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VOLmlE I. HYDROLOGI C STUDI ES

1.1 I NTRODUCTION

The Valdesia r e s ervoir s ystem, located on t he Niz ao River in t h e

Dominican Repub lic, was design ed to provide irrigation water to t he

Ni za o projec t are a s and hydroe lectric energy t o the nationa l e lect r ical

network system. The r e s ervoir system cons ists o f a main r e s ervoir, dam

and spillway , a po wer pl an t and ou t flow regulating works, toge ther wi t h

an afterbay , diversion and spillway s ys tem a s ho r t distan c e dO~NTIstr eam .

The study on t h e operationa l manage me nt o f t h e Val des ia sys t em

r e po r t e d in a s er i e s of v olumes includi ng th i s one, i nv lov e d sever al

i n t er r ela t e d area s . Th is volume re ports in detail t h e b asic h yd r ologic

s t ud i e s i nc l ud i ng ra i nfa l l - r unoff mode l i ng , fl ood f ore ca s t ing and

stoc h a stic data gene ration ;;h i ch a r e e s sen t i a l c omponen t s of the e n ti r e

s t udy . Th e produc ts r e porte d in this volume a re us ed f or deve loping

eme r ge ncy and normal ope ration plans f or the Vald esia sys tem.

1. 2 METHODS OF IN~ESTIGATION

Hydrologic s t udi es are a prerequisite to any wat er r e s ourc e s

management project . The requ ired s tudies ne c e ss ary f o r this proj ect c an

b e cata gorized under f our t opics :

1 . Design s t or ms

2 . Rainfall -runoff mode l i ng

3 . Stre amflow fo re c ast i ng

4 . St o cha s t i c data ge ne ra t i on

Hypo t he tic a l d e s i gn sto rms a r e r equi r e d t o c ompu t e hy po t hetical

fl oo ds which a r e ne c e s s a ry f or deve l op i n g eme rgenc y ope r a t i ng

procedure s . Two

St andard Projec t

type s o f h y po t he ti cal s to rms are c ons i dere d : (a )

Storms (SPS) ; and ( b ) Pr ob abl e Maximum Prec ipitat i on .
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The rational b ehind the us e SPS is di scus s e d in many documents o f the

U.S. Army Corps of Engineers . Both t yp es of hypo t hetica l s torms r e qu i r e

depth-area-durat ion curves. Th e s e are develop ed from about 25 observed

historic s torms . S ince two reg imes of storms , name ly hurricane and non 

hurricane, are p resent in the Dominican Republic, t~o t y pes of SPS are

developed . The time dis t ribution of SPS i s also derived from the

ob s e rv ed storms . Th e PMP i s based on the Hu r ric a ne model of the U.S .

National Weather Se rv i c e (U.S . We a ther Bure au, 1961) modified by t h e

c ount e rparts i n the Domini can Re public.

An ev ent type r ainfa l l-ru no f f mode l suitable for conditions in the

Nizao basic i s nece ssary to c ompu te hypothetica l floods from

hypo thetical storms. Th e HEC -l model of the U.S. Ar my Corps of

Engineers is used for thi s purpose. It is calibr ated b y us ing data of

historic s to r ms and fl oods and a fe~ fl ood da ta derived f rom Valde sia

res e rvoir l evels during storm events . The calibra t ed mo del is used t o

c ompu t e hypothetica l f lo ods for t h r e e d ifferent anteceden t ba s i n

conditions . The model is al so us ed to r e cons t ruct the pos s ib le

hydrograph s from the precipitation tha t occurred during t he Hurricane

DAVID which struck t h e i sl and on August 30 , 1986 .

For r e al -time forecasting , a modi f ie d v ersion o f the U.S . National

Weather Se rvice Ri ver Fore cast Model is empl oyed . The mod i fic ation is

nec e ssary t o (a) deve lop a v ersion wh ich will fit i n the computing

facil ities a t I NDRHI/ CDE; and (b ) inc opora t e kinemat i c wave fl ood

rout i ng proc edu r e i n the mode l . The mode l i s ca librated using seve ra l

years of daily s t r e amf l ow data and hourly p recipitation data.

Synthet i ca l ly generated da t a a r e necess a ry to de ve l op and test the

normal operating r u l e s . Mul tivariate stochastic mode l s of s treamflow of
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thre e gaug i ng s ta t i o n s ( Ermitano, Palo d e Caj a, Rancho Ar r iba) are

de v e l o pe d from exte n de d e x is t i ng h istoric d ata . Th e gene ra t e d data at

Ermitano i s e mplo y ed to gene ra te a no t he r s y nthet ic ser ies o f n umber o f

h ours of e nergy gene ration a t Valde sia dam. Bo th the s erie s are used

fo r deve loping and testin g o f norma l ope r at ing r u l es .

1 . 3 SU~~~Y OF CONCLUSIONS

Fo l low ing i s a s~~ary o f c onclu s ion s b a s ed on t h e hy dro l o g i c

studies r e p o r t e d i n thi s se c t i on:

1. S ignificant amount o f e r rors and inc onsis t e ncie s are f ound in

var i ou s pre c ipitation and str e amfl ow da t a c olle c t ed. A c ar eful r eview

o f data c ollection p r oc e s s i n g and r epor ting o f all hydro l ogi c data i s

warre nt e d.

2. Th e s t and ard p rojec t storm ( for 48 -hour dura t i o n ) based o n non -

h u rr i c an e s t orms is 260 IT~ whe reas the same b a s ed on h urric an

precipitat ion i s 493 ~m.

3 . The wa te r s h ed ave r age PXP s imulated by the hurricane mode l o f

U.S . Weather Brueau i s 1 338 mm .

4 . The nonhurr i c ane SPS s i mulated a p e a k i n f l ow to Valdesia

r e s e rvoi r 3
o f 34 6 9 m /sec f o r dry ante ced ent c o ndi tion s whe r eas t h e same

f or we t anteceden t condit i ons i s 7544 m
3/s

.

5 . Th e hurricane SPS s imu l a t ed a p e ak inflow t o Valde sia reservoir

of 10 18 5
3

m /s fo r d ry antecedent c on d i t i o n s whereas the s a me f o r wet

antecedent c onditions i s 1654 8 m
3/s.

6. Th e fl ood peak simulated by using t h e c alibra t ed BEC-I and

observ ed p r e c i p i t a t i o n during hurr icane DAVID i s
3

53 32 m /s for d r y

antecedent c ondi tions and i t is 103 58
3

m / s f or we t a n te c e de n t
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Th e calibrated SAC-KW mode l r e sul t ed i n pe ak of 707 4 e ms

f or the same event .

7 . Th e PMP supplied b y counterpa r t s p roduc es a PMF of 20,000 ems

f or d ry antecedent cond it ions .

increas es t o 23, 000 ems .

Fo r wet antecedent c ond i tions i t

8 . The calibration of t h e d ev e loped flood f oreca s t ing mode l fo r

Nizao bas in was pe rfor med on a y e ar -to - y ear b a sis u sing the d a t a from

19 72 t o 19 75. I t i s conc luded from thi s exerc i s e tha t the b es t model

c a l i bration i s in y e ar 1972 . Subs eque n t u s e o f t h e 19 72 - mode l

. pa r ame t ers to fore cast the stre amf low r e qime durin g Hurr icane DAVI D

(Augus t , 19 79 ) gave a h i gh es t hour l y pe ak f l ow a t Pa s o del Ermi t ano of

3
70 74 m jsec . For stochastic mode ling and d a t a ge neration , a trivaria t e,

c on temporane ou s firt -order au tore gre s siv e porcess with s e a s ona l

paramete r s has b e e n found to adequately describe the streamflows of

Ranch o Ar r i v a , Palo de Caja and Pas o del Er mitano . On bo t h month l y and

wekly l ev I e s, the streamf lows a r e concluded t o be l o g - Pe a rson Ty pe III

d i stribute d as i n d i c a t ed by the norma liz ing t ransformat i on use d whi ch i s

t h e combination of l ogari t h mi c and Wi lson-Hufferty t ransformat ions . A

s i mi l a r model s t ruc t u re h a s a l s o b e en fo und for modeling a n d generation

o f turb ine ope rating h ours t ime ser ies at t h e Valdesia r eserv oir with

b i v aria t e dependence on Pa so de l Er mitano streamflows. Knowl e d ge of the

t i me series str ucture of the above said processes could be val uable to

future an aly s i s and appl ications such a s data transposit ion , r e g i onal

floo d est imat ion and s a mpling f r eque n c y des ign.

1. 4 ORGAN IZATION OF THE VOLUME

Th e work involved i n h y d r o l og i c studies are r e por t ed in f ive

subsections. The genera l characteristics of the watershed physiography ,
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vegetation , etc . and the de t ails o f ava i lability a nd quality o f data ar e

inc luded i n Section 1. 5. The development o f hypothetica l storms

Standa rd Projec t S t o r m and t he Pr obabl e Hax i.murn Precipitat ion i s

d iscussed i n Se c tion 1 . 6 . Th e deta i ls of r ainfall -runoff modeli n g

inc l u d i n g the cal ib ration o f t he s e l ec t e d HEC - l model and i t s

appl ication to c omup t e h y po t h e tic a l f loods a r e i nc l u d e d in Sect ion 1 . 7 .

I n Se c tion 1 . 8 , t he dev elopment , calibra t i on, t e s t i ng and appl icat ion of

the SAC- KW mode l f o r r eal-time flood fo recast i ng i s d iscussed. Fin a lly ,

Section 1. 9 dea l s with the deve lopment and a pp lic a t ion of t h e stochast i c

models of streamflow a n d numb er of h ours of e nergy generati on .
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1 . 5 N1ZAO WATERSHED

1.5 . 1 Physiography

Th e Ni z ao Water shed is l oc a t e d in the south c entral part of the

Dominican Republic (Figure 1.5.1). Th e drain a ge are a up t o the Valdesia

r e s e r v o i r which is l o c a t e d approximately 50 km away from the confl uenc e

of Niza o river and the Atlan t ic Ocean i s ab ou t 90 0 sq . km . The

watershed has a d istinct elongated shape with a predominant orientation

in the NW - SE direction (see Figur e 1 .5. 2 ) . Mo s t of the headwa te r are a s

have high r el i e f with main channel s lopes r e aching a s much as 8 to 10

percent . Th e drop in elevation fro m the h i gh e st p o i n t t o the Va l des ia

dam site i s about 2 500 meters. No significant floo d plains exist in the

e n t i re Ni zao watershed.

1. 5 . 2 Ve getation

Th e wate r shed i s c ov e r ed pr i marily with f o r e s t and pas ture . Le s s

than 8 p ercent of the watershed i s covered wi t h agricultural l a n ds.

1 .5.3 Hydrometeoro logical Data

Pr e c ip i t a tion d a t a: A list o f the p r e cip i t ation data received f r om

I NDRHI and the Meteoro logy Age ncy i s inclu d e d in Table 1. 5 . 1 . Table

1 .5. 2 s hows the ava i lable hourly pre c i p i t at i on data that was ob ta i n e d in

computer tape. For purpo ses of data a nalys is the n ine c ompute r fil es

c orresponding to the s e sta t i ons we re used to crea t e yearly f i les

con t ainin g the hourly data . Th e p rec ip itat ion data av a ilab il i t y f or

sta t ion i n and a rou nd Nizao wa t er sh ed is sho~n in t he f orm of a bar

chart in Fi gure 1 . 5. 3 .

C l ima t o l o ~ i cal Data : Table 1. 5 . 3 shows t h e stat i ons in and a round

Ni z ao, f or whi ch cl ima tologi cal data is a v a i lab le . Th e evap orat i on da t a

was u s e d in t h e calib r ation of t h e r e a l - time strea mflow fo r e cast model .
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TABLE 1. 5. 1 PRECIPITATI ON DATA

St ation Name Basin Type Start End La t. Lon . Tap

La Laguna Nizao Day 12/ 62 12/ 77 18°32 '30" 70° 21, ' 1, 5" Ye ~

Nizao Nizao Day 1/ 68 3/ 78 18°36 '53" 70° 27' 07" Yes
Pa s o Del Ermitano Nizao Day 1,/ 68 11/ 75 18° 26' 00 " 70° 16 '00" Ye ~

Los Cacaos Nizao Day 8/ 67 7/7 0 18°31'1,0" 70°18' 00" Ye ~

Azua Ha t Ll Lo Ocoa Day 8/69 3/ 81, 18° 23' 1,0" 70°3 2' 20" Yes
Va1desia Nizao Day 2/63 7/ 81, 18° 21,'30" 70°16 ' 50" Ye s
La Estrechura Nizao Day 1/ 68 12/ 73 18°1, 3 ' 1,0" 70°2 9 '00" Ye ~

Pres a Hana Haina Day 11/ 82 7/ 81, 18° 36'2 8" 70°12 '5 5" Ye ~

Pr esa Isa Haina Day 11/ 82 7/81, 18° 36 ' 28" 70°12 '3 2" Yes
Qu i ja Quie ta Nizao Day 10/7 6 1,/ 79 18°13 '4 9" 70°27 ' 31" Ye ~

Engombre lIaina 12 hr 1/ 77 7/83 18°27'00" 70°00'07" No
Pa lo De Caj a Nizao Day 5/71, 10/ 81, 18°31 '50 " 70°21, '00" Yes
Valle Nuevo Y. Del Sur Day 1/ 68 6/71, 180 1,9 ' 27" 7001,0 '58" Yes
Constanza Y. Del Sur Day 1/ 68 12/ 79 18054 ' 1,0" 7001,3 ' 00" Yes
Guayab a1 Y. Del Sur Day 3/ 79 9/ 81, Ye s
Los Quemados Yuna Day 1/60 10/ 84 180 53 ' 30" 70027 ' 30" Yes

. Juma -Bonao Yuna Day 12/ 70 9/ 84 180 51, ' 00" 70°23 ' 10 " Yes
E1 Rio (Constanza) Y. De l Sur Day 6/60 9/ 81, 180 58' 30 " 70°37 '40" Yes
Es t a Bania Grande Del Day 9/69 10/ 81, 1802 7'20" 7003 8 ' 1,5" Yes

Hed .
E1 Tab1 azo Nigua Day 8/60 1/ 69 18° 29 ' 10 " 700 10 ' 50" Yes
Rancho Arriba Nizao Hon 1/ 39 12/80 180 1, 2 ' 70027

r No
Padre Las Casas Y. Del Sur Hon 1/ 38 12/ 83 No
Bani Bani Han 1/ 36 12/ 83 1801 6' 70020 ' No
Vi lla Au t agrac i a Haina Hon 1/ 38 12/ 83 No
Azua Via Ho n 1/ 31 12/ 83 No
Va1desia Nizao Hour 2/63 5/83 18°2 1, '30" 70°16 '50" No
La La guna Nizao Hour 12/ 62 11/ 77 18°3 2 '30" 70°21, '1,5" No
Ni zao Nizao Hour 1/ 63 1,/ 78 180 36'53" 70°27' 07" No
Hedina Haina 12 hr 10/ 79 7/81, 18° 32' 06" 700 08' 1,0" No
Qui j a Quie t a Nizao 12 hr 1,/79 1,/ 79 18°13' 1, 9" 7002 7 ' 31" No
Hedina Haina Day 3/76 12/81, 180 32' 06" 70008 '1,0 " Yes
Rancho Arr iba Nizao Day 3/39 12/ 81, 18°1,2' 70027 ' No
Padre Las Casas Y. Del Sur Day 10/ 38 12/ 81, No
Ban i Bani Day 1/3 6 12/ 81, 1801 6' 70°20' No
Vi lla A1ta gracia Haina Day 8/38 12/ 84 No
Azua Via Day 1/ 31 12/81, No



1-11

TABLE 1. 5 .2 HOURLY PRECIPITATIO:l

STATION Nl'J·1E BASI N START END

Val dc s ia Nizao 2/6 3 5/ 83
La La guna Niza o 12/ 62 5/7 8
Ni z ao Ni zao 1/ 63 4/78
Engombe Ha ina 5/ 72 6/ 84
Palo De Caja Niz ao 2/7 9 9/ 83
Valle Nuevo Y. De l Sur 9/ 77 3/ 83
El Eio (Const .) Y. De l Sur 1/77 12/ 84
Los Quema dos Yuna 1/65 7/ 84
J wna- Bo nao Yuna 7/71 5/ 82

TABLE 1. 5 . 3 CLmATOLOGI CAL DATA

CLHIATOLOGI CAL REPORTS: Precip i t ation , ev apor a t i on , t emperature ,
hum i di t y, wi nd spe ed, c l oudiness , r adi a t i on ,
pressure) ( pr i n touts)

CODE STATI ON BASIN START END LAT. LON.

3400 1 Engombe Haina 10/ 68 7/84 18° 27 ' 00" 70°00 ' 07"
34002 Hedina Hai na 10/79 7/ 84 18° 32 ' 06" 70° 08 ' 40"
38002 Valdes i a Niz ao 10/ 67 7/ 84 18° 24 ' 30" 70° 16 ' 50"
38001 Nizao Nizao 10/ 67 4/ 78 18° 36'5 3" 70° 27 ' 07 "
38009 Quij a Qui e ta Ni z a o 10/76 4/79 18° 13 ' 49" 70°27 '31"

EVAPORATIO" (Tape )

CODE

3400 1

STATIO"

Engomb e

BASI"

Ha i na

START

/77

END

/84

lAT . LONG. TY PE

Da i ly
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TABLE 1. 5. 4 RUNOFF DATA

Station Name Basin Type Start End La t . Long . Tap e

La Es tre c hu r a Nizao Day 10/67 8/79 18° 43' 47" 70°29 '00" Yes
Palo De Caj a Nizao Day 10/ 56 8/ 79 18° 33'17" 70° 22' 52" Yes
Pa s o Del Ermitano Nizao Day 11/ 67 10/ 75 18° 26'02" 70°15' 43" Yes
Rio Abajo Nizao Day 5/ 58 10/ 67 18° 35' 08" 70° 25' 05" Ye s
La Penita Nizao Day 10/76 7/ 79 18°27 ' 19 " 70°16 '32" Yes
Caob a1 Ha ina Day 9/57 7/ 84 18° 35 ' 08" 70°08'57" Yes
Lo s Corozos Ha i na Day 6/82 7/ 84 18° 31 ' 23" 70°07' 10" Yes
Arroyo Li mon Ocoa Day 3/ 70 11/ 83 18° 29'37" 70° 30' 43" Yes
E1 Rec odo Ban i Day 2/ 79 9/ 83 18° 22'2 7" 70°20'24" Yes
Los Quemados Yuna Day 4/ 62 8/79 18° 53' 31" 70°27 '25" Yes
Blanco Yuna/ B1. Day 11/77 6/ 84 18°52'56" 70°31 '17" Ye s
Haimo n Yuna/ Mai . Day 1/ 68 6/ 84 18°5 3 '47" 70° 17 ' 71" Yes
E1 Tab 1azo Nigua Day 1/ 59 3/84 18°28 '39 " 70°10' 15 " Yes
Rancho Ar r i ba Nizao Day 5/ 59 10/ 67 18°42'5 8" 70° 27'59" Yes
E1 Cacao Nizao Day 1/ 62 11/ 83 18° 31' 41 " 70°1 7'59" Yes
Los Ranchi t os Oeoa Day 1/ 61 12/ 67 18° 26'58" 70° 29 ' 55" Ye s
Carriza1 Jura Day 10/ 64 10/81 18°32'27" 70°49 '14" Ye s
Palomino Y. De l. S . Day 1/7 8 12/ 83 18° 48 ' 06" 70°58 '26" Yes
Mendez Oeca Day 1/ 56 4/61 18° 28' 29" 70°30 '48" Ye s
La Higuana Nizao Day 1/ 56 12/61 18° 22' 46" 70° 16 '22 " Yes
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1. 5.4 Streamflo',l Da t a

1-13

Dailv Runoff Data:

availab le f or gauging

Tab l.e 1. 5 . 4 shows the daily runoff data

s ta t ions . .i n Niz ao and other s urrounding

watersheds . The da ily streamflow data at stations La Estrechura, Pa l o

De Caj a , Pas o Del Ermitano , and Rancho Arriba was us e d f o r s t o chas tic

streamflow gene rat ion an d i n t he calibrati on o f the r e a l -t i me s t r e amfl ow

forecas t mode l . The data avai labi lity at t hes e s t a ti ons i s summar i z ed

i n the form of a b a r char t i n Figure 1 . 5 . 3.

S torm Hvdrograuh ( Sta£e ) Da t a : Table 1 . 5. 5 presents t h e data

ava i lib i l ity on se lected storm hydrographs fo r stream gauging s tat ions

La Estrechu ra , Pa l o de Caja , Pas o del Er mi t ano and La Penita. I t is

noted t h a t the orig i nal raw data co rresponds t o s t ages observ ed during

storm e v ents and calibrated r a t i ng curves nee ded to be employed to

c onvert t hem to actual dis charge s.

Ratin g Cur-les : I NDRHI provided sta ge-discharge relations for

stations La Estrechura, Pa l o De Caja, La Penito, and Paso del Ermi t ano

to be used i n t ransforming the hourly stage data t o discharges. The

plots of t he s e curves a r e show~ in Fi gures 1 .5 .4 t o 1.5 . 13 . I n vie~ of

some inc on si s t encies present in t hes e curIe s , the ra~ stag e -discharge

data were us ed to develop a new set of ra ting curves fo r this study .

The develop~ent of thes e new r ating curves is e xpla ined in d etail i n

Appendix 1. 5. A.

Re s e r v o i r Level s : I n order t o supplement the ga uged s t orm

hydrograph c a t a, r e s e rvoir l eve l s at Valde sia dam f or c e r t a in major

events ~e r e ob t ained fr om CDE. lIourly re servo ir l evel s ~ere obtained

f o r fo l l owing pe riods :

1. Au gu s t 1-13, 1980
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TABLE 1.5.5 llYDROGRAPH DATA OF SELECTED STaRNS

S ra r t i ng Endi ng Es tl'ec F'a l o de La Peni Ermi t ao STOR' I',,, ~Q;:J DAY EE HI m~ EAY [fB In
h ~ -l .luI 18 1 69 J ul 2:2 2-1 Incom N/ A N/ A l acamp A
: ;) .T ul 7 1 70 .Tul 12 2,1 l n c om Ni A NiA COJllP B
in Xov G 1 70 ~ov l~ 2 11 N/ A N/A N/ A Camp C
7 ') Dec 7 1 70 Dec IG 24 Ni A N/A N/ A Comp D
- .-,

~ l::l r 10 1 - ,.,
~lar 13 2,+ Comp Camp NiA Camp E,-

>la ~: :2 0 1 -~ :.!a y ,,- :n I nc om Comp :V.; A Camp t,- ...:)

- , Aug ,
I 74 Au g 1" ' " In c ofi! Camp N/ A Cornp G• • oJ 'oJ.• ,

S e ~l 11 1 7-j Sep I ~1 ~ ,l In c om Comp NiA Comp H1 " \

Oct 21 I 74 Oc t :26 24 I nc om Camp NiA In c om I
) Sep IG 1 7~ Sep 21 II Tnc om NfA )J /A Comp J
) Oc t ') ') 1 75 Oct 'r 14 In c oill Ni A N/ A Comp Kc t

) ~\OV 1 I 75 :JoY' 12 12 Iri com Ni A N/A Camp L
- 7

~J n~'· 20 1 77 ~'f3:,' 25 ,., ., I ric om Comp Comp N/A 01I , ~ "

77 ;.Jov 21 1 77 Nov ,") ... 2 '1 I nc om Comp Comp Ni A N-,
, , Dec ,., - 1 7 8 Jan G 2·1 X/,\ Comp Comp N/ A 0-,
7 ,~1 ~ 13y

,) r, 1 -,., :--lay :J1 2 i~ Inc om Comp Comp N/ A P-.' io

7 :'3 Aug " 1 78 Aug' 8 2 · : ~ Incom Cnmp Comp Nt'A Q

~1 ..Tun 20 1 / ~) ..Ttll :5 2,\ :J /A N./ A Comp ~/A R '

Notes : Incom = Some ho ur l y data i s mi s si ng
Camp = Ccmp lete - h'l;-~ have thi s da ta a t CSU
S/ A = Not ava i lab l e - rlU t-e c o rd avail able
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2. May 6 -20, 1981

3. Apri l 10 - 20, 1983

4 . Septembe r 13 -14 , 1985

5. Octobe r 23 -26, 1985

For the tw o events in 1985 , the data on opera tion of the spil lway

gates and tur bine s o f Valdes ia dam we r e a l s o ob ta ined. The tw o i n f l ow

hydro graphs rec on s t r uc t e d u s ing t h e s e d a t a were fo und t o b e very

valuable i n r a i n f al l - r uno f f mode l cal i bra t i on .

1 .5 . 5 Qua l ity of Data

Dur ing the c ours e of the s t udy several obvious i ncons i s t enc i e s i n

r a infa l l and s treamflow data were detected . The qual ity of data was of

utmost c onc e r n since major ity of modeling .....ro r k t o be carried out

depende d heav i ly on the accuracy of data . In general, i t was felt that

the entire data r e c o r d i ng and p rocessing proc e dure s o f Ic;mUll needs a

careful r ev i ew. Some s peci f i c probl ems are desc ribed b e l ow.

The fi rst problem was e ncountered when the stage hourly data were

transformed int o discharges using the stage discharge r e l ations provided

b y INDRHI . The c urve nlli~bers sho~~ in Figures 1.5 .4 to 1 . 5.13 r efer to

different equations c o r r e s ponding to di f f e r en t time interval in which

each i s applicab le . The equat ion pa r ameters and dates are shown in

Tabl es 1 .5. 6 to 1. 5 . 11 .

Very large diff erences are obse rved i n 5 0 28 c as es bet~een

consecutive curves ; such is the c ase of curves 3 and 4 at La Peni t a, 5

and 6 at Paso del Ermitano, 4 and 5 a t Estre chura a nd 3 and 4 at Palo De

Caj a. Curves 3 a nd 4 at La Fenita are applic ab le at two consecu tive

periods wi th b r eak point at May 22, 19 77 . Thi s date c oinci des with

s t orm H i n t he hydrograph class if icat ion and could mean that the f l oo d
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wave modi f ied the cross s ect i on at the stat ion . But curve 4 g i v e s

discharges more t h an th r ee time s s maller than tho s e ob ta i ne d wi th curve

3, and that is very un l i k e l y to be t rue . Usually a big f l oo d caus e s

s cour wh ich should i nc r e a s e discharges for a g iven l ev el . The s ame c ase

i s pr e s ent i n curve s 4 and 5 a t La Es t rechura. wi t h br eak point at

August 8, 1 974 , which co incides with storm G.

After t h e s e problems were detecte d , the i n f or ma t i on on t he s t a ge -

discharge data used t o obta i n these curv e s were received . The y were

ana lyze d i n c onj unc tio n wi th cro ss s e ct ion da t a t o come ou t with the new

. stage -di s charge r el a t i ons . h~ i l e de v e lopin g the new s t a ge - d ischarge

curv e s , some inconsistencies were found with the data. Al l of t hem are

exp l ained i n Appendix 1 . 5. A de aling wi th t h e deve l opment of t h e new

s t a ge -di s ch arge rela ti ons , but a spec ial c a s e wil l b e po i nted ou t h e r e.

I n the da ta r e c e i v e d f o r station £1 Ermitano , ther e are t wo s t a ge s

me a s ure d on Dec e mb er II , 19 70 . The v alues i n t h e stage - discharge da t a

giv e r e a d i n gs of 1. 7 5 m and 1. 93 m. Howe ver , s t o r m D h as data fo r t h e

same day and t h e ma x i mum obse rved s t age i s o nly 1 .55 m. The same c a s e

i s obse rved on t h e data f rom Decembe r 14, 197 0 . Two s tage s 1.81 and

1. 8 9 m a r e obse r ve d on t h at date , but t he hyd r ogr a ph data show a maximum

of 1. 43 m. On March 13, 1 972 a stage of 0.47 m i s obs e rved wh i le t h e

hy drograph of storm E shows a minimum of 0 . 64 m for that day.

Ev e n a fte r t h e new sta ge-dis charge hy d r og r a ph s were d eve l ope d, s ome

un real istic situat ions st il l exist. Fo r e xamp le , cons ider t h e three

hydrographs c o r r e s pondin g t o storm F ( s e e plot i n Sec tion 1 . 7 ) . Th e

b a sin are a upst ream El Er mita no i s 800 10m
2

and t h e basin a rea u ps tre a m

Palo De Caj a
2

is 535 lorn . The volume unde r t h e hydrograph at El Ermitano

i s 1 23 . 2 MC}! wh i l.e at Palo De Caja i s 28 .5 HGl. Th is means t hat the
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Caj a , t ha t i s
2

an area of 265 km , must

con t r ibut e t o the t o t a l fl ow wi t h 94. 7 MCM, or 357 mm o f equivalent

excess r a i n f all depth, b u t t h e observed total storm dep ths have a

max imum of onl y 2 31 rom at station Valdesia .

From the 18 storms fo r wh ich hourly str e amflow data are available,

only f our storms were selec t ed f or mode l c a l i b r a t i on . I n many othe r

cases t h e r uno f f appears before t h e r a i n f a ll sta t i ons start r e c or din g

Qny data. Fo r example, compare the plots corresponding t o storm C. The

on ly r e c o rdi ng s tation available inside the basin is Ni z ao and the only

ob se rved s t reamflow s ta t ion i s E1 Ermitano. If we s upe r impose both

plots we see that the p recipitation recorded i n Ni zao has no e ffect in

t he hydrograph at Ermitano , un less t he r e' s a timing e rror in one of the

re c ords . If the p recipitation r ecord i s l a gged 15 hours o r mo r e to the

back the correct r e s pons e in t he hydro gr ap h is ob s erved. I n t hi s c ase

the so lut i on o f l agging one series could be used, bu t when s evera l

ruinfal l and runo ff stat ions are present the prob lem i s more compl ex. A

simi lar case is ob served in storm D.

The h ydr og r a ph s a t stor m N s h ows a very p eculiar c as e . The volume

unde r t he hydrograph at station Palo De Caja i s l arger t h an the one at

La Penita, even though very s i gn ificant precipitation was ob served in

t he l ower s ubb asins.

Vnen the precip ita ti on data us ed in the developmen t of the DAD

curves was compi led , severa l dis c r epanc i e s between the hourly da ta and

t he daily data at t h e s ame s tat ion wer e de tec ted . In ma ny cas e s t he

h ourly v alue s a dde d t o v alue s comple t ely diffe ren t fr om t he daily one s .

The r e s u lts o f t he HEC-l cal ibration pres ented i n Sect ion 1. 7 a ls o

point out s ome v ery s evere probl ems in the ciming of the hydrographs.
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This was confirmed after checki ng the c alibrated mode l with t wo

hydrographs r e c ons t ruc t e d fr om r eservoir l eve l s . I n t he se t wo cas es t he

timi ng s e ems to b e correct , b ut in the cases o f s t orms A, B, F, a nd M,

we observe sharp di f ference s i n the timin g of t he h yd r o gr a ph s .
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APPENDI X 1.5 .A

Calibration of Stage -Di schnrp.e Curves

Rel i able s t a ge· di s char ge curv es are e s s en t i al tools to convert

stage r e adi ngs i nt o f l ow dis charges , s i nce we only normal l y measure

v ariat ions o f f low stages . Unfortunate ly the da ta us e d t o cor re l ate

sta ge with f l ow d i s c h a r ge were co l lected a t l ow f lows . Thus a great

dea l of effort was us e d t o c ons truc t and extend s tage -discharge c urves

for g a g i ng s tat ions at La Es t r echura , Pa l o de Caja , La Pen ita and

Ermitano . The procedure s of developing the s e stage -dis charge curves are

d e s crib e d be low:

S t e D 1 : Numb er o f curves to be us e d f o r each s t a t i o n:

After p lotting al l stage-dischar ge data on l oga rithm papers f or each

station , ( s e e Figures 1 .S. A.I th rough 1 . S .A. 4 ) the numb er of curves to

d e s crib e t h e stage -discharge r e l a tion s h ip for e a ch station were dec ided

b y vis ual i n s p ection .

St e D 2: Se para t i on o f the l ow and h i gh stage data :

Fo r each curve chos en i n step 1 , we separate t he data i n t~o parts .

The first part corresponds t o stages l owe r than or equa l to the s tage of

an expected break point which corre sponds to the u pper end of t h e 10'"

f l ow cross sec t i on . The sec on d part include s s tages hi ghe r than t h a t o f

the above break point . For s ake of illustrat ion of the curve separa tion

c riter i on a sketch i s shown in Figure 1.S. A.S .
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BREAK
POINT

_ ---"'---<,<"

F i ~ur e 1 . S.A .S Po ss ible gag ing s t a t i ons c r os s s e ction sha p e .

Sometime s we c annot sepa ra t e t he da ta in t wo pa rts be caus e a l l the

sta ge s a r e ei ther l ower o r hi gh er than h
b

, Th e r e f ore , we fi t only one

c u r v e f or such the d a t a .

Sinc e 1, - only o f c ross sect ions o f Hay 198 5 are ava ilab le I a rough

estimate o f the h
b

wa s de duc e d f r om the shape of t h e se c r oss sect ions,

SteD 3 : Development of t h e stage -d ischarge curves f or l ow s t a ge s :



1
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using t he s t a ge a nd discha r ge data a t low s tages (as de f i ne d in

step 2) , and an optimization scheme of the po l ynomia l f u nc t i on , we

obtained t h e va l ues of h , c and m corresponding to each low - d ischar ge
o

c ur v e . Same procedure was used f or a l l s tages great e r t h an h
b"

S t e p 4 :

above ~ :

Decis ion on t he number of curves to be us ed for stages

Firs t , the discharges Q v e rsus (h+h )Y were plotted on a l o g - l o g
o

paper , where h c orresponded to the values ob t ained in s t e p 3.
o

If all

points sho~e d a t ende nc y to sca tte r around a single stra i ght line , at

h i gh s t a ge s only one curve will be u s ed. Othe rw is e several s traight

l i n e s wi l l be u s ed for e a ch group of po in ts .

St ep 5: Development of stage -discharge curve fo r hi gh er stages:

A single straight line , at h i gh s tages , i n the logari t hmic plot of

Q v e r sus (h+h) u sually i n d i c a t e s tha t t h e upper part of the cross
o

section (h>~) can be considered a s stable . I n t his c a s e a l l the cross

s ect ion r a t i n g cur ves will h ave t he same parameter s o f t he polynomi a l

f unc tion e xc ept

i t s re spective h .
o

the value o f h .
o

Ea ch o f the r ating curves wi ll have

More than one s t r aight line, a t high stages , in the l o gar i t h mi c

plot of Q v ersus (h+h ) migh t be caus ed b y a n on s t abl e u ppe r part of t h e
o

cros s s ection o r a chan ge o f t he s ite of the cross s ection .

Once the high stage - d is char ge curve s a re f itted , they ma y b e u s e d

for purpo s e of extension. It s hould be s tres s ed that t he extension or

ex trap ol a ti on i s valid only f or t h e range o f t he obse r v ed hour l y sta ge s

a t a given sta tion an d storm.
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Re s ult s

Some inconsis t enc y h a s be en de t e c t e d in t h e stage -d i scharge d a t a of

La Estrechura , La Peni ta and Er mi t a n o . Th e incons istant or ques tionable

data were either deleted or correc ted .

All the s t a t ion s , except La Penita , have sho'~ a n i nstability in

t h e l ower part of the c r o s s section and a s t abili t y i n t he upper part o f

the cro s s s ection . The r e f ore , more than one r ating curve wa s us ed in

the l ow s t a ges and a single express ion wa s u s ed f or the up per p ar t of

t h e Q versus (h+h ) l o ga r i t hmi c plot.
o

Th e value of h differs f r om one
o

r a t i n g c urve t o ano ther. Th e a c t ual bre ak points b e t ween the upper

curve a nd e a ch of the low sta ge di s ch arge curve s a re de t ermine d by

simultaneous so lut i on of both polynomial equations corresponding t o each

o f the lower and the uppe r portion o f the r atin g c u r v e .

La Penita l og a rith mic plo t o f Q v ersus (h+h ) shows a single
o

straight line for the whole r a n ge of data, except the incons istant

points whi ch h av e b e e n dele t ed. Th i s indic a t e s t h at a s ingle control is

e f f e c tive for the c omplete r ange o f di s ch arg e . Th e stabi l ity of La

Penita station might be due to i t s l oc a tion just upstream t h e Va ldesia

reservoir .

A deta i l e d d e s c ri p t i on of the above resul t s a re given b elow f or

e a ch station .

La Estrechura

I n c o n s i s t a n t data : The r eliab i lity o f da t a measure d on 11-03- 69

with h~0 .36 m and a corresponding discharge of 5.14 m
3
/s is doub tfu l .

The erro r seems t o be more r ela t e d to a n i n a de qua t e stage h eigh t rea d i ng

r a t h e r than a n i n a de qua t e measure ment o f the f low di scharge.

Cor r e c ti on: Since t here is n o obj e c tive evidence re gard ing the

origin of the e r ro r and sinc e we hav e enou gh data t o f it the
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observat i ons of curve 1 (~hich i ncludes the above que s ti onable d a t a ) we

h ave dec ided to d elete the above doubtfu l ob s ervati on.

Fit ting an d ex t ranol at ion of the s ta~e - rlischarRe curves : Af t er a

clo se s t udy of t he data, we h ave dec i ded to u se d s e ven r a tin g curv e s .

Three o f the l at t er hav e d iffere nt polynomi al e xp r ess ions in e a ch of

t heir l ow and hi gh po rt i on. Each of t he four othe r r a ting curves h ave a

s ing l e polynomi al expres s i on . We a r e onl y confi de nt the extrapo la t ion

of the a bove seven cur ves on ly i n the r ange o f t he obse rve d hour ly

s t a ges me a sur e d during t he s t orm e v ents.

Palo De Caia

I ncons i s t an t data : None.

Fi t tin g and extraoolat ion of the sta ~e -d ischarge c~r~e s: N i~e

r at i ng c u rv es h av e b e e n s el ec t e d . Fo ur of t he se cUr\·es have d ifferent

polynomi a l express ions in fo r l ow an d high flo~s. The re~ain ing f ive

c urv e s h ave one uniqu e poly nomi a l exp r ession f or a l l f lows . Th e

ex trapo lation o f the nine c urves is val id only i n the r an ge of the

h ourly s tage s r ecorded du r i ng the s t o r m events .

La Peni. t a

I nc onsi s t anc v : Bo t h t he p l o t of Q ve rsus h on ar i~hmet ic scale and

t h e l o ga r i t hmi c plot o f Q v e r s u s (h+h ) show t h at the 14 d a t a points
o

observed fo r t he time periods 03 -03 -77 to 03-1 5- 77 were qu est ionab le.

Th e l a t t e r doubtful data po ints wou ld be due to i na c c u r a t e read ings o f

t he r a t e of revo lut ion of t h e propeller -typ e mete r . I f the discharges

c or responding t o t he above da t a are mul t ip lied by 2 , t h es e 14 adj usted

d a ta point s wou ld j oin the s ame s t r a i gh t line as dete r mined by a ll the

o ther data. Next a l o gar ithmic plot of Q v ersus (h +h ) wa s performed.
o

Again the 392 d a t a po i n t s ( e xce? t t h e s ame 14 d a ta points) def ined a
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s ingl e curve wi th about 30 da ta points having a s t age h ei gh t b etwe en

0 .40 and 0 .50 m (range of the sta ge height of the 14 do ub tful data

points ). I t was then de c ided t o discard these 14 qu estion able sta ge -

discharge obs e rv a t i ons .

Fi t t i ng and extrap o l a tion of t he s tage - dischar ge cur~e: Only one

curve i s us ed for the '1ho l e r a n ge of data s ince a plot of Q ve r sus

(h+h) of t h e above 392 data po i n t s f oll ow a single s t r aight line . The
o

ext r a polation of t h e l a t t e r curve i s gua ran tee d only f or the range of

the h ourly s t a ges c orre sponding to the ob served stor ms.

Errnit ano

I ncon s istancv : After a compar ison o f the stages of t h e sta ge -

di s cha r ge measure ments wi t h t hose of t h e h ourly s t o r ms observations we

found that t he s t a ge - d i scharge da t a measured on the 1 2 -11 - 70, the 12 -14 -

70 and t h e 0 3 - 13 - 72 mi gh t b e subjec t t o i n a c cura t e stage h e i ght r e ading .

For t h e t wo rating curve measu r emen t s o f the 12 -11 - 70 t he s t a ges were

se t r esp ectiv ely to 1 . 7 5 and 1 .89 m but , t he max imum h ourly s t a ge

observed dur ing the same day was only 1. 55 m. Th e same r ema r k c a n b e

d on e for t h e 12-14 - 70 measur ements where t h e max i mum hour ly obs e r v ed

s t ages is 1 .43 m a nd the t wo sta ge -dis charge data we re s et r e s p ect i v ely

t o 11. 81 m and 1 . 89 m. Th e 03-13 - 72 s t a ge of the r a tin g curve was 0.47

m, whe r ea s t h e mini mum hour l y ob se rve d s t age on t h e s ame day wa s 0 .64 m.

Al l the above fi v e que stion abl e sta ge di s c h arge ob s ervations we r e

dele t e d. A p lot of Q v ersus (h+h ) h a s s h own t ha t the stage - discha r ge
o

data measured from 0 5-22 -7 2 t o 05- 24- 72 were d oub t f u l . Th e e r ro r mi ght

b e due to i ncor r ec t r a t e o f r evolu tion of t h e prop e l l er -ty pe me te r . It

was decided to corr e c t the a bove ob s e r v a t i on on accoun t o f the n e e d f or

h i gher sta ge - d is cha r ge data i n t he pe r i od b e t we e n 05 - 22 -72 to 0 9 -14 -72 .



Correc t i on:

1- 39

The que stion abl e s tage - discharge da t a measu red fr om

05-22-72 to 0 5- 24 -72 were co r r ected by dividing their corre sponding

d is charges by 2.

Fi t t i ng and extrano lation of the sta ge -d ischar ge cu rves : Five

rating curve s have be en selected. One r ating curve as a single

polynomial exp t e s s i on for bo th low and high sta ges. Each of the other

four curve s has two polynomial expre ssions, one for the low portion and

the other f or the hi gh er portion . The extra polat i on of each of the

r a ting cu~-e s i s r eli able only f or t h e r a nge of the hou rly s t a ges

recorded dur i ng the storm events.

The polynomial parame t e r s of a l l the r ating cu r ves , the da t e of

v al idity, and some obs ervations are sho~~ in a t abul ar form f or e ach

stati on in Tab l e s 1 .5 .A .l t h r ough 1 . 5. A. 4 .
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Table 1. 5 .A. l c (h m f La Est:rechuraRating Curve Equations Q - + h) or
0

Station Date h C m Stage Observation
. 0 i n ml n m

La Estrechura 10/ 20/ 67 to 7/15/ 70 0 .31 38 . 75 3 .51 h 2: 0. 10

12/ 9/ 70 t o 12/ 16/7 2 0 .36 46. 05 3 .7 5 h 5 0 . 13
0 .36 38. 75 3.51 h :> 0.13

1/ 12/ 73 to 11/ 15/ 73 0 .30 38.75 3. 51 h ;:: 0 . 10

12/11/ 73 t o 7/9/74 0.25 38 .75 3 .51 h ;:: 0. 15

8/10/74 to 10/8 / 76 0 . 34 56 . 66 4 . 30 h :'> 0.27
0.34 38 . 75 3.51 h :> 0 .27

11/ 9/ 76 to 7/ 12/ 78 0.35 38.7 5 3 . 51 h ;:: 0 .05

8/2 3/78 to 3/7/79 0.45 40 .20 4 .11 h :'> 0. 49
0. 45 38 . 75 3 . 51 h > 0.49
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Tab l e 1.5 .A. 2 Rating Curves f or Palo De Caja

St ati on Date h C m St a ge Obse rvation
.0 i n m1n m

Palo De Caj a 6/2 2/ 71 to 9/12/73 0 . 26 20 . 26 2.20 h ~ 0.20

4/4/74 to 6/11/74 0.3 1 22 .06 2 .62 h ~ 0 .50
0.31 20 .26 2 . 20 h > 0.5 0

7/5 / 74 to 7/2 9/74 0 . 44 19 . 29 3. 49 h ~ 0 . 60
0 .44 20 .26 2.20 h ~ 0.60

8/ 6/74 to 8/30/74 0 .22 20 .26 2.20 h ~ 0.48

9/ 6/ 74 to 10/ 16/ 74 0.04 20 .26 2 .20 h ~ 0.60

10/ 28/ 74 to 10/ 22/ 75 0 .27 38.3 9 5 . 35 h ~ 0 .55
0 .27 20 . 26 2.20 h ~ 0.55

2/2 6/ 76 t o 9/17/76 0.30 19 . 80 2.11 h ~ 0.47
0 .30 20 .26 2.2 0 h > 0 .47

1l/ 9/ 76 t o 5/1 2/77 0. 09 20 . 26 2.20 h ~ 0 . 50

6/ 23/ 77 t o 3/ 22/ 79 0 .33 20 . 26 2.20 h ~ 0 .20
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Table 1 . 5 . A. 3 Ra ting Cur ve s f or La Penita

Stat i on

La Penita

Da t e

11/30/ 76 to 8/9/79

h C
. 0
~n m

- 0 . 14 40 . 00

- 0 . 08 36 . 81

m Stage Ob s e r va t i or

i n m

1. 63 h ~ 0 . 40 The 14 po i r
obs erved
be tween 3/ 3
3/ 15/ 77 an
de l eted . 1
c urve wi l l
t o ge t t he
observed
hydrogr aph .

1. 79 " h ~ 0. 40 The above
11, poin t s a
c orre c t ed b
mul t ip lying
t hei r dis-
cha rge s by
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Tabl e 1. 5 ."' . 4 Rating Cur ves f or Ermi t ano

S tat ion Da t e h C m Sta ge Obs e rvatior
. 0 in ml n m

Er rn itano 8/27/68 to 12/ 14/ 70 0 .25 42.42 1. 999 h S. 0 . 80 Curve 1.
0.25 43.11 1. 70 h > 0 . 80 The da t a c c

r es pond i ng
he- L. 75 , 1. 9
1. 81, and 1
are delet ed

1/14/71 t o 5/1 5/ 72 -0. 01 43 . 11 1. 70 h ~ 0.40 The data c o
r e s pond i ng
h - i s
deleted.

5/22/72 t o 9/14/72 0 . 30 20 . 73 2 . 98 h S. 1. 4 7 The dis char
0 .30 43.11 1. 70 h > 1. 47 c or r e spo:1di

t o h ;:: 0 . 95
are multipl
by 2.

10/ 3/ 72 to 8/ 12/74 - 0. 22 20 .86 1. 48 h S. 0 .2 5
-0. 22 43 .11 1. 70 h > 0 .25

1/ 22/ 75 to 10/17 / 75 - 0 .07 43 .11 1. 70 h > 0.50
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1 .6 DESIGN STOR!-lS

1. 6 . 1 Hi s t oric St orms

Analysis o f critical his t oric s torms is a p rerequisi t e to t he

d evelopmen t of Depth -Are a - Dura tion ( DAD ) c urves which are required to

develop hypo t hetical fl oods s uch a s the s tandard project fl oo d (S PF) .

Th e past r ec o r ds of hourly r a i n f a l l and dai ly runo ff were exami ned to

single out a critical storm for every y ear. A preliminary a na l y s i s of

max imum I - day , 2 -day, and 3 -day r ain f all data at e ach station and the

i n s p ec t i on of daily runoff plots allowed a rough determination of t he

. dates of o c c ur renc e of t h e critica l storms . More than o ne crit ical

s t o r m were i nc l u de d f or c er t ain y ears. The i n i t i a l sele c tion i ncluded

the r a i n f a l l due to hurric a ne David (Au gust 3D, 19 79), a nd the tropical

storm Frederic (S eptember 5 , 197 9) . Then a careful i n spection of the

hourly r a i n f all r e c o r d s at many gages enab led the se l ection of exact

date s a nd time s of occurrence o f the storms wh ich are to b e anal yzed

further. Table 1 . 6 . 1 b elow pres ents the historic storms selected f or

further a nalys i s. Th e mass curves o f r ainfall f o r t h e se s torms, are

s hown i n Append i x 1 . 6 .A .

1. 6 .2 I s oh ye t al Mapping

To de rive the dep th - are a ·duration curv es, t he first step i s t o

analyze e ach s t orm f or i t s i s ohyetal pat t ern . Th e isoh yetal s a re

compu ted by a spatial i n t erpolation t echnique kno\,~ as mult i quad r at i c

inte r pola tion . I n mult iqu adrat i c int e r pola tion, t h e i n fl uenc e o f each

sampling poin t is r epre s en t ed by qu adric c one s as a f u nction of the

coordina t e s of the s e points. The est ima te for a g iven po i n t with

i s thus obtained by t h e Sl~ of the c on t rib u tionscoordinates (x, y )o 0

from a l l t hos e qu adric c one s . This is mathema t i c a l l y expre ssed a s
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HISTORIC STORMS SELECTED FOR ANALYSIS

Beg i nning Date and Ti me End in g Da te a nd Ti rre
Ye ar Honth Da t e Hour Ye ar Hon t.h Date Hour

1 1963 Oct . 1 20 1963 Oct . 5 5
2 1964 Aug . 6 8 1964 Aug . 7 3
3 1965 Hay 2 8 1965 Hay 5 8
4 1966 Hay 25 8 1966 Hay 27 8
5 1966 Sept . 28 20 1966 Sep t . 30 8

6 1967 Sept . 10 8 1967 Sept: . 13 8
7 1968 Aug . 8 8 1968 Aug. 10 8
8 1969 July 19 8 1969 July 20 8
9 1970 Aug . 22 8 1970 Aug . 23 8
10 1971 Feb. 19 8 1971 Feb. 21 8

11 1972 ~lay 20 8 1972 Hay 23 8
12 1973 Oct . 14 8 1973 Oct . 2l 8
13 1974 Aug. 30 8 1974 Aug . 31 8
14 1975 Sept . 16 8 1975 Sept:. 18 8
15 1976 Oc t:. 10 8 1976 Oct . 12 8

16 1977 Hay 21 8 1977 Hay 24 8
17 1977 De c . 28 8 1978 Jan . 1 8
18 1978 Aug. 3 8 1978 Aug . 6 8
19 1979 Aug. 30 8 1979 Se pt . 2 8*
20 1979 Sep t:. 5 8 1979 Sept . 8 3**

21 1980 Aug . 4 8 1980 Aug. 7 8
22 1981 ~lay 8 8 1981 Hay 11 8
23 1982 aay 9 8 1982 Hay 13 8
24 1983 Ap ril 12 8 1983 April 13 8
25 1984 .~.u g . 1 8 1984 Au g . 3 8

*Hurr i ca ne Dav i d
**Trop ica1 Storm Frederick
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( 1.6 .1)

where h is an es tima te of r ain f all proce ss a t any point ( x ,y ) , c . i s
0 0 0 1

the multiqua dric c oe f fi cie n t o f samplin g po i n t wi th c oordin ate s ( x i ,y
i)

,

d
o i

i s the di stanc e be t we en point (xo ' Y
o

) ' a n d (x i,y
i
), a n d n i s the

numb er of s a mplin g points .

f o rmula:

Th e d i sta n c e d. is c omputed f r om t h e
0 1

( 1.6 . 2)_ l (x _ )2 ( ) 2do i 0 Xi + Yo - Yi

Th e e s timate h a t a ny point ( x , Y ) c a n b e r epre s ented by a
000

we ight e d l i n e a r c ombin a tion o f t h e ob s erved v a l ues h . a t e a ch s a mpl ing
J

h ~ '~ l w.h.
o J - J J

(1.6 .3)

wh ere w. i s t he weight at s ampling po int j.
J

To e s t ima t e the

c o e f fi c i e n t s and expre ss Eq. ( 1 .6 . 1) i n t erms of t he weights a s i n

Eq . ( 1 . 6 . 3 ) . we do the fo l lowing .

Let h
j

o f each sampl ing point ( x
j

, Y
j

) assume Eq . ( 2. 1) a s

h j ~i~l c idj i

Th e n the coe f fic ients c . a re d e t e rmi ned by
1

f o r j = 1,2 I •• • , n

f o r i ~ 1, 2, ... , n ( 1. 6 . 4 )

wh ere 0 . . is an element of the i nvers e of t h e n xn i n t ers t a tion d is tance
1J

matr ix wi t h e lement d . . , j ~ 1 , . .. , n and i~l , . . . •n . Sub s ti t u tion of Eq.
J 1

(1. 6 .4) i n Eq. ( 1. 6.1 ) yi e l d s

h ~ ' ~ l d . '~l O.. h.o 1- 0 1 J ~ 1J J

or upon r e arranging t he nume r ation t erms ,

h o ~j~l [ i~ l °ij do ilhj

Th u s , t h e i n t e r pola t i on equat ion (1 . 6 .3 ) h as weigh t s

w
J
' ~ '~ l 5 .. d ., - 1J 01 f or j ( 1.6 . 5 )

Fo r th is s tudy , Eq s . (1. 6.3 ) a nd ( 1.6. 5 ) a re u s ed t o c ompu te t h e

i s oh yeta l pa t t ern of each storm a t any po ine (x ,y ) i n the stu dy a rea
o 0
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using the data h . at each s a mplin g point (X j 'Yj ) a v a i lab le fr om
J

j=l, . .. , n station s .

From t h e previous explana tion it i s note d that r a i n f a l l

interpo lates a t any po int i n t h e ba si c a re a of interest are so l ely

func tion of the dista nc es be twe e n s u ch point and t he observ ation points

(rainfa l l stat ions) avai lable in the area. By virtue of this method ,

rainfall p a ttern a n omalie s due to orogra phic eff ects or bia s i n ra infall

i nf orma ti on due to topo graphy are not acc ounted for i n the

interpolation. The Hydrology Group at INDP~I s t r ongly sugge sted that

pe r haps such r a i n f all pattern a noma l i e s should be c onsidered i n the

. derivation of t h e is ohyetal pa t t e r n s. I n chis connection, t wo

approache s a r e tri ed ~hich are b r i e f l y de sc ribe d below.

Fi r s t is the adoption of the precipita ti on weigh ing meth o d given by

t h e U.S. Corps o f Eng ine e rs in the HEC- l Fl o od Hydrog r a ph Packa ge which

was l i k e wi s e sugge s ted by the IKDHRI Hydrology Gr oup. This method is

ba s ed on the we igh t i ng e qu ation g iven by

j~l h .w.
h h

B
J J (1.6.6)

0
0

j~l h .w .
J J

where h
o

is the rainfall inte r polate a t a ny poin t in the a rea, h
B

is
o

t h e i n t e r p o La t e d ( u s i ng op timal i n t e r pola tion ) n ormal annual

pre cipi tation at a ny point i n t h e a r ea , h . i s t h e t o t al storr.1
J

pre c ip itation at sampling stat ion j and h . i s t h e j t h sta t ion no rmal
J

annu a l prec ip i ta t i on. The we igh t w. of s t a tio n j c a n like wi s e be
J

ob t a ine d u sin g t h e mul tiqua d r i c in t e r pol a t i on t e c h n i que such that

(1. 6. 7)f or j~l, ... , nw
J
' ~ l'~ l 6 . . d .1J 0 1

where d . i s t he d i sta nce be t~een t h e po i n t wi t h coord i nates (x ,y ) and
O ~ 0 0

jth s t a t i on po in t with coord i na tes ( x . ,y . ), and 6 . . i s a n el ement of the
J J 1J
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o f an n x n inters tati on distan c e mat r i x with e l e me n ts d .. .
1J

j = l , ... , n rows and i~l, . . . ,0 columns.

As i ndicated by the U.S . Corps of Enginee rs, t h e above a pp roach

c ould correc t ra infall e stimation bias assoc ia t e d to e lev at ion effec t s

which is accoun t ed f o r by t he s tation normal annua l precipitation term

h.. Howe ver , this cla i m may be ra ther dubious sinc e t he e levat ion i s
J

not explicitly paramet eri zed in the wei ghting scheme and that any

adjustments for bias a ffecte d by incorporatin g e i the r or bo th t erms h
B

a nd h. c an b e a ssociate d to rainfal l anomalie s o t her t h an e l eva t ion
J

e f f ec t s.

In view of this, t h e s econd appr oach t r ied account s f or orograph i c

e f fe c t s which explicitly para meterized the basin elevation . Thi s

app roach is based on r e pre s enting t h e r a i n f a ll by a polyno mial f unc tion

wr itten as

(1. 6 . 8)

where ho i s t h e r ainfa ll e stimate at any po in t (xo' Yo) , t he a' s are

po l ynom ial coe f fi c i en t s, E i s the eleva tion at poin t (x , y ) and H is
o 0 0 0

(1.6 . 9 )

the e levat ion - f ree r ain f all value s. Si mila rly , the ob served r ainf all

v alu es a t t h e availabl e station po ints c an be rep r es en t ed a s in the

above equat ion a s

h j ~ a o + j ~l akEj + Hj

whe re w. is the j t h sta tion weight ob t ained by the mul t i quad r ic
J

i n t erpola t i on t e chn i qu e. Final l y, the r a i n f all i nterpo l a t e in t h e

a c tual domain can b e ob t ained using Equat i on (1. 6 .8 ) given the e levat ion

E .
o

Note tha t an e l e va t i on map i s r e qui r e d in the above approach f or

interpo lat ing over an area . The mult iquadric i n t erpol ati on t echni que i s

used a lso to de r i v e t h e e l eva t i on map f or the basin .
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Th e two approaches above were tr i e d in this study f ollowed b y

deve l oping a new set of c epth -area -dura tion ( DAD ) curves . A compar ison

was ma d e u sing t h e t wo a pproa c h e s as wel l as t h e p r e v i ous l y ob taine d DAD

curves b a s ed on rainfal l i s ohye t al patt erns without considering

o rographic e ffects .

From r e s u l t s ob t a i n e d, it i s f oun d t hat us i n g the s e cond approach

i n which the elevati on of t h e basing i s explicitly parameter ized gave

t he most re as onab l e and constant r a i nf a l l i s ohye t a l pattern. The

elevation map requ ire d in this a pp r oa ch on mu ltiquadr i c inte rpo lat ion is

based on more than 200 elevation data poi n ts . A fir st- order p olynomia l

i s found sufficient t o repres en t the r ain f al l - ele v a t i on anomaly function

such t ha t m~l i n Equat ion ( 1 . 6 .8) . The l i s t i n g of p r o gr a ms u s e d i s

given in Appendix 1 . 6 . B.

1 . 6 . 3 Devel oDme~t o f Deoth - Are a -Durat i on ( DAD) Curv es

Given the r a i nf all isohyetal pa t te rns described i n the p r evious

sec tion and t h e Hass Curv e s she..."11 i n Appendix 1.6. A. the p r o c edure to

deve lop t he Dep t h ·Area-Durati on curves c an be su~~arized as follo~s .

Fi r s t , define c l ass i n t e rval s b a sed on the observed r a n ge of

prec ipitation depths . Bas e d on t he 25 storms s elected (see Table 1 . 6 . 1 )

the range i s t a k e n as 0 to 625 mm . Twent y five clas s es of class wid ths

25 ~~ each ( i . e . , c l a s s 1 is defined as 6 00 · 6 25 , c l a ss 2 as 575 -600,

etc.) were sel e cted. Fr om t he derive d i s ohy etal pat t ern map of a given

storm , the to tal area a nd avera ge depth fo r e a ch cl a ss a re c omputed

u s i n g the fol l owing e quati ons:

and

KG
A . - t. A .L1 1.

1 J - J
(1.6.10 )

wher e:

D.
1

tlG.i
l

d . l.
J - _ 1 J

~G
j - 1 1j

(1. 6 . 11 )
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A . a rea co r responding t o cla s s i n t e r v a l i
1

6A unit a r ea of o n e grid poin t

NG t o t a l n umb e r o f g r ids

D
i

av era ge de p th o f cla s s i n t erv al i

d . de pth at grid po int j
J

{
l i f L. < d . < U.

I j 0 o thefwi s e J 1

L. l owe r c lass limit of c lass i
1

U. - upper c l ass l i mi t of clas s i
1

Afte r obtaini n g t h e are a a nd a v e rage d epth co r r espond i n g to each

c l as s inter~al c umu l a tiv e a reas and corresponding average depths we r e

c omputed u s i ng the foll owing e quat i on s :

AC. .t
l

A . ( 1. 6 . 12)
1 J ~ J

i ~l A.D.
DC .

1 1
(1. 6 . 12 )

1 AC.
1

wh ere

AC. ~ c~~ula tive area of classes greate r than o r e qu a l to cla s s i
1

o r

DC.
1

weighted ave rage d epth c o r r e s p onding t o c l a ss es grea te r tha n

equal t o cl a s s i

No t e tha t t h e c umu l a t i v e a reas a nd ave rage de p t hs c omput ed ab ove

c orr espond t o what i s r eferre d to as "e x t e n d e d c l a ss II wh e re e ach

e xtended c lass alwa y s h a s an uppe r l i mi t o f 625 ~m and a lower l i mi t

equal to the l ower c las s l i mi t o f c l a s s i def i n ed e arlier .

Th e above defines the Depth -Area c urve f o r the t o t a l durat i on of

the g i ven s t o rm. Now , the Depth -Area c u r v e s fo r shorte r durat ions are

der ived by us i n g ma s s c urv es of r ainfall . To do thi s, o n e h a s t o

compu t e t h e we i gh t s tha t wil l be u s e d in ob ta i ning an a verage ma ss curve

f o r e a ch cl a ss interval .

The we i gh t giv e n to each reco rd ing s t at ion v a ry acc ording t o the

distribution of the area assigned t o a certain c l a s s interval . Sinc e we
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know which grid p oints b elong to each c lass in t erval, we can compute the

di s t a n c e b etwe en a po i n t and t h e r e c or d i n g stations and determine the

c losest one. Then we c an count wha t f r acti o n o f the t o t al a rea was

assigned to each station and compute the weights a ccordin g l y , u sin g the

equat ion b e low.

whe r e

W. (k)
1

(1.6 . 14 )

W.(k) We ight ass igned t o sta t ion k i n class interva l i
1

k il i f L. < d. < U. and k is the n e arest s t ation to grid
S. () - 1 - J 1

J point J
o o t he rw i s e

The c umula t i v e we i gh t s c o rresponding to e ach exte nded clas s i s

computed by using the equation .

wc.
1

jtl Wj(k) A;

AC.
1

(1. 6 . 1 5 )

Using t h e c umula tive weights a n ave rag e mass c urve f or e a c h cumula tive

clas s is c o~puted . From this aver age mas s curve on e ob t ain s the max imum

p recip itat ion r e c ord e d at d ifferent durat i ons a n d compute the fractio n

o f the to t al storm depth f or e a ch durati on . Th e s e fr actions are

multiplied by t h e dep th at the corresponding class interval t o ob tain

t he depths fo r differen t storm dur a t ions . The pro c e dur e i s r epeated for

all the e x tended cl a s s es. Th e i ndiv i dual DAD c ur:e s f o r the 25 s ele c t ed

storms a s " ell a s the enve loping curves obtained by picking t he maximum

obse rved de p t h f or each a rea and du r a tion a r e i nclu d e d in App endix

1. 6 . C.

As expl a i ned i n the prev ious sect ion, t wo methods were tri e d to

ac count f or t opo g r a phic effects in t h e ra infa l l i n t erpo l a ti on program .

The r e s ul t s f r om bo t h trial s we r e us e d t o derive t·....·o ne w sets o f DAD

curves . Th e performance o f the t·..o methods were j u d ged based on the
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TABLE 1 . 6 . 2 CLASSIFICATION OF STORMS USED I N DAD
CURVES COMPUTAT I ON

STARTING DATE CLASSI FI CATI ON

8/1/ 84
4/1 2/ 83

5/ 9/ 82
5/8/81
8/ 4/ 80
9/ 5/79

8/ 30/ 79
8/3 /78

12/ 28/ 77
5/21/77

10/10/ 76
9/1 6/75
8/30/74

10/ 14/73
5/ 20/72
2/19/71
8/ 22/70
7/19/ 69

8/ 8/ 68
9/10/ 67
9/ 28/ 66
5/25/6 6

5/ 2/ 65
8/ 6/ 64

10/ 1/ 63

n on-hurrican e
non -h ur r i c ane
non -hurric ane
non -hur r i c ane
hurric ane
hurr:i c ane
h u rric ane
non -hurr i cane
non-hurricane
non-hurricane
non-hurric ane
hurricane
h u r r i c an e
hurricane
n on- hurr i c a ne
n on -hurricane
hurrican e
n on -hurric ane
no n -hurr ic ane
hurricane
hurric ane
n on - h u r r i c an e
non -hurr i cane
non- hurricane
hurricane

Hurric ane All en
Tr op i cal St orm Freder i ck
Hurr i c ane Dav i d

Hurr i c ane Elo i se
Hu r r i c a ne Carmen
Trop ical Storm Gilda

Tr opical St orm Dorothy

Hurricane Beulah
Hurrican e Ine z

Hurricane Flora
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compa r ison of t h e i s oh y e t a l patterns with tho s e obtained wi thout

consid e r i n g the t op og r a ph i c e ff e cts as well as b y observing t h e DAD

c urv e s obtained wi t h e a ch method . Ba s ed on these i t was dec ided t h a t

par amete rizing the e l evat i on i n the int e r pola ti on f unc t ion gave the mo s t

r e a l i s tic r e s ul t s . The DAD curve s obtaine d with t h e two methods a re

a lso i nclud ed in Appendix 1. 6 . C .

Before obtaining the e nv e l op i ng DAD c u r v e from t h e i ndiv i d ual

curve s c o mpu t e d with the s e l e cted method , the 2 5 storms used we r e

d ivided into t wo groups : (a) hurrica ne a nd (b) non -hurricane . Tabl e

1 .6 . 2 s hows this classifi c ation . Then the "h ur r i c a n e II DAD c u r v e s and

t h e II n on - hu r r i c ane ll DAD c urve s were de r ived f r om the corresponding

groups . Bas e d on the se , a third s et o f curves tha t rep r esent t h e wors t

condi t i ons observed in t he basin was de r ived. The "hurr icane " , "non-

hurricane " t and "enve Lop i.ng " DAD curve s a re s hown i n Fi gures 1 .6 . 1 t o

1.6 .3 .

1 . 6 . 4 S t a n da r d Proj ect Storm (S PS )

Fro m t h e t h r e e s e t s of DAD curves s h own i n Fi gu r es 1 . 6 .1 through

1. 6.3 , the s tandard p r oj e c t storms c or r e s p on d i n g t o dura t i on of 24 hour s

and 48 h ours for a n are a of 8 20 s q . krn. ( Ni zao basin up stream of

Va ldesia d a m) were de r ive d . The to t a l p recipita t ion ma gnitudes o f t h e s e

sta n d ard proj e cts storms are give n be low:

TABLE 1 . 6. 3 Standard Pro j ect S torm (Hurr icane, Non -Hurrican e )
and Enve l op ing ) Prec i pitat ion De pth

PREC I PITATIO~ DEPTH ( mm)
DUR.>\TION HURRICANE NON - BURRI CANE ENVELO PING

(hrs)

24 4 60 25 5 4 60
48 4 9 3 260 4 93
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I t i s seen that precipitation magnitude co rrespond ing t o hurrica ne

condi tions is almost t wi c e a s big as the corre s ponding dep th fo r non

h u rricane c onditions fro m the same storm duration .

1 . 6 .5 Temporal Di stribution of SPS

Durin g the cours e o f the s tudy t wo d i f f ere n t cr i t e ria h ave been

us e d f or temporal distribution of t h e t o t a l precip itation magn itudes

r e porte d i n Tab l e 1. 6. 3 . First approach i s to select tw o c r itical

pat t erns fr om t h e 25 historic storms s electe d f or detailed analysis in

the derivation of DAD c u rves . Specifically, t he t empo r al d i str ibut ions

corr esponding to hurr i c an e David and t r op i c al s t o r m Fr e de ric k we re

s elected. Af t e r rec o gniz i ng the subj ective n a ture of thi s fir st

approach , a second ap proach which prov e d to give a rea r e cr i t i c a l

temporal di s t r i b u tion was used a s f ollows. The pe rcentage magnitude

ver s u s p erc ent a ge duration plo t s we r e made f or a ll 48 hour storms

selected earlier . Then a n enveloping curve , which l i e s be low a l l the

curve s at s mall percenta ge dura~ion. a nd ab ov e a ll c u rv e s fo r l ar ge r

durations , was plotted. This exercise is illustrate d in Fi gure 1 . 6 .4.

Combining t h e enveloping t empo r al distr ibution sho'-n i n Figu r e

1 . 6 . 4 an d the s t andard projec t storm ma gn i t ude s i n Tab l e 1 . 6 . 3, t he 48

hou r s tandard proj e ct sto r m i s ohye t al pa t t e r ns were genera t e d . The s e

desi gn s t o r ms a re pre s en t e d in Fi gur e 1 . 6 . 5 and 1 . 6 . 6 .

1 . 6. 6 Pr ob a b l e Maxi mum Precipitation (PMP)

Given t h e l oc a t i on of the Ni za o ba sin . a h u r ricane i s mos t l i ke l y

to produce the PMP . This i s supported by the a l most t wic e the

precipitation depths obtained f or hurr icane condit ions than f or no n 

hurr i c ane condit ions for a given a r ea and a du r a tion (see DAD ana l y s is) .

Th e Hurric ane Mode l of U.S . ~eather Bur e au (1 961) h a s been used by

I ~DRHI/CDE to produc e a hurr i c a ne P:1? pa tte r n f o r t h e Nizao basin. The

origina l model has b een mo difie d for conditions existing in the
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Dominic an Republic and has b e en app l ied to compute P;'IP f o r t h e Ta v era

Ba a Watershed (e DE, pers onal c o mmunic a tion ). Th e prec ip itat ion pat te rn

of ave rage PMP over Ni zao wa t ersh ed obtaine d f rom t he Hurric ane mod e l is

p resented i n Fi gure 1. 6 . 7 .
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APPENDIX 1. 6 . A

NASS CURVES OF RAU/FALL FOR SELECTED ST0!01S


































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































