac-
tians and infiltration). Although the results are in generalized
form (applicable to plane rectangular catchments of any size,
slope or roughness), they may not be universally applicable as
peak nnoffs can occur for storms of limited lareral extenc. The
tesulting theoretical hydrographs presented herein have not been
verified.
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