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DAILY SYNTHETIC STREAMFLOW SEQUENCES
AND THE EVALUATION DOF DAM SAFETY

JERSON KELMAN

CEPEL, CP 2754 , Rio de Janeiro, BRAZIL

The maximum spillway capacity may be defined by modelling the
historical flow record as & whole, rather than only the annual maxima.
Several daily streamflow models proposed in the literature may be
vsed for this purpose. It is presented a methodology for testing the

synthetic series produced by any model vis-a-vis the historic series.

It is presented a case-study of the use of synthetic daily stream
Fflow sequences for determining the relationship among the controlling
variables in hydrologic dam-safety analysis: the spillway capacity,

the maximum normail water level and the dam crest level.

Maximum spillway capacity is very censitive to some reare flood
events. For exemple, the extremely severe flood of 1583 in the South
of Brazil has-triggered a preventive engineering effort to assess the
safety of several dams in operation and in design. It is presented a case
study for the estimation of annual extreme flow probability distriby
tion: flood freguency methods are more sensitive to the 1883 event

than the adopted daily streamflow model.
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INTROOUCTION

The smaller is the discherge capacity of & dam spillway, the
lower must be the maximum normal water level {MNWL) of the associated res-
ervoir in order to ensure enough attenuation storage. This is nec-
essary to avoid overtoppings caused by adverse inflow hydrographs.
Although the cost of & spillway increases with its capacity, the best
gconomical choice is not obvipous because the benefits of a dam, mes-
sured for example by power production, also increase with the MNWL.
There are spillway designs which are revised yesars after construction

due to either the aveilability of new deta or the use of & better
calculation procedure. In these cases one may change the MNWL ,
resulting on cdifferent operation constreints or even conclude that
the spillway is not safe enough, Therefore to obtain good designs
or to get safe opersation rules for existing reservoirs, one must be
able to determine for sach spillway choice its assopociated adverse
inflow hydrograph and MNWL.

The adverse inflow hydrograph for large and important dams,

also called project hydrograph, ic usually determined either through
flood freguency studies or through meteorological studies. The latter
includes transposition and maximizsation of storm potencial coupled
with the use of rainfall-runoff trensfer functions. Several criticisms
have been reised against both approaches, such as:

al) the metecrological studies sim to celculate the inflow hy-
c¢rograph upper limit based on the physical understanding of the water
flux process in the earth-stmecsphere environment. It is understandable
that errecrs may be made on the representation of the process itseld
snd on the estimaiion of the model parameters. One is never sure,
with this method, how large the errors might be. In fact, "it is noti
uncommon for the first estimated probable maximum flood to bhe lower
than be biggest observed flood for s site” (1).

b) the flood freqguency studies are usuelly based on small records
of flows, from which an also small sample of annual maxima is ex-
tracted. Probasbility distributions are then fitted-to this sample and
used to calculsate qusantiles located on the right tail, for example
the "100C0 years flow". Some advocate the use of & sample of Tlows
exceeding a threshold level in corder to overcocme this sample size
limitation. However it has been reported (2] that this procedure is
not always more efficient than the maxims annual method.

The apprbach adopted in this paper is to model the historical
flow record as & whole. In this way all of thsz available informsiion
is extracted from the dats. This allows synthetic floods to be
constructed which may exceed the largest observed flood due to “the
joint occurrence of events which are not themselves remarkable but
are together cepsble of producing & large flood” {3). It is brietly
described & stochastic model for the genersation of samples of daily
streamflow. This model is used to generate thousands of synthetic
deily streamflow sequences, the length of each one being equal fo the
number of days of the flood seeson. These seguences sre then used
to perform dam-safety &nalyeis.

The methodology is applied to & dawm built to house &power plant.

THE STOCHASTIC MGDEL

In recent yeers, several researchers have stressed the require-



ment cf perameter parsimony for eny proposec cttochaestic hydrolcogic
mogeli. 1t 1g¢ the opinion pf the writers that the seme parsimony
principle should be applied to the assumptions adopted in the model
building phase. In fact the two goels are conflicting, since & few
parameiers model can only be built on top of severel c2ssumptions, not
slwavs contemplsated with empiricel support. This is the case of the
annual maxima frequency studies, when one is forced to adopt 50mME
probability distribution with few parameters due to the small number
of events on the record. For instance, the use of type I Extreme Valuve
Distribution (Gumbel), imposes the calculetion of ocnly two sample
moments. Y&t there are several assumptions underlying this method
that can only be saccepted if the corresponding daily stochastic pro-
cess is of a very special type. :

Fortunately there is plenty of information inthedzily sireamflow
series that allows building models that resemble the data more prop-
erly. in this way, due consicderation can be given, for example, to
time-dependence and nor-stationarity. On the other hand, the extrems
value distribution turns out to be difficult to represent by e closed-
form mathematical expressicn and the most convenient approach is the
Monte Carlo method,.

There are severel stochastic models for daily streamflow pro-
posed in the literature, for example (4], (5}, (8} and (7). In gen-
eral these models are based on varying degrees of theoretical as-

sumptions sbout the process. The model described in the ensuing text
might not represente the best balance of the parameters versus as-
sumptions conftlict. In fact it is biesed towards minimizing the role

of the essumptions in favour of empirical evidence.
Let D(t) be the mean Flow on day t and

Xx(t) = @Q(t) - @g(t-1) [1)
[t) is classified in & three way tsable according to the following
criterisa:

A -

X[t} < D ’ - a = 2

B - qj_1 < q{t-1}) < qg o+ b = j

c - < 1t < 7 -+ C = m

m-1 — m

The vector g = [qD, Qyr Gopr - e Qj, ce e, qr} partitions the
range of caily flows intor intervals whereas the vector 7 =[TO, Ty
12, e e Tm' e TS] partitions the flecod seeson duration into s
intervals. Therefore sach value X(t) may f211 in one of the 2rs

classes, according with the sssociated set la,b,c). The claess marks
should be selected according to the peculiarities of data. For example,
one may guess that the falling (or risingl) limb of the hydrographs
behave differently for high and low flows and choose, by visual in-
spection, a component of g which will divice the two "states". Anel-
ogously one may observe that the floods in February "look different”
from those of Januery and therefore chocse the last day of January &as
one of the components of 1. Cere musi te teken to avoidclesses with
ccarcity of sample points. in fsct the number of chservations in
gach class should be large enough to allow the use of the essocietec
empirical distribution.

The persistence of dsily streamflow is incorporated into the
model through & sezsonal two state Markov chain representation
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n_o PIXIE) > 0]x(t-1) > O) [
and
¢, = PEX(E) < 0|xtt-1) < 0} (2t}
Where ¢ oepends on the t value, according to classification C.
Once the ctlass mark vectors g and T have been established, es-
timation of the transition probsbilities 7y, ¢7, Ty, ¢, .., Tg, ¢
and the grouping of the observed x(t]) values according to ihe corre-
sponding (&,b,c) set, is a simple matter of date manipulstion. Each

year of synthetic daily Flow is produced according to the following
scheme: )
1) t = 0; sample gl(0) from the last-day-ocf-dry-season flow em-
pirical probability distribution; a = 1
II) t = t+1
ITI) set value of b according to g(t-1) and of c according to t
IV) sample u value from uniform (0,1) distribution
V) if 8 = 2, go to {VII)
VI) if v> 7, then a = 2 and go to (VIII)
VII) if u > ¢, then a = 1
VIII) sample x(t) value from the empirical distribution of the
(a,b,c) class
IX) gf(t) = glt-1) + x{t)
X) if t is not the last day of the flood season go to (IT)

DAM-SAFETY ANALYSIS

Usually & propocsed spillway is tested through a routing calcu-
iation with the adverse inflow hydrographs. assuming the MNWEL as the
initial condition for the reservoir state. From these simulations
one gets the maximum water level (MWL), on top of which it is added an
allowance to wave run-up due to wind speed. These two levels are
then compared with the dam crest level and account is given to pos-
sible hazards, considering the dam type. The eventual uvnderdesign
(or overdesign) should be corrected by changing either the crest
level, or the MNWL or the spillway capscity.

Alternatively one may test the proposed spilllway by calculating
"the required MNWL through a bsckward routing calculation with the
adverse inflow hydrographs, assuming the MWL a&s a boundary condiiion
for the reservecir state. This approsch is particularly suitable when
one has to re-evaluate the operstion constraints of existing dams.

Following the latter alternative, it is necessary to calculate
the minimum attenuation storage {which might be zero) sufficient 1o

prevent overtopping the MWL . For an =dverse inflow hydrograph i, The
attenustion storage, s(i}, can be calculated as

o (i) = max[s(t,i) = max{0;s(t+1,i) + q(¢,3) - d(s(t,i),s(t+1,1))] (3)

t

where

t indicates-the time, t=h,h-1,...1

h is the lest day of the flood season

i indicates the adverse inflow hydrogreph, 1=1,2...

s(h,i) = 0, Vi

s(t,i) 0 implies that the water level is MWL

g(t,i) is the inflow to the reservoir on day t

dls(t,i), s(t+1,i)) is the outflow from the reservoir through

the spillway on day t.
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ke the sctual streamflow seguence iz not known & priori, 1he
zttenuetion storape S is to be considered as & random variasble. lte
probability distribution can be inferred from the set is(i), i=1,2,...},
obtained from the use of egquation (3) over thousands of synthetic
sEQUERCES. The project sttenuetion storsge is eguel to the gquantile
5,0 defined as P[(S » su) = a. The inverse of o is tne selected re-
currence time for the spillway, which for important dams usually varies
between 1000 and 10000 yeers.

The MNWL is calculeted entering onthe storage-level relationship
with the value of (v,.. - s4) where vpgx is the storege of the
reservoir at MWL,

CASE STUDY

The Furnas hydroelectric plent is situated in the southeastern
region of Brazil, on the Grande River, the largest tributsry of the
Parana River*. It lies approximstely 320km to the north of Sao Paulo
and 400 km northwest of Rio de Janeiro. Its basic purpose 1is power
ceneration with its installed capacity of 1,216 MW. One of the more
important characteristics of the Furnas project is the creation of a
large storage reservoir whose objective is the long term regulstion
of the Grande River with conseguent benefits to a series of hydro-
glectric schemes downstream. The catchment aree of the Grande River
upstream of the Furnas bam is 52,000 km? and the mean discharge is
about S00 m3/s. After enlargement and with & pool level at elevation
766.00m, the reserveoir occupies an erea of 1,440 kmZ end has an ac-
cumulsted volume of 22.85 km3 .

The final lavoutl, determined by geological and topographical
conditions, loceted the structure in the left abutment and a 127 m
high zoned rockfill dam, arched in plan [(crest length of 550m) over
the riverbed and right ebutment. Construction was started in .1858
and the first generating unit entered into service in 1983. The res-
ervoir was designed for a MNWL of 766.50m and a MWL of 768.30m. " The
available head drop is about 85m. The spillway design, = developed
guring the fifities, considered two constraints : (a) the spillway
capacity at the MWL should be at least 13000m3/s, which would corre-
spond to the largest Creager coefficient from southeast Brazil .rec-
that time; (b) the routing of a particular project hydro-

orded &t
starting from the level MNWL should not overtop the MWL, even

graph,

with one of the getes closed; this projectahydrograph was defined
based on regional freguency snzlysis of annual maxim& anc mean annual
filpow, for s recurrent interval of 10000 years (peak daily Flow of

18000m3/s). As a result it was constructed & spillway controlled by
7 radial gates, 11.50m wide by 15.80m high, mounted onsplitters 2.0m
wide with @ rounded front. The crest profile wes determined by the
flow lines for a head of water of 15.0m above the crest, located at
the 750.80m. From the spillway crest the water is conveyed by a
chute to & skijump and its energy dissipated in the river downstream.

Later consideratien of other adverse inflow hydrographs have
suggested that the spillway wes overdesigned and that six gates would
heve been enough. in the seveniies, it has been studied the raising of
MNWL (8). In the following text the Furnes dam sefety asnalysis iz
aone in the light of tne methodology proposed in ihis paper in order
to illustrate its applicability.

* Technical data about Fuanas Dam was extracted mosily from [§].



A 37 years recerg of natural oaily streamflow (1830G-3) <o 19b1-62)
was used a5 input 1o the stochastic model. The cless marks were
c . = ] = = 3 =
chosen as Qp 0 q1 1000, o, 2000, Q5 (m®/5) and Tg Dec. 1,
T = , T = F , 1 = s = = .
] Jan 1 5 eb 1 3 Mar 1 Tq Apr 1 and 75 May.l

100.000 years of 151 days long syntihetic hydrogrephs were gen-
erated by a VAX 11/780 computer in 320 min of CPU time. The greatest
generated deily flow was 12332 m3/s., Figure 1 shows a comparison
between the sample acumulated distributions of maximum annual flow,
cbtained from the 32 years of historical record and frem the 100.000
years of the synthetic seqguence. Gumbel probability scele was used.

The good matching evident by eye inspection, can be, confirmed
bty the chi-sgquared goodness-of-fit statistic of 1.01, using 51x
grouping intervals. It ic interesting to notice that the maximum
flow in the 32 years of record has & return period of 81 years. It
also can be seenthat the estimated 10000 vears flow is about 9500m3/5
whereas the extrapolseted Gumbel distribution yields a slightly grester
value. In fact, in this case the synthetic streamflow approach and
the use of Gumbel distribution Ffitted to the annual mexima are prac-
tically egquivalent, as far as peak flow-return periocd relationship
is concerned. The former method has the advantage of produzing whole
hydrographs, rather than just the peaks. )

From the 100000 synthetic sequences only 28 were considered as
"adverse hydrographs” {for dam safety analysis. The adopted criterisa
was to select the hydrographs with peak flows greater than 8000m3/s.
The MNWL's calculated for each of these hydrographs through equatiaon
{3) were ordered allowing the estimation of the 1000¢ years project
value (the 10N lowest level). Table 1 shows the results for 7, 6
and 5 gate openings. It ctan be seen that the

TABLE 1

DAM SAFETY ANALYSIS FOR FURNAS HYDROPLANT
(MWL = ?7B8.30m]

NUM3ER SPILLWAY 10600 YEARS LOWEST LEVEL
OF GATES | CAPACITY AT MNWL  {m)} {m)
MAL (m3/s)
7 13000 769. 30 768,30
B 11143 769.30 767.75
5 S28B6B 768.26 *

* NOTE. For 5 gates there were 3 synthetic sequences, out
of 100000, which could not be accomodated gven
with the use of the total reservoir volume.

six gate sovlution suggested at the design phase is indeed guiie resa-
sonable.

The 10000 years MNWL is equsl te the MWL even for only s5ix gate
openings, meaning that no attenuation storege is needed in the actual
Furnas reservoir. Conseguently the MNWL could be reised from 766.50m
to 769%.30m, which is gguivalent to 4.05 kmd of gein in stored volume.

At least four other aspects have to be considered whenmodifying
the MNWL : (&) change or adaptation of the spillway gates:; (bl effect
on the reservoir flooded area; (c) safety of the downstream dams; and
{d) flood mitigation in downsiream areass. A careful feasibility study { &)



hat &xamineg the poesibility of reisang the MNWL to 7656.00, giving

gue consideration to the Tirst two aspecte. For this intermediste
level rising, the gein in stored volume is 2.08 km3 which corresponds
to & firm energy surplus of B8B800E MWh/year. This calculation wat

done taking into considerstion the other imporiant generating plants,
projected or under construction, of Southeast Brszil (total installed
capacity of 34085 MW3}. This energy output can be produced by an
"equivalent" hydroplent of sbout 130 MW. The last aspect [d} hes also
been considered in a different study (10} which came tothe conclusion
that a further 0,82 km3 attenuation storage is necessary to prevent,
with & return period of 50 vears, outfiows from the dam greater than

4000 m3/s. )

CONCLUSIONS

1. It is shown that the use of synthetic deily streamflow models
can be a valid approach in the modeling of extreme flow - frequency
relstionship. The empirical support given by fipure 1 demonstrates that
convincing results can be obtainedwith a simple model, based on few assumptions.

2. Synthetic daily streamflow sequences are useful for determining
the relationship among the controlling variables in hydrologic dam-

safety analysis : the spillway capacity, the maximum normal water
ievel {MNWL) and the crest level.
3. The suitability of adopting the backward routing, equation

(3), in re-evaluations of operation constraints cf existing dams 1is
well demonstrated in the case-study of Furnss Dam.

4, Furnas spillway could have been constructed with only 51x
gates. The safety of the existing dam-sllows the raising of the INNWL
to the MWL, although this might not be economically feasible.
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Fig. 1. Synthetic flood freguency distribution and observed flows.
Distribution de fréquences des crues synthetiques et des
débits observes.



