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Probable Maximum Flood on the 

Brazos River in the City of Waco 

Edward Dale Leach 

ABSTRACT 

T h i s r e p o r t s u m m a r i z e s a n i n v e s t i g a t i o n of p r o b a b l e 
m a x i m u m f l o o d i n g of t he B r a z o s R i v e r in t h e C i ty of 
W a c o . T h e B r a z o s R i v e r b a s i n a b o v e W a c o , T e x a s , h a s 
a p p r o x i m a t e l y 19,000 s q u a r e mi les c o n t r i b u t i n g r u n o f f 
t o t h e B r a z o s R i v e r , a n d t h e r e f o r e c o u l d i n f l u e n c e p r o b 
a b l e m a x i m u m f l o o d i n g in W a c o . 

S e v e r a l i n t e r r e l a t e d p h y s i c a l f a c t o r s ( a r e a , s h a p e , 
s lope , t o p o g r a p h y , e tc . ) a n d c l i m a t i c f a c t o r s ( eas t e r ly 
w a v e , s t o r m t r a n s p o s i t i o n , m o i s t u r e m a x i m i z a t i o n , etc .) 
i n f l u e n c e r u n o f f v o l u m e a n d r a t e in t h e B r a z o s ba s in . 
D u e t o t h e inverse r e l a t i o n s h i p b e t w e e n r a in fa l l d e p t h -
d u r a t i o n a n d a r e a , t h o s e f a c t o r s w h i c h a f f e c t r u n o f f were 
e m p h a t i c a l l y a n a l y z e d f o r t h e loca l " u n c o n t r o l l e d " p o r 
t i o n of t h e B r a z o s b a s i n . B o t h p h y s i c a l a n d  

f a c t o r c o n t r o l s a r e re f l ec ted in s u b b a s i n f l o o d h y d r o -
g r a p h s . 

F l o o d - con t ro l s t r u c t u r e s h a v e l i t t le e f fec t o n p r o b a b l e 
m a x i m u m f l o o d i n g , b u t i m p r o p e r u r b a n f l o o d -pla in use 
will i nc r ea se f l o o d s tage , p e a k d i s c h a r g e , a n d f l o w 
veloci t ies . 

R i v e r - r o u t i n g p r o c e d u r e s a n d s u r f a c e - w a t e r p r o f i l e 
c a l c u l a t i o n c o n t r i b u t e d t o e x a c t d e l i n e a t i o n of t he deve l 
o p e d h y p o t h e t i c a l p r o b a b l e m a x i m u m f l o o d . T h i s r e p o r t 
c o n t a i n s m a p s a n d c ross sec t ions t h a t i nd i ca t e t h e e x t e n t 
of f l o o d i n g t h a t m i g h t o c c u r in t h e f u t u r e . P h o t o g r a p h s 
a r e i n c l u d e d t o s h o w typ ica l B r a z o s f l o o d - p l a i n deve l 
o p m e n t w i th in t he C i ty of W a c o . 

NONTECHNICAL  

O n e of t h e ear l ies t " r e c o r d e d " i n t ense r a in f a l l s o n t h e 
B r a z o s R i v e r o c c u r r e d in t h e 1870's. L i t t l e is a c t u a l l y 
k n o w n a b o u t t h e s t o r m , b u t t h e r e c o l l e c t i o n of a n old 
i n h a b i t a n t (Vance ,  p . 7) gives t he f o l l o w i n g a c c o u n t : 

A few days before the rains began to fall a band of  
Indians that were camped in the river valley just below old For t 
Griff in moved their camp to the top of one of the near by hills. 
After the f lood, on being asked why they moved to the top of the 
hill, the chief answered that when the snakes crawl toward the 
hills, the prairie dogs run toward the hills and grasshoppers hop 
toward the hills, it is time for the Indian to go the hills. 

S t a y i n g a b o v e w a t e r h a s a l w a y s b e e n a p r o b l e m f o r 
p e o p l e of W a c o w h o   t h e B r a z o s R ive r . T h e d a y s 
h a v e l o n g p a s s e d w h e n W a c o c i t i z en ry c a n t a k e t h e i r 

 A thesis submit ted in part ial fulf i l lment of the Master of Environmen
tal Science degree, Baylor University, 1978. 

p o s s e s s i o n s a n d m o v e to h igh g r o u n d . E a c h y e a r a g r e a t e r 
p o r t i o n of t h e W a c o u r b a n p o p u l a t i o n is c o n c e n t r a t e d o n 
o r n e a r t h e B r a z o s f l o o d p l a in . N o o n e n o w l iv ing h a s 

e x p e r i e n c e d a p r o b a b l e m a x i m u m f l o o d o n t h e B r a z o s . 
B e c a u s e of t h e e n o r m o u s e c o n o m i c r i sk , as well as t h e 
p o t e n t i a l loss of  t h e r e is a need to m a k e t h e g e n e r a l 
p u b l i c a w a r e of a r e a s s u b j e c t t o f l o o d . W e c a n n o t a f f o r d 
t o wa i t un t i l s n a k e s , p r a i r i e d o g s a n d g r a s s h o p p e r s b e g i n 
s c u r r y i n g uph i l l b e f o r e p e o p l e a r e w a r n e d of i m p e n d i n g 
f l o o d d a n g e r . 

T h e e f f ec t s of u r b a n i z a t i o n in W a c o h a v e i n c r e a s e d t h e 
p o t e n t i a l f o r f l o o d i n g in a r e a s t h a t w e r e n o t p r e v i o u s l y in 
d a n g e r . A s a s p h a l t , c o n c r e t e , a n d b u i l d i n g s r e p l a c e n a t u 
ra l soil c o v e r i n g , a n d as d r a i n a g e n e t w o r k s a r e s t r e a m 
l ined a n d m a d e s m o o t h , r a i n f a l l r u n o f f is c o n v e y e d m o r e 
e f f i c i en t ly , t h e r e f o r e g r e a t e r v o l u m e s of w a t e r c a n a c 
c u m u l a t e m o r e q u i c k l y . G i v e n i d e n t i c a l r a i n f a l l , a  
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flood in W a c o will be f a r g r e a t e r t h a n w a s a  flood. 
T h e  K a n s a s Ci ty flood is a n e x a m p l e of th is p r o b l e m 
f a c i n g u r b a n W a c o . In t e r m s of p r o b a b i l i t y , t he r a in fa l l 
i n t ens i ty of t h e K a n s a s C i ty flood h a d a p r o b a b i l i t y of 
o c c u r r i n g e a c h  -20 yea r s , yet it p r o d u c e d a flood w h i c h 
h a d a p r o b a b i l i t y of o c c u r r i n g u n d e r n a t u r a l c o n d i t i o n s 
e a c h 750-1 ,000 years . T h e t r i b u t a r y wh ich c a u s e d t h e 
K a n s a s C i ty flood. B r u s h C r e e k , h a s a n a r e a of on ly 30 
s q u a r e miles b u t is c o m p l e t e l y u r b a n i z e d . 

T r i b u t a r y flooding w i th in u r b a n W a c o is a s ign i f i can t 
p r o b l e m ; h o w e v e r , th i s p a p e r a d d r e s s e s a p r o b l e m of f a r 
g r e a t e r  p r o b a b l e m a x i m u m flood of t he 
B r a z o s R i v e r in t h e C i ty of W a c o . P r o b a b l e m a x i m u m 
flood d e t e r m i n a t i o n is b a s e d u p o n t h e c o n s i d e r a t i o n of 
severa l c l i m a t i c a n d phys i ca l f a c t o r s . W a c o is loca ted in a 
p h y s i o g r a p h i c r eg ion w h i c h expe r i ence s al l a i r m a s s 
m o v e m e n t s k n o w n to c a u s e g r e a t s t o r m s in t h e s o u t h w e s t 
U n i t e d S t a t e s . If a s t o r m o c c u r s in o n e r iver b a s i n of a 
g iven p h y s i o g r a p h i c r eg ion , it is r e a s o n a b l e t o a s s u m e the 
s a m e s t o r m c o u l d o c c u r in a n y b a s i n w i t h i n t h a t r eg ion . 
F o r e x a m p l e , A u s t i n a n d W a c o h a v e s imi la r c l imates , 
b o t h a r e a b o u t t h e s a m e d i s t a n c e f r o m the Gul f C o a s t , 
b o t h h a v e t h e s a m e t o p o g r a p h y , a n d b o t h e x p e r i e n c e 
w e a t h e r p h e n o m e n a a s s o c i a t e d wi th t h e s a m e a i r m a s s 
m o v e m e n t s . F l o o d d i s c h a r g e s o n the C o l o r a d o R i v e r a t 
A u s t i n c o u l d t h e r e f o r e o c c u r o n t h e B r a z o s R i v e r a t 
W a c o . T h e r e c o r d flood a t W a c o h a d a p e a k flow of 
246 ,000 cfs whi le t h e r e c o r d flood a t A u s t i n h a d a p e a k 
flow of 803,000 cfs. 

T h a t t he flood of r e c o r d f o r t h e B r a z o s R ive r a t W a c o 
is well b e l o w t h e p r o b a b l e m a x i m u m flood is o b v i o u s . 
S t u d i e s a c c o m p l i s h e d o n p r o b a b l e m a x i m u m flooding 
m a k e th i s f a c t even m o r e o b v i o u s . P e a k d i s c h a r g e g r e a t e r 

t h a n  cfs a n d r a i n f a l l d e p t h s of n e a r 40 i nches in 
48 h o u r s a r e e s t i m a t e d f o r a r e a s of 1,000 s q u a r e miles . It 
s h o u l d a l so be a p p a r e n t t h a t p r o b a b l e m a x i m u m flood
ing m a y resu l t f r o m a s t o r m c o v e r i n g on ly a sma l l p o r t i o n 
of t he B r a z o s R ive r ba s in . T w o of t he w o r l d s g rea t e s t 

o b s e r v e d p o i n t r a in fa l l s h a v e o c c u r r e d in T e x a s a n d a r e 
c o n s i d e r e d " t r a n s p o s a b l e " t o t he B r a z o s ba s in . T w e n t y -
t w o inches of r a i n fell n e a r D ' H a n i s in 2 h o u r s , 45 m i n 
u tes , a n d 36 inches of r a i n fel l a t T h r a l l in a p e r i o d of  
h o u r s . T h e s e s t o r m s c o u l d j u s t as well h a v e b e e n c e n t e r e d 
over t h e C i ty of W a c o . 

C o n s t r u c t i o n of W h i t n e y D a m gave t h e p e o p l e of 

W a c o a s s u r a n c e t h a t t h e y will be p r o t e c t e d f r o m B r a z o s 

R i v e r flooding. T h e n e w L a k e W a c o D a m i n c r e a s e d c o n 
f i d e n c e t o t h e p o i n t t h a t f e w b u s i n e s s m e n w o u l d he s i t a t e 
t o d e v e l o p t h e B r a z o s flood p l a i n in W a c o . N o w , w i t h 
c o n s t r u c t i o n p r o g r e s s i n g o n A q u i l l a D a m , t he W a c o ci t i
zen m a y be l ieve n a t u r e h a s b e e n h a r n e s s e d , w h e n in f a c t 
these s t r u c t u r e s on ly set t h e s t age f o r a g r e a t flood d i s a s 
ter . U n d e r m e t e o r o l o g i c a l c o n d i t i o n s of p r o b a b l e m a x i 
m u m flooding it is r e a s o n a b l e t o a s s u m e a flood, p r o d u c 
ing su f f i c i en t r u n o f f v o l u m e t o fi l l al l l akes , h a s r e c e n t l y 
o c c u r r e d . If t h e l akes a r e f u l l a t t h e b e g i n n i n g of a s t o r m , 
t h e n t h e flood r e t a r d i n g e f f ec t s of t h o s e l akes a r e 
ins ign i f i can t . 

A t o n e p o i n t d u r i n g  L a k e W h i t n e y r e se rvo i r w a s 
fu l l a n d flood re leases c o u l d n o t b e m a d e b e c a u s e of 
g e n e r a l r a in s ove r t h e b a s i n a n d flooding d o w n s t r e a m . 
C o n d i t i o n s were r igh t a t t h a t t i m e f o r t he b e g i n n i n g of t h e 
p r o b a b l e m a x i m u m flood a t W a c o . T h o s e c o n d i t i o n s will 
s o m e d a y co inc ide wi th a g r e a t s t o r m , a n d a g r e a t flood 
will o c c u r o n t he B r a z o s R i v e r in W a c o . T h i s flood will 
h a v e a p e a k d i s c h a r g e g r e a t e r t h a n 900 ,000 cfs a n d a 
flood s t age g r e a t e r t h a n 68 fee t , c o m p a r e d t o 246 ,000 cfs 
flood flow a n d 40.9 fee t s t age of t h e flood of r e c o r d f o r 
t he B r a z o s R i v e r a t W a c o . T h e r e will be c h a n n e l ve loci 
t ies n e a r 30 f p s (20 m p h ) a n d o v e r b a n k flow ve loc i t i es 
n e a r 8 f p s . W a c o Ci ty Ha l l will be u n d e r 9 fee t of w a t e r 
a n d t h e C o u n t y C o u r t h o u s e will be o n t h e edge of t h e 
B r a z o s R ive r . T h e r e will n o t be a s q u a r e f o o t of B a y l o r 
U n i v e r s i t y c a m p u s t h a t is n o t i n u n d a t e d , a n d al l b r i d g e s 
c r o s s i n g t h e B r a z o s R ive r will be e i the r w a s h e d a w a y o r 
c o v e r e d by floodwater. H u n d r e d s of h o u s e s will b e 
flooded a n d m a n y w a s h e d a w a y . T h e r e is n o m e t h o d of 
e s t i m a t i n g loss of life. 

G r e a t floods h a v e o c c u r r e d o n t h e B r a z o s R i v e r , b u t 
n o t d u r i n g r e c o r d e d t imes . G r e a t floods h a v e o c c u r r e d 
d u r i n g r e c o r d e d h i s t o r y in a r e a s w h i c h co u l d have , b u t 
f o r c h a n c e , o c c u r r e d o n t h e B r a z o s R ive r in W a c o . F e w 

k n o w n floods h a v e r e a c h e d p r o b a b l e m a x i m u m dis
c h a r g e r a t e s o r v o l u m e s . T h i s is n o t t o say g r e a t e r floods 
will n o t o c c u r , b u t r a t h e r t h a t o u r r e c o r d s a r e so l imi t ed 
t h a t we c a n n o t p r e d i c t t he i r o c c u r r e n c e . H o w e v e r , in t i m e 
t h e c o r r e c t s e q u e n c e of v a r i a b l e s will c o m b i n e , a n d W a c o 
will e x p e r i e n c e flooding f a r g r e a t e r t h a n a n y o n e ever 

i m a g i n e d . 

INTRODUCTION 

P U R P O S E 

W h e t h e r l iv ing o n the B r a z o s R i v e r b a n k o r o n t o p of a 
hill in d o w n t o w n W a c o , e v e r y o n e in t he ci ty h a s a n 
in t e re s t in B r a z o s R i v e r flooding a n d flood c o n t r o l . T h e 
b ig m u l t i p u r p o s e d a m a t W h i t n e y , t h e d a m a g e d levee 
s y s t e m in W a c o , t h e s m a l l u p s t r e a m d a m s a l o n g t h e 

B r a z o s R i v e r a n d its t r i b u t a r i e s , a n d t h e l a n d m a n a g e 
m e n t p r o g r a m s in t h e B r a z o s b a s i n c o n s t i t u t e s o m e of t h e 
la rges t ac t iv i t ies of t h e F e d e r a l G o v e r n m e n t in t h e a r e a . 
D u e in p a r t t o o u r des i r e n o t t o w o r r y , t h e a v e r a g e c i t izen 

of W a c o h a s s o m e u n r e a l i s t i c i dea s a b o u t B r a z o s R i v e r 

flooding. 



MAXIMUM FLOOD, BRAZOS RIVER IN CITY OF WACO 7 

T h e c h a n n e l a n d flood p l a i n of t h e B r a z o s R i v e r w e r e 
c o n s t r u c t e d b y t h e r ive r a n d a r e a n e x p r e s s i o n of t he 
r iver ' s n a t u r a l p r o c e s s of a c c o m m o d a t i n g excess r a in f a l l . 
D u r i n g m o s t of t he yea r , w a t e r s e l d o m c o v e r s m o r e t h a n 
t h e b o t t o m of t h e r iver c h a n n e l . T h e B r a z o s R i v e r flows 
b a n k f u l l on ly a b o u t twice e a c h yea r , o n t h e a v e r a g e , a n d 
on ly i n f r e q u e n t l y d o floods s p r e a d o u t ove r t h e flood 

p l a i n . It is o n t h e flood p l a i n t h a t nea r ly al l flood d a m a g e 
o c c u r s ( L e o p o l d a n d M a d d o c k , 1954, p. 9). 

W h i l e d e t e r m i n i n g a n a n n u a l flood, t h e so-ca l led 
y e a r flood, o r t h e even g r e a t e r S t a n d a r d P r o j e c t F l o o d is 
a n e c e s s a r y a n d v a l u a b l e ac t iv i ty . A m o r e log ica l m e t h o d 
of flood -p la in m a n a g e m e n t is t o d e l i n e a t e t h e p r o b a b l e 
m a x i m u m flood w a t e r level a l o n g the B r a z o s R ive r . M a k 
ing th i s f a c t of flooding a m a t t e r of p u b l i c i n f o r m a t i o n 
gives t h e i n d i v i d u a l c i t izen t h e cho i ce of l iving o r w o r k i n g 
a t a l o c a t i o n c o m p l e t e l y sa fe f r o m the t h r e a t of r i s ing 
w a t e r , o r k n o w i n g l y a c c e p t i n g a g r e a t e r d e g r e e of r i sk 
wi th e a c h l o w e r e l eva t i on i n c r e m e n t . 

F l o o d s kill a n d floods d e s t r o y a n d floods a r e c e r t a i n . 
O u r o n l y rea l p r o t e c t i o n f r o m g r e a t floods is t o r e m a i n 
o u t of t he i r p a t h . T h e r e f o r e , t h e p u r p o s e s of th i s inves t i 
g a t i o n a r e (1) t o d e t e r m i n e t h e m a g n i t u d e of p r o b a b l e 
m a x i m u m floods of t h e B r a z o s R i v e r a t W a c o , a n d (2) t o 
s h o w o n m a p s t h e e x t e n t a n d d e p t h of w a t e r ove r p o t e n 
t ia l ly floodable a r e a s . 

L O C A T I O N 

D r a i n a g e a r e a of t h e B r a z o s R i v e r ( a b o v e t h e U . S . 
G e o l o g i c a l S u r v e y g a g e l o c a t e d 2 .2 mi les d o w n s t r e a m 
f r o m L a  A v e n u e , a t r i ve r mi le 400 .7) is a p p r o x i 
m a t e l y 28 ,531 s q u a r e mi les , of w h i c h a p p r o x i m a t e l y 
9 ,240 s q u a r e mi les o n t h e h i g h p l a i n s a r e c lass i f ied as 

n o n c o n t r i b u t i n g d r a i n a g e a r e a ( P a t t e r s o n , 1965, p . 193). 
T h e b a s i n h a s a m a x i m u m w i d t h of a b o u t 120 mi les , 
b o u n d e d o n t h e eas t b y t h e R e d a n d T r i n i t y R ive r b a s i n s 
a n d o n t h e wes t by t h e C o l o r a d o R i v e r b a s i n (F ig . 1). T h e 
s t u d y a r e a lies w i t h i n t w o p h y s i o g r a p h i c p r o v i n c e s of t h e 
U n i t e d S t a t e s : (1) t h e G r e a t P l a i n s p h y s i o g r a p h i c p r o v 
ince ( f r o m t h e u p p e r l imi t s of t h e b a s i n in N e w M e x i c o t o 
t h e C a p r o c k e s c a r p m e n t n e a r P o s t a n d C r o s b y t o n ) a n d 
(2) t h e C e n t r a l L o w l a n d s p r o v i n c e ( f r o m t h e C a p r o c k 
e s c a r p m e n t t o t h e B a l c o n e s e s c a r p m e n t , a ser ies of l o w 
e s c a r p m e n t s n e a r W a c o , T e x a s ) . 

M E T H O D 

U s i n g t o p o g r a p h i c m a p s , U . S . G e o l o g i c a l S u r v e y flow 
r e c o r d s , a n d h i s to r i ca l h y d r o m e t e o r o l o g i c a l d a t a , a n 
a n a l y s i s of t h e B r a z o s R i v e r b a s i n a b o v e W a c o w a s m a d e 
f o r p h y s i c a l a n d c l i m a t i c f a c t o r s t h a t a f f ec t r a i n f a l l a n d 
r u n o f f . A m o r e d e t a i l e d s t u d y of t h e W a c o p o r t i o n of t h e 
B r a z o s b a s i n g ives spec ia l a t t e n t i o n t o t h e e f fec t b a s i n 
g e o m e t r y h a d o n a c o m p o s i t e flood h y d r o g r a p h . C r o s s -
va l ley p r o f i l e s w e r e p r e p a r e d f o r c r i t ica l p o i n t s d o w n 
s t r e a m f r o m A q u i l l a C r e e k , a n d f o r e a c h of t h e s e t h e 
c r o s s - s e c t i o n a l a r e a was d e t e r m i n e d f o r use in c a l c u l a t i n g 

flow v o l u m e s , d e p t h s , a n d veloci t ies . V e g e t a t i o n a n d 
floodway d e v e l o p m e n t s w e r e s t u d i e d f o r s t r e a m flow 
f o r m u l a m o d i f i c a t i o n . H y d r o g r a p h s w e r e d e v e l o p e d f o r 

e a c h c o n t r i b u t i n g w a t e r s h e d in t h e u n c o n t r o l l e d a r e a 
b e t w e e n L a k e W h i t n e y a n d W a c o . U s i n g U . S . W e a t h e r 

Se rv ice p r o c e d u r e s , f l o w v o l u m e s i n d i c a t e d by t he se 
h y d r o g r a p h s w e r e r o u t e d t h r o u g h W a c o , a n d a p r o b a b l e 
m a x i m u m flood p e a k d i s c h a r g e w a s d e t e r m i n e d f o r t h e 
W a c o gage . G i v e n th i s p e a k d i s c h a r g e a t t h e g a g e p o i n t , a 
w a t e r s u r f a c e p r o f i l e f o r t h e p r o b a b l e m a x i m u m flood 
level was c a l c u l a t e d , u s i n g a c o m p u t e r p r o g r a m deve l 
o p e d by t h e H y d r o l o g i c E n g i n e e r i n g C e n t e r , D a v i s , Ca l i 
f o r n i a . T h i s w a t e r s u r f a c e p r o f i l e m a d e it p o s s i b l e t o 
d e l i n e a t e t h e flood s t age a t al l p o i n t s a l o n g t h e r iver 
w i t h i n t h e W a c o r e g i o n a n d , u s i n g t he se d a t a , t o p r e p a r e 
a l a rge scale flood m a p of t h e C i ty of W a c o . 

P R E V I O U S W O R K S 

P r e v i o u s w o r k s of spec i f ic v a l u e t o th i s s t u d y c a n bes t be 
d iv ided i n t o six ca tegor i e s : (1) s tud ies spec i f ica l ly r e l a t ed 
t o e x p e r i e n c e d a n d e x p e c t e d flooding o n t h e B r a z o s 
R ive r in c e n t r a l T e x a s , (2) h y d r o l o g i c s tud ies of sma l l 
w a t e r s h e d s w i t h i n t h e B r a z o s R ive r a n d a d j o i n i n g r ive r 
bas ins , (3) s t ud i e s of p r e v i o u s w e a t h e r p h e n o m e n a a n d 
h i s to r i ca l flooding, (4) r e p o r t s of p r o b a b l e m a x i m u m 

r a i n f a l l e x p e r i e n c e d a n d p r e d i c t e d f o r c e n t r a l T e x a s , (5) 
f a c t o r s a f f e c t i n g r u n o f f , a n d (6) t o o l s u s e d in t h e s t u d y of 
s u r f a c e w a t e r h y d r o l o g y a n d h y d r a u h c s . 

S T U D I E S S P E C I F I C A L L Y R E L A T E D TO E X P E R I E N C E D A N D 

E X P E C T E D F L O O D I N G ON THE B R A Z O S R I V E R 

 C E N T R A L T E X A S 

S e v e r a l spec i f ic s t ud i e s h a v e b e e n a c c o m p a n i e d b y f e d 
era l a n d s t a t e agenc ies . T h e U . S . A r m y C o r p s of Eng i 

neers m a d e ex t ens ive flood s tud ies of t he B r a z o s R ive r 
b a s i n f o r t h e d e s i g n of W h i t n e y D a m  a n d of t h e 
B o s q u e R ive r f o r t he des ign of W a c o D a m (1957). 

T h e C o r p s of E n g i n e e r s  r e p o r t re la tes t o t h e 
flood s i t u a t i o n a l o n g t h e B r a z o s a n d B o s q u e R ive r s in t h e 
v ic in i ty of W a c o . T h e C o r p s of E n g i n e e r s (1974) m a d e 
a n o t h e r e x t e n s i v e flood s t u d y f o r t h e des ign of A q u i l l a 

C r e e k D a m . B i s h o p (1976) s t u d i e d t h e flood p o t e n t i a l of 
t h e B o s q u e R ive r . A flood i n s u r a n c e s t u d y ( H U D , 1977) 
i n v e s t i g a t e d t h e sever i ty of flood h a z a r d s in W a c o a n d 
p r o v i d e d i n f o r m a t i o n f o r s o u n d flood-plain m a n a g e m e n t 
w i t h i n t h e u r b a n a r e a . 

H Y D R O L O G I C S T U D I E S OF S M A L L W A T E R S H E D S W I T H I N 

THE B R A Z O S A N D A D J O I N I N G R I V E R B A S I N S 

P a t t e r s o n  d e s c r i b e d p e a k g a g e h e i g h t s a n d d i s 
c h a r g e s f o r g a g i n g s t a t i o n s of r ivers flowing i n t o t h e 
w e s t e r n Gu l f of M e x i c o . Th i s p u b h c a t i o n w a s v a l u a b l e 
t h r o u g h al l p h a s e s of th i s s t u d y . T h e T e x a s W a t e r D e v e l 
o p m e n t B o a r d p r e p a r e d severa l h y d r o l o g i c s tud i e s of 
sma l l w a t e r s h e d s t h r o u g h o u t T e x a s . H y d r o l o g i c d a t a 
c o m p i l e d a n d a n a l y z e d in t he se s tud i e s w e r e u s e f u l in 
u n d e r s t a n d i n g a n d r e l a t i ng w a t e r s h e d p roces ses c o m m o n 
in al l w a t e r s h e d s , a n d in d e t e r m i n i n g p r o c e s s e s u n i q u e t o 
t h e c e n t r a l T e x a s p o r t i o n of t h e B r a z o s ba s in . Mil ls , 
M c G i l l a n d F l u g r a t h (1965) a n d S a u e r (1965) s t u d i e d 
s m a l l w a t e r s h e d s in t h e C o l o r a d o R i v e r b a s i n ; S m i t h a n d 
W e l b o r n  s t u d i e d a s m a l l w a t e r s h e d in t h e T r i n i t y 
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R i v e r b a s i n ; Mil l s  a n d H a m p t o n  s t u d i e d 
w a t e r s h e d s of t h e B r a z o s R ive r bas in . 

S T U D I E S OF P R E V I O U S W E A T H E R P H E N O M E N A A N D 

H I S T O R I C A L F L O O D I N G 

H i s t o r i c a l flooding p r i o r t o 1934 is d o c u m e n t e d by 
V a n c e (1934). In th i s s t u d y he a l so i nc luded ra in fa l l s 
n o t e d in u n o f f i c i a l r e c o r d s . B r e e d i n g a n d D a l r y m p l e 
(1944) d e s c r i b e s o m e n o t a b l e s t o r m s in T e x a s . F o r spe
cif ic w e a t h e r p h e n o m e n a w h i c h i n f l uence f l o o d i n g in t h e 
B r a z o s R ive r ba s in , Byers  d i scussed t h e t h u n d e r 
s t o r m , a n d   de sc r ibed t r o p i c a l s t o r m s . Breed
ing a n d M o n t g o m e r y (1952) a l so desc r ibed n o t a b l e 
s t o r m s in T e x a s , a n d Y o s t  gave a n a c c o u n t of t h e 

 1957 flooding o n t h e Brazos a n d a d j a c e n t 
ba s in s . A g e n e r a l d e s c r i p t i o n of T e x a s c l i m a t e by O r t o n 
(1964) i n c l u d e d t h e i m p o r t a n t Gul f c o a s t a l w a t e r s , t h e 
s o u r c e of m o i s t u r e f o r c e n t r a l T e x a s ; O r t o n (1966) a l so 
d i scussed eas t e r ly w a v e s in m u c h t h e s a m e m a n n e r as 
C a r r (1966) d i scussed w e a t h e r a s s o c i a t e d w i t h h u r r i 
canes . In a d d i t i o n t o th i s C a r r (1967) desc r ibed t h e cli
m a t e a n d p h y s i o g r a p h y of T e x a s . A n o t h e r speci f ic s t u d y 
of w e a t h e r p h e n o m e n a t h a t i n f l u e n c e flooding in t h e 
B r a z o s b a s i n w a s b y S c h o n e r (1968) w h o d i scussed 
w e a t h e r a s s o c i a t e d w i t h h u r r i c a n e s . P e t t e r s s e n (1969) 
d e s c r i b e d in very g e n e r a l t e r m s g l o b a l m e t e o r o l o g y . 
N e w s p a p e r a c c o u n t s f r o m t h e Waco-Times Herald p r o 
v ided de ta i l s of spec i f ic floods in t h e Ci ty of W a c o . 

R E P O R T S OF P R O B A B L E M A X I M U M R A I N F A L L 

E X P E R I E N C E D A N D P R E D I C T E D FOR 

C E N T R A L T E X A S 

A n ea r ly a t t e m p t t o a p p r o x i m a t e t h e p r o b a b l e m a x i 
m u m r a i n f a l l w a s t h a t by J a r v i s  C o m m o n s  

d e v e l o p e d a p r o b a b l e m a x i m u m " r a i n f a l l e n v e l o p e " 
f r o m all s t o r m s t h a t h a d o c c u r r e d in t h e f o u r p h y s i o g r a 
p h i c r eg ions iden t i f i ed in T e x a s . A r e l a t i o n s h i p b e t w e e n 
m a x i m u m o b s e r v e d p o i n t r a i n f a l l a n d  r a i n f a l l 
va lues w a s d e v e l o p e d by F l e t c h e r  w h o a l so deve
l o p e d a f o r m u l a f o r e s t i m a t i n g p r o b a b l e m a x i m u m r a i n 

fal l . T h e C o r p s of E n g i n e e r s ' p r o b a b l e m a x i m u m s t o r m 
c a l c u l a t i o n in d e s i g n of m a j o r w a t e r p r o j e c t s is e x p l a i n e d 
by C o c h r a n (1975) . S c h r e i n e r a n d R iede l (1976) d e s 

c r ibed p r o b a b l e m a x i m u m p r e c i p i t a t i o n e s t ima te s f o r t h e 
U n i t e d S t a t e s eas t of t h e  m e r i d i a n a n d in th i s s t u d y 
i n c l u d e d a r e a s u p t o 20 ,000 s q u a r e mi les a n d d u r a t i o n s t o 
72 h o u r s . 

F A C T O R S A F F E C T I N G R U N O F F 

T h e r e l a t i o n s h i p s b e t w e e n r u n o f f a n d b a s i n m o r p h o l 
ogy were f i r s t d e s c r i b e d by R o b e r t E. H o r t o n  in a 
s t u d y in w h i c h r u n o f f e s t i m a t e s were de r ived f r o m r a i n 
fa l l d a t a . L a t e r H o r t o n (1932) d e f i n e d d r a i n a g e b a s i n 
cha rac t e r i s t i c s . T h i s p a p e r is still u s e f u l as is his 1935 
d i scuss ion of f a c t o r s a f f e c t i n g s u r f a c e r u n o f f . H o r t o n 

 d e s c r i b e d a h y d r o p h y s i c a l a p p r o a c h t o q u a n t i t a 
t ive ba s in m o r p h o l o g y . L a n g b e i n (1947) de sc r ibed in 
g r e a t e r de ta i l m a n y t o p o g r a p h i c cha rac t e r i s t i c s of d r a i n 
age ba s in s p r ev ious ly i den t i f i ed by H o r t o n . L e o p o l d a n d 
M a d d o c k (1953) a d d r e s s e d t h e e f f ec t of c h a n n e l r o u g h 
ness a n d s lope o n s u r f a c e r u n o f f , a n d S c h u m m (1956) 

r e l a t ed s l ope d e v e l o p m e n t t o d r a i n a g e s y s t e m s . I n a 1956 
s t u d y L e o p o l d a n d Mi l le r de sc r ibed r e l a t i o n s h i p s of 
s t r e a m o r d e r t o s t r e a m n u m b e r , l eng th , a n d d r a i n a g e 
a r e a . B o y e r  c o m p a r e d c h a r a c t e r i s t i c s of g r e a t 
s t o r m s a n d e x a m i n e d t h e a s s o c i a t i o n of a r e a , p r e c i p i t a 

t i on , a n d d u r a t i o n . S t r a h l e r  a n d M o r i s a w a  
m a d e q u a n t i t a t i v e ana ly se s of g e o m o r p h i c f a c t o r s a n d 
the i r i m p a c t o n s t r e a m flow, d e s c r i b i n g s u c h f a c t o r s as 
l eng th , o r d e r , b i f u r c a t i o n r a t i o , a r e a , s lope , d r a i n a g e 
dens i t y a n d d r a i n a g e t e x t u r e . B e n s o n (1962 a ,b ) , in t w o 
s tud i e s e m p l o y i n g s t a t i s t i ca l m u l t i p l e - r e g r e s s i o n t e c h 
n i q u e s , e x a m i n e d t h e r e l a t i o n s h i p s b e t w e e n p e a k d is 
c h a r g e a n d t o p o g r a p h i c a n d c l i m a t i c f a c t o r s . In t h e s e 
s tud ies he se lec ted o n e a r e a in a h u m i d r e g i o n w i t h 
d iverse t e r r a i n a n d t h e s e c o n d a r e a in t h e a r id S o u t h w e s t . 
In a n ana lys i s of s o m e v a r i a b l e s w h i c h a f f e c t s e d i m e n t 
t r a n s p o r t , G u y  r e l a t e d s e a s o n a l i n f l uences t o flood 
h y d r o g r a p h . B o w d e n a n d Wal l i s (1964) c o m p a r e d v a r 
ious s t r e a m o r d e r i n g t e c h n i q u e s wi th spec ia l e m p h a s i s o n 
t h o s e d e v e l o p e d by H o r t o n (1945) a n d S t r a h l e r (1957). 
W o r k by H a r e  o n t h e e f f ec t s of u r b a n i z a t i o n o n 
s t o r m r u n o f f r a t e s , t o g e t h e r w i t h o t h e r s t ud i e s f r o m 
B e a r d (1970) o n u r b a n a r ea s , was of c o n s i d e r a b l e use in 
th is w o r k . 

TOOLS U S E D I N T H E S T U D Y O F S U R F A C E W A T E R 

H Y D R O L O G Y A N D H Y D R A U L I C S 

T h e s y n t h e t i c u n i t h y d r o g r a p h was d e s c r i b e d b y S n y -
d e r  a n d by L a n g b e i n  w h o a l so e x p l a i n e d t h e 
m o v e m e n t of flood w a v e s t h r o u g h c h a n n e l s . M e t h o d s of 
flood r o u t i n g a n d a m e t h o d f o r d e v e l o p i n g a flood 
h y d r o g r a p h w e r e d e s c r i b e d b y C o m m o n s (1945) . T h e s e 
s i m p l e m e t h o d s a p p e a r t o b e re la t ive ly a c c u r a t e f o r B r a 
zos b a s i n s t r e a m s ch ie f ly b e c a u s e C o m m o n s ' s tud ies w e r e 
m a d e in T e x a s . J o h n s t o n a n d C r o s s (1948) gave severa l 
m e t h o d s of ana ly se s of t h e u n i t h y d r o g r a p h a n d a l so 
p r o v i d e d i n f o r m a t i o n o n flood r o u t i n g . C h o w (1959) , in 
his s t u d y of o p e n c h a n n e l h y d r a u l i c s , d i scussed f a c t o r s 
i n f l u e n c i n g h y d r o g r a p h p e a k a n d s h a p e , s u c h as c h a n n e l 
s t o r a g e , t ypes of s t r e a m f l o w , a n d r e s i s t ance a n d r e t a r d a 

t i o n of flow. A h e l p f u l e x p l a n a t i o n of h y d r o l o g i c t e r m i 
n o l o g y w a s d e v e l o p e d by L a n g b e i n a n d  (1960) . T h e 
d e f i n i t i o n s in th i s s t u d y a r e t h o s e c o m m o n l y u s e d in f ie ld 
i n v e s t i g a t i o n s of h y d r o l o g i c p r o b l e m s . S e a r c y (1960) 
p r e s e n t e d a p r o c e d u r e f o r g r a p h i c a l l y c o r r e l a t i n g g a g i n g 
s t a t i o n r e c o r d s , a n d S e a r c y a n d H a r d i s o n (1960) d e 
sc r ibed t h e d e v e l o p m e n t of a d o u b l e m a s s c u r v e f o r flood 
r o u t i n g . D a l r y m p l e (1960) , in a n exce l l en t s t u d y , a n a 
lyzed flood f r e q u e n c y , a n d C o u r t (1961) c o m p a r e d a n d 
e x a m i n e d six d i f f e r e n t a r e a - d e p t h r a i n f a l l f o r m u l a s . S t a 
t i s t ica l m e t h o d s u s e d in th i s p a p e r w e r e de r ived p r i m a r i l y 
f r o m a s t u d y b y B e a r d  in w h i c h b o t h a n a l y t i c a l 
a n d g r a p h i c a l m e t h o d s of f r e q u e n c y d e t e r m i n a t i o n w e r e 
d i s cus sed . T h e H y d r o l o g i c E n g i n e e r i n g C e n t e r , U . S . 
A r m y C o r p s of E n g i n e e r s , D a v i s ,  h a s c o m 
p le t ed a n u m b e r of flood s tud ies . T h o s e m o s t u s e f u l in t h e 
c u r r e n t i n v e s t i g a t i o n were H y d r o l o g i c E n g i n e e r i n g C e n 
te r (1973) , a s t u d y o n h y d r o g r a p h ana lys i s ; T h o m a s ' 

 d e s c r i p t i o n of w a t e r s u r f a c e p r o f i l e c a l c u l a t i o n ; 
a n d a s t u d y by D a v i s  o n flood f r e q u e n c y ana lys i s . 

I n a d d i t i o n t o t h e a b o v e w e r e a ser ies of g e n e r a l h y d r o -
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log ic s tud i e s a n d , a m o n g these , t h o s e m o s t u s e f u l in t h e 
c u r r e n t i n v e s t i g a t i o n w e r e by Wis le r a n d B r a t e r  

C h o w (1964) , U . S . D e p a r t m e n t of A g r i c u l t u r e (1971) a n d 
G r e g o r y a n d W a l l i n g  

A C K N O W L E D G M E N T S -

R e c o g n i t i o n is g iven to t h o s e w h o h a v e c o n t r i b u t e d t o 
t h e a c c o m p l i s h m e n t of th i s s t u d y . M y a p p r e c i a t i o n is 
e x p r e s s e d t o D r . O . T . H a y w a r d , D e p a r t m e n t of G e o l 
ogy , B a y l o r Un ive r s i t y , f i r s t , f o r s h a r i n g his u n d e r s t a n d 
ing of n a t u r a l p roce s se s , a n d s e c o n d , f o r his adv i ce a n d 
m a n u s c r i p t sugges t i ons . D r . M e r l e A l e x a n d e r , D i r e c t o r , 
I n s t i t u t e of E n v i r o n m e n t a l S tud ie s , D r . R o b e r t F o n t a n d 
D r . G . A . M o r a l e s , D e p a r t m e n t of G e o l o g y , B a y l o r U n i 
vers i ty , p r o v i d e d adv ice , e n c o u r a g e m e n t , a n d cr i t ica l 
rev iew. W a r r e n H a t c h , N a t i o n a l W e a t h e r R e c o r d s C e n 
te r , Ashev i l l e , N o r t h C a r o l i n a , ass i s ted in o b t a i n i n g cr i t i 
cal o u t - o f - p r i n t p u b l i c a t i o n s , a n d J o h n Mi l l e r , N a t i o n a l 
W e a t h e r Serv ice , S i lver S p r i n g , M a r y l a n d , p r o v i d e d a d 

vice o n v a r i o u s m e t e o r o l o g i c a l sub jec t s . Spec i a l t h a n k s 
t o C o l o n e l J o h n F . W a l l , J r . , D i s t r i c t E n g i n e e r , U . S . 
A r m y C o r p s of E n g i n e e r s , F o r t W o r t h D i s t r i c t , f o r m a k 
i n g a v a i l a b l e t h e r e s o u r c e s of h is o f f i ce . D o y l e D . H a r r i s , 
H y d r o l o g y D iv i s i on , s p e n t m a n y h o u r s a n s w e r i n g q u e s 
t i o n s r e l a t e d t o g e n e r a l h y d r o l o g y a n d e x p l a i n i n g p r o c e 
d u r e s a n d t e c h n i q u e s e m p l o y e d by t h e C o r p s of E n 
g ineers . D e n n i s B a r n a b u s , H y d r a u l i c s D i v i s i o n , ass i s ted 

in d e v e l o p i n g spec i f i c d a t a o n t h e B r a z o s R i v e r f l o o d w a y 

a n d p r o v i d e d u n p u b l i s h e d C o r p s of E n g i n e e r s s t ud i e s f o r 
m y p u r u s a l . M u r r a y H u f f m a n , Ch ie f A D P S e c t i o n , a n d 
L a r r y D a c u s , H y d r a u l i c s D i v i s i o n , f u r n i s h e d c o m p u t e r 
a p p l i c a t i o n s u p p o r t f o r t h e b a c k w a t e r s t udy . J e r r y N u n n , 
N a t i o n a l W e a t h e r Serv ice R i v e r F o r e c a s t C e n t e r , F o r t 
W o r t h , p r o v i d e d c o m p u t e r s u p p o r t f o r r ive r r o u t i n g 
p r o c e d u r e s . A u s t i n Br icke r , H y d r o l o g i c S t u d i e s B r a n c h , 
U . S . G e o l o g i c a l S u r v e y , A u s t i n , e x p l a i n e d h y d r o g r a p h 
c a l c u l a t i o n a n d r o u t i n g m e t h o d s used b y t h e s u r v e y a n d 
r e c o m m e n d e d a l t e r n a t e s o u r c e s of i n f o r m a t i o n . C h a r 
lo t t e D . F r i ebe le , U .S . Geo log i ca l S u r v e y L i b r a r i a n , A u s 
t in , a n d B a r b a r a L u e d e c k e , T e x a s W a t e r D e v e l o p m e n t 
B o a r d L i b r a r i a n , A u s t i n , ass i s ted in m y in i t ia l l i t e r a t u r e 
s e a r c h , a n d B o b C r i t t e n d o n , D i r e c t o r of S u r f a c e W a t e r 
D i v i s i o n , T e x a s W a t e r D e v e l o p m e n t B o a r d , g a v e spec ia l 
g u i d a n c e f o r a d d i t i o n a l r e s e a r c h . M r . H a r l e n C. J o h n 

s t o n , So i l C o n s e r v a t i o n Serv ice , T e m p l e , f u r n i s h e d soil 
m a p s a n d a u s e f u l h y d r o l o g y m a n u a l f o r t h e s t u d y . J . 
L e o n C u r t i s , U . S . A r m y C o r p s of E n g i n e e r s D i v i s i o n 
Of f i ce , D a l l a s , a l so g a v e his t i m e d i s c u s s i n g t h e p r o c e 
d u r e f o r d e v e l o p i n g a p r o b a b l e m a x i m u m s t o r m , a n d 

p r o v i d e d h y d r o l o g i c d a t a a n d s tud ies t h a t w o u l d h a v e 
o t h e r w i s e b e e n u n a v a i l a b l e . Spec i a l r e c o g n i t i o n goes t o 
V i o l a S h i v e r s f o r he r a d v i c e o n f o r m a t a n d f o r t y p i n g t h e 
m a n u s c r i p t , t o G e o r g e H a r r i s f o r p r o c e s s i n g p h o t o 
g r a p h s , a n d t o T o m F r e n c h f o r d r a f t i n g ass i s t ance . 

PHYSIOGRAPHY 

T h e e a s t e r n p o r t i o n of t h e s t u d y a r e a lies in t h e w e s t e r n 
e d g e of t h e B l a c k l a n d P r a i r i e s (F ig . 1) of e a s t - c e n t r a l 
T e x a s . T h e g e n e r a l s u r f a c e relief is u n d u l a t i n g t o gen t l y 
ro l l ing . T h e w e s t - f a c i n g W h i t e R o c k P r a i r i e is t o t h e 

wes t . N a t i v e g r a s se s a n d fe r t i l e soi ls of t h e B l a c k l a n d 
P r a i r i e a r e u t i l ized f o r f a r m i n g a n d r a n c h i n g . 

J u s t wes t of t h e B l a c k l a n d P r a i r i e lies t h e G r a n d 
P r a i r i e , c o v e r e d l a rge ly in g ras s , w i t h h i g h ro l l ing , well-

d i ssec ted l i m e s t o n e a r e a s w i t h m o d e r a t e t o r a p i d s u r f a c e 
d r a i n a g e . A sma l l w o o d e d a r e a t h a t e x t e n d s s o u t h w a r d 
o n the eas t s ide of t he G r a n d P r a i r i e is t h e E a s t e r n C r o s s 
T i m b e r s . W e s t of t he G r a n d P r a i r i e is t he W e s t e r n C r o s s 
T i m b e r s , m u c h l a rge r t h a n the E a s t e r n C r o s s T i m b e r s 
a n d wi th  s u r f a c e relief r a n g i n g f r o m gen t ly 
t o s t r o n g l y ro l l ing . T r e e s cons i s t m a i n l y of p o s t o a k a n d 
b l a c k j a c k o a k . 

T h e N o r t h C e n t r a l P r a i r i e o c c u p i e s a b o u t 6 ,000 s q u a r e 
mi les of t h e B r a z o s b a s i n a n d lies b e t w e e n t h e W e s t e r n 
C r o s s T i m b e r s a n d t h e R o l l i n g P l a i n s t o t he west . It is 
well d i s sec ted wi th a n u n d u l a t i n g t o gen t l y ro l l ing su r 
f ace . D r a i n a g e is m o d e r a t e t o r a p i d in all b u t a f ew sma l l 
a r e a s . N a t i v e v e g e t a t i o n is m a i n l y p o s t o a k a n d b l a c k 

j a c k , b u t in p l ace s g ras ses a n d m e s q u i t e t rees f o r m a t h i c k 
g r o u n d co v e r . I t is u sed , a l m o s t en t i re ly , f o r r o w c r o p s 
a n d ca t t l e ra i s ing . 

T h e R o l l i n g P l a i n s is a l o w e r e x t e n s i o n of t h e H i g h 
P l a i n s . T h e wel l -d i ssec ted s u r f a c e h a s s o m e la rge , level 
u n d i s s e c t e d a r e a s a n d severe ly e r o d e d s l o p i n g a r e a s 
a d j o i n i n g s t r e a m s . T h e m o s t w e s t w a r d l y c o n t r i b u t i n g 
t r i b u t a r i e s of t h e B r a z o s b a s i n h e a d in t h e w e s t e r n p o r 

t i o n of t h e R o l l i n g P l a i n s , a n d c h a r a c t e r i s t i c a l l y h a v e 
d e e p val leys wi th s t r o n g l y s l o p i n g a n d gul l ied s ide s lopes . 
S o m e of t he level a r e a s a r e d e v o t e d t o c u l t i v a t i o n b u t t h i s 
a r e a is la rge ly ca t t l e c o u n t r y . 

T h e C a p r o c k e s c a r p m e n t d iv ides t he R o l l i n g P l a i n s 
a n d t h e H i g h P l a i n s t o t he wes t . T h i s e a s t - f a c i n g e s c a r p 
m e n t , f o r m e d by e r o s i o n , r ises 200 to 500 f ee t a b o v e t h e 
R o l l i n g P l a in s . F r o m the e s c a r p m e n t , t h e H i g h P l a i n s 
s lopes g r a d u a l l y u p w a r d f r o m a b o u t 2 ,200 fee t t o o v e r 
4 ,000 fee t in e a s t e r n N e w M e x i c o . S u r f a c e a r e a is f l a t w i th 
l i t t le s t r e a m d i s s ec t i on . I n r e c e n t h i s t o r y it h a s n o t c o n 
t r i b u t e d r u n o f f t o t h e B r a z o s R i v e r ( G o d f r e y , M c K e e 
O a k e s , 1973, p. 1-2). 



10 BAYLOR GEOLOGICAL STUDIES 

FACTORS AFFECTING RIVER FLOW 

S t r e a m flow, t h e r e su l t of r u n o f f , is d e t e r m i n e d b y t w o 
se ts of f a c t o r s : (1) p r e c i p i t a t i o n a n d (2) t h e phys i ca l c h a r 
ac te r i s t i c s of t he d r a i n a g e b a s i n . E v a p o r a t i o n a n d t r a n s 
p i r a t i o n c o m m o n l y e n t e r i n t o t h e r a i n f a l l - r u n o f f re la 

t i o n s h i p . H o w e v e r , u n d e r spec i f ic c l i m a t i c c o n d i t i o n s of 
p r o b a b l e m a x i m u m flooding of t he B r a z o s R ive r a t 
W a c o , e v a p o r a t i o n a n d t r a n s p i r a t i o n a r e of s u c h l imi ted 
s ign i f icance t h a t t h e y a r e n o t he r e c o n s i d e r e d . 

A f t e r r a in fa l l r e a c h e s t he g r o u n d its r a t e of r u n o f f is 
i n f l u e n c e d by (1) m e t e o r o l o g i c f a c t o r s w h i c h a f f e c t t h e 
a m o u n t of r u n o f f (2) t he t o p o g r a p h i c cha rac te r i s t i c s of 
t h e d r a i n a g e ba s in , e i the r s u r f a c e o r s u b s u r f a c e . T o p o 
g r a p h i c f a c t o r s of a r e a a n d s lope a r e c o n s t a n t ; o t h e r s 
s u c h as v e g e t a t i o n , g r o u n d c o v e r , a n d c o n d i t i o n a r e v a r i 
ab l e (Benson , 1962a, p . 16). 

T h e r e is n o e x a c t a g r e e m e n t o n s ign i f i cance of f a c t o r s 
a f f e c t i n g r u n o f f b e c a u s e so m a n y of t h e m a re i n t e r d e 
p e n d e n t . H o w e v e r , in t h e h y d r o l o g i c p r o b l e m - s o l v i n g 
p r o c e s s , c o n s i d e r a t i o n is n o r m a l l y g iven to : (1) t ype of 
p r e c i p i t a t i o n , (2) in t ens i ty of p r e c i p i t a t i o n , (3) d u r a t i o n 
of p r e c i p i t a t i o n , (4) d i s t r i b u t i o n of p r e c i p i t a t i o n , (5) f r e 
q u e n c y of p r e c i p i t a t i o n , (6) d i r e c t i o n of m o v e m e n t of 
s t o r m s , a n d (7) a n t e c e d e n t m o i s t u r e c o n d i t i o n s of t h e 
g r o u n d ( C h o w , 1964, p . 14-15). 

I n t he g e n e r a l d i s cus s ion w h i c h f o l l o w s , t h o s e f a c t o r s 
t h a t will a f f e c t t h e flow of t h e B r a z o s R i v e r u n d e r t h e 
w o r s t p r o b a b l e flooding c o n d i t i o n s a r e g iven m a x i m u m 
e m p h a s i s . 

T Y P E S O F W E A T H E R D I S T U R B A N C E S 

Whi le t h e r e a r e i n n u m e r a b l e t ypes of w e a t h e r t h a t 
c a u s e r a i n f a l l w i t h i n t h e s t u d y a r e a , th i s d i s c u s s i o n is 
l imi ted t o t h o s e c o n s i d e r e d p r o b a b l e p r o d u c e r s of exces 
sive p r ec ip i t a t i on : (1) eas ter ly waves , (2) d e c a d e n t t r o p i c a l 
s t o r m s , a n d (3) t h u n d e r s t o r m s . 

A n eas t e r ly w a v e is a w e a k t r o u g h of l o w p r e s s u r e 

w h i c h o c c u r s in t h e ea s t e r ly w i n d c u r r e n t s as t h e y flow in 
a n an t i cyc lon i c d i r ec t ion .  a n d  
p . 24) desc r ibe o n e as fo l lows : 

The causes of this p ro longed and tor rent ia l d o w n p o u r a re no t 
readily discernible on the sur face wea ther  s t rongly 
developed center of d i s tu rbance crossed the coun t ry dur ing this 
per iod; no tropical s torm moved inland f r o m the Gulf or was 
present on the Gulf; pressure gradients were f o r the mos t pa r t 
very f lat . 

However , f r o m Ju ly  t o 22 a b road , r a the r shal low depres
sion t r ough extended f r o m the Middle At lant ic States sou th -
westward across Texas into no r the rn Mexico. At the same t ime a 
field of high pressure m a d e its appea rance in the C a n a d i a n 
nor thwes t and moved slowly sou thward a long the eastern slope 
of the Rocky Mounta ins . This combina t i on set in m o t i o n one of 
the most effective processes f o r the condensa t ion and precipi ta
tion of a tmospher ic mois ture a b o u t which anyth ing is  
the raising of a mass of mois ture- laden air and thus indicates a 
persistent f low of t ropical air f o r the period of July  a n d 
soundings of the upper air show tha t this air was moist and 
convectively unstable. 

U p p e r a i r o b s e r v a t i o n s w e r e n o t ava i l ab l e un t i l a f t e r 
1930 (Pe t t e r s sen , 1969, p . 17). M a n y s t o r m s o c c u r r i n g 
p r i o r t o 1940 were d e s c r i b e d o n l y a s g e n e r a l r a i n s ; t h e 

o r ig in a n d c a u s e a p p e a r e d m y s t e r i o u s s ince eas t e r ly 
w a v e s a r e so d i f f i c u l t t o de t ec t . T h e o n l y e v i d e n c e of t h e 
ex i s t ence of a n eas te r ly w a v e m a y be a s l ight p o l e w a r d 
b u l g e of t he w e a t h e r m a p i s o b a r (F ig . 2). 

F a i r w e a t h e r p r eva i l s in f r o n t (wes t ) of t h e t r o u g h 
b e c a u s e a i r is subs id ing ; t h e r e f o r e , t h e m o i s t l ayer is t h i n 
a n d s tab le . Beh ind t h e t r o u g h (east ) h o r i z o n t a l c o n v e r 
gence fo r ce s t h e m o i s t u r e - l a d e n a i r u p w a r d , t h i c k e n i n g 
the layer of mo i s t a i r a n d c a u s i n g ins tab i l i ty . 

M o s t ea s t e r ly w a v e s lose i n t ens i ty s h o r t l y a f t e r m o v i n g 
i n l a n d a n d on ly p r o d u c e p r e c i p i t a t i o n a l o n g the Gulf 
C o a s t . Occas iona l ly a c o m b i n a t i o n of  c o n d i t i o n s 
in tens i f i es a n eas t e r ly w a v e , c a u s i n g it t o m o v e i n l a n d t o 
t h e B a l c o n e s e s c a r p m e n t o r even f a r t h e r n o r t h . T h e 
Cor io l i s e f fec t c a u s e s t h e vo r t i c i t y of t h e a i r m a s s t o 
inc rease as it m o v e s t o w a r d h i g h e r l a t i t udes , t h u s i nc rea s 
ing t h e i n s t ab i l i t y . O r o g r a p h i c l i f t p r o v i d e d b y t h e Bal 
c o n e s e s c a r p m e n t m a y t r igge r t r e m e n d o u s r a i n f a l l s a s 
h o r i z o n t a l c o n v e r g e n c e f eeds a c o n t i n u i n g s o u r c e of 
w a r m mo i s t a i r f r o m t h e Gulf of M e x i c o . 

S o m e e x t e r n a l o r o g r a p h i c o r m e t e o r o l o g i c a l i n f l u e n c e 
is n e c e s s a r y t o t r a n s f o r m a s t ab l e ea s t e r ly w a v e i n t o a 
l a rge s t o r m . I n a d d i t i o n t o t h o s e p r o c e s s e s a l r e a d y m e n 
t i o n e d , t w o o t h e r c o m b i n a t i o n s of f a c t o r s a r e p o t e n t i a l 
s t o r m p r o d u c e r s : (1) a n eas t e r ly w a v e a p p r o a c h i n g a 
t r o u g h in t h e  c i r c u l a t i o n bel t will c a u s e b o t h a i r 
m a s s e s t o i n t e n s i f y , a n d (2) c o l d e r a i r of a s o u t h w a r d -
p u s h i n g p o l a r a i r m a s s m a y in t ens i fy a n eas t e r ly w a v e b y 
f o r c i n g a m o r e cyc lon i c c u r v a t u r e of t h e flow i n t o t h e 
w a v e t r o u g h , t h u s i n c r e a s i n g its  ( O r t o n ,  
p . 11). 

T r o p i c a l s t o r m s , w h i c h c a u s e excess ive p r e c i p i t a t i o n in 
t h e s t u d y a r e a d u r i n g the i r d e c a d e n t s tage , o r i g ina t e in 
t h e s a m e a r e a as t h e ea s t e r ly waves . T r o p i c a l s t o r m s 
w h i c h i n t e n s i f y t o h u r r i c a n e f o r c e a r e r a r e p h e n o m e n a . 
T h e y d e v e l o p o u t of a p r e e x i s t i n g d i s t u r b a n c e o n l y w h e n 
a t r i gge r ing m e c h a n i s m is a d e q u a t e t o in i t i a t e ve r t i ca l 
c i r c u l a t i o n t h r o u g h a m a j o r p a r t of t h e t r o p o s p h e r e ( P e t 
t e r s s e n , 1969, p . 239) . H i g h s u r f a c e t e m p e r a t u r e s , a b o v e 

 C  F ) , a r e n e c e s s a r y t o p r o d u c e t h e s t eep l apse 
r a t e t h a t is n e e d e d t o m a i n t a i n ve r t i ca l c i r c u l a t i o n in a 
h u r r i c a n e . P r e e x i s t i n g d i s t u r b a n c e s in w h i c h h u r r i c a n e s 

90 W 60 W 30 W 

Fig. 2. Sea-level isobars with an easterly wave shown as a slight pole
ward bulge. Air cur rents are converging east of the wave and diverging 
to the west. After Petterssen,  p. 238. 
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m a y d e v e l o p a r e t h e ea s t e r ly w a v e s ( C a r r , 1966, p . 21) in G E N E R A L C L I M A T O L O G Y 

t h e  c o n v e r g e n c e zone , a n d occas iona l l y in I n g e n e r a l t h e c l i m a t e in t h e s t u d y a r e a is c o n t i n e n t a l 
t h e  s o u t h e r l y p o r t i o n of o ld p o l a r t r o u g h s  c h a r a c t e r i z e d b y r a p i d c h a n g e s in t e m p e r a t u r e , 

1951, p .   e x t r e m e s , a n d la rge t e m p e r a t u r e r an g e . C e n t r a l 
 t h e m o s t m t e n s e  c o v e r sma l l a r e a s T e x a s is eas i ly access ib le t o w a r m m o i s t a i r m o v i n g 

a n d o c c u r as t h e resu l t of t h u n d e r s t o r m s . T h u n d e r s t o r m s n o r t h w a r d f r o m t h e Gul f of M e x i c o . T h i s c a u s e s g r e a t e r 
o c c u r o v e r al l p a r t s of t h e B r a z o s b a s i n . T h e y d e v e l o p p r e c i p i t a t i o n in t h e e a s t e r n p a r t of t h e s t u d y a r e a t h a n in 
w h e n l a rge a m o u n t s of c o n d e n s e d w a t e r a r e be ing ca r r i ed t he w e s t e r n p a r t . R a i n f a l l d e c r e a s e s f r o m a b o u t 35 i n c h e s 

 t o h e i g h t s w h e r e t h e a m b i e n t t e m p e r a t u r e is less a n n u a l l y a t W a c o t o a b o u t  i n ch es a n n u a l l y in e x t r e m e 
t h a n a b o u t  C  F) . O n l y u n d e r c o n d i t i o n s of m o d - west T e x a s (F ig . 3). 
e r a t e t o h igh t e m p e r a t u r e a n d m o i s t u r e c a n l a rge a m o u n t s 
of w a t e r a c c u m u l a t e in t h e a t m o s p h e r e b e l o w t h e  C S E A S O N A L V A R I A T I O N 

 F ) i s o t h e r m . Because of th is , t h u n d e r s t o r m s o c c u r I n s u m m e r , d a y t i m e t e m p e r a t u r e s o f t e n exceed 37  C 
m o s t o f t e n m s u m m e r w h e n a b o v e f r e e z i n g t e m p e r a t u r e s  F). T h e w a r m e s t w e a t h e r o c c u r s in J u n e , b u t it is 
ex i s t t h r o u g h a l a rge p o r t i o n of t h e l o w e r a t m o s p h e r e . n o t u n u s u a l t o h a v e  C  F ) t e m p e r a t u r e s f r o m 

A r e a s  p r o v i d e t h e r m a l o r g e o g r a p h i c l i f t i ng  w a r m M a y t h r o u g h S e p t e m b e r . T h e H i g h P la ins a r e a h a s 
m o i s t t r o p i c a l  s u c h as t h e B a l c o n e s f a u l t z o n e o r t h e m o d e r a t e l y h igh d a y t i m e t e m p e r a t u r e s a n d c o o l n igh t s 

 e s c a r p m e n t a r e m o s t  t o exper ience t h u n d e r - S u m m e r w e a t h e r in t he s t u d y a r e a is c o n t r o l l e d b y t r o p i -

 m a r i t i m e a i r f r o m the Gul f of M e x i c o w h i c h f l o w s a l l 

.1?  

- 5 5 

- 5 6 " 

   

 3. Isohyetal m a p showing the mean annua l precipi ta t ion in the Brazos River basin. 



12 BAYLOR GEOLOGICAL STUDIES 

t h e w a y t o t h e R o c k y M o u n t a i n s . R a i n f a l l in t h e B r a z o s 
b a s i n a b o v e W a c o is heav i e s t t h r o u g h t h e la te s p r i n g a n d 
ea r ly s u m m e r p e r i o d ; t h o s e s u m m e r r a i n s a r e m o s t l y 
br ie f , i n t ense t h u n d e r s t o r m s . 

D u r i n g the win te r , t h a t p o r t i o n of t he Brazos bas in 
w i th in t he s t u d y a r e a e x p e r i e n c e s f r e q u e n t surges of co ld 
c o n t i n e n t a l a i r . T h e s e f r e q u e n t f r o n t s m o v i n g d o w n 
a c r o s s t h e H i g h P l a i n s a r e s t r o n g , b u t b y t h e t i m e t h e y 
c ro s s i n t o T e x a s a r e u sua l l y m o d e r a t e . J a n u a r y is t h e 
co ldes t m o n t h . 

W i n t e r p r e c i p i t a t i o n gene ra l ly o c c u r s in c o n n e c t i o n 
w i t h f r o n t a l ac t iv i ty a s s o c i a t e d w i t h t h e wes t t o eas t 
m o v e m e n t of a i r m a s s e s a c r o s s t h e s t a t e of T e x a s . 
M o i s t u r e - l a d e n a i r f l o w i n g f r o m the Gulf of M e x i c o is 
c u t of f by t h e s t r o n g e r wes t t o eas t m o v i n g sys t ems , 
r e su l t i ng in d r y w in t e r s . S n o w is of  s ign i f i cance t o 
t h e B r a z o s b a s i n b e c a u s e ve ry l i t t le a c c u m u l a t e s in t he 
c o n t r i b u t i n g d r a i n a g e a r e a . 

T h e s p r i n g s e a s o n is a p e r i o d of r a p i d a n d p r o n o u n c e d 
w e a t h e r c h a n g e s , espec ia l ly d u r i n g M a r c h a n d Apr i l . 
S h o r t w a r m a n d co ld p e r i o d s f o l l o w e a c h o t h e r in r a p i d 
success ion , c a u s i n g t h e m o s t v io len t w e a t h e r of t he yea r . 
M a r c h a n d Apr i l a r e a l so t h e wind ies t m o n t h s . F r e q u e n t 
a n d v io len t t h u n d e r s t o r m s o c c u r m o r e o f t e n in M a y t h a n 
a n y o t h e r m o n t h . 

M o d e r a t e t e m p e r a t u r e s , l ow w i n d speeds , a n d f r e 
q u e n t i n t r u s i o n s of mi ld p o l a r a i r masse s m a k e the fa l l 
s e a s o n t h e m o s t p l e a s a n t p e r i o d of t h e yea r . A n o c c a 
s i o n a l t r o p i c a l s t o r m , o r t he r e m n a n t of a n eas t e r ly w a v e , 
c a u s e s S e p t e m b e r t o b e a w e t m o n t h d u r i n g s o m e yea r s 
( C a r r , 1967, p . 11). 

T h e a i r m a s s a s soc i a t ed w i t h excess ive p r e c i p i t a t i o n in 
t h e B r a z o s R i v e r ba s in is t r o p i c a l m a r i t i m e a i r . T h i s 
w a r m m o i s t a i r m a s s e n t e r s s o u t h T e x a s f r o m t h e Gul f of 
M e x i c o a s a r e su l t of t he w e s t w a r d e x t e n s i o n of c i r c u l a 
t i o n a r o u n d t h e s u m m e r - s t r e n g t h e n e d B e r m u d a h i g h -
p r e s s u r e cell. This h i g h - p r e s s u r e cell p r e d o m i n a t e s f r o m 
M a y t h r o u g h S e p t e m b e r , a n d d u r i n g t h e s u m m e r m o n t h s 
d o m i n a t e s w e a t h e r in t he s t u d y a r e a c o m p l e t e l y ( O r t o n , 
1964, p . 19). O r o g r a p h i c l i f t ing of t h i s w a r m m o i s t a i r , a s 
it m o v e s w e s t w a r d a l o n g t h e H i g h P l a i n s a n d a l o n g t h e 
h i g h e r t e r r a i n of e a s t e r n N e w M e x i c o , causes a f t e r n o o n 
f o r m a t i o n of s q u a l l  t h a t m o v e e a s t w a r d a c r o s s t h e 
u p p e r r e a c h e s of t he B r a z o s b a s i n d u r i n g e v e n i n g a n d 
n igh t . T h e s e squa l l l ines p r o d u c e e x t r e m e l y t u r b u l e n t 
w e a t h e r a n d m a y c a u s e excess ive p o i n t r a i n f a l l o v e r th i s 
b r o a d e a s t w a r d p a t h . T h e m o i s t u r e s u p p l y f o r al l t h u n 
d e r s t o r m ac t iv i ty , r egard less of t he t i m e of yea r o r l oca 
t i o n , is f u r n i s h e d b y t r o p i c a l m a r i t i m e a i r m a s s e s . T h e 
l a rge f l o o d - p r o d u c i n g s t o r m s in T e x a s a r e a l so g e n e r a t e d 
by w e a t h e r d i s t u r b a n c e s of t r o p i c a l o r ig in . 

I N T E N S I T Y 

B e n s o n (1962b , p . 54) c o m p a r e d v a r i o u s f a c t o r s i n f l u 
e n c i n g f l o o d s in a N e w E n g l a n d a r e a h a v i n g f a i r l y u n i 
f o r m ra in fa l l . H e s h o w e d t h a t t h o u g h r a in fa l l i n t ens i ty is 
a s ta t i s t ica l ly s ign i f i can t v a r i a b l e , it w a s n o t o n e of t h e 
m o r e i m p o r t a n t f a c t o r s a f f e c t i n g f l o o d p e a k s in t h a t 
r e g i o n . I n a l a t e r s t u d y b y B e n s o n  seve ra l r a i n f a l l 
ind ices were c o r r e l a t e d w i t h t h e o c c u r r e n c e of f l o o d s in 

t h e S o u t h w e s t . H e n o t e d t h a t t h e o u t s t a n d i n g c h a r a c t e r 
istic of p r e c i p i t a t i o n in t he S o u t h w e s t is i ts va r i ab i l i t y , 
a n d t h a t r a i n f a l l i n t ens i t y is a n i m p o r t a n t v a r i a b l e . T h e 
o n l y v a r i a b l e of m o r e i m p o r t a n c e in a f f e c t i n g p e a k d i s 
c h a r g e is size of t h e d r a i n a g e a r e a ( B e n s o n , 1962a, p .  

In a d d i t i o n t h e i m p a c t of r a i n f a l l i n t ens i ty o n f l o o d i n g 
var ies w i t h such f a c t o r s as l o c a t i o n , s e a s o n , a n d a r e a . 

In t he f o l l o w i n g s h o r t d e s c r i p t i o n , f l o o d s w i t h i n t h e 
B r a z o s R ive r b a s i n a b o v e W a c o a r e d e s c r i b e d in t e r m s of 
r a in fa l l in tens i ty , l o c a t i o n , t i m e of yea r a n d r e su l t i ng 
f l o o d level. 

H I S T O R I C F L O O D S 

1. D u r i n g S e p t e m b e r 20-24, 1900, h e a v y r a in s w e r e 
cen t e r ed over t h e C lea r F o r k of t h e B r a z o s R ive r ; 6.78 
inches of r a in fa l l fel l a t Ab i l ene , a n d 8.85 inches fel l a t 
H a s k e l l . T h i s p r o d u c e d t h e m a x i m u m f l o o d of r e c o r d o n 
t h e C lea r F o r k a t F o r t G r i f f i n a n d n e a r C r y s t a l Fa l l s . T h e 
e s t i m a t e d p e a k f l o w of t he B r a z o s R ive r w a s 79 ,500 
second- fee t a t W a c o (Vance , 1934, p . 34). 

2. O n e of t h e longes t s t o r m s in T e x a s m e t e o r o l o g i c a l 
r e c o r d s o c c u r r e d d u r i n g J u l y 20-30, 1902. N e a r l y 17 
i n c h e s of r a i n fe l l a t T e m p l e , 2 .72 i n c h e s a t B r a z o r i a , a n d 
4 .67 inches a t R h i n e l a n d . T h e  e x t e n t of th i s s t o r m is 
s ign i f i can t , c o n s i d e r i n g T e m p l e is l o c a t e d 35 mi les s o u t h 
wes t of W a c o , B r a z o r i a is  mi les s o u t h e a s t of W a c o , 
a n d R h i n e l a n d is 195 mi les n o r t h w e s t of W a c o . T h e 
B r a z o s r e a c h e d a n e s t i m a t e d s t age of 35 fee t a t W a c o 
(Vance , 1934, p . 35). 

3. T h e f l o o d d u r i n g  1905 r e su l t ed f r o m a 
ser ies of g e n e r a l r a i n s ove r t h e c e n t r a l B r a z o s R i v e r b a s i n 
d u r i n g t h e l a t t e r p a r t of A p r i l a n d t h e e n t i r e m o n t h of 
M a y . T h e r e su l t i ng 32 .5 - foo t s tage p r o d u c e d a 96 ,300 cfs 
f l o w a t W a c o ( U . S . A r m y C o r p s of E n g i n e e r s , 1946, p . 
22). 

4. T h r e e p e r i o d s of f a i r ly h e a v y r a in s fel l ove r m o s t of 
t h e B r a z o s b a s i n d u r i n g A p r i l a n d M a y 1908. D u r i n g 

M a y 21-25,  i nches of r a i n w e r e r e c o r d e d a t A b i l e n e , 
a n d 6 .44 inches fel l a t C a m e r o n . T h e B r a z o s R ive r 
r e a c h e d 36.7 f ee t a n d a 142 ,000 cfs f l o w a t W a c o , b u t 
m o s t m a j o r f l o o d i n g o c c u r r e d b e l o w t h a t l o c a t i o n ( U . S . 
A r m y C o r p s of E n g i n e e r s , 1970, p . 21). 

5. T h e h ighes t s t ages of r e c o r d a t al l p o i n t s in t h e 
B r a z o s R i v e r ba s in d o w n s t r e a m f r o m W a c o o c c u r r e d 
d u r i n g N o v e m b e r  t h r o u g h J a n u a r y  C e n t e r s of 
i n t e n s e p r e c i p i t a t i o n were n e a r L e a n d e r (13 .58 inches ) 
a n d H e w i t t  i nches ) , whi le o t h e r a r e a s rece ived 
a m o u n t s r a n g i n g f r o m 9 i n ch es n e a r W h i t n e y t o o n e i n c h 
in t h e h e a d w a t e r s . A s t age of 39.7 f e e t a t W a c o p r o d u c e d 
a 211 ,000 cfs f l o w o n D e c e m b e r 3, 1913 ( U . S . A r m y 
C o r p s of Eng inee r s , 1970, p . 21). 

6. G e n e r a l r a i n s fe l l o n t h e B r a z o s b a s i n d u r i n g A p r i l 
14-26, 1915, w i t h a s m a l l b u t i n t e n s e c e n t e r l o c a t e d n e a r 
T a y l o r , w h e r e  i nches of r a i n fel l . A b o u t 5 i n ches of 
r a i n fe l l o v e r a b r o a d a r e a e x t e n d i n g u p s t r e a m f r o m 
W a c o , a n d p r o d u c e d a s t age of 26 .0 f e e t a t W a c o ( V a n c e , 
1934, p . 42; P a t t e r s o n , 1965, p . 193). 

7. F a i r l y i n t ense a n d g e n e r a l p r e c i p i t a t i o n fel l d u r i n g 
t h e l a t t e r p a r t of M a r c h a n d ea r ly A p r i l  T h e c e n t e r 
of r a i n f a l l w a s n e a r H i c o , in t h e B o s q u e R i v e r b a s i n , 
w h e r e 6 .40 i n c h e s fe l l . T h e r e s u l t i n g f l o o d a t W a c o 
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r e a c h e d 33.8 f ee t a n d a flow  cfs o n A p r i l 2, 1916 
( U . S . A r m y C o r p s of Eng inee r s , 1946, p . 23). 

9. H e a v y i n t e r m i t t e n t r a i n s fell u p s t r e a m f r o m W a c o 
d u r i n g A p r i l a n d M a y 1922. K o p p e r l received 24 .80 
inches , a n d C l e b u r n e rece ived 22 .29 inches . T h e flood 
p r o d u c e d t h e m a x i m u m k n o w n s tage of 30.0 fee t a t G len 
R o s e . T h e W a c o s t age w a s 35.9 fee t ; flow e q u a l e d  
c fs , a n d t o t a l flood v o l u m e w a s 2 ,176 ,900 ac r e fee t . T h a t 
v o l u m e is g r e a t e r t h a n t o t a l c a p a c i t y of L a k e W h i t n e y . 
E s t i m a t e d p e a k d i s c h a r g e a t t h e W h i t n e y D a m site was 
214 ,000 s e c o n d - f e e t ( U . S . A r m y C o r p s of E n g i n e e r s , 
1946, p . 23; P a t t e r s o n , 1965, p . 193). 

 T h e e n t i r e B r a z o s b a s i n e x p e r i e n c e d l ight t o h e a v y 
i n t e r m i t t e n t p r e c i p i t a t i o n d u r i n g t h e p e r i o d M a y 1-18, 
1930. C e n t e r s of r a in fa l l g r e a t e r t h a n  i nches were a t 
G r a h a m , J a r r e l l , a n d M e x i a . S t a g e a t W a c o w a s  f ee t 
a n d d i s c h a r g e w a s 74 ,800 s e c o n d f ee t ( U . S . A r m y C o r p s 
of E n g i n e e r s , 1946, p . 23). 

 T h e flood of M a y 1935, w h i c h c r e s t e d a t 34 .9 f ee t 
a n d d i s c h a r g e d  cfs , w a s t h e r e su l t of r a i n s d u r i n g 
t w o s e p a r a t e pe r iods . T h e f i rs t l ight gene ra l r a ins o c c u r r e d 
d u r i n g M a y 2-5 a n d p r o d u c e d 4 .88 i nches a t H i l l s b o r o 
a n d  i nches a t  T h e s e c o n d - p e r i o d  M a y 
14-20, c e n t e r e d n e a r P u t m a n a n d g a v e it 6 .84 i nches of 

r a i n a n d B r e n h a m 7.59 i nches ( U . S . A r m y C o r p s of 
Eng inee r s , 1946, p . 24). 

 R e c o r d s s h o w t h a t d u r i n g S e p t e m b e r   
30 i nches of r a i n fel l o n t h e C o l o r a d o R i v e r b a s i n a n d 
m o d e r a t e r a i n s fel l o v e r t h e u p p e r B r a z o s R ive r b a s i n . 
G r a h a m rece ived 8 inches , b u t t h e B r a z o s R ive r d id n o t 
p r o d u c e a flood of a n y i m p o r t a n c e . D u r i n g S e p t e m b e r 

 r a in s c o v e r e d a w ide e x t e n t of t h e u p p e r B r a z o s 
b a s i n a n d c a u s e d t h e h i g h e s t s t age in 45 yea r s a t L u b -
b o c k . R a i n f a l l a t L u b b o c k w a s 8 .32 inches . D u r i n g S e p 
t e m b e r 25-28, r a i n fe l l o v e r a r e l a t ive ly s m a l l a r e a of t h e 
B r a z o s b a s i n a b o v e W a c o . T h e c e n t e r w a s a t H i l l s b o r o , 

30 mi les u p s t r e a m , w h i c h rece ived  i n c h e s of r a i n . 
T h i s p r o d u c e d t h e flood of r e c o r d a t W a c o w h e n t h e 
246 ,000 cfs d i s c h a r g e c res t ed a t 40 .9 fee t . T h e p e a k o u t 

flow f r o m L a k e W a c o o n the B o s q u e R i v e r w a s e s t i m a t e d 
t o be 96 ,000 s e c o n d - f e e t ( U . S . A r m y C o r p s of E n g i n e e r s , 
1970, p . 22). 

13. T h e u p p e r B r a z o s R i v e r ba s in e x p e r i e n c e d t w o 
p e r i o d s of h e a v y r a i n f a l l d u r i n g M a y 1941, a n d i n t e r m i t 
t e n t r a i n t h r o u g h o u t m o s t of J u n e . T h e f i r s t p e r i o d , M a y 
2-5, p r o d u c e d 6 .65 inches of r a in a t S e y m o u r ; t h e s e c o n d 

 M a y 19-25, p r o d u c e d 8.19 i nches of r a i n a t L u b 
b o c k . T h e B r a z o s R i v e r a t W a c o r e a c h e d 29 .34 f ee t ( U . S . 
A r m y C o r p s of E n g i n e e r s , 1946, p . 24). 

14. D u r i n g A p r i l a n d M a y 1942, t h r e e p e r i o d s of 
h e a v y r a i n f a l l o c c u r r e d o n t h e B r a z o s R ive r ba s in . Hi l ls
b o r o r e c o r d e d 9 .26 i n c h e s d u r i n g A p r i l 19-28 r e s u l t i n g in 
35 .7 fee t s t age a t W a c o . F l o o d v o l u m e a t W a c o was 
2 ,547 ,100 ac re - f ee t , t he g r ea t e s t of r e c o r d a t t h a t t i m e 
( U . S . A r m y C o r p s of Eng inee r s , 1946, p . 25). 

 T h e c h a n g e f r o m a d r o u g h t t o h e a v y a n d f r e q u e n t 
r a i n o v e r m o s t of t he B r a z o s b a s i n b e g a n a b r u p t l y in 

 1957. H e a v y p r e c i p i t a t i o n was w i d e s p r e a d a n d 
c o n s i s t e n t , n o t t y p i f i e d b y c e n t e r s of i n t e n s e r a in f a l l . T h e 
floods of  1957 were o u t s t a n d i n g b e c a u s e of 
t h e e x t e n t a n d the l a rge v o l u m e of r u n o f f p r o d u c e d . 

A l t h o u g h t h e r u n o f f f o r th i s p e r i o d w a s g r e a t e r t h a n a n y 
p r e v i o u s a n n u a l r u n o f f , w i t h t h e e x c e p t i o n of  o n l y 
o n e s t r e a m h a d a p e a k d i s c h a r g e e x c e e d i n g a n y p r e v i o u s 
k n o w n m a x i m u m (Yos t , 1963, p. 1). 

T h e p r e c e d i n g  of s t o r m s is r e s t r i c t ed t o t h o s e 
s t o r m s t h a t c a u s e d flooding c o n d i t i o n s a t W a c o . Because 
of t he e x t e n t of t he B r a z o s ba s in m a n y r e c o r d r a in fa l l s 
o c c u r r e d o v e r t h e b a s i n t h a t d id n o t c a u s e flood s t ages a t 
W a c o . Exces s ive p o i n t r a in f a l l s a n d s t o r m s of g r e a t  
e x t e n t m a y o c c u r in west T e x a s , b u t b e c a u s e of i m p o u n d 
ing , i n f i l t r a t i o n , e v a p o r a t i o n , o r c h a n n e l loss d o n o t 
c h a n g e s ign i f ican t ly t he s tage a t W a c o . 

T h e a m o u n t of r a in fa l l rece ived is b u t o n e of severa l 
v a r i a b l e s  t h e e x t e n t of flooding c a u s e d b y a 
p a r t i c u l a r s t o r m . T h e v o l u m e of p r e c i p i t a t i o n is n o t t h e 
m o s t i m p o r t a n t d e t e r m i n a n t of flood p o t e n t i a l . 

 R E L A T I O N S H I P 

S t o r m e f fec t u p o n s t r e a m flow d e p e n d s u p o n t h e d u r a 
t i o n , d i s t r i b u t i o n a n d i n t ens i t y of t h a t s t o r m p l u s t h e 

phys i ca l cha rac t e r i s t i c s of t h e ba s in . I n t e n s i t y is n o r m a l l y 
m e a s u r e d in inches p e r h o u r . H o r t o n  p . 370) i d e n 
t i f ied f o u r s t o r m - s t r e a m flow r e l a t i o n s h i p s r e l a t ed t o 
r a in fa l l in tens i ty (F ig . 4). 

F o r T y p e 0, r a i n f a l l i n t ens i ty (p) is less t h a n i n f i l t r a t i o n 
(f) c apac i t y , t h e r e f o r e t h e r e is n o s u r f a c e r u n o f f . S ince t h e 
f ie ld m o i s t u r e de f i c i ency ( F M D ) is g r e a t e r t h a n t o t a l 
p r e c i p i t a t i o n ( ? ) t h e r e is n o a c c r e t i o n t o g r o u n d w a t e r . 
T h e soil m o i s t u r e d e p l e t i o n c u r v e c o n t i n u e s its u n i n t e r 
r u p t e d d o w n w a r d cou r se . T h e s e c o n d i t i o n s a r e c h a r a c 
te r i s t i c of  r a i n s o c c u r r i n g d u r i n g d r y w e a t h e r w h e n 
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Fig. 4. Classification of stream rises showing cross sections of surface 
runof f After Horton, 1914, p. 370. 
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t h e soil h a s t h e m a x i m u m def ic iency . A h h o u g h T y p e 0 
r a i n f a l l h a s n o i n f l uence o n s t r e a m flow, t h e c u m u l a t i v e 
e f fec t s of soil m o i s t u r e a c c r e t i o n m a y c a u s e s u r f a c e 
r u n o f f t o o c c u r f r o m s u b s e q u e n t r a i n f a l l of c o m p a r a b l e 

in tens i ty . 
T y p e 1 r a i n f a l l i n t ens i ty is a l so less t h a n t h e i n f i l t r a t i o n 

c a p a c i t y , a n d n o s u r f a c e r u n o f f occu r s . F ie ld m o i s t u r e 
de f i c i ency is less t h a n t o t a l p r e c i p i t a t i o n ; t h e r e f o r e m o r e 
w a t e r i n f i l t r a t e s t h a n t h e soil c a n a b s o r b , a n d g r o u n d -

w a t e r a c c r e t i o n occur s . 
A c t u a l l y , t h r e e d i f f e r e n t s i t u a t i o n s m a y occu r d u r i n g 

T y p e 1 r a in f a l l . In (a) t he a c c r e t i o n t o t h e w a t e r t ab l e , 
d e n o t e d by m - n , is less t h a n t h e r a t e of n o r m a l g r o u n d -
w a t e r d e p l e t i o n ; n ' s h o w s t h e s t age h a d t h e r e been n o 
g r o u n d - w a t e r a c c r e t i o n . G r o u n d - w a t e r d e p l e t i o n c o n 

t i nues , b u t a t a r e d u c e d r a t e . In (b) t he r a t e s of d e p l e t i o n 
a n d a c c r e t i o n a r e t he s a m e a n d g r o u n d - w a t e r flow r a t e is 
m o m e n t a r i l y s t ab l e . In (c) t h e g r o u n d - w a t e r a c c r e t i o n is 
g r e a t e r t h a n d e p l e t i o n , r e su l t i ng in a w a t e r t a b l e rise a n d 

a n inc reased g r o u n d - w a t e r o u t f l o w . 
S t r e a m rises f r o m T y p e 1 r a in fa l l s a r e m i n i m a l s ince 

t h e s t r e a m receives o n l y g r o u n d - w a t e r flow. T h e y a r e 
t yp i ca l of  s p r i n g r a in s a n d of g r e a t e r d e p t h b u t l o w 

in tens i ty r a in s d u r i n g the s u m m e r a n d fal l . 
In T y p e 2 r a i n f a l l w a t e r a c c u m u l a t e s o n t h e g r o u n d a t a 

r a t e g r e a t e r t h a n t h e a b s o r p t i o n r a t e of t h e soi l . T h i s is 
t yp ica l of s h o r t , i n t ense t h u n d e r s t o r m s a n d o c c u r s d u r i n g 
t he s u m m e r g r o w i n g s e a s o n w h e n the soil m o i s t u r e de f i 
c iency is so g r e a t t h a t it is n o t r e s t o r e d b y i n f i l t r a t i o n . 
S ince t h e f ie ld m o i s t u r e de f i c i ency is g r e a t e r t h a n t o t a l 
i n f i l t r a t i o n (F) , t h e r e is n o a c c r e t i o n t o t h e g r o u n d w a t e r 
a n d n o c h a n g e in g r o u n d - w a t e r flow. A l t h o u g h the 
s t r e a m rises, n o r m a l g r o u n d - w a t e r d e p l e t i o n c o n t i n u e s 
a l o n g l ine m - n . A f t e r t h e r ise t o c t h e s t r e a m fa l l s t o s t age 
n w h i c h is l o w e r t h a n t h e p o i n t of in i t i a l r ise m . T y p e 2 

r a in fa l l p r o d u c e s o n l y s u r f a c e r u n o f f . 
T y p e 3 r a in fa l l in tens i ty a l so exceeds i n f i l t r a t i o n c a p a c 

i ty , a n d s u r f a c e r u n o f f (Qs) occur s . Fie ld m o i s t u r e de f i 
c iency is less t h a n t o t a l i n f i l t r a t i o n so t h e r e is g r o u n d -

w a t e r a c c r e t i o n a m o u n t i n g t o t h e d i f f e r e n c e in t h e t w o . 
T h e m a i n d i f f e r e n c e in T y p e 2 a n d T y p e 3 is t h a t n o r m a l 
g r o u n d - w a t e r flow is r e s u m e d a t t h e e n d of t h e rise n , a t a 
h i g h e r s t age in T y p e 3 r a i n f a l l . A s in T y p e 1 r a i n f a l l t h e r e 
a r e t h r ee d i f f e r e n t s i t ua t i ons t h a t m a y be p r e s e n t , d e p e n d 
ing u p o n t h e r a t e of g r o u n d - w a t e r a c c r e t i o n . I n s i t u a t i o n 
(a) a n d (b) t h e s t age a t n , w h e r e n o r m a l d e p l e t i o n flow 
r e s u m e s , will n o t b e h i g h e r t h a n m , t h e in i t i a l s t age . I n 

s i t u a t i o n (c) n will b e h ighe r t h a n m . 

INTENSITY OF TYPICAL STORMS 

R a i n f a l l i n t ens i ty of typ ica l m e t e o r o l o g i c a l c o n d i t i o n s 
t h a t p r o d u c e excess ive p r e c i p i t a t i o n in t h e s t u d y a r e a c a n 
b e seen b y e x a m i n i n g i n d i v i d u a l s t o r m s . T h u n d e r s t o r m s 
a r e b y f a r t h e m o s t i n t e n s e s t o r m t y p e in t h e s t u d y a r e a . 
T h e a b u n d a n t m o i s t t r o p i c a l a i r c a r r i e d u p s l o p e b y 
s o u t h e a s t e r l y w i n d s is r e a d y t o b e t r i gge red i n t o a n 
u n s t a b l e s t a t e b y t he t i m e it r e a c h e s t h e s t u d y a r e a . O r o -
g r a p h i c l i f t ing ,  w i t h a co ld a i r m a s s , o r c o n v e c 
t i o n m a y serve t o in i t i a t e t h e re lease of l a t e n t e n e r g y . 
T h u n d e r s t o r m s occu r separa te ly , in c lus ters , o r e m b e d d e d 
in genera l s t o r m s of r e g i o n a l e x t e n t . 

I n M a y 1934, f o u r loca l t h u n d e r s t o r m s d e v e l o p e d 
a r o u n d P la inv i ew. E a c h s t o r m p r o d u c e d seven i n ches o r 
m o r e r a in in t w o h o u r s . A t h u n d e r s t o r m a t H a s k e l l o n 
J u n e  1909, r a i n e d six i n c h e s in 30 m i n u t e s , p lu s so 
m u c h ha i l t h a t pi les r e m a i n e d in f i e lds f o r t w o d a y s 
(Vance , 1934, p . 8). T h e w o r l d ' s g r ea t e s t p o i n t r a i n f a l l f o r 
2 h o u r s , 45 m i n u t e s d u r a t i o n fel l in  w h e n a t h u n d e r 
s t o r m d r o p p e d 22 i n ch es n e a r D ' H a n i s , T e x a s . A n o c c u r 
r ence o u t s i d e t h e s t u d y a r e a t h a t e x e m p l i f i e s t h e i n t ens i ty 
of t h u n d e r s t o r m s w a s t h e H o l t , M i s s o u r i , s t o r m of 1947, 
w h e r e 12 i n ch es of r a i n fel l in 42 m i n u t e s ( J e n n i n g s , 1950, 

p . 4.). 
T h e t h u n d e r s t o r m a l o n e is c a p a b l e of severe loca l 

flooding a n d of p r o d u c i n g r e c o r d t r i b u t a r y s tages . H o w 
ever , b e c a u s e of c h m a t i c c o n d i t i o n s , t o p o g r a p h y , a n d 
c h a n n e l c h a r a c t e r i s t i c s t h e s t age of t h e B r a z o s R i v e r m a y 
n o t c h a n g e . T h i s is espec ia l ly t r u e in t h e w e s t e r n p o r t i o n 
of t h e b a s i n . T h e i n t e n s e t h u n d e r s t o r m is a n e f f ec t ive 
m a j o r flood p r o d u c e r o n l y if c o u p l e d w i t h a n o t h e r 

w e a t h e r d i s t u r b a n c e . 
H u r r i c a n e i n t ens i t y is m e a s u r e d b y w i n d ve loc i ty , a n d 

w i n d ve loc i ty is a resu l t of p r e s s u r e d i f f e r en t i a l . T h e l o w e r 
t h e p r e s s u r e t h e g r e a t e r t h e w i n d ve loc i ty , a n d t h e g r e a t e r 
t h e e n e r g y of t h e s t o r m t h e g r e a t e r t h e r a i n f a l l i n t ens i t y . 
I n a s t u d y of h u r r i c a n e w i n d ve loc i t ies t h e c e n t r a l p r e s 
su re i n d e x h a s b e e n used in c o n j u n c t i o n w i t h p r e s s u r e -
w i n d r e l a t i o n s h i p s t o d e t e r m i n e w i n d f r e q u e n c i e s . C e n 
t r a l p r e s s u r e i n d e x is t h e e s t i m a t e d m i n i m u m sea level 
p r e s s u r e f o r a n i n d i v i d u a l h u r r i c a n e . T h e i n d e x f r e 
q u e n c y f o r T e x a s is i l l u s t r a t ed in F i g u r e 5 ( D a v i s , 1975, p . 

8.03). 
S o m e of t h e w o r s t floods of r e c o r d over t h e e a s t e r n a n d 

s o u t h e r n U n i t e d S t a t e s s eacoas t s h a v e b e e n c a u s e d b y 
h u r r i c a n e r a i n s a f t e r l and fa l l . A w o r l d ' s g rea t e s t o b s e r v e d 
p o i n t r a i n f a l l f o r  d u r a t i o n o c c u r r e d a t G a l v e s -
t o n in  w h e n 3 .95 inches fell d u r i n g t h a t s h o r t p e r i o d 
( C o r n t h w a i t e , 1919, p . 302). T h e m o s t i n t e n s e r a i n f a l l 

a s s o c i a t e d w i t h h u r r i c a n e s u s u a l l y ceases w i t h i n 24 h o u r s 
a f t e r l a n d f a l l as t h e c i r c u l a t i o n d i s s ipa te s ove r t h e i n l a n d 

X 
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O C C U R R E N C E S PER H U N D R E D Y E A R S 

Fig, 5. Accumula t ed f requency of hur r icane central pressures, as f re
quency per 100 years. From Davis, 1975, p. 8.04. 
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a r e a s of T e x a s . O c c a s i o n a l l y , a h u r r i c a n e will e s t ab l i sh a 
r e g i o n of c o n v e r g e n c e d u r i n g its d e c a y s t age . T h i s c o n 
v e r g i n g w a r m m o i s t m a r i t i m e a i r , c o u p l e d wi th t he o r o -
g r a p h i c i n f l u e n c e of t h e B a l c o n e s e s c a r p m e n t , will t r igger 
t o r r e n t i a l r a i n s in t h e e a s t e r n p o r t i o n of t h e s t u d y a r ea 

( S c h o n e r , 1968, p . 6). 
R a i n f a l l i n t ens i t y a s s o c i a t e d w i t h eas te r ly waves is s im

i la r t o t h a t c a u s e d b y d e c a d e n t h u r r i c a n e s . B o t h p r o d u c e 
g e n e r a l r a i n s of w i d e e x t e n t a n d t o r r e n t i a l i n t ens i ty , b u t 
b e c a u s e of t h e p a t h s t he se w e a t h e r sy s t ems t a k e a c r o s s 
T e x a s t h e e a s t e r l y w a v e is m o r e l ikely t o c a u s e excess ive 
r a i n s o v e r t h e B r a z o s b a s i n a b o v e W a c o t h a n is t h e 
d e c a d e n t h u r r i c a n e w h i c h t e n d s t o pass t o t h e eas t . 

A n e a s t e r l y w a v e m o v e d a c r o s s c e n t r a l T e x a s in Sep 
t e m b e r 1952 c a u s i n g f l o o d i n g in t h e C o l o r a d o Rive r 

b a s i n t h a t r e a c h e d 803 ,000 cfs i n f l o w a t L a k e T r a v i s . 
M a n y s t a t i o n s r e p o r t e d 20 i nches o r m o r e d u r i n g 24 
h o u r s ( B r e e d i n g a n d M o n t g o m e r y , 1952, p . 1). T h e  

e x t e n t , d u r a t i o n , a n d i n t e n s i t y of a n e a s t e r l y w a v e a r e 

e x e m p l i f i e d b y t h e J u l y  1938, f l o o d in w h i c h 20 
i nches o r m o r e of r a in were r e p o r t e d by 70 s t a t i o n s f o r t h e 
p e r i o d (Breed ing a n d D a l r y m p l e , 1944, p . 23). 

T o p o g r a p h y m a y c o m p o u n d r a i n f a l l i n t ens i ty in s o m e 
a r e a s of t h e S t a t e of T e x a s . A n a r e a e x t e n d i n g f r o m t h e 
R i o G r a n d e n o r t h e a s t w a r d a l o n g t h e  of t h e B a l c o n e s 
e s c a r p m e n t is espec ia l ly suscep t ib l e t o h e a v y r a in f a l l . 
T h e r e is ev idence t h a t t he Ba l cones e s c a r p m e n t h a s s igni f 
i c a n t e f fec t o n t h e p a t h s of s t o r m s a n d c o n s e q u e n t l y o n 
t he i r in tens i t ies . T a b l e 1 s h o w s i s o h y e t a l l ines f o r m a x i 
m u m e x p e r i e n c e d p r e c i p i t a t i o n f o r t h r e e - d a y p e r i o d s 
t h r o u g h 1934. N o t i c e t h e r i dge t h a t e x t e n d s g e n e r a l l y 
a l o n g t h e B a l c o n e s e s c a r p m e n t , i n d i c a t i n g g r e a t e r r a i n 
fa l l d e p t h s . F u r t h e r d o c u m e n t a t i o n of t h e e f fec t of t o p o 
g r a p h y o n r a i n f a l l i n t ens i t y a n d d e p t h is g iven b y F i g u r e 
6, w h i c h  r a i n s of g r e a t e r t h a n  i n ch es in a 2 4 - h o u r 
p e r i o d in T e x a s t h r o u g h  Of th i s n u m b e r , t w e n t y - s i x 

Table 1. Rainfal l , l ocat ion , and date o f all s torms o f ten inches or more in Texas . 

Rainfall Station Date Rainfall Station Date 

24.00 Hearne    Austwell   

23.11 Taylor Sept.    11.30 Ricardo   

20.60    11.05 Rockland May  

19.03 Austin Sept. 9 &  11.00 Marble Falls Sept.  

18.00 Ft. Clark June  11.00 Turnersville June  

16.02 Hills' Ranch Sept.  11.00 Turnersville   

15.71  May  11.00 Turnersville July  

15.00 Mercedes Sept. 4 &   Waco Oct.  

14.28 Galveston     10.92 Matagorda Oct.  

14.22 Nacogdoches   10.89 Gainesville   

14.21 Kaufman Aug.  10.75 Midland April  

14.10 Galveston Oct. 7 &  10.60 Marshall April  

13.85 Gonroe May  10.60 San Augustine Aug.  

13.54 Beaumont May 18 &  10.50 Alice Sept,  

13.53 Uvalde   10.50 Arthur City May  

13.30 Bonham   10.44 Brownsville Sept. 6 &  

13.08 Brackettville Oct. 1 &  10.43 Beeville   

13.03 San Marcos Oct.  10.35 Port Arthur May  

13.00 Georgetown Sept.  10.32 Brownsville Sept,  

12.67 San Benito Sept.  10.27 Galveston June  

12.45 Cameron Sept.  10.10 Matagorda June  

12.43 Brackettville May  10.07 Gainesville July  

12.35 Sinton April  10.05 Orange May  

12.22 Port Lavaca Aug.  10.05 Sabinal April    

12.19 Galveston Oct.  10.02 Brenham Oct.  

12.00 Freeport July  10.00 Austin April  

12.00 George West Sept.  10.00 Brazoria Sept.  

12.00 Harlingen Sept. 4 &  10.001 Brazos May  

11.96 Cuero   10.00 Brownsville Sept. 4 &  

11.91 Brownsville Sept.  10.00 Edna   

11.80 Mexia Sept.  10.00 Fairfield Sept.  

11.60 Kerrville Sept.    10.00 San Marcos Oct.  

 Austin Oct.  10.00 San Marcos Dec.  

From Vance, 1934, p. 83. 
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o c c u r r e d a l o n g the c o a s t ; t w e n t y - s i x a l o n g t h e Ba l cones 
e s c a r p m e n t o r j u s t b e l o w it ; a n d t h e r e m a i n d e r were 
s ca t t e r ed ove r o t h e r a r e a s of t he s t a t e (Vance ,  p . 
87). F i g u r e 6 a l so d i sp lays a n o t h e r i m p o r t a n t f a c t c o n 
c e r n i n g r a i n f a l l d e p t h . T h e i s o h y e t a l h igh in t h e e a s t e r n 
p o r t i o n of t h e B r a z o s b a s i n i n d i c a t e s a n e x p e r i e n c e d 
p a t t e r n of h e a v i e r r a i n f a l l n e a r l y a p p r o x i m a t i n g t h e 
b a s i n b o u n d a r y . T h e r e l a t i o n of t h e B a l c o n e s e s c a r p m e n t 
t o s o m e i n d i v i d u a l s t o r m s is i l l u s t r a t ed in F i g u r e 7 w h i c h 
s u b s t a n t i a t e s t h e  t h a t t he Ba l cones e s c a r p m e n t 
t r iggers in t ense r a in fa l l . 

Fig. 6, Isohyetal pat tern of max imum experienced three-day storms 
showing the relationship of the Brazos River basin and the Balcones 
escarpment to those storms. From Vance,  p.  

Fig. 7. Isohyetal maps showing the relationship of the Balcones escarpment to: (A) the Dec.  s torm, (B)   storm, (C) the June  
storm, and (D) the July  s torm. Vance,  p. 24, 30, 38, 43. 
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PROBABLE MAXIMUM STORM 

P r o b a b l e m a x i m u m p r e c i p i t a t i o n ( P M P ) is d e f i n e d b y 

t h e A m e r i c a n M e t e o r o l o g i c a l S o c i e t y a s t h e t h e o r e t i c a l l y 
g r e a t e s t d e p t h of p r e c i p i t a t i o n f o r a g iven d u r a t i o n t h a t is 

p h y s i c a l l y p o s s i b l e o v e r a p a r t i c u l a r d r a i n a g e a r e a a t a 

c e r t a i n t i m e of yea r . D u e t o t h e l imi t ed k n o w l e d g e of t h e 

c o m p l i c a t e d , i n t e r r e l a t e d p r o c e s s e s in a s t o r m , p r o b a b l e 

m a x i m u m p r e c i p i t a t i o n v a l u e s a r e t e r m e d gene ra l i z ed 

e s t i m a t e s . P r o b a b l e m a x i m u m f l o o d r e su l t s f r o m p r o b 
a b l e m a x i m u m p r e c i p i t a t i o n a n d is d e f i n e d as t h e m o s t 

severe f l o o d c o n s i d e r e d r e a s o n a b l y p o s s i b l e of o c c u r 
r e n c e . D e r i v a t i o n of t h e p o s s i b l e m a x i m u m f l o o d is 

o b t a i n e d b y m a x i m i z a t i o n of t h e m e t e o r o l o g i c a l a n d 

h y d r o l o g i c a l f a c t o r s t h a t c o m b i n e t o p r o d u c e t h e m a x i 

m u m s t o r m . T h i s e s t i m a t e is e s sen t i a l w h e r e c o m p l e t e 
p r o t e c t i o n a g a i n s t f a i l u r e of a p r o j e c t , s u c h as a d a m , is 

m a n d a t o r y b e c a u s e of p o t e n t i a l l y g r e a t loss of lives a n d 

p r o p e r t y . T h e r e f o r e , t h e e s t i m a t e s r e p r e s e n t o n l y t h e bes t 

j u d g e m e n t of t h e rea l i s t ic u p p e r l imi t of p r e c i p i t a t i o n t h a t 
c a n o c c u r a t a g e n e r a l l o c a t i o n a n d t i m e ( O i l m a n ,  p . 
9-62). 

T h e b a s i c a p p r o a c h u s e d f o r d e t e r m i n i n g t h e m a x i 

m u m p r o b a b l e s t o r m f o r a n o n - o r o g r a p h i c r e g i o n , s u c h 

as t h e B r a z o s b a s i n , i nvo lves t h r e e o p e r a t i o n s : (1) m o i s 

t u r e m a x i m i z a t i o n , (2) t r a n s p o s i t i o n , a n d (3) e n v e l o p 
m e n t ( B e a r d , 1975). 

M O I S T U R E M A X I M I Z A T I O N 
M o i s t u r e m a x i m i z a t i o n cons i s t s of m a t h e m a t i c a l l y 

i n c r e a s i n g t h e r a i n f a l l d e p t h t o be e x p e c t e d f r o m a g i v e n 

s t o r m t y p e t o a n a m o u n t c o n s i d e r e d t h e m a x i m u m pos s i 

b le f o r t h a t l o c a t i o n a n d t i m e of y e a r . T h i s i n c r e a s e is 

d e t e r m i n e d b y c o m p u t i n g t h e m a x i m u m m o i s t u r e t h a t 
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Fig. 8. World's greatest observed point rainfalls. From Jennings, 1950, p. 4. 
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c o u l d p o s s i b l y o c c u r in t h e a t m o s p h e r e f o r l o c a t i o n a n d 

s ea son . 
A t t e m p t s t o m o d e l e x t r e m e r a in fa l l s a r e h a m p e r e d by 

t h e l ack of d a t a w i th in s t o r m s t o c h e c k s u c h p a r a m e t e r s 
as h o r i z o n t a l c o n v e r g e n c e a n d ver t ica l m o t i o n . S ince 
t he se c a n n o t be readi ly m e a s u r e d , t he p rac t i ce h a s b e e n t o 
use r e c o r d e d e x t r e m e r a in fa l l s as a n ind i rec t m e a s u r e 
m e n t of t h o s e f a c t o r s t h a t i n f l uence excess ive r a i n f a l l 

(Fig. 8). 
S t o r m s of r e c o r d a r e a d j u s t e d t o m a x i m u m m o i s t u r e 

u n d e r t h e a s s u m p t i o n t h a t su f f i c ien t ly la rge s a m p l e s of 
e x t r e m e s t o r m s h a v e b e e n e x p e r i e n c e d so as t o h a v e 
p r o d u c e d n e a r o p t i m u m s t o r m e f f i c iency (e f f ic iency 
m e a n s a c o m b i n e d m e a s u r e of all p a r a m e t e r s , e x c e p t 
m o i s t u r e , t h a t a r e i m p o r t a n t t o r a i n f a l l p r o d u c t i o n ) . L i f t 
i ng of a i r m a s s e s by t e r r a i n s lope is n o t n o r m a l l y c o n 
s idered f o r t h e Brazos bas in . 

M o i s t u r e is m a x i m i z e d by m u l t i p l y i n g o b s e r v e d r a i n 
fa l l d e p t h s by t h e m o i s t u r e a d j u s t m e n t . T h e m a t h e m a t i 
cal e x p r e s s i o n is: 

P x w p  s t o r m  m o i s t u r e a d j u s t e d r a in fa l l 

(1) 
w h e r e P  o b s e r v e d r a i n f a l l in inches , w p - p r e c i p i t a b l e 
w a t e r , " m a x i m u m " re fe r s t o e n v e l o p i n g w p in inches , a n d 
" s t o r m " re fe rs t o s t o r m w p in inches . 

M a x i m u m d e w p o i n t s a r e t h e h ighes t d e w p o i n t s o b 
se rved f o r a p a r t i c u l a r l o c a t i o n a n d t i m e of yea r . T h e y a r e 
b a s e d o n s e a s o n a l a n d r e g i o n a l e n v e l o p e s of h ighes t 
o b s e r v e d 1 2 - h o u r pe r s i s t i ng d e w p o i n t s , r e d u c e d t o 1,000 
m b a r . T h u s , t h e m o i s t u r e a d j u s t m e n t is t h e r a t i o of p r e 
c ip i t ab l e w a t e r (wp) ( f o r t h e 1 2 - h o u r p e r s i s t i n g d e w 
p o i n t ) t o t h e p r e c i p i t a b l e w a t e r (wp) f o r t h e s t o r m (12-
h o u r pe r s i s t i ng d e w p o i n t ) . B o t h d e w p o i n t s m u s t be 
o b t a i n e d a t t h e s a m e l o c a t i o n ( S c h r e i n e r a n d R iede l , 
1976, p.  

T R A N S P O S I T I O N 
T r a n s p o s i t i o n m e a n s " m o v i n g " a s t o r m f r o m o n e 

r e g i o n t o a n o t h e r r e g i o n h a v i n g t o p o g r a p h i c a l a n d 
m e t e o r o l o g i c a l f e a t u r e s i m p o r t a n t t o s t o r m d e v e l o p m e n t 
in t h e o r ig ina l r eg ion . 

A p r i n c i p a l f a c t o r w h i c h sets l imi t s t o s t o r m t r a n s p o s i 
t i o n is t o p o g r a p h y . If s t o r m p a t t e r n s a n d l o c a t i o n s c o r 
r e s p o n d t o u n d e r l y i n g t o p o g r a p h y , t r a n s p o s i t i o n s h o u l d 
be l imi t ed t o a r e a s of s i m i l a r t e r r a i n . T h e B a l c o n e s 
e s c a r p m e n t h a s t r i gge red severa l i n t e n s e s t o r m s ( D o r r o h , 
1946, p . 32), b u t d u e t o its p r o x i m i t y t o t h e e a s t e r n 
p o r t i o n of t h e s t u d y a r e a all s t o r m s o c c u r r i n g s o u t h of t h e 
B r a z o s b a s i n s h o u l d be t r a n s p o s a b l e . T h i s d o e s n o t 
i n c l u d e s t o r m s c a u s e d b y d e c a d e n t h u r r i c a n e s ( S c h o n e r , 
1968, p . 23). 

S t u d i e s i n d i c a t e a d e c r e a s e in  r a i n f a l l t o t h e w e s t 
e r n s ide of t h e s t u d y a r e a . T h i s is d u e t o t h e gen t l e u p s l o p e 
of t h e t e r r a i n p l u s t h e i n c r e a s e d d i s t a n c e f r o m t h e m o i s 
t u r e s o u r c e a r e a . H o w e v e r , th i s is t r u e on ly f o r l a r g e r 
a r ea s . N a r r o w b a n d s of m o i s t a i r a r e c a p a b l e of f e e d i n g 
in tense p o i n t s t o r m s of s h o r t d u r a t i o n . 

W i d e - s c a l e m e t e o r o l o g i c a l f e a t u r e s , s u c h as s u r f a c e 
a n d u p p e r a i r h i g h o r l o w p r e s s u r e c e n t e r s t h a t c o n t r o l o r 
i n f l u e n c e s t o r m s in o n e r eg i o n , m u s t be c o n s i d e r e d p r i o r 
t o t r a n s p o s i n g a s t o r m f r o m t h a t r eg ion . 

G e n e r a l gu ide l i ne s g iven by S c h r e i n e r a n d R i e d e l 

Table 3.  peak discharge calculated by Myer's 
F o r m u l a . 

Drainage Peak flow 
area 

 |sq ml)  0  

1 

10 3.163 31,630 

100 10. 100,000 

200 14.142 141,421 

500 22.361 223,610 

1,000 31.623 316,230 

2,000 44.721 447,210 

5,000 70.711 707,110 

10,000 100. 1,000,000 

20,000 141.421 1,414,210 

50,000 223.606 2,236,060 

100,000 316.228 3,162,280 

Table 2. Poss ib le m a x i m u m precipitation calculated using Fletcher's F o r m u l a . 

Area Duration 
(sq ml)  

6 12 18 24 36 48 72 

10 30.4 42.9 52.9 60.7 74.3 85.8 105.1 

100 23.5 33.3 40.7 47.0 57.6 66.5 81.4 

200 20.8 29.4 35.6 41.5 50.4 58.7  

500 16.9 23.9 29.2 33.8 41.4 47.8 58.5 

1,000 14.0 19.9 24.3 28.1 34.3 39.7 48.6 
2,000 11.4 16.2 19.7 22.8 27.9 32.2 39.5 
5,000 8.5 11.9 14.6 16.9 20.7 23.7 29.5 

10,000 6.7 9.5 11.5 13.3 16.3 28.9 23.1 
20,000 4.1 7.5 9.1 10.5 12.9 24.9 18.2 
50,000 3.9 5.9 7.1 8.2 10.1 11.7 14.3 

100,000 3.2  5.4 6.3 7.7 8.9 10.9 
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 p.  f o r s t o r m t r a n s p o s i t i o n w i th in t h e e a s t e r n m i n u t e t o o n e y e a r , a n d f o r a r e a s of p o i n t r a i n f a l l t o a r e a s 
t w o - t h i r d s of t h e U n i t e d S t a t e s a re : c o v e r i n g 200 ,000 s q u a r e miles . T h e o r e t i c a l l y , th i s e q u a -

1. D o n o t t r a n s p o s e a c r o s s t h e A p p a l a c h i a n Div ide . t i o n is c o r r e c t f o r e s t i m a t i n g p o s s i b l e m a x i m u m p rec ip i -
2. T r o p i c a l s t o r m s t r a n s p o s e d f a r t h e r a w a y f r o m o r t a t i o n ( F l e t c h e r , 1950, p . 347). T a b l e 2 gives c a l c u l a t e d 

c loser t o t h e c o a s t r e q u i r e a d j u s t m e n t . p r o b a b l e m a x i m u m p r e c i p i t a t i o n d e p t h s f o r v a r i o u s 
3. S t o r m s t r a n s p o s e d i n t o r eg ions of g r e a t e r e l eva t i on a r e a - d u r a t i o n c o m b i n a t i o n s , u s i n g F l e t che r ' s  

d i f f e r e n c e s a r e r e s t r i c t ed t o e l e v a t i o n s w i th in 1,000 
fee t of t h e o r ig ina l s t o r m e leva t ion . 

4. E a s t e r n l imi t s a r e t h e w e s t e r n u p s l o p e s of t h e 
A p p a l a c h i a n s . 

5. W e s t e r n l imi t s a r e r e l a t ed t o e l eva t i on a n d v a r y 
f r o m s t o r m t o s t o r m , b u t in m o s t cases these co in 
c ide w i t h t h e 3 ,000- t o 4 ,000 - foo t c o n t o u r . 

6. S o u t h e r n l imi t s a r e n o t d e f i n e d s ince s t o r m s l o c a t e d 

f a r t h e r s o u t h p r o v i d e d g r e a t e r r a in fa l l va lues . 
7. T h e C a n a d i a n b o r d e r is t h e n o r t h e r n l imi t . 

E N V E L O P M E N T 
U s i n g spec ia l g r a p h s , m o i s t u r e - m a x i m i z e d a n d t r a n s 

p o s e d r a i n f a l l va lue s o b t a i n e d f r o m v a r i o u s s t o r m s a r e 
s m o o t h l y " e n v e l o p e d . " O b s e r v e d m a x i m u m p o i n t - r a i n 
fa l l d e p t h s t e n d t o v a r y w i t h t h e s q u a r e r o o t of d u r a t i o n . 
H o w e v e r , o b s e r v e d m a x i m u m  r a in fa l l d e p t h s v a r y 
excess ively w i t h a r e a ( F l e t c h e r , 1951, p. 1042). 

T h e e q u a t i o n 

266 

 1 9 . 2 +  (2) 

w h e r e R  d e p t h of r a i n f a l l in i nches , D  d u r a t i o n in       . ,    
,  .  . , , , , ,  Areas within the State of Texas classified by C o m m o n s for use 
h o u r s , a n d A  a r e a m s q u a r e mi les c lose ly e n v e l o p e s all  determining experienced maximum flood peak envelope. From 
o b s e r v e d r a i n f a l l d e p t h s f o r d u r a t i o n s r a n g i n g f r o m o n e Commons, 1945, p. 6. 

1.000,000-

10,000-

 AREA 

NORTH TEXAS  COASTAL AREA 

WEST TEXAS AREA 

1,000 

 

Fig. 10. Peak discharges enveloped by Commons . Commons ,  p. 6. 
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P R O B A B L E M A X I M U M P E A K F L O W S 

O t h e r m e t h o d s h a v e been p r o p o s e d f o r e n v e l o p i n g 
o b s e r v e d p e a k f l o w s t o d e v e l o p gene ra l e s t i m a t e s of 
p r o b a b l e m a x i m u m p e a k f l o w s f o r v a r i o u s size d r a i n a g e 
a reas . T h e M yer ' s f o r m u l a , 

Q    (3) 

in w h i c h Q is t h e p e a k f l o w in c u b i c fee t p e r s e c o n d a n d M 
is t h e d r a i n a g e a r e a in s q u a r e mi les , is wide ly u s e d . T a b l e 
3 gives t h e c o m p u t e d p e a k d i s cha rges f o r a va r i e ty of 
a r ea s u s ing the Myer ' s f o r m u l a . Th i s is t he s imples t f o r 
m u l a f o r e s t i m a t i n g r a r e f l o o d s s ince it r e l a t es t h e m a x i 
m u m e x p e c t e d f l o o d on ly t o d r a i n a g e a r e a . J a r v i s  
p. 33) m o d i f i e d t he Mye r ' s f o r m u l a t o t he  

1,000 square miles 

E 

10,000 square miles 

  P robab le m a x i m u m 24-hour precipi ta t ion char ts f o r areas of  

Q  10,000  (4) 

w h e r e t h e c o e f f i c i e n t p is a v a r i a b l e t h a t r e l a tes t h e 

o b s e r v e d m a x i m u m p e a k f l o w of a s t r e a m t o t h e a s s u m e d 
m a x i m u m p o s s i b l e p e a k f l o w of all s t r e a m s . C o n s e 
q u e n t l y t h e J a r v i s m o d i f i c a t i o n resu l t s in l o w e r p e a k f l o w 
e s t i m a t e s t h a n t h e o r ig ina l M y e r ' s f o r m u l a . 

A c c o r d i n g t o t h e M y e r ' s f o r m u l a ( T a b l e 3), a n a r e a of 
400 s q u a r e mi les is c a p a b l e of p r o d u c i n g a p e a k f l o w of 
200 ,000 cfs . I n J u n e  t h e W e s t N u e c e s R i v e r n e a r 
Bracke tv i l l e e x p e r i e n c e d a 580 ,000 cfs f l o w f r o m 402 
s q u a r e mi les of d r a i n a g e a r e a ( W i l l i a m s a n d C r a w f o r d , 
1940, p . 136). T h e o b v i o u s d i s p a r i t y b e t w e e n M y e r ' s 
e s t i m a t e d m a x i m u m a n d w h a t a c t u a l l y o c c u r r e d d r a m a t 
ical ly p o i n t s o u t t h a t t h e p e c u l i a r p h y s i o g r a p h i c a n d 

D 

5,000 square miles 

20,000 square miles 

20,000 square miles. From Schreiner and Riedel,  
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Table 4. Geographical areas-peak flow calculation using g r a d i e n t , t o p o g r a p h i c d i s sec t ion , s lope s t eepness , soil 

  p e r m e a b i l i t y a n d d i s t a n c e f r o m a t m o s p h e r i c m o i s t u r e 
sou rces . 

C o m m o n s (1945a) d e v e l o p e d a m a x i m u m f l o o d of 
r e c o r d , p e a k f l o w - a r e a e n v e l o p e f o r e a c h of t h e d i s t inc 
t ive a r e a s s h o w n in F i g u r e 9. By p l o t t i n g t h e logs of a b o u t 
500 f l o o d p e a k s a g a i n s t t h e logs of ne t d r a i n a g e a r ea s , he 
w a s a b l e t o p l o t e n v e l o p i n g m a x i m u m p e a k s f o r e a c h of 
t h e f o u r a r e a s (F ig . 10). N o t e t h e s h a r p b r e a k a t 800 t o 
1,000 s q u a r e mi les , d u e t o t h e J u n e 1935 s t o r m w h i c h 
p r o d u c e d t h e g r e a t e s t p e a k f l o w s in T e x a s . S i n c e it 
c o v e r e d 800 t o 1,000 s q u a r e mi les , a n d p r o d u c e d by f a r 
g r e a t e r p e a k d i s c h a r g e s t h a n a n y o t h e r s t o r m , t he l ines 
b r e a k s h a r p l y r a t h e r t h a n cu rve . T h e p l o t t i n g t r e n d f o r all 
a r e a s a b o v e 1,000 s q u a r e mi les t e n d s t o w a r d s 2 ,400 ,000 
cfs f o r 1 ,000,000 s q u a r e miles . T h i s is a p p r o x i m a t e l y t h e 
p e a k f l o w of t h e M i s s i s s i p p i R i v e r a t a p o i n t w h e r e t h e 
a r e a d r a i n e d is a p p r o x i m a t e l y 1,000,000 s q u a r e miles . 

T h i s p r o c e d u r e d e v e l o p e d by C o m m o n s (1945a) is c o n -
 cha rac t e r i s t i c s of a n a r e a m u s t be c o n - s i de red a c c u r a t e f o r g e n e r a l e s t i m a t e s . T a b l e 4 t a b u l a t e s 

 w h e n m o r e spec i f ic e s t i m a t e s a r e r e q u i r e d . c a l c u l a t i o n s of e n v e l o p e d a r e a - p e a k flow r e l a t i o n s f o r 
I n a s t u d y of flood p e a k s in T e x a s , C o m m o n s  e a c h of t h e i n d i c a t e d a r e a s . N o t e t h a t t h e l ines f o r t h e 

p . 1)  f o u r a r e a s  w h i c h floods h a v e d i s t inc t ive C o a s t a l a n d N o r t h T e x a s a r e a s a r e c o i n c i d e n t . A c o m p a r -
 T h e n a t u r e of flooding in e a c h of t h e f o u r i son of T a b l e s 3 a n d 4 r evea l s t h e M y e r ' s f o r m u l a h a s 

a r e a s d i f f e r s b e c a u s e v a r i a b l e f a c t o r s c o n t r o l o r i n f l u e n c e l imi ted a c c u r a c y e x c e p t f o r s o m e i n t e r m e d i a t e size a r e a s 
r a i n f a l l i n t ens i ty a n d r a i n f a l l r u n o f f . D i s t i nc t ive c h a r a c -   
t e r of a n a r e a is c o n t r o l l e d by s u c h f a c t o r s as s t r e a m 

Size North Texas & West 
(sq mil Balcones Coast Area Texas 

10 28,000 20,000 16,500 
100 185,000 112,000 84,000 
200 325,000 190,000 140,000 
500 685,000 375,000 270,000 

1,000 1,200,000 620,000 420,000 
2,000 1,300,000 715,000 510,000 
5,000 1,420,000 890,000 650,000 

10,000 1,550,000 1,000,000 780,000 
20,000 1,650,000 1,175,000 920,000 
50,000 1,810,000 1,390,000 1,175,000 

100,000 1,990,000 1,600,000 1,400,000 

Flow in fps. 
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DEPTH IN INCHES Fig. 13. Hourly rainfall increments obtained by plott ing rainfall 
Fig. 12. Dura t ion curve constructed by plott ing  10- to 10,000- t ions of 6 to 72 hours against rainfall depths for basins of 10 to 10,000 
square-mile basin areas against all 6- to 72-hour s torm rainfall depths. square miles for probable max imum storms. 
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P R O B A B L E M A X I M U M P R E C I P I T A T I O N 
T h e N a t i o n a l W e a t h e r Service h a s c o m p i l e d a set of 

gene ra l i zed c h a r t s g iv ing t h e level of P r o b a b l e M a x i m u m 
P r e c i p i t a t i o n f o r d r a i n a g e a r e a s f r o m  t o 20 ,000 s q u a r e 
mi les a n d d u r a t i o n s f r o m 6 t o 72 h o u r s (F ig .  T h e 
B r a z o s R ive r bas in lies w i th in t h e set of c h a r t s c o v e r i n g 
t h e U n i t e d S ta te s eas t of t he  M e r i d i a n ( S c h r e i n e r 
a n d Riedel , 1976, p. 70-99). 

T h e bas i c d a t a f o r d e v e l o p i n g the se c h a r t s w e r e 
o b s e r v e d m a x i m u m  p r e c i p i t a t i o n d e p t h s f o r v a r 
ious d u r a t i o n s d e v e l o p e d by a s t a n d a r d i z e d d e p t h - a r e a -
d u r a t i o n ( D - A - D ) analys is of p o i n t p rec ip i t a t i on a m o u n t s . 
O v e r 500 s t o r m s were a n a l y z e d a n d t h e m a x i m u m a r e a l 
d e p t h s c a l c u l a t e d a n d p u b l i s h e d by t h e U . S . A r m y C o r p s 
of E n g i n e e r s . S t o r m r a in f a l l s f r o m these p u b l i s h e d 
r e p o r t s were a u g m e n t e d by n u m e r o u s u n o f f i c i a l s t o r m 
D - A - D va lues d e v e l o p e d by t h e N a t i o n a l W e a t h e r Se rv 
ices H y d r o m e t e o r o l o g i c a l B r a n c h . 

T h e s t u d y r eg ion , eas t of t h e  M e r i d i a n , was 
d iv ided i n t o 7 zones a n d s e a s o n a l tes ts w e r e p e r f o r m e d . 
W i t h i n e a c h z o n e the g rea t e s t o b s e r v e d r a in fa l l d e p t h s f o r 

p e r i o d s  6, 24, a n d 72 h o u r s , f o r a r e a s of 10, 200, 1,000, 
10,000, a n d 20 ,000 s q u a r e miles were iden t i f i ed . If t h e 
s e c o n d a n d t h i r d g r ea t e s t r a i n f a l l s w e r e w i t h i n  p e r c e n t 
of t he g r e a t e s t , t h e y were a l so c o n s i d e r e d in t h e s e a s o n a l 
tes t . Al l r a i n f a l l va lue s w e r e c h e c k e d f o r e a c h a r e a size t o 
d e t e r m i n e if t h e 6-, 24-, a n d 7 2 - h o u r r a in fa l l s c a m e f r o m 
t h e s a m e s ea son . In all cases t h e o b s e r v e d m a x i m u m 
d e p t h s c a m e f r o m the s a m e s e a s o n ( S c h r e i n e r a n d Riede l , 
1976, p . 42). T h e r e f o r e , t h e c h a r t s a r e c o n s i d e r e d All -
S e a s o n , m e a n i n g c o n s i d e r a t i o n h a s been g iven t o sea
s o n a l r a in fa l l v a r i a t i o n . 

U S E O F P M P C H A R T S 
G e n e r a l i z e d e s t i m a t e s f r o m the m a p s give p r o b a b l e 

m a x i m u m p r e c i p i t a t i o n t h a t is c o n s i s t e n t in  

Table 5. Probable m a x i m u m rainfall depth tabulat ion 
for areas o f 10 t o 10 ,000 square miles and 
durat ion o f 6 to 72 hours . 

Area 
(sq ml) Duration 

6hr 12hr 24hr 48hr 72hr 
10 30.4 36.6 42.3 47.9 50.0 

200 22.8 28.9 33.9 38.0 42.5 
1,000 16.6 22.8 27.2 31.8 35.3 
5,000 9.5 13.4 18.5 23.2 26.5 

10,000 7.2 10.8 15.1 19.5 23.9 

a r ea , a n d l o c a t i o n . P M P d e p t h s f o r a n y b a s i n in t h e 
U n i t e d S t a t e s , eas t of t h e  M e r i d i a n , c a n be d e t e r 
m i n e d f o r a r e a s of 10 t o 20 ,000 s q u a r e mi les a n d d u r a 
t i o n s of 6 t o 72 h o u r s . T h e p r o c e d u r e ( S c h r e i n e r a n d 
Riede l , 1976, p . 45) is as fo l l ows : 

 D e t e r m i n e t h e g e o g r a p h i c c e n t e r in w h i c h t h e s t o r m 
is t o b e l o c a t e d a n d t h e a r e a l e x t e n t . (As a n i l l u s t r a 
t i o n I will c o n s i d e r a 2 0 0 - s q u a r e mi le s t o r m c e n t e r e d 
b e t w e e n L a k e W h i t n e y a n d W a c o ) . 

2. F r o m t h e P M P m a p s c o v e r i n g t h o s e a r ea s , d e t e r 
m i n e t h e P M P r a i n f a l l d e p t h s a t t h e c e n t e r of t h e 
s t u d y a r e a . (A t l eas t f o u r of t h e six a r e a sizes c loses t 
t o t h e s t u d y a r e a s h o u l d b e c o n s i d e r e d . ) T a b u l a t e 
t h e va lues f o r all d u r a t i o n s as in T a b l e 5. 

3. P l o t t h e P M P d e p t h s o n s e m i - l o g a r i t h m i c p a p e r 
a n d d r a w s m o o t h r a i n f a l l d u r a t i o n cu rves t h r o u g h 
t h e p l o t t e d d a t a p o i n t s as s h o w n in F i g u r e  T h i s 
c o m p l e t e d g r a p h is ca l led a d e p t h - a r e a - d u r a t i o n 
g r a p h . 

4. D e t e r m i n e t h e P M P d e p t h s a t t h e s t u d y a r e a size 
(200 s q u a r e mi les ) f o r e a c h d u r a t i o n , 6 t o 72 h o u r s , 
f r o m t h e D - A - D g r a p h (see i n d i c a t e d  F ig . 12). 

5. P l o t t h e s t u d y a r e a P M P v a l u e s a n d d r a w a s m o o t h 
Hne c o n n e c t i n g t he se p o i n t s . F r o m this cu rve , F i g 
u r e  a c c u m u l a t e d P M P va lues c a n b e d e t e r m i n e d 
in 6 - h o u r i n c r e m e n t s f o r d u r a t i o n s of 6 t o 72 h o u r s 
(see T a b l e 6). 

T h e i n f o r m a t i o n l i s ted in T a b l e 6 a n d t h e p r o c e d u r e 
d i scussed a b o v e will b e u s e d in d e t e r m i n i n g a h y p o t h e t i 
ca l p r o b a b l e m a x i m u m f l o o d f o r t h e B r a z o s R i v e r a t 
W a c o . 

Table 6. A c c u m u l a t e d 6-hour incremental P M P values 
determined for 6 t o 72 h o u r durat ions , 200 
square miles. 

6-Hour Hours Rainfall (In) Incremental 
Increment Accumulated Accumulated Increase 

1 6 22.8 22.8 
2 12 28.9 6.1 
3 18 31.6 2.7 
4 24 33.6 2.3 
5 30 35.0  
6 36 36.1  
7 42 37.2  
8 48 38.0 0.8 
9 54 39.3 " 1.7 

10 60 40.4 1.1 
11 66 41.5 1.1 
12 72 42.5 1.0 

FLOOD FREQUENCY 

F r e q u e n c y of o c c u r r e n c e ( e x p r e s s e d in p e r c e n t a g e ) is 
r e l a t ed t o t h e p r o b a b i l i t y of o c c u r r e n c e . If t h e p r o b a b i l i t y 
is  t h a t a flow of 100,000 cfs will be e x c e e d e d , it m e a n s 

t h a t t h e r e is a 10 p e r c e n t c h a n c e t h a t  cfs will b e 
e x c e e d e d , o n t h e a v e r a g e , o n c e in eve ry 10 floods. T h i s 
d o e s n o t i m p l y t h a t 100,000 cfs will be e x c e e d e d e x a c t l y 



MAXIMUM FLOOD, BRAZOS RIVER IN CITY OF WACO 23 

o n c e in t e n c o n s e c u t i v e o c c u r r e n c e s . S o m e sets of t e n 
c o n s e c u t i v e floods will h a v e n o p e a k flow g r e a t e r t h a n 
100,000 cfs , w h i l e o t h e r sets will h a v e m o r e t h a n o n e 
flood g r e a t e r t h a n 100,000 cfs. 

F l o o d f r e q u e n c y c u r v e s a r e c o m m o n l y used in des ign 
of loca l flood p r o t e c t i o n w a t e r p r o j e c t s a n d in s tud i e s t o 
d e t e r m i n e t h e e c o n o m i c v a l u e of flood c o n t r o l p r o j e c t s . 
T h e r e a r e t w o c o m m o n f r e q u e n c y c u r v e s u s e d in h y d r o -
log ic a n a l y s i s : (1) a c u r v e w h i c h ut i l izes t h e m a x i m u m 
a n n u a l p e a k flow is used w h e n t h e  c o n c e r n is w i t h 
ve ry l a rge floods (o r w h e n s e c o n d l a rges t even t s a r e of 
m i n o r c o n c e r n in t h e ana lys i s ) , a n d (2) a p a r t i a l - d u r a t i o n 

c u r v e is o r d i n a r i l y u s e d in e c o n o m i c ana lys i s of a w a t e r 
p r o j e c t s ince s u b s t a n t i a l e c o n o m i c losses c a n resu l t f r o m 
t h e s e c o n d o r t h i r d l a rges t flood of a n u n u s u a l l y we t y e a r 
( the p a r t i a l - d u r a t i o n c u r v e c o n s i d e r s t h e f r e q u e n c y of al l 
even t s a b o v e a spec i f i c b a s e flow). If f ive flood p e a k s 
a b o v e t h e b a s e v a l u e o c c u r r e d w i t h i n t h e s a m e y e a r , al l 
f ive w o u l d be c o n s i d e r e d w h e n c o n s t r u c t i n g t h e p a r t i a l -
d u r a t i o n c u r v e (Dav i s , 1975, p . 4-15). 

O n l y a n n u a l m a x i m u m even t s a r e c o n s i d e r e d in th i s 
s t u d y s ince s e c o n d l a rges t ev en t s a r e n o t c a p a b l e of p r o 
d u c i n g a p r o b a b l e m a x i m u m flood. 

T h e t w o a p p r o a c h e s t o d e v e l o p i n g flood f r e q u e n c y 

Table 7. A n n u a l flood o f record at W a c o expressed as a percentage o f the "curve-maximum." 

% % 
Year Peak Flow Curve Max Year Peak Flow Curve Max 

1899 117,000 8.4  88,400 6.3 
1900 69,000 4.9 1939 43,500 3.1 
1901 22,000 1.6 1940 38,500 2.8 
1902 106,000 7.6 1941 68,800 4.9 
1903 43,600 3.1 1942 126,000 9.0 
1904 22,400 1.6 1943 67,400 4.8 
1905 85,800 6.1 1944 137,000 9.8 
1906 40,900 2.9 1945 144,000 10.3 
1907 13,500 0.96 1946 37,600 2.7 
1908 142,000 10.1 1947 29,600 2.1 
1909 23,500 17 1948 36,800 2.6 
1910 29,200 2.1 1949 71,400 5.1 
1911 35,400 2.5 1950 16,700 1.2 
1912 24,900 1.8 1951 18,300 1.3 
1913 19,000 1.4 1952 25,500 1.8 
1914 211,000 15.2 1953 61,700 4.4 
1915 73,300 5.2  22,600 1.6 
1916 113,000 8.1 1955 23,600 1.7 
1917 17,600 1.3 1956 46,100 3.3 
1918 30,000 2.1 1957 101,000 7.2 
1919 125,000 8.9 1958 70,600 5.0 
1920 78,100 5.6 1959 10,600 0.8 
1921 31,100 2.2 1960 80,900 5.8 
1922 122,000 8.7 1961 62,800 4.5 
1923 66,900 4.8 1962 35,400 2.5 
1924 41,900 3.0 1963 16,300 1.2 
1925 49,300 3.5 1964 49,500 3.5 
1926 40,500 2.9 1965 45,800 3.9 
1927 75,300 5.4 1966 33,700 2.4 
1928 24,800 1.8 1967 18,800 1.3 
1929 31,300 2.2 1968 39,000 2.8 
1930 74,800 5.3 1969 38,600 , 2.7 
1931 93,500 6.7 1970 15,100 1.1 
1932 62,500 4.5 1971 4,950 0.4 
1933 41,100 2.9 1972 17,500 1.3 
1934 45,400 3.2 1973 32,000 2.3 
1935 112,000 8.0 1974 9,600 0.7 
1936 246,000 17.6 1975 40,000 2.9 
1937 26,600 1.9 1976 17,800 1.3 
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c u r v e s a r e g r a p h i c a n d ana ly t i c . B e a r d  p . 9) sug 
ges ts t h a t a l t h o u g h resu l t s of f r e q u e n c y s t u d i e s c a n be 
o b t a i n e d en t i re ly ana ly t ica l ly , t hey s h o u l d be p l o t t e d 
g r a p h i c a l l y so t h a t o b s e r v e d d a t a m a y be v i sua l ly c o m 
p a r e d wi th t he der ived curve . Us ing t h e g r a p h i c m e t h o d 
of f r e q u e n c y s t u d y , t h e de r ived c u r v e is easi ly v i sua l ized , 
a n d the o b s e r v e d d a t a m a y be c o m p a r e d w i t h t h e c o m 
p u t e d resul ts . 

G r a p h i c c o n s t r u c t i o n of a f r e q u e n c y cu rve cons i s t s of 
a r r a n g i n g t h e se lected d a t a in o r d e r of m a g n i t u d e a n d 
p l o t t i n g o n a su i t ab l e c o o r d i n a t e sys tem. M a g n i t u d e is 
p l o t t e d o n t h e ver t ica l scale a g a i n s t t h e f r e q u e n c y o n t h e 
h o r i z o n t a l scale . A f r e q u e n c y c u r v e is a bes t  s m o o t h 
l ine d r a w n t h r o u g h t h e s e p l o t t e d p o i n t s ( D a v i s ,  p . 
4.04). T h e ob jec t ive of t h e f r e q u e n c y ana lys i s is t o d e t e r 
m i n e t h e m a g n i t u d e of f l o o d e q u a l e d o r e x c e e d e d o n l y 
o n c e in a spec i f ied p e r i o d of yea r s . T h i s p e r i o d of y e a r is 
k n o w n as t h e r e c u r r e n c e i n t e r v a l ( D a l r y m p l e ,  p . 5). 

In c o n s t r u c t i n g a f r e q u e n c y c u r v e f o r t h e B r a z o s R i v e r 
a t W a c o , a n n u a l p e a k f l o o d d a t a w e r e c h o s e n . T h e 
a n n u a l p e a k f l ows f o r e a c h yea r of r e c o r d were d e t e r 

m i n e d a n d a r r a n g e d b y m a g n i t u d e of f l o w ( T a b l e 7). I t 
was t h e n neces sa ry t o c o m p u t e a m e a s u r e of f r e q u e n c y so 
t h a t a p l o t t i n g p o s i t i o n c o u l d be o b t a i n e d f o r t h e f r e 
q u e n c y scale. Th i s p l o t t i n g p o s i t i o n is in t e r m s of years . 

P lo t t i ng pos i t ions were der ived f r o m the Bea rd f o r m u l a : 

P  1 -  (5) 

( w h e r e N is t h e n u m b e r of y e a r s of r e c o r d ) f o r t h e p r o b a 
bil i ty P of t h e la rges t even t , a n d 

   (6) 

f o r t h e p r o b a b i l i t y of t h e smal les t even t , w i th p r o b a b i l i 
ties f o r t h e r e m a i n i n g even t s in t h e series d e t e r m i n e d b y 
l inea r i n t e r p o l a t i o n b e t w e e n p r o b a b i l i t i e s f o r t h e ex 
t r e m e s ( U S D A ,  p . 37). R e c u r r e n c e i n t e r v a l f o r t h e 

f l o o d of r e c o r d o n t h e B r a z o s R ive r a t W a c o is  y ea r s 

( P  0 .896 p e r c e n t ) , w h e n N  77 yea r s . U s i n g t h e s a m e 
f o r m u l a , p r o b a b i l i t y of t h e sma l l e s t even t is  p e r c e n t , 
a l m o s t c e r t a i n a n n u a l r e c u r r e n c e . 

T h e f o r m u l a used by t h e U .S . G e o l o g i c a l S u r v e y is: 

 - N + 1 (7) 

M 

w h e r e T  r e c u r r e n c e in t e rva l , in years ; N  n u m b e r of 

yea r s of r e c o r d ; a n d M - m a g n i t u d e of f l o o d , t h e g r e a t e s t 
b e i n g 1. 

T h i s f o r m u l a app l i e s t o a n n u a l f l o o d d a t a as well as 
p a r t i a l ser ies . R e s u l t s of th i s c a l c u l a t i o n c o n f o r m w i t h 
c u r r e n t t h e o r e t i c a l t r e a t m e n t s ( D a l r y m p l e , 1960, p . 16). 
R e c u r r e n c e i n t e r v a l f o r t h e B r a z o s R ive r f l o o d of r e c o r d , 

u s i n g t h e U. S. G e o l o g i c a l S u r v e y f o r m u l a , is 78 y ea r s f o r 
t h e g rea t e s t f l o o d a n d  yea r s f o r t h e smal les t . 

In c o m p u t i n g p l o t t i n g p o s i t i o n s by a n y f o r m u l a t h e r e 
a r e s i t u a t i o n s w h e n c o m p u t a t i o n s m u s t be m o d i f i e d . F o r 
e x a m p l e , d i s c h a r g e s a t t h e W a c o g a g e h a v e b e e n r e c o r d e d 
s ince 1899, b u t h i s t o r i c a l r e c o r d s d o c u m e n t t h e 1936 
f l o o d p e a k as t h e h ighes t s ince a t least  T h e r e f o r e , a 
m o r e rea l i s t ic n u m b e r of y ea r s of r e c o r d N f o r a n y f o r m 
u l a w o u l d b e  yea r s . F o r e x a m p l e , u s i n g B e a r d ' s f o r m 
u l a (5), a s s i g n i n g N a v a l u e of  y e a r s i n s t e a d of 77 
y e a r s , t h e r e c u r r e n c e i n t e r v a l ( P  0 .527 p e r c e n t ) is  
y e a r s f o r t h e g r e a t e s t f l o w a n d a 99 .5 p e r c e n t a n n u a l 
r e c u r r e n c e p r o b a b i l i t y f o r t h e sma l l e s t f l o w r e c o r d e d . 
T h e s a m e c o n t r a s t c a n be seen u s i n g t h e U . S . G e o l o g i c a l 
S u r v e y f o r m u l a (7), w h e n N is i n c r e a s e d f r o m 77 y ea r s t o 

 years . C a l c u l a t i o n s f o r t h e g rea t e s t f l o w ,  is: 

1 3 0 + 1 

1 

g iv ing a  r e c u r r e n c e i n t e r v a l as o p p o s e d t o T  78 
w h e n N  77. 

PLOTTING GRID 

F r e q u e n c y d a t a p l o t t e d o n C a r t e s i a n c o o r d i n a t e s p o r 
t r a y a f r e q u e n c y r e l a t i o n s h i p o n a l ine t h a t m a y c u r v e 
a b r u p t l y a t b o t h u p p e r a n d l o w e r e n d s . T h o s e p a r t s of t h e 
c u r v e of g rea t e s t in te res t , t h e e x t r e m e va lues , a r e t h o s e 
c o m p r e s s e d i n t o sma l l a r e a s m a k i n g e x t r a p o l a t i o n of t h e 
c u r v e d i f f i cu l t . Because of t he se s h o r t c o m i n g s a p r o b a b i l 
i ty g r id h a s b e e n d e v e l o p e d , o n w h i c h a series of va lue s 
( such as r iver s tage) , w h i c h h a s a l o w e r l imi t f a r r e m o v e d 
f r o m t h e r a n g e of e x p e r i e n c e , will yield a n a p p r o x i m a t e 
s t r a igh t - l i ne f r e q u e n c y cu rve . A v a r i a b l e , s u c h as s t r e a m 
f l o w , in w h i c h t h e l o w e r l imi t of z e r o is o f t e n a p p r o a c h e d 
will genera l ly yield a s t r a igh t - l ine f r e q u e n c y c u r v e o n l y if 
p l o t t e d o n a l o g a r i t h m gr id . T h e l o g a r i t h m i c p r o b a b i l i t y 
g r id used f o r F i g u r e  h a s b e e n d e v e l o p e d so t h a t flow 

c a n be p l o t t e d d i r ec t ly t o yield a s t r a i g h t l ine ( B e a r d , 
1962, p. 13). 

A flood f r e q u e n c y s t u d y by C o m m o n s  p . 1) h a s 
d i r ec t a p p l i c a t i o n in t h e c u r r e n t s t u d y . T h e bas i s f o r 
C o m m o n s ' s t u d y is e x p l a i n e d by th i s s t a t e m e n t . 

The study of f lood frequencies on a stream is only too often 
handicapped by a short t ime record, or by the absence of any 
record. Again, the period of record may contain no ma jo r f lood, 
or it may conta in one or more f loods approach ing the maxi
mum. Floods of enormous magnitude have occurred on some 
streams in historic times, and there is no reason to believe that 
like f loods cannot occur on other streams located in similar 
areas. Any method of comput ing or estimating flood frequencies 
tha t fails to take this into account is likely to give results that are 
much in error. 
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T h e use of a p e r c e n t a g e of a m a x i m u m f l o o d was 
a d o p t e d by C o m m o n s t o p u t al l s t a t i o n s o n a c o m m o n 
bas i s . Th i s p r o c e d u r e m a d e it pos s ib l e t o c o m b i n e 
r e c o r d s . F o r e x a m p l e , f l o o d r e c o r d s of a m a j o r r iver in 
o n e b a s i n will be c o n s i d e r e d w i t h t h o s e of a m i n o r t r i b u 
t a r y in a n o t h e r b a s i n . T h e p r o c e d u r e uses t h e c u r v e of 

M a x i m u m F l o o d P e a k s E x p e r i e n c e d in T e x a s (F ig . 10). 
E a c h of t h e 34 s t a t i o n s used in c o m p i h n g t h e c u r v e w a s 
a s s igned a " c u r v e m a x i m u m " f l o o d , w h i c h is t he m a x i 
m u m f l o o d f o r t h a t d r a i n a g e a r e a a n d loca l i ty . A n e x a m 
ple of h o w t h e " c u r v e m a x i m u m " f o r e a c h s t a t i o n w a s 
d e t e r m i n e d is i l l u s t r a t e d by c a l c u l a t i n g t h e " c u r v e m a x i 
m u m " f o r t h e B r a z o s R ive r a t W a c o . 

T h e " c u r v e m a x i m u m " of t h e B r a z o s R i v e r a t W a c o 
w a s o b t a i n e d by f i rs t d e t e r m i n i n g w i th in w h i c h a r e a t h e 
b a s i n lies. W a c o is in t h e n o r t h e a s t e r n t i p of t h e B a l c o n e s 
a r e a , (F ig . 9), b u t t h e c o n t r i b u t i n g p o r t i o n of t h e B r a z o s 
R i v e r is b e t w e e n t h e B a l c o n e s a n d n o r t h T e x a s a r ea s . F o r 
loca l i t ies ly ing b e t w e e n a r e a s , va lues i n t e r m e d i a t e be

t w e e n t h e t w o a r e a s a n d p r o p o r t i o n a l t o t h e d i s t a n c e 
f r o m e a c h a r e used . E m p h a s i s s h o u l d be p l aced o n t h e 
l o c a t i o n of t h e d r a i n a g e ba s in r a t h e r t h a n t o t h e l o c a t i o n 
of a p a r t i c u l a r p o i n t o n t h e s t r e a m ( C o m m o n s ,  p . 
2). 

" C u r v e m a x i m u m " f o r t h e  s q u a r e mi les c o n t r i 
b u t i n g r u n o f f t o t h e B r a z o s R i v e r r a n g e s f r o m 900 ,000 cfs 
t o 1 ,600,000 cfs (see F i g u r e 10 d a s h e d  f r o m 19,000 
ve r t i ca l t o t h e west T e x a s c u r v e , t h e n h o r i z o n t a l t o 
900 ,000 cfs; a n d ver t i ca l t o t h e B a l c o n e s c u r v e t h e n 

h o r i z o n t a l t o 1 ,600,000 cfs). S ince t h e r e is e x t r e m e v a r 
i a n c e in e n v e l o p e d r e c o r d e d f l o o d p e a k s w i t h i n t h e s t u d y 

a r e a , j u d g e m e n t m u s t be u s e d in i n t e r p o l a t i o n . A l t h o u g h 
a p p r o x i m a t e l y o n e - f o u r t h of t h e c o n t r i b u t i n g B r a z o s 
R i v e r is in t h e wes t T e x a s a r e a , th is w a s o f f se t by t h e f a c t 
t h a t o n l y 700 s q u a r e mi les of B a l c o n e s a r e a p r o d u c e d a 
f l o o d p e a k e q u a l t o 20 ,000 s q u a r e mi les of wes t T e x a s 

a r e a . A " c u r v e m a x i m u m " of 1 ,400,000 cfs was se lec ted 
f o r t h e B r a z o s R ive r a t W a c o . 

WEATHER PHENOMENA FREQUENCY 

c a n e s o r t r o p i c a l s t o r m s r e p o r t e d o n t h e T e x a s c o a s t 
d u r i n g t h e p e r i o d s f r o m D e c e m b e r t h r o u g h M a y . D u r i n g 
th i s 73 -yea r p e r i o d  h u r r i c a n e s w e r e r e p o r t e d in J u n e , 
a n d 8 in J u l y . S i x t e e n h u r r i c a n e s o c c u r r e d d u r i n g t h e 
p e r i o d of r e c o r d in A u g u s t . A l t h o u g h S e p t e m b e r h a d t h e 
g r e a t e s t o c c u r r e n c e of t r o p i c a l s t o r m s in t h e Gu l f of 
M e x i c o , t h e y b e g a n t o m i g r a t e ea s t by t h a t t i m e of y e a r , 
a n d t h e T e x a s coas t r e p o r t e d on ly 14 f o r t h e S e p t e m b e r s 
of r e c o r d . O n l y 6 w e r e r e p o r t e d d u r i n g t h e O c t o b e r s , a n d 
f o r t h e T e x a s c o a s t t h e t r o p i c a l s t o r m a n d h u r r i c a n e 
s e a s o n is ove r by N o v e m b e r ( O r t o n ,  p .  T r o p i 
cal s t o r m s a n d h u r r i c a n e s a c t u a l l y c ross t h e T e x a s c o a s t 
l ine a t a f r e q u e n c y of 0 .67 s t o r m s p e r y e a r ( H a y e s ,  
p . 1). Seve ra l v a r i a b l e c o n d i t i o n s m u s t ex is t c o i n c i d e n -

 f o r f l o o d - p r o d u c i n g , h u r r i c a n e - d e r i v e d s t o r m s t o 

Table  M e a n n u m b e r o f thunders torm days in the middle and upper Brazos River basin. 

 MONTHS 

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Annual 

El Paso   1 1 3 5 10 11 3 2 36 
Amarillo  1 4  9 11 9 4 3   50 
   1 3 9 9 8 5 3 3  41 
Midland  1 1 3 6 5 8 6 3 2 1 1 37 
Abilene  2 3 5 8 6 5 5 3 3 1 1 42 
San Angelo 1 2 4 7 4 6 4 4 3 1  36 
Wichita Falls 1 2 3 5 10 7 7 4 4 3 2 1 49 
Fort Worth 1 2 4 6 7 6 6 4 3 3 2 1 45 
Dallas 1 3 4 6 7 5 4 4 3 3 2 1 43 
Texarkana, Ark. 2 3 6 7 9 7 9 7 5 3 3 2 63 
Waco 2 3 4 6 8 5 5 5 4 3 2 2 49 
Austin 1 2 3 5 7 4 4 5 3 3 2 1 40 

From Orton, 1964, p. 151. 

F l o o d f r e q u e n c y o n t h e B r a z o s R i v e r a t W a c o (or 

r e c u r r e n c e i n t e rva l ) is a p r o d u c t of t h e o c c u r r e n c e f r e 
q u e n c y of w e a t h e r p h e n o m e n a t h a t c a u s e f l o o d i n g in t h e 
B r a z o s R i v e r ba s in . 

A n eas t e r ly w a v e pa s se s o v e r t h e E a s t e r n C a r i b b e a n 
a b o u t tw ice a w e e k f r o m J u n e t h r o u g h S e p t e m b e r 
( O r t o n ,  p. 9). S u c h w a v e s h a v e a n a v e r a g e ve loc i ty 
of a b o u t  l o n g i t u d e p e r d a y c r o s s i n g t h e Gul f of M e x i c o 
a n d m a y a f f e c t w e a t h e r in s o u t h T e x a s , b u t gene ra l l y 
d i s s i p a t e s h o r t l y a f t e r m o v i n g i n l a n d . A n eas t e r ly w a v e 
t h a t m a y c a u s e f l o o d i n g ove r t h e s t u d y a r e a is s u c h a n 
u n u s u a l even t t h a t l i t t le is k n o w n c o n c e r n i n g p r o b a b l e 
f r e q u e n c y . 

T h e o c c u r r e n c e a n d f r e q u e n c y of h u r r i c a n e s a r e well 
d o c u m e n t e d . F o r a 73 -yea r p e r i o d t h e r e w e r e n o h u r r i -
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m o v e ac ros s t h e s t u d y a r e a . Th i s is t r u e f o r a n y m e t e o r o 
logica l c o n d i t i o n caus ing f l o o d - p r o d u c i n g s t o r m s . F i g u r e 

 s h o w s t h e p a t h s of h u r r i c a n e s t h a t h a v e c a u s e d exces 
sive r a in fa l l in t he ea s t e rn p o r t i o n of t h e s t u d y a r e a . 

S ince t h u n d e r s t o r m d e v e l o p m e n t d e p e n d s u p o n t h e 
ver t ica l m a s s m o v e m e n t of m o i s t u r e - l a d e n a i r b y c o n v e c 
t i on , it o c c u r s m o s t f r e q u e n t l y d u r i n g t h e w a r m m o n t h s . 
H e a t n o t on ly p r o v i d e s l i f t ing energy , b u t w a r m a i r h a s a 
h i g h e r s a t u r a t i o n p o i n t t h a n d o e s co ld a i r ; t h e r e f o r e , 
m o r e m o i s t u r e pe r u n i t of a i r is ava i l ab l e f o r l i f t ing . 

T h e p r o b a b l e m a x i m u m s t o r m f o r s m a l l a r e a s (less 

t h a n 10 s q u a r e mi les ) is l ikely t o resu l t f r o m a t h u n d e r 
s t o r m , o r a c l u s t e r of t h u n d e r s t o r m s . T h e y o c c u r d u r i n g 
eve ry m o n t h of t h e y e a r in t h e W a c o a r e a b u t a r e m o r e 
f r e q u e n t in A p r i l a n d M a y . T a b l e 8 s h o w s t h e m e a n 
n u m b e r of t h u n d e r s t o r m d a y s in t h e c e n t r a l a n d w e s t e r n 
p a r t s of T e x a s ( O r t o n , 1964, p . 165). T h u n d e r s t o r m s a r e 
s ign i f i can t t o t h e s t u d y of p r o b a b l e m a x i m u m f l o o d i n g a t 
W a c o b e c a u s e t h e y o c c u r in c o n j u n c t i o n w i t h o t h e r 
w e a t h e r p h e n o m e n a c a p a b l e of p r o d u c i n g a p r o b a b l e 
m a x i m u m s t o r m o v e r a m a j o r p o r t i o n of t h e B r a z o s 
ba s in . 

INFILTRATION 

T h e abi l i ty of a d r a i n a g e ba s in t o a b s o r b , t h e r e f o r e T E X T U R E A N D S T R U C T U R E 
d e t a i n , t h e p r e c i p i t a t i o n t h a t fa l ls , d e t e r m i n e s t h e c h a r a c - T w o soil c h a r a c t e r i s t i c s t h a t i n f l u e n c e i n f i l t r a t i o n a r e 
t e r of t h e r e s u l t i n g h y d r o g r a p h . T h e m a x i m u m r a t e a t t e x t u r e a n d s t r u c t u r e . S a n d , silt a n d c lay a r e t h e p r i m a r y 
w h i c h the soil , in a g iven c o n d i t i o n , c a n a b s o r b  pa r t i c l e s of soil w h i c h f o r m its t e x t u r e . S t r u c t u r e r e fe r s t o 
r a i n is t he i n f i l t r a t i on capac i t y ( H o r t o n , 1935, p . 2). t h e g e n e r a l d iv i s ion of soi ls i n t o h o r i z o n s . F i g u r e 15 

T h e soil l ayer is of f u n d a m e n t a l i m p o r t a n c e in t h e i l lus t ra tes t he se soil  
f u n c t i o n i n g of a d r a i n a g e bas in . P r e c i p i t a t i o n m a y col lect T e x t u r e a n d s t r u c t u r e of soil c o n t r o l c a p i l l a r y p o r o s -
o n t h e s u r f a c e in d e p r e s s i o n s , b u t as t he a m o u n t of d e t e n - i ty , soi l w e t n e s s , a n d t h e d e g r e e of c o m p a c t i o n c a u s e d b y 
t i o n inc reases it will e i the r r u n off o r in f i l t r a t e i n t o t h e r a i n f a l l i m p a c t . A c o a r s e t e x t u r e o r we l l - agg rega t ed soil 
soi l . T h e p r o p o r t i o n of r u n o f f ve r sus i n f i l t r a t i o n d e p e n d s m a y a l l o w w a t e r t o i n f i l t r a t e so r a p i d l y t h a t r u n o f f d o e s 
u p o n t h e soil c h a r a c t e r a t a p a r t i c u l a r t i m e , as wel l a s n o t o c c u r , even d u r i n g h e a v y d o w n p o u r . T a b l e 9 s h o w s 
u p o n t h e l a n d use , t o p o g r a p h i c c h a r a c t e r s u c h as s lope , s o m e typ ica l i n f i l t r a t i o n capac i t i e s . T h e o t h e r e x t r e m e 
a n d u p o n t h e a m o u n t a n d in t ens i ty of r a i n f a l l ( G r e g o r y m a y b e a b a r e c l ay soil t h a t s o a k s u p t h e in i t i a l p r e c i p i t a -
a n d Wal l ing , 1973). t i o n t h e n swells a n d b e c o m e s a w a t e r p r o o f l a y e r t h a t 

s h e d s al l s u b s e q u e n t r a in f a l l . E x p o s e d c lay soi ls c a n a l so 
f o r m i m p e r m e a b l e c o n d i t i o n s t h r o u g h m e c h a n i c a l c o m 
p a c t i o n by r a i n d r o p s , w h e r e a s t h e i n f i l t r a t i o n c a p a c i t y of 

 \  a c l e an s a n d y soil is a f f e c t e d ve ry l i t t le b y r a i n c o m p a c 
t i o n (Wis le r a n d B r a t e r , 1959, p . 105). 

TYLER 

WACO 

A horizon 
 

Leaf litter and other organic 
debris; not much decomposition 

Portly decomposed 
orgonic matter 

Organic  mixed 
with mineral matter 

Light colored mineral  
horizon of  leaching 

Typical profile Typical profile 
in humid region  arid region 

  

 Zone of maximum  
B horizon   leached from  

C horizon Weathered   

Limit of 
 

of  water 

Soluble 
  constituents 
D horizon  parent mater ia l  retained 

Soluble constituents 
I  

Fig. 14. Paths of ma jor hurricanes affecting the Texas coast. After 
 1967, p. 1. Fig.  A typical  profile. From Hunt ,  p. 92. 
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Table 9. Typical Infi ltration Capacit ies . 

Clay Loam 0.1 - 0.2  
 Loam 0.6 in/hr 

Loam 0.5-  
Loam Sand 1.0-  

W h e n soi l b e c o m e s v e r y d r y , a s d u r i n g a d r o u g h t , t h e 
s u r f a c e a c c u m u l a t e s a t h i n l ayer of d u s t l i k e par t ic les . 
T h e s e pa r t i c l e s a r e ca r r i ed i n t o t he soil w h e n s u b s e q u e n t 
p r e c i p i t a t i o n b e g i n s t o i n f i l t r a t e a n d a r e d e p o s i t e d in t h e 
in t e r s t i t i a l spaces , r e d u c i n g soil i n f i l t r a t i o n c a p a c i t y 
(Wis l e r a n d B r a t e r , 1959, p . 105). If t h e soil is b a r e c lay 
a n d c o m p a c t i o n a l s o o c c u r s , t h e r u n o f f r a t e f r o m i n t e n s e 
r a i n f a l l c o u l d well a p p r o a c h 100 p e r c e n t . 

V E G E T A T I O N 
Vege ta t ive c o v e r is r e l a t ed t o t h o s e f a c t o r s t h a t a f f e c t 

i n f i l t r a t i o n . A d e n s e c o v e r of v e g e t a t i o n p r o m o t e s r a p i d 
i n f i l t r a t i o n of w a t e r i n t o t h e soil , b y s l o w i n g t h e r u n o f f 
ve loc i ty , t h e r e f o r e , a l l o w i n g m o r e t i m e f o r i n f i l t r a t i o n . 
D e c a y i n g r o o t s p r o v i d e t u n n e l s t h r o u g h w h i c h the w a t e r 

c a n f l o w , a n d t h e cove r p r o t e c t s t h e soil f r o m ra in fa l l 
c o m p a c t i o n . T h e l aye r of d e c a y i n g m a t t e r c o v e r i n g a soil 
a l so p r o m o t e s t h e ac t iv i ty of b u r r o w i n g insec ts a n d 
a n i m a l s (Wis le r a n d Bra t e r , 1959, p . 106). 

A N T E C E D E N T M O I S T U R E 
O n e of t h e m o s t s ign i f i can t f a c t o r s a f f e c t i n g t h e inf i l 

t r a t i o n c a p a c i t y of soil is t h e a m o u n t of soil m o i s t u r e 
p r e s e n t a t t h e s t a r t of t h e ra in fa l l . Th i s soil m o i s t u r e 
m e a s u r e m e n t is e x p r e s s e d as a n a n t e c e d e n t p r e c i p i t a t i o n 
i n d e x a n d r e l a t e s t h e ex i s t ing soil m o i s t u r e t o t h e t i m e 
s ince las t p r e c i p i t a t i o n a n d t h e a m o u n t of r a in fa l l d u r i n g 
t h a t p e r i o d . T a b l e 10 s h o w s i n f i l t r a t i o n a n d r u n o f f d a t a 
c o m p i l e d d u r i n g t h e d e s i g n p h a s e of L a k e W a c o D a m 
a n d i l lus t ra tes t h e i m p a c t of c o n d i t i o n s p r e c e d i n g a s t o r m 
o n r e su l t i ng r u n o f f . N o t i c e t h a t s t o r m s h a v i n g the lowes t 
i n f i l t r a t i o n i n d e x w e r e p r e c e d e d b y  r a i n . A g a i n t h e 
f a c t o r of i n t ens i t y is seen t o b e s ign i f i can t ly i n t e r r e l a t e d 
t o b o t h i n f i l t r a t i o n a n d r u n o f f . T h i s sugges t s t h a t t h e 
c o n d i t i o n s m o s t c o n d u c i v e t o excess ive r u n o f f w o u l d b e 
a n in tense , l o n g - d u r a t i o n s t o r m p r e c e d e d by l ight g e n e r a l 
p r e c i p i t a t i o n . 

QUANTITATIVE DESCRIPTION OF THE 
BRAZOS RIVER BASIN ABOVE WACO 

T h e p r o b a b l e m a x i m u m f l o o d a t W a c o will b e d e t e r 
m i n e d , in p a r t , by t h e v o l u m e of f l o o d w a t e r t h a t h a s 
p a s s e d t h r o u g h L a k e W h i t n e y . T h e B r a z o s R i v e r s y s t e m 
a n d its s u b s y s t e m s v a r y in e f f i c i ency as m e a n s f o r co l l ec t 
i n g a n d c o n v e y i n g w a t e r . I n s o m e t r i b u t a r i e s s u r f a c e 
w a t e r s a r e q u i c k l y a c c u m u l a t e d a n d t h e d i s c h a r g e is 

d i rec t ly i n f l u e n c e d b y r a i n f a l l a m o u n t s . I n o t h e r t r i b u t a r 

ies s u r f a c e f l o w is d e l a y e d ; t h e r e f o r e , d i s c h a r g e is m o r e 
even ly d i s t r i b u t e d o v e r t i m e . T h e r a i n f a l l a n d v o l u m e 
d i s c h a r g e d m a y be t h e s a m e f o r t w o t r i b u t a r i e s of t h e 
s a m e size, yet o n e m a y e x p e r i e n c e f a r g r e a t e r f l o o d i n g 
t h a n t h e o t h e r . T h e e f f i c iency of t h e B r a z o s d r a i n a g e 

Table 10. Infi l tration and runoff   River watershed. 

Initial Infiltration 
Date of  Rainlall Runoff Runoff loss index Conditions preceding storm 

  Ipercentl   

North Bosque River near Clifton (Drainage area   

26-27 Sep 1936 4.85 1.38 28.5 1.75 0.30 Heavy rain 14-18 Sep; light rain 25 Sep. 

22-23 Jan 1938 3.23 1.08 33.4 0.62 0.16 No rain 14-19 Jan; light rain 20-21 Jan. 

4-5 May 1941 1.92  46.9 0.84 0.04 Light  26  May. 

6-8 Sep 1942 4.69 0.91 19.4 1.75 0.30 Heavy rain 3 Sep. 

 Bosq |ue River near Speegleville [Drainage area   sq  

21 Apr 1926 2.15 1.04 48.4 0.50 0.07 Moderate rain 10 Jun; light rain 14-15 Jun. 

5  1927 1.69 0.48 28.4 0.90 0.11 Heavy rain 12-13 May; moderate rain 24 May. 

13-14 Jun 1927 4.00 2.15 53.8 0.73 0.12 Heavy rain 12-13 May; moderate rain 24 May; heavy rain 5 Jun. 

21 Jun 1927 2.57 0.75 29.2 1.00 0.15 Moderate rain 24 May; heavy rain  Jun. 

Bosque River at  Waco (Drainage area  1.666 sq mil 

26-27 Sep 1936 5.96 2.15 36.1  0.38 Heavy rain 14-18 Sep; moderate rain 25 Sep. 

30 Apr 1944 2.45 0.94 38.4 1.00 0.15 Light rain 22 Apr; heavy rain 29 Apr. 

1-2 May 1944 2.43 1.02 42.0 0.88 0.10 Heavy rain 29-30 Apr. 

21-22 Apr 1945 3.91 2.74 70.1 0.41 0.06 Moderate rain 11 Apr; light rain 15-16 Apr. 

12 May 1953 1.80 0.66 36.7 1.00 0.06 Light rain 4 and 10 May; moderate rain  May. 

From U.S. Army Corps of Engineers, 1957, p. 8. 

\ 
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sys t em a b o v e L a k e W h i t n e y will d e t e r m i n e t h e v o l u m e of 
w a t e r p a s s i n g t h r o u g h t h a t r e se rvo i r p r e c e d i n g t h e p r o b 
ab le m a x i m u m flood a t W a c o . 

M a n y s t r e a m flow cha rac t e r i s t i c s of t h e B r a z o s ba s in 
a r e r e l a t ed e i the r d i rec t ly o r ind i rec t ly t o t o p o g r a p h i c 
f e a t u r e s of t h e v a r i o u s w a t e r s h e d s . E a c h i n d i v i d u a l t r i b u 
t a r y b a s i n is a n a t u r a l h y d r o l o g i c un i t . W i t h i n e a c h b a s i n 
t h e r u n o f f f o l l o w s w a t e r c o u r s e s in w h i c h t h e flow u n d e r 
goes r e t a r d a t i o n , a cce l e r a t i on , o r o t h e r c h a n g e s re la t ed 
t o t h e phys ica l cha r ac t e r i s t i c s of t h e b a s i n ( L a n g b e i n , 
1947, p.  T h e cha rac t e r i s t i c s of t h e B r a z o s b a s i n a r e 
d e f i n e d by m o r p h o l o g y a n d f o r m p r o c e s s r e l a t i o n s h i p s 
t h a t i n f l u e n c e r u n o f f . T h e s e i n t e r r e l a t i o n s h i p s de sc r ibe 
t h e d r a i n a g e ba s in in q u a n t i t a t i v e t e r m s ( G r e g o r y a n d 
Wal l i ng ,  p. 37) a n d will t h e r e f o r e o f f e r e v i d e n c e as 
t o t he in f luence t he Brazos bas in a b o v e W h i t n e y D a m will 
h a v e o n p r o b a b l e m a x i m u m flooding a t W a c o . 

T O P O G R A P H I C F A C T O R S A F F E C T I N G R U N O F F 

T h e u n i t h y d r o g r a p h is a q u a n t i t a t i v e m e a s u r e of a 
d r a i n a g e ba s in a n d is a f u n c t i o n of w a t e r s h e d t o p o g r a p h y 
( L a n g b e i n ,  p.  T h e r e l a t i o n s h i p b e t w e e n p e a k 
d i s c h a r g e a n d l e n g t h of t h e b a s e of u n i t h y d r o g r a p h s in 
t e r m s of a r e a , m e a n s lope , a n d s t r e a m p a t t e r n , f o r a p p l i 
c a t i o n t o flood c o n t r o l d e s i g n , h a s b e e n d e s c r i b e d b y 

M c C a r t h y (1938). M o r g a n a n d H u l l i n g h o r s t (1939, p . 6) 
s t a t e d t h a t t h e d i s c h a r g e cha rac t e r i s t i c s of a w a t e r s h e d 
c a n be a t t r i b u t e d t o t h r e e f u n d a m e n t a l w a t e r s h e d c h a r a c 
ter is t ics : (1) a r e a of t h e w a t e r s h e d , (2) m e a n l eng th of 
t rave l , a n d (3) m e a n he igh t of w a t e r s h e d a b o v e t h e o u t 
flow s t a t i o n . Wis l e r a n d B r a t e r (1959, p . 42) a d d e d a 
s h a p e f a c t o r t o t h e list of cha rac t e r i s t i c s c o n t r i b u t i n g t o 
h y d r o g r a p h s h a p e . 

T h e r e l a t i o n s h i p b e t w e e n t i m e d i s t r i b u t i o n of dis
c h a r g e d u r i n g a flood, a n d t h e size, s h a p e , a n d g r a d i e n t of 
a d r a i n a g e b a s i n h a s l o n g b e e n r ecogn i zed b y h y d r o l o -
gists . T h e r e f o r e , t o u n d e r s t a n d t h e B r a z o s R ive r as a 
p o t e n t i a l flood p r o d u c e r a t W a c o , t h o s e t o p o g r a p h i c 

f a c t o r s a r e d e s c r i b e d . T h e c o m p l e x i t y of r e l a t i o n s h i p s 
w i t h i n a d r a i n a g e b a s i n is g r a p h i c a l l y i l l u s t r a t e d b y F i g 
u r e 16 ( G r e g o r y a n d Wal l i ng , 1973, p . 85). 

AREA 

Bas in size i n f l u e n c e s t h e a m o u n t of w a t e r p r o d u c e d ; 
t h e r e f o r e , it is c o n s i d e r e d t h e m o s t i m p o r t a n t f a c t o r . 
Bas in a r e a is t h e c h a r a c t e r i s t i c m o s t eas i ly r e l a t e d t o 
ba s in p rocesses , b u t b e c a u s e it is i n f l u e n c e d by o t h e r 
f a c t o r s , i ts i m p o r t a n c e is n o t easy t o q u a n t i f y . A b a s i n of 
h o m o g e n e o u s r o c k type , soil cove r , v e g e t a t i o n t y p e a n d 
t o p o g r a p h i c c h a r a c t e r , r ece iv ing u n i f o r m p r e c i p i t a t i o n , 
s h o u l d e x p e r i e n c e s t r e a m f l o w t h a t va r i e s a c c o r d i n g t o 
w a t e r s h e d a r e a . H o w e v e r , s u c h ove ra l l u n i f o r m i t y is r a r e , 
a n d it is d i f f i cu l t t o d e t e r m i n e t h e h y d r o l o g i c r e s p o n s e 
a t t r i b u t a b l e solely t o a r e a ( G r e g o r y a n d W a l l i n g ,  p. 
267). 

R u n o f f v o l u m e u n d e r c o n d i t i o n s of p r o b a b l e m a x i 
m u m p r e c i p i t a t i o n is m o s t d i r ec t ly r e l a t e d t o a r e a ; b u t 
a r e a is inverse ly r e l a t ed t o re la t ive p e a k flow. T h i s inve r se 
r e l a t i o n s h i p is d u e t o r a i n f a l l i n t ens i ty i n c r e a s i n g t o w a r d 
t h e c e n t e r of a s t o r m a n d d e c r e a s i n g o u t w a r d . T h e l a r g e r 

t h e b a s i n t h e m o r e v a r i a t i o n in p r e c i p i t a t i o n a c r o s s t h e 
a r e a . 

T o e x p e r i e n c e m a x i m u m p e a k flow o n a s t r e a m , t h e 
d u r a t i o n of i n t e n s e r a i n f a l l m u s t e q u a l t h e t i m e of c o n 
c e n t r a t i o n . T i m e of c o n c e n t r a t i o n , Tc , is t h e t i m e it t a k e s 
w a t e r t o t r a v e l f r o m t h e f a r t h e s t p o i n t of a w a t e r s h e d t o 
t h e w a t e r s h e d ou t l e t . A n e s t i m a t e d t i m e of c o n c e n t r a t i o n 
f o r s t r e a m b a s i n s h a v i n g a v e r a g e r o u g h n e s s va lues a n d 
h y d r o l o g i c r a d i u s c a n be o b t a i n e d u s i n g t h e f o r m u l a 

   (8) 

w h e r e T c is t h e t i m e of c o n c e n t r a t i o n in h o u r s ; L is t h e 
l e n g t h of t h e w a t e r s h e d a l o n g t h e m a i n s t r e a m , in fee t ; 
a n d H is t h e t o t a l rel ief a l o n g t h e s t r e a m , in f ee t ( O g r o s k y 
a n d M o c k u s , 1964, p . 21-10) . A s m a l l b a s i n s u c h as 
K i c k a p o o C r e e k , F i g u r e  h a v i n g a 20-mi le s t r e a m 
l e n g t h a n d 420 f ee t of  h a s a 7 - h o u r t i m e of c o n c e n 

t r a t i o n . So , in o r d e r f o r K i c k a p o o C r e e k t o e x p e r i e n c e i ts 
m a x i m u m p e a k flow, a p r o b a b l e m a x i m u m s t o r m of 
seven h o u r s ' d u r a t i o n c e n t e r e d ove r t h e b a s i n w o u l d b e 
r e q u i r e d . 

B o t h s t o r m in t ens i t y a n d d u r a t i o n a r e inverse ly r e l a t ed 
t o a r e a ; t h e r e f o r e , s m a l l b a s i n s a r e m o r e l ikely t o e x p e 
r i ence p r o b a b l e m a x i m u m flows. T h i s d o e s n o t i m p l y 
t h a t o n l y s m a l l b a s i n s p r o d u c e m a x i m u m flooding, b u t 
t h a t u n d e r h i g h a n t e c e d e n t m o i s t u r e c o n d i t i o n s r e s u l t i n g 
f r o m n o r m a l l y e x p e r i e n c e d m e t e o r o l o g i c a l c o n d i t i o n s 
ove r a l a rge c o n t r i b u t i n g a r e a t h e p r o b a b l e m a x i m u m 
flood co u l d be p r o d u c e d f r o m a re la t ive ly sma l l a r e a . 

T r i b u t a r i e s of t h e B r a z o s R i v e r , u p s t r e a m f r o m W a c o , 

Fig. 16. M a j o r in ter re la t ionships in a d ra inage system. From Gregory 
and Walling, 1973, p. 85. 
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a r e i l l u s t r a t e d in F i g u r e s  t h r o u g h 21. A r e a w a s d e t e r 
m i n e d b y p l a n i m e t e r f r o m a 1:250,000 scale m a p , a n d is 
i n d i c a t e d o n e a c h f i gu re . B e c a u s e of i ts r e l a t i o n s h i p w i t h 
o t h e r b a s i n f a c t o r s , a r e a receives a d d i t i o n a l c o m m e n t in 
d e s c r i b i n g o t h e r f a c t o r s . 
SHAPE 

T h e s h a p e of a d r a i n a g e b a s i n i n f l u e n c e s t h e r a t e a t 
w h i c h w a t e r is s u p p l i e d t o t h e m a i n s t r e a m . T o w h a t 
e x t e n t s h a p e i n f l u e n c e s f l o o d d y n a m i c s is n o t c lea r ly 
u n d e r s t o o d b e c a u s e t h o s e p roce s se s d e p e n d p a r t l y u p o n 

t h e s h a p e of t h e b a s i n a n d p a r t l y u p o n t h e d e p e n d e n t 
n e t w o r k s h a p e ( G r e g o r y a n d Wal l i ng , 1973, p. 271). F o r 
e x a m p l e , c o m p a r e t h e s h a p e s of P a l o P i n t o C r e e k , F i g 
u r e 18D, a n d C r o t o n C r e e k , F i g u r e 20E . P a l o P i n t o 
C r e e k is m o r e e f f i c i en t w i t h r e spec t t o b o t h s h a p e a n d 
n e t w o r k , a n d will p r o d u c e a s l ower rise b u t a h i g h e r p e a k , 
w h e r e a s t h e a t t e n u a t e d s h a p e - n e t w o r k of C r o t o n C r e e k 
will p r o d u c e a q u i c k r ise b u t a l o w e r h y d r o g r a p h p e a k 
wi th a b r o a d e r base . 

B a s i n s h a p e e x e r t s a n e f f ec t o n t h e f l o o d h y d r o g r a p h 

Fig. 17. M a j o r t r ibutar ies of the Brazos River above Waco. See Table  fo r key to indices. 
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a n d it d e t e r m i n e s b o t h t i m e of r i se a n d l ag t i m e . L a g t i m e h y d r o l o g y , b u t severa l ind ices h a v e b e e n d e v e l o p e d in a n 
is t h e t i m e b e t w e e n c e n t e r of m a s s of s u r f a c e - r u n o f f - a t t e m p t t o q u a n t i f y th i s f a c t o r . E a c h is a m e a s u r e of 
p r o d u c i n g r a i n of a s t o r m a n d t h e o c c u r r e n c e of t h e d e p a r t u r e f r o m c i r cu l a r s h a p e . Ind ices c a l c u l a t e d f o r t h e 
r e s u l t i n g p e a k d i s c h a r g e a t a spec i f ic l o c a t i o n ( S n y d e r , B r a z o s R ive r ba s in a r e l is ted in T a b l e 11. 

 p . 448). S ince r a i n f a l l p a t t e r n s a r e genera l ly c i r cu la r 
r a t h e r t h a n e l o n g a t e , a n d s ince m a x i m u m p e a k f l o w s  Factor 
o c c u r    of c o n c e n t r a t i o n of i n t e n s e r a i n f a l l is T h i s r e p r e s e n t s t h e r a t i o of t h e w i d t h of a d r a i n a g e 
e q u a l t o o r g r e a t e r t h a n lag t i m e , t h e i m p a c t of ba s in b a s i n t o its l eng th . T h e l e n g t h is m e a s u r e d f r o m a p o i n t 
s h a p e o n f l o o d i n g is i m p o r t a n t .  is d i f f i cu l t t o e x p r e s s by o n t h e w a t e r s h e d  o p p o s i t e t h e h e a d of t h e m a i n 
a n u m e r i c a l i n d e x t h e e f fec t of ba s in s h a p e o n s t r e a m  T h i s l e n g t h is n o t necessa r i ly t h e m a x i m u m b a s i n 

ROCK  

 165  ml 
GRADIENT 19.6 ft/mi 
VALLEY LENGTH 17  
FORM FACTOR .312 
TOTAL RELIEF 450 feet 

 3.4 

  

 .372 

 .139 

A 
 CREEK 

AREA  sq  
GRADIENT   
VALLEY LENGTH 17 miles 

 FACTOR .238 ABEA 70 sq nl 
TOTAL RELIEF 505 feet GRADIENT 21  

VALLEY LENGTH 20  
 3.3 FORM FACTOR .175 

 BELIEF 420 feet 
.542 

.331 

.202 

 3.6 

  

   

 214 

D 
PALO PINTO CREEK 

AREA 567 sq  
GRADIENT  ft/ml 
VALLEY LENGTH 44  
FORM FACTOR  
TOTAL RELIEF 811 feet 

E 
 CREEK 

AREA 236 sq mi 
GRADIENT  ft/ml 
VALLEY LENGTH 23 miles 
FORM FACTOR .446 
TOTAL RELIEF 425 feet 

.425 

.047 

Fig.  Tributaries of the Brazos River. See Table  fo r key to indices. 
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f a c t o r h a s b e e n u s e d in c o n n e c t i o n w i t h m a x i m u m flood-
d i s c h a r g e f o r m u l a s . F o r e x a m p l e , in l ong , n a r r o w d r a i n 
a g e ba s in s , t h e f o r m f a c t o r is i nd i ca t i ve of t h e flood 
r e g i m e n of t h e s t r e a m ( H o r t o n , 1932, p.  

Compactness 
T h i s f a c t o r exp res se s t h e r a t i o of t h e p e r i m e t e r of t h e 

d r a i n a g e b a s i n t o t h a t of a circle of e q u a l a r e a . It is 
de r ived by t h e f o l l o w i n g f o r m u l a : 

   (10) 

w h e r e P is t h e p e r i m e t e r of a ba s in , a n d M is i ts a r e a . 

  

  
   

 Y 

l e n g t h , s ince a d r a i n a g e b a s i n w i t h a s ide ou t l e t m a y b e 
w i d e r t h a n it is l ong . T h e r a t i o , o r f o r m f a c t o r , is ca l cu 
l a t ed by t h e f o r m u l a 

 (9) 

w h e r e M is t h e d r a i n a g e a r e a in s q u a r e mi les , a n d L is t h e 
l eng th . Val ley l eng th , r a t h e r t h a n e x a c t s t r e a m l eng th , 
w a s u s e d in T a b l e  Use of va l ley l e n g t h is log ica l s ince a 
p r o b a b l e m a x i m u m flood will o v e r f l o w the b a n k s , a n d 
a f t e r b a n k f u U s tage , p a r t of t h e w a t e r flows ove r t h e flood 
p l a i n , t h u s s h o r t e n i n g t h e p a t h floodwaters m u s t f o l l o w . 
T h u s , t h e e f f ec t i ve l e n g t h of a flooding s t r e a m is s h o r t e r 
t h a n t h e m e a n d e r l e n g t h ( B e n s o n ,  p. D25) . F o r m 

Fig.  Major subbasins of the Brazos River. See Table  for  to indices. 
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Elongation Ratio 
This f a c t o r is d e f i n e d as t he r a t i o of t h e d i a m e t e r of a 

c i rcle of t h e s a m e a r e a as t h e ba s in t o t h e m a x i m u m b a s i n 
l eng th . T h e r a t i o a p p r o a c h e s o n e as t he s h a p e of t h e 
w a t e r s h e d a p p r o a c h e s a circle. T h e f o r m u l a 

L 

(11) 
w h e r e A is a r e a a n d L is b a s i n l e n g t h is u sed in c a l c u l a t i n g 
ba s in e l o n g a t i o n ( S c h u m m , 1956, p . 612). 

D R A I N A G E NETWORK 

Stream Order 
T h e f i r s t s t ep in b a s i n ana lys i s is d e s i g n a t i o n of s t r e a m 

o r d e r ( S t r a h l e r , 1957, p . 914). S t r a h l e r (ibid.) u ses a 
sys tem sl ight ly m o d i f i e d f r o m H o r t o n (1945) a n d a s s u m e s 
t h e c h a n n e l - n e t w o r k m a p b e i n g used i nc ludes all i n t e r 
m i t t e n t a n d p e r m a n e n t f l o w l ines l o c a t e d in c lear ly 
d e f i n e d va l leys . Less i m p o r t a n c e is p l a c e d o n p rec i se 
m a p s by B e n s o n (1962a , p . D28) . H i s i n v e s t i g a t i o n s of 
a r e a s a p p e a r i n g o n m a p s of m o r e t h a n o n e scale s h o w e d 
t h a t t h e o r d e r n u m b e r of s t r e a m s d e t e r m i n e d f r o m a 
1:250,000 scale m a p w a s t h e s a m e as if d e t e r m i n e d f r o m a 

 scale m a p a n d o n e less t h a n t h e o r d e r n u m b e r if 

Fig. 20. Minor watersheds of the Brazos River basin. See Table  fo r key to indices. 
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t a k e n f r o m a 1:24,000 scale m a p . A 1:250,000 scale m a p S t r a h l e r ' s m e t h o d of d e s i g n a t i n g s t r e a m o r d e r is u s e d 
w a s u s e d in th i s s t u d y , a n d a l t h o u g h t h e o r d e r n u m b e r s in th i s p a p e r . U s i n g th i s p r o c e d u r e t h e sma l l e s t f i n g e r t i p 

a r e n o t c o r r e c t , t h e y t e n d t o b e c o n s i s t e n t a n d c a n be used t r i b u t a r i e s a r e d e s i g n a t e d f i rs t o r d e r . T w o f i r s t - o r d e r 
as in i n d e x of t h e t r u e o r d e r n u m b e r . s t r e a m s j o i n t o m a k e a s e c o n d - o r d e r s e g m e n t ; w h e r e t w o 

T h e u s e f u l n e s s of s t r e a m o r d e r de r ives f r o m t h e f a c t s e c o n d - o r d e r s t r e a m s j o i n , a t h i r d - o r d e r s e g m e n t is 
t h a t o r d e r n u m b e r is d i r ec t ly p r o p o r t i o n a l t o re la t ive f o r m e d , a n d so f o r t h . 

w a t e r s h e d d i m e n s i o n s , c h a n n e l size, a n d s t r e a m dis - In th i s sy s t em (Wis le r a n d B r a t e r , 1959, p . 48) t h e o r d e r 
c h a r g e a t a spec i f i c p l ace o n t h e s t r e a m . D r a i n a g e ba s in s n u m b e r is a d i rec t i n d i c a t i o n of t h e size a n d e x t e n t of t h e 
of d i f f e r e n t sizes c a n be c o m p a r e d a t c o r r e s p o n d i n g d r a i n a g e ne t . T h i s m a y be t r u e in a h o m o g e n e o u s a r e a , 
p o i n t s in t he i r g e o m e t r y ( S t r a h l e r , 1957, p.  b u t by c o m p a r i n g H u b b a r d C r e e k , F i g u r e 19, t o S w e e t -

 
 
VALLEY  
FORM FACTOR 
TOTAL RELIEF 

 4.1 

 

  

Fig. 21. Minor watersheds of the upper Brazos River basin. See Table  for key to indices. 
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w a t e r C r e e k , F i g u r e  it is n o t t r u e  t h e B r a z o s bas in , 
s ince b o t h s t r e a m s a r e t h e s a m e o r d e r b u t v a r y g rea t ly in 

a r ea . 
H o r t o n  r e l a t e d size of d r a i n a g e a r e a t o s t r e a m 

o r d e r s o m e w h a t d i f f e r en t l y . H e o b s e r v e d t h a t t h e o r d e r 
of t h e m a i n s t r e a m d e v e l o p e d in a d r a i n a g e ba s in of a 
g iven a r e a inc reases t o l a rge r va lue s in p r o p o r t i o n t o t h e 
l o g a r i t h m of t h e a r ea . F o r e x a m p l e , if a n a r e a of 10,000 
s q u a r e mi les is r e q u i r e d t o d e v e l o p a spec i f ic s t r e a m 
o r d e r , t h e n u n d e r t h e s a m e c o n d i t i o n s in a d r a i n a g e b a s i n 
of 100,000 s q u a r e mi les , t h e m a i n s t r e a m w o u l d be a n 
o r d e r o n e un i t h ighe r , a n d in a d r a i n a g e bas in of 

1 ,000,000 s q u a r e miles t h e m a i n s t r e a m w o u l d be t w o 
u n i t s h i g h e r o r d e r t h a n t h e  a r e a . T h i s 
s h o w s w h y s t r e a m sys t ems w i t h e x t r e m e l y h i g h o r d e r s d o 
n o t occu r . It a l so impl ies t h a t t h e l a rge r t h e d r a i n a g e 
ba s in t h e m o r e c o r r e l a t i o n b e t w e e n a r e a a n d s t r e a m 
o r d e r . 

S t r e a m o r d e r is r e l a t e d t o p e a k f l o w in t h a t w h e n 
c o m p a r i n g ba s in s of s imi la r a r e a it bes t i l lus t ra tes t h e 
deg ree of d r a i n a g e d e v e l o p m e n t , t h e r e f o r e , d r a i n a g e 
ef f ic iency. 

Bifurcation Ratio 

A f t e r t he d r a i n a g e - n e t w o r k e lements h a v e been ass igned 
a n o r d e r n u m b e r , t he s e g m e n t s of e a c h o r d e r a r e t o t a l e d . 
O b v i o u s l y t h e n u m b e r of s t r e a m s e g m e n t s of a g iven 
o r d e r will b e f e w e r t h a n t h e n e x t h i g h e r o r d e r . T h e r a t i o 
of t h e n u m b e r of s e g m e n t s of a g iven o r d e r t o t h e n u m b e r 
of s e g m e n t s of t h e n e x t h i g h e r o r d e r is t e r m e d the b i f u r c a 
t i o n r a t i o . T h i s r a t i o is n o t t h e s a m e f r o m o n e o r d e r t o t h e 
n e x t b e c a u s e of v a r i a t i o n s in b a s i n g e o m e t r y ( H o r t o n , 
1945, p . 286). 

C o a t e s (1958, p . 8) f o u n d b i f u r c a t i o n r a t i o s of f i r s t -
o r d e r t o s e c o n d - o r d e r s t r e a m s t o r a n g e f r o m 4.0 t o 5.1, 
a n d r a t i o s of s e c o n d - o r d e r t o t h i r d - o r d e r s t r e a m s t o 

r a n g e f r o m 2.8 t o 4.9. T h e o r e t i c a l l y , 2 .0 is t h e m i n i m u m 
p o s s i b l e va lue . B i f u r c a t i o n r a t i o v a l u e s f a r o u t s i d e t h e s e 
r a n g e s u s u a l l y sugges t s o m e geo log ica l c o n t r o l is d i s t o r t 
ing t h e d r a i n a g e p a t t e r n . T h e e f fec t s of s u c h d i s t o r t i o n 
u p o n m a x i m u m f l o o d d i s c h a r g e a r e re f l ec ted in t h e 
r e su l t i ng u n i t h y d r o g r a p h . F o r e x a m p l e , a n e l o n g a t e 
b a s i n h a v i n g a h i g h b i f u r c a t i o n r a t i o w o u l d yield a l o w 
b u t e x t e n d e d p e a k f l o w , w h e r e a s a r o u n d b a s i n w i t h a l ow 
b i f u r c a t i o n r a t i o w o u l d p r o d u c e a s h a r p p e a k ( M a k e y , 
1964, p . 4-45). 

Drainage Density 

F i g u r e s 18E a n d 20B s h o w t w o sma l l w a t e r s h e d s of 
a b o u t t h e s a m e a r e a . R o u g h C r e e k is wel l d r a i n e d w h e r e 
as Keech i C r e e k is p o o r l y d r a i n e d . A q u a n t i t a t i v e m e t h o d 
f o r d e s c r i b i n g t h e d e g r e e of d r a i n a g e d e v e l o p m e n t w i t h i n 
a b a s i n is e x p r e s s e d as t h e e q u a t i o n : 

D r a i n a g e D e n s i t y D d  2 L / A  

w h e r e L is t h e t o t a l l e n g t h of s t r e a m s , a n d A is a r e a 
( H o r t o n , 1945, p. 283). D r a i n a g e dens i t y is a g o o d i n d i c a 
t o r of t h e p e r m e a b i l i t y of t h e s u r f a c e a n d r a n g e s f r o m 1.5 

t o 2 .0 f o r s t e ep , i m p e r v i o u s a r e a s in r e g i o n s of h i g h 
r a i n f a l l , a l m o s t t o z e r o f o r b a s i n s so p e r m e a b l e t h a t al l 
t h e r a i n f a l l is t a k e n i n t o t h e soil t h r o u g h i n f i l t r a t i o n 

( H o r t o n , 1932, p . 357). T h e H i g h P l a i n s p o r t i o n of t h e 
s t u d y a r e a is a n e x a m p l e of a s u r f a c e h a v i n g z e r o d r a i n 
age dens i t y . A n i n d i c a t i o n of t h e d r a i n a g e e f f i c i ency of a 
b a s i n is g iven by d r a i n a g e dens i ty , w h i c h va r i e s inverse ly 

as t h e l e n g t h of o v e r l a n d f l o w (Wis le r a n d B r a t e r ,  p . 
53). 

Stream Frequency 

D e f i n e d by M o r i s a w a  p. 7) s t r e a m f r e q u e n c y is 
t h e n u m b e r of s t r e a m s e g m e n t s of a g iven o r d e r p e r u n i t 
a r e a . T h e f o r m u l a f o r s t r e a m f r e q u e n c y ,  is as f o l l o w s : 

Table  Quantitative description of the Brazos River basin above W a c o . 

Watershed River  Total Area Perimeter Valley Stream Order   Form     

 mouth head relief length  2nd 3rd 4th 5th 6lh     R,    F, 

 407 370 1510 1140 1670 225 100 148 35 8 2 1 4.2 11.4 .167 .514 .26 .089 
Aquilla 417 385 840 455 426 93 42 33 7 1 4.7 10.8 .241 .618 .31 .078 
Nolan 472 520 1000 480 276 81 35 28 8 2 1 3.5 13.7 .225 .528 .30 .101 
Paluxy 509 568 1200 632 399 93 42 38 12 3 1 3.2 15.0 .226 .579 .30 .095 
Kickapoo 581 700 1120 420 70 44 20 11 3 1 3.6 21.0 .175 .454 .27 .157 
Grindstone 592 800 1305 505 69 40 17 10 3 1 3.3 29.7 .238 .542 .331 .145 
Rock 503 810 1260 450 165 23 17 17 5 1 3.4 26.5 .570 .685 .48 .103 
Palo Pinto 613 731   567 101 44 40 10 4 1 4.0  .293 .699 .34 .071 
Keechi 657 825 1250 425 236 67 23 8 3 1 2.6 18.5 .446 .660 .42 .034 
Clear Fork 757 1003 2610  5750 389 270 596 139 36 8 2 1 4.3 6.0 .079 .477 .18 .104 
Hubbard 782 1090 2000 910 1087 152 60 50 11 4 1 4.5 15.2 .302 .590 .35 .046 
Paint & California 851 1245 1900 655 880 152 71 60 14 4 1 4.2 9.2 .175 .478 .26 .068 
California 872 1380 1900 520 520  55 33 8 2 1 4.1 9.5 .172 .461 .26 .063 
Elm 921 1555 2510 955 478 111 56 43 9 3 1 4.7 17.1 .152 .487 .25 .090 
Mulberry 929  2510 915 259 91 36 47 12 2 1 3.9 25.4 .200 .393 .28 .181 
 987 1760 2020 800 429  44 148 36 10 2 1 4.1 19.5 .222 .498 .30 .347 
 945 1875 2400 525 168 69 30 53 11 4 1 4.8 17.5 .187 .443 .27 .315 
Elm 781  1600 510 273 83 36 16 5 1 3.2 14.2  .498 .29 .059 
Miller  1195 1600 405 335 87 36 31 8 2 1 3.9  .258 .556 .32 .093 
North Croton 888 1420 2100 680 445 79 40 45 11 3 1 4.1 17.0 .278 .896 .33 .101 
Salt Fork 898 1450 3341 1891 2945 312  202 67 16 4 1 3.0 11.4 .107 .380 .21 .069 
Croton 945 1700 2700  296 91 44 47 11 2 1 4.3 22.7 .153 .449 .25 .159 
Duck 974  2900 1025 356 91 40 36 10 2 1 3.6 25.6 .223 .540 .30 .101 
White  2050 3341 1291 984 178 78 39 11 2 1 3.5 16.6 .100 .390 .25 .040 
Double Mtn. Fork 398 1450 3000 1550 1486 269 131 347 73 16 3 1 4.8 11.8 .087 .258 .19 .234 
Rough 1155 1830 2610 780 205 69 32 69 15 4 1 4.6 24.4 .200 .541 .28 .337 
N. Fork Double Mtn.  2070 3132 1162 244 144 67 74 21 5 1 3.5 17.3 .054 .148 .15 .303 
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   (13) 

T h e n t h e n u m b e r of f i r s t - o r d e r s t r e a m s e g m e n t s p e r 
s q u a r e mi le of d r a i n a g e a r e a (F) is 

 (14) 

w h e r e  is t h e t o t a l n u m b e r of f i r s t - o r d e r s e g m e n t s . 
S t r e a m f r e q u e n c y g e n e r a l l y va r i e s w i t h b a s i n size; 

t h e r e f o r e , l a rge a n d s m a l l d r a i n a g e b a s i n s a r e n o t d i rec t ly 
c o m p a r a b l e . A l a r g e b a s i n m a y c o n t a i n t h e s a m e n u m b e r 
of f i r s t - o r d e r s t r e a m s p e r u n i t of f i r s t - o r d e r s t r e a m a r e a 
a s a s m a l l d r a i n a g e b a s i n , b u t in a d d i t i o n it c o n t a i n s 
l a r g e r s t r e a m s ( H o r t o n ,  p. 285). T h i s e f fec t m a y n o t 
b e n o t i c e d , h o w e v e r , s ince s t r e a m f r e q u e n c y u sua l l y 
i n c r e a s e s w i t h t h e s l o p e i n c r e a s e a s s o c i a t e d w i t h s m a l l e r 
b a s i n s . S o , H o r t o n ' s o r i g i n a l f o r m u l a f o r s t r e a m f r e 
q u e n c y 

   (15) 

(wh ich is s i m p l y t h e r a t i o b e t w e e n t o t a l n u m b e r of s t r e a m 
s e g m e n t s in a b a s i n t o t h e b a s i n a r e a ) m a y be m o r e 
m e a n i n g f u l t h a n t h e f o r m u l a as m o d i f i e d by M o r i s a w a 
(1959, p. 7). 

SLOPE 

T h e s l o p e of t h e l a n d s u r f a c e w i t h i n a d r a i n a g e ba s in 
h a s a n i m p o r t a n t b u t r a t h e r c o m p l e x r e l a t i o n t o s u r f a c e -
r u n o f f . I t is a m a j o r f a c t o r i n f l u e n c i n g t h e t i m e of ove r 

l a n d f l o w o r c o n c e n t r a t i o n of r a i n f a l l in s t r e a m c h a n n e l s 
a n d is t h e r e f o r e of d i r ec t i m p o r t a n c e in t h e s t u d y of f l o o d 
m a g n i t u d e . I n a s t u d y by B e n s o n (1962b) s lope was 
s h o w n t o be n e x t in i m p o r t a n c e t o d r a i n a g e a r e a size in 
e x p l a i n i n g v a r i a t i o n s in p e a k d i s cha rge . 

S l o p e is d i f f e r e n t i a t e d as e i the r g e n e r a l s l ope o r t r u e 
s lope . G e n e r a l s l ope as d e f i n e d by H o r t o n  p . 352) 
is " t h e a v e r a g e s l ope of a s u r f a c e , g e n e r a t e d b y a l ine o n e 
e n d of w h i c h is f i x e d a t a g iven p o i n t o n t h e s t r e a m a b o v e 
w h i c h t h e s l ope is t o be d e t e r m i n e d , whi le t h e o t h e r e n d 
sweeps a l o n g t h e w a t e r s h e d - l i n e . " 

Seve ra l m e t h o d s of d e t e r m i n i n g g e n e r a l s l ope h a v e 
b e e n d e v e l o p e d , t h e o b j e c t of w h i c h h a s b e e n t o f u r n i s h 
b a s e s f o r d e t e r m i n i n g t h e t i m e of f l o o d c o n c e n t r a t i o n . 
T h e v a r i o u s m e t h o d s a r e n o t h e r e e x p l a i n e d h o w e v e r , 
s ince g e n e r a l s l ope is n o t well a d a p t e d f o r t h e p u r p o s e of 
d e t e r m i n i n g t i m e of c o n c e n t r a t i o n . 

A s f a r as o v e r l a n d f l o w is c o n c e r n e d , t i m e of c o n c e n 
t r a t i o n i nvo lves t r u e s l ope . T h e t r u e s l o p e b e t w e e n t w o 
c o n t o u r l ines e q u a l s t h e c o n t o u r i n t e r v a l d iv ided by t h e 
m e a n d i s t a n c e b e t w e e n t h e c o n t o u r l ines . M e a n d i s t a n c e 
e q u a l s t h a t a r e a o c c u r r i n g b e t w e e n t h e c o n t o u r  
d iv ided b y t h e m e a n l e n g t h of t h e c o n t o u r l ines. If t h e 
t o t a l l e n g t h of al l c o n t o u r s in a n a r e a is k n o w n , t h e t r u e 
s lope c a n be d e t e r m i n e d by t h e f o r m u l a 

w h e r e D is t h e c o n t o u r i n t e r v a l ,  is t he s u m of t he 

Table 12. Independent variables affect ing runoff in the Brazos River basin. 

A S St E L H D  N R Ra 

Double Mountain 
Fork at Lubbock 250 5.80 1.12 3420 98.0 426 17 3.96 40 .027 .09 

Double Mountain 
Fork at Aspermont 1510 7.45 1.05 2180 175 977 20 4.52 40 .13 1.61 

White River at 
Plainview 300 8.39 1.17 3850 126 794 17.5 3.87 42 .051 .22 

Salt Fork of 
Brazos near Aspermont 2060 9.52 1.03 2270  1170 20.5 4.51 41 .12 1.06 

Brazos River 
at Seymour 5250 5.24 1.03 1880 281 1100 21 4.64 43 .19 1.15 

Clear Fork of 
Brazos at Nugent 2220 2.33 1.10 1810 110 191 22 4.92 40 .17 .84 

Clear Fork of Brazos 
at Fort Griffin 3974 4.53 1.14 1570 198 673 22.5 4.96 42 .18 .90 

Clear Fork of Brazos 
near Crystal Falls 5658 4.18 1.13 1490 244 763 23.5 5.03 42 .18 1.05 

Brazos River at 
Palo Pinto 13520 3.76  1560 451 1270 23 4.92 43  1.21 

Paluxy River at 
Glen Rose 399 11.5 1.00 872 47.7 411 32.5 5.64 41 ,22 2.06 

Nolan River at 
Blum 276 11.8 1.00 734 31.8 281 34 5.78 43 .31 2.65 

Aquilla Creek 
near Aquilla 309 9.88 1.00 610 32.3 239 35.5 5.92 41 .46 4.67 

North Bosque River 
near Clifton 971 9.76 1.01 991 84.3 617 33 5.70 39 .38 2,78 

Brazos River 
at Waco 19260 2.77 1.23 1230 706 1470 26 5.14 43 .38 1,85 

See p, 38 fo r explana t ion of variables.  1962a, p. 26. 
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c o n t o u r l eng ths , a n d M is t h e d r a i n a g e b a s i n a r ea . 
W h e r e c h a n n e l flow is i n v o l v e d , t h e s l ope of t h e 

s t r e a m s r a t h e r t h a n t h e g r o u n d s u r f a c e s l ope m u s t be 
c o n s i d e r e d . B e n s o n (1959) d e v e l o p e d a n i n d e x of t h e 
s l o p e of t h e m a i n s t r e a m c h a n n e l w h i c h a p p e a r s m o r e 
e f fec t ive t h a n o t h e r r e l a t e d va r i ab l e s s u c h as l a n d s lope o r 
d r a i n a g e d e n s i t y in r e p r e s e n t i n g t h e e f fec t s of s l ope in t h e 
ba s in . T h i s m a i n c h a n n e l s l o p e i n d e x is t he s lope b e t w e e n 
t w o p o i n t s a l o n g the m a i n c h a n n e l a t d i s t ances of  a n d 
85 p e r c e n t of t h e t o t a l m a i n c h a n n e l l eng th . T h e m a i n 
c h a n n e l , p r o c e e d i n g u p s t r e a m , is d e t e r m i n e d a b o v e each 
j u n c t i o n as t h a t s t r e a m d r a i n i n g t h e la rges t a r ea . M a i n 
c h a n n e l s lopes f o r severa l t r i b u t a r i e s t o t h e Brazos R ive r 
a r e s h o w n in T a b l e  a l o n g w i t h s o m e o t h e r i n d e p e n d 
en t va r i ab l e s t h a t e f fec t r u n o f f . 

D a t a r e l a t e d t o s t r e a m c h a n n e l s l ope a r e g iven o n 
F i g u r e  t h r o u g h F i g u r e  as s t r e a m g r a d i e n t , a n d in 
T a b l e  as c h a n n e l s lope a n d ba s in rise. 

A n e x p l a n a t i o n of t h e v a r i a b l e t e r m s used in T a b l e  
f o l l ows : 

A is t h e c o n t r i b u t i n g d r a i n a g e a r ea , in s q u a r e miles; S, 
t h e m a i n c h a n n e l s l ope b e t w e e n t h e 85 a n d 10 p e r c e n t 
p o i n t s a l o n g t h e s t r e a m , in fee t pe r mile; St , t h e p e r c e n t 
a g e of a r e a in l a k e s a n d p o n d s , i n c r e a s e d by 1 p e r c e n t ; E, 
t h e a l t i t u d e i n d e x , a n a v e r a g e a l t i t u d e b e t w e e n t h e 85 a n d 

 p e r c e n t p o i n t s , in fee t a b o v e m e a n sea level; L, ba s in 
l eng th ( t o t a l l eng th of t h e m a i n c h a n n e l ) , in miles; H , 
b a s i n r ise ( the e l e v a t i o n d i f f e r e n c e b e t w e e n 85 a n d 10 
p e r c e n t p o i n t s ) , in fee t ; P , m e a n a n n u a l p r e c i p i t a t i o n , in 
inches ; I, 10-year , 2 4 - h o u r r a i n f a l l i n t ens i ty , in inches ; N, 
m e a n a n n u a l n u m b e r of t h u n d e r s t o r m days ; R , r a t i o of 
r u n o f f t o p r e c i p i t a t i o n d u r i n g m o n t h s w h e n a n n u a l p e a k 

d i s c h a r g e s o c c u r ; a n d R a , m e a n a n n u a l r u n o f f , in inches . 

S O I L A N D G E O L O G Y 

T h e e f fec t s of soil a n d g e o l o g y a r e s i gn i f i c an t in t h e 
B r a z o s R ive r bas in . In m a n y s t r e a m s , h e a d w a t e r s t o r m -
d i s c h a r g e s a r e h igh in t h e u p p e r r e a c h e s of t h e s t r e a m b u t 
m a y d i s a p p e a r en t i re ly as t h e flood wave m o v e s d o w n 
s t r e a m . H i g h l y p e r m e a b l e a n d p o r o u s soi ls a c c o u n t f o r 
th i s p h e n o m e n o n , w h i c h is c o m p o u n d e d by l o n g d r y 
p e r i o d s w h i c h c a u s e l o w g r o u n d - w a t e r t ab l e s a n d l o w 
soil m o i s t u r e . I n  a r e a s a n d f a u l t e d z o n e s m u c h 
of t h e s t o r m r u n o f f m a y p o u r i n t o f i s su res a n d u n d e r 
g r o u n d c h a n n e l s p r i o r t o r e a c h i n g a t r i b u t a r y ( B e n s o n , 

 p. D 2 8 ) . G e o l o g i c f e a t u r e s a r e d i f f i cu l t t o e v a l u a t e 
n u m e r i c a l l y ; c o n s e q u e n t l y ve ry l i t t le i n f o r m a t i o n is ava i l 
ab l e o n t h e g e o l o g y - r u n o f f r e l a t i o n s h i p f o r t h e en t i r e 

Brazos bas in . 
T h e h y d r o l o g i c c h a r a c t e r of a soil o r g r o u p of soils is a n 

essen t ia l f a c t o r in t h e h y d r o l o g i c ana lys i s of w a t e r s h e d 
p rocesses . If c o n s i d e r e d i n d e p e n d e n t l y of w a t e r s h e d 
s lope a n d c o v e r , soi ls m a y b e c lass i f ied a c c o r d i n g t o 
h y d r o l o g i c p r o p e r t i e s . F o u r  g r o u p s a r e r e c o g n i z e d 
f o r t he p r i m a r y c la s s i f i ca t ion of soils. 

G r o u p A is c o m p o s e d of soi ls h a v i n g h i g h i n f i l t r a t i o n 
r a t e s w h e n t h o r o u g h l y w e t t e d , t h e r e f o r e l o w r u n o f f 
p o t e n t i a l . T h e y a r e m a i n l y s a n d s a n d g rave l s t h a t a r e 
d e e p a n d well t o excess ive ly d r a i n e d . T h e s e soi ls h a v e a 
h igh r a t e of w a t e r t r a n s m i s s i o n . 

G r o u p B cons i s t s of soi ls h a v i n g m o d e r a t e i n f i l t r a t i o n 
r a t e s w h e n t h o r o u g h l y w e t t e d . T h e y a r e m o d e r a t e l y d e e p 
to d e e p , m o d e r a t e l y well t o wel l d r a i n e d a n d h a v e m o d e r 
a te ly f i ne t o m o d e r a t e l y c o a r s e t e x t u r e . G r o u p B soi ls 
h a v e a m o d e r a t e r a t e of w a t e r t r a n s m i s s i o n . 

G r o u p C soi ls h a v e s l o w i n f i l t r a t i o n r a t e s w h e n t h o r 
o u g h l y w e t t e d a n d h a v e a s low r a t e of w a t e r t r a n s m i s s i o n . 
S l o w i n f i l t r a t i o n u s u a l l y r e su l t s f r o m a soil l aye r t h a t 
i m p e d e d t h e d o w n w a r d m o v e m e n t of w a t e r o r f r o m 
m o d e r a t e l y f i ne t o f i n e - t e x t u r e d soils. 

G r o u p D soi ls h a v e h i g h r u n o f f p o t e n t i a l . T h e y h a v e 
ve ry s low i n f i l t r a t i o n r a t e s w h e n t h o r o u g h l y w e t t e d a n d 

a l so h a v e a ve ry s low r a t e of w a t e r t r a n s m i s s i o n . C o n d i 
t i ons o r p r o p e r t i e s t h a t c a u s e s low i n f i l t r a t i o n m a y be 
c lay soils h a v i n g h igh  p o t e n t i a l , h igh pe r 
m a n e n t w a t e r t a b l e s , soi ls w i t h a c l ay p a n o r c lay l aye r a t 
o r n e a r t h e s u r f a c e , a n d s h a l l o w soils ove r n e a r l y i m p e r 
v i o u s m a t e r i a l s ( U . S . D . A . , 1971, p. 7-2). D o r r o h (1946, 
p. 22) s t a t ed t h a t t h e c o m p l e x i t y of soil types , w i t h t h e 
e x c e p t i o n of t h e H i g h P l a i n s , m a k e s it i m p o s s i b l e t o 

d e l i n e a t e a n y s izeable a r e a s as h a v i n g h i g h o r l o w in f i l t r a 
t i o n r a t e s . B e n s o n  p . 33) d e v e l o p e d a h y d r o l o g i c 
soil i n d e x f o r t h e S o u t h w e s t . I n t h a t s t u d y he s t a t e d t h a t 
i n f i l t r a t i o n was n o t a s ign i f i can t v a r i a b l e in r e l a t i o n t o 
p e a k d i s c h a r g e . B e n s o n ' s s t a t e m e n t w o u l d be t r u e o n l y in 
i n s t a n c e s of h i g h a n t e c e d e n t m o i s t u r e c o n d i t i o n s o r in 

a r e a s h a v i n g soi ls w i th l o w i n f i l t r a t i o n c a p a c i t y , t h a t  
G r o u p D soils . U n d e r m a x i m u m p r o b a b l e flooding c o n 
d i t i o n s , all soi ls will h a v e l ow i n f i l t r a t i o n c a p a c i t y 
b e c a u s e of a n t e c e d e n t m o i s t u r e . 

DESCRIPTION OF THE LOCAL AREA 

U N C O N T R O L L E D A R E A 
F l o o d s o n t h e B r a z o s R i v e r a t W a c o , r e g a r d l e s s of 

o r ig in , a r e c o n v e y e d by t h a t r e a c h of t he B r a z o s R ive r 
be low W h i t n e y a n d W a c o reservoi r s , wh ich were des igned 
t o c o n t r o l r u n o f f r e su l t i ng f r o m a 100-year r e c u r r e n c e -
in t e rva l flood. T h u s , a t b o t h r e se rvo i r s , flood re lease f o r 
t h e 100-year o r lesser even t is f u l l y c o n t r o l l e d . H o w e v e r , 
b e t w e e n the se r e s e r v o i r s a n d W a c o a r e 672 s q u a r e mi les 
of u n c o n t r o l l e d d r a i n a g e b a s i n ( H U D , 1977, p . 5). T h u s , 

f o r t h e B r a z o s R ive r a t W a c o t h e m a g n i t u d e of flooding is 
d e t e r m i n e d b y re leases f r o m u p s t r e a m rese rvo i r s , p lu s 
p e a k d i s c h a r g e f r o m u n c o n t r o l l e d a r e a . 

S ince f a i l u r e of e i the r d a m w o u l d resu l t in h a z a r d s t o 

l i fe o r d i s a s t r o u s p r o p e r t y d a m a g e s d o w n s t r e a m , a d e 
q u a t e p r o v i s i o n s h a v e b e e n m a d e to i n s u r e a g a i n s t f a i l u r e 
of t h e d a m d u r i n g t h e m o s t severe flood o r s e q u e n c e of 
floods c o n s i d e r e d r e a s o n a b l y pos s ib l e in t h e p r o j e c t b a 
s ins ( S n y d e r , 1964, p . 248). T h i s  is a d h e r e d t o by 
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t h e U . S . A r m y C o r p s of E n g i n e e r s in e s t a b l i s h i n g  t h e u n c o n t r o l l e d a r e a c o u l d b e r e s p o n s i b l e f o r a 
r e q u i r e m e n t s f o r al l sp i l lway d e s i g n f o r m a j o r d a m s . 260 ,000 cfs d i s c h a r g e a t W a c o . T h e e s t i m a t e d p r o b a b l e 
H e n c e t h e sp i l lways of b o t h W h i t n e y a n d W a c o rese r - m a x i m u m p e a k f l o w f o r 672 s q u a r e mi les a c c o r d i n g t o 
vo i r s were d e s i g n e d f o r t h e p r o b a b l e m a x i m u m f l o o d . C o m m o n s ' m e t h o d , F i g u r e  is a p p r o x i m a t e l y 850 ,000 

S ince t h e s e r e s e r v o i r s a r e l o c a t e d in d r a i n a g e b a s i n s cfs . T h e p e a k d i s c h a r g e f o r t h e f l o o d of r e c o r d a t W a c o 
w h e r e v o l u m e s of r u n o f f a r e n o r m a l l y la rge in c o m p a r i - w a s 246 ,000 cfs . 

s o n w i t h t h e p r o p o s e d s t o r a g e c a p a c i t y of t h e  T o a c c o m m o d a t e t he se f l o w s , sp i l lway c a p a c i t y f o r t h e 
it w a s in i t ia l ly a s s u m e d t h a t t h e r e se rvo i r s w o u l d be f i l led m a x i m u m d e s i g n w a t e r s u r f a c e f o r W h i t n e y r e se rvo i r is 
a t t h e b e g i n n i n g of t h e p r o b a b l e m a x i m u m f l o o d . F o r 684 ,000 cfs . S p i l l w a y c a p a c i t y f o r t h e m a x i m u m d e s i g n 
e x a m p l e , s t o r m r a i n f a l l va lues , f o r use in e s t a b h s h i n g t h e w a t e r s u r f a c e f o r W a c o t h e r e se rvo i r is 563 ,000 cfs . B o t h 
b e g i n n i n g r e s e r v o i r levels a n d in r o u t i n g t he p r o b a b l e f i g u r e s r e p r e s e n t p e a k r e se rvo i r o u t f l o w s d u r i n g p a s s a g e 
m a x i m u m f l o o d t h r o u g h t h e p r o p o s e d W a c o rese rvo i r , of t h e p r o b a b l e m a x i m u m f l o o d ( U . S . A r m y C o r p s of 
w e r e d e r i v e d f r o m t h e  H e a r n e s t o r m ( T a b l e 1, F ig . E n g i n e e r s , 1974, p . 37). T h e p r o b a b l e m a x i m u m d is -
7c) w h i c h o c c u r r e d 3 d a y s p r i o r t o t h e b e g i n n i n g of t h e c h a r g e f o r t h e i n t e r m e d i a t e 672 s q u a r e mi le u n c o n t r o l l e d 
syn thes i zed p r o b a b l e m a x i m u m s t o r m ( U . S . A r m y C o r p s a r e a is in a d d i t i o n t o t h e s e v a l u e s a n d t h e r e f o r e m u s t b e 

of Eng inee r s , 1957, p . 3-6). d e t e r m i n e d a n d a d d e d t o t he se va lues t o c o m p u t e t h e 
T h i s  of p r e c e d i n g t h e p r o b a b l e m a x i m u m s t o r m poss ib le m a x i m u m  

 a m a j o r s t o r m  a m i n i m u m t i m e i n t e r v a l c o n s i s t e n t T h u s t h e f o l l o w i n g sec t ion desc r ibes a h y p o t h e t i c a l 
w i t h t h e m e t e o r o l o g i c a l c o n d i t i o n s t h a t c a u s e d t h e f l o o d f l o o d b a s e d u p o n f l o w f r o m r u n o f f f r o m t h e u n c o n t r o l l e d 
( B e a r d , 1975, p . 4-10) , a l so e s t a b h s h e s a n t e c e d e n t m o i s - a r e a b e t w e e n the se t w o r e s e r v o i r s a n d t h e C i ty of  
t u r e c o n d i t i o n s in t h e u n c o n t r o l l e d a r e a s t h a t p r o m o t e T o t h e v a l u e of th i s r u n o f f t h e f l o w s f r o m b o t h W h i t n e y 
n e a r l y  p e r c e n t r u n o f f . A s s u m i n g t o t a l c o n t r o l of t h e a n d W a c o r e s e r v o i r s a r e a d d e d t o c a l c u l a t e t h e f l o o d t h a t 
B o s q u e R ive r a n d the B r a z o s R ive r a b o v e W h i t n e y , t h e will t h e n be r o u t e d t h r o u g h W a c o . 
672 s q u a r e mi les of u n c o n t r o l l e d b a s i n b e t w e e n W h i t n e y 

a n d W a c o c o u l d p r o d u c e f l o o d i n g a t W a c o f a r g r e a t e r H Y P O T H E T I C A L F L O O D 

t h a n t h e f l o o d of r e c o r d . U s i n g t h e s i m p l e M y e r s F o r -  e x p e r i e n c e in t h e u n c o n t r o l l e d a r e a is i n s u f f i 

c i e n t t o f o r m a b a s i s f o r f l o o d c o n t r o l p l a n n i n g , n o r h a s 

t h e r e b e e n a f l o o d o n t h e B r a z o s R i v e r a t W a c o d u r i n g 

r e c o r d e d h i s t o r y t h a t h a s a p p r o a c h e d the p r o b a b l e m a x -
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i m u m flood. T h e r e f o r e , a h y p o t h e t i c a l m a x i m u m flood, 
de r ived f r o m h y d r o g r a p h s of a r t i f i c ia l flood flow u n d e r 
m a x i m i z e d p r e c i p i t a t i o n c o n d i t i o n s , m u s t b e syn thes ized 
t o s i m u l a t e c o n d i t i o n s a p p r o p r i a t e t o t h e ob jec t ives of 

th i s s tudy . 
A h y p o t h e t i c a l flood f o r t h e u n c o n t r o l l e d a r e a m a y b e 

d e r i v e d f r o m  a s t u d y of g r o u n d c o n d i t i o n s t h a t w o u l d 
p r o d u c e the g r ea t e s t r u n o f f r a t e , o r (2) c a l c u l a t i o n s c a n 
b e b a s e d on r u n o f f v o l u m e a n d p e a k flow f r e q u e n c i e s a n d 
v o l u m e ( B e a r d , 1975, p. 1.01). A h y p o t h e t i c a l flood 
r e p r e s e n t i n g t h e m o s t e x t r e m e c o n d i t i o n s p r o b a b l e is 

 t o t he u n c o n t r o l l e d a r e a j u s t as it w a s f o r t he 
c o n t r o l l e d a r e a s used in sp i l lway des ign . 

Whi l e t he p roces s of d e t e r m i n i n g a p r o b a b l e m a x i m u m 
flood is  it m a y be b r ie f ly de sc r ibed in g e n 
e ra l t e r m s . A 1,000 s q u a r e mi le , 2 4 - h o u r d u r a t i o n s t o r m 
cen t e r ed b e t w e e n W a c o a n d L a k e W h i t n e y h a s b e e n 
selected t o i l lus t ra te t he m e t h o d of ca l cu l a t i ons . 

F r o m the c h a r t s of p r o b a b l e m a x i m u m  
F i g u r e  r a i n f a l l a m o u n t s f o r e a c h s t o r m d u r a t i o n a n d 
s t o r m a r e a were d e t e r m i n e d . T h e p r o b a b l e m a x i m u m 
p r e c i p i t a t i o n f o r a 2 4 - h o u r d u r a t i o n s t o r m c o v e r i n g 
10,000 s q u a r e mi les is 15.1 inches . S ince r a i n f a l l i n t ens i 
f ies t o w a r d t h e c e n t e r of t he 10,000 s q u a r e mi le a r e a , t h e 
r a i n f a l l a m o u n t in t he i n n e r 5 ,000 s q u a r e mi les w a s 
i nc r ea sed whi le t he r a in fa l l f o r t he o u t e r a r e a was 
d e c r e a s e d , t h e r e b y m a i n t a i n i n g the s a m e t o t a l r a i n f a l l 

v o l u m e . T h i s p r o c e d u r e w a s a c c o m p h s h e d by t h e f o l l o w 
ing c o m p u t a t i o n s ( C o c h r a n , 1975, p . C-7). 

1. P M P w a s d e t e r m i n e d f o r 10,000 s q u a r e mi les a n d 
5 ,000 s q u a r e miles . 
A r e a (sq mi ) P M P (in) 

10,000 15.1 
5,000 18.5 

2. Va lues were c o n v e r t e d t o " i n c h e s - s q u a r e mi les , " 
A r e a P M P I n c h - M i l e s 

10,000 X 15.1  151,000 
5 ,000 X 18.5  92 ,500 

T h e d i f f e r e n c e in " i n c h - s q u a r e mi l e s "  - 92 ,500  
58 ,500) was d iv ided b y t h e d i f f e r e n c e in s q u a r e mi les of 
a r e a (10,000 - 5 ,000  5,000) 5 8 , 5 0 0 / 5 , 0 0 0  11.7 inches . 
T h e n e w a v e r a g e d e p t h f o r 10,000 s q u a r e mi les is  
inches . 

Us ing the s a m e p r o c e d u r e t h e n e w ra in fa l l d e p t h va lues 
f o r  a n d 10 s q u a r e miles were c a l c u l a t e d . 
T h e s e n e w d e p t h va lues were p l o t t e d a g a i n s t al l g iven 
a r e a s b e l o w 10,000 s q u a r e mi les (F ig . 22) t o c o n s t r u c t a 
d e p t h - a r e a - d u r a t i o n cu rve . D e p t h s were t h e n p l o t t e d 
a g a i n s t t i m e (F ig . 23) , a n d 6 - h o u r i n c r e m e n t s f o r e a c h 

Table 13. A c c u m u l a t e d 6-hour incremental P M P value 

determined for 6 t o 24 hour durat ions , 1 ,000 

square miles. 

6-Hour Hours Rainfall (In) Incremental 
Increment Accumulated Accumulated Increase 

1 6 15.1 15.1 
2 12 21.3 6.2 
3 18 25.0 3.7 
4 24 27.9 2.9 

a r e a w e r e o b t a i n e d a s s h o w n o n T a b l e 13. D e p t h 
i nc rea se s f o r e a c h 6 - h o u r p e r i o d were d e t e r m i n e d a n d 
a l so  o n T a b l e  

T h e i n c r e m e n t a l va lues f o r 1,000 s q u a r e mi les w e r e 
t h e n a r r a n g e d in t h e s e q u e n c e t h a t w o u l d p r o d u c e t h e 
g r e a t e s t c r i t i ca l r u n o f f . T h e 6 - h o u r i n c r e m e n t s f o r t h e 
2 4 - h o u r s t o r m were a r r a n g e d in t h e o r d e r 4, 2, 1,  
w h e r e 1 r e p r e s e n t s t h e g rea t e s t d e p t h a n d 4 t h e leas t . 

T h e 6 - h o u r p e r i o d of g r e a t e s t r a i n f a l l i n t ens i t y in t h e 
2 4 - h o u r s e q u e n c e w a s t h e n s u b d i v i d e d i n t o o n e - h o u r 
i n t e rva l s ( T a b l e  D u r i n g the f i r s t o n e - h o u r in t e rva l , 4 
p e r c e n t of t h e t o t a l 6 - h o u r i n c r e m e n t of 15.1 i n c h e s is 
a s s u m e d t o h a v e fa l l en . D u r i n g t h e f o l l o w i n g o n e - h o u r 
i n t e r v a l s 8 p e r c e n t , 19 p e r c e n t , 50 p e r c e n t ,  p e r c e n t , 
a n d 8 p e r c e n t of t h e t o t a l 6 - h o u r i n c r e m e n t a r e a s s u m e d 
t o h a v e f a l l en (Cur t i s , 1977, o r a l c o m m u n i c a t i o n ) . Al l 
o t h e r 6 - h o u r i n c r e m e n t s of t h e P M P series w e r e a s s u m e d 
t o b e u n i f o r m ( C o c h r a n , 1975, p .  F o l l o w i n g th is , 
a n o v e r l a y , u s i n g a s t a n d a r d P M P i s o h y e t a l p a t t e r n 
( B e a r d , 1975, p . 3 .05) w a s c o n s t r u c t e d , a n d t h e b a s i n 
o u t l i n e w a s s u p e r i m p o s e d ove r t h e i s o h y e t a l m a p t o 
d e t e r m i n e t h e b a s i n a r e a u n d e r e a c h s i gn i f i c an t r a i n f a l l 
i n c r e m e n t . 

A s s h o w n in F i g u r e 24 t h e i s o h y e t a l p a t t e r n is o r i e n t e d 
ove r t h e b a s i n so as t o p r o d u c e t he m a x i m u m r u n o f f . A 
s t o r m of th i s p a r t i c u l a r p a t t e r n s i t u a t e d b e t w e e n L a k e 
W h i t n e y a n d L a k e W a c o will c a u s e flooding o n t h e B r a 
zos a t W a c o r e g a r d l e s s of t h e s t o r a g e c a p a c i t y of e i t he r 
l ake , s ince r u n o f f f r o m t h e i n t e r m e d i a t e 672 s q u a r e mi les 
a t t h e p r e s e n t t i m e flows d i rec t ly i n t o t h e Brazos . 

R u n o f f ove r v a r i o u s p a r t s of t h e s t o r m a r e a w e r e 
r o u t e d t h r o u g h W a c o b y t h e u s e of h y d r o g r a p h s f o r e a c h 
s u b a r e a . T o t h e d e g r e e t h a t s u c h e f fec t s a r e a d d i t i v e , 
t he se were c o m b i n e d a n d a m a s s flood h y d r o g r a p h c a l c u 
l a t ed f o r t he U . S . G e o l o g i c a l S u r v e y g a g i n g s t a t i o n in 
W a c o . F o r h y d r o g r a p h c a l c u l a t i o n a u n i f o r m p r o b a b l e 
m a x i m u m r a i n f a l l ove r t he ba s in was a s s u m e d ( T a b l e 15). 
F r o m th i s h y d r o g r a p h flood s u r f a c e e l e v a t i o n w a s o b 
t a i n e d a n d t h e flood c o n t o u r s d e t e r m i n e d a n d p l o t t e d 
a l o n g b o t h s ides of t h e B r a z o s flood p l a in . 

B A S I N H Y D R O G R A P H R E L A T I O N S H I P S 
All floods a t W a c o , r ega rd l e s s of s t o r m or ig in o r  

e x t e n t , a r e c o n v e y e d b y t h a t p o r t i o n of t h e B r a z o s R i v e r 
d o w n s t r e a m f r o m L a k e W h i t n e y ; t h e r e f o r e a de ta i l ed 

Table 14. Critical arrangement of 6-hour and 1-hour 

sequence rainfalls , Probable M a x i m u m 

Storm. 

Graphed Critical Greatest 6-Hour 
24-Hour 24-HQur Rainfall  Hour 

Sequence [In) Sequence (in) Sequence (in) 

15.1 2.9 1.2 

6.2 6.2 1.2 

3.7 15.1 2.9 

2.9 3.7 7.6 

1.6 

.6 
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Fig. 24.  pat tern over the uncontrolled area between Lake Whitney and Waco. 
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d e s c r i p t i o n of th i s p o r t i o n of t h e r iver is needed t o de t e r 
m i n e spec i f ic h y d r o l o g i c a n d phys ica l cha rac t e r i s t i c s t h a t 
will i n f l u e n c e flood flow in t h a t r each . 

P e a k d i s c h a r g e s f o r e a c h w a t e r s h e d r equ i r e w a t e r s h e d 
ana lys i s t h a t c o n s i d e r s e a c h w a t e r s h e d in t e r m s of d i m e n 
s ions , s e p a r a t e a n d d i s t inc t b u t d i f f i cu l t t o a n a l y z e s e p a 
ra te ly . T a b l e  l ists e a c h w a t e r s h e d in t he B r a z o s R i v e r 
b a s i n b e t w e e n L a k e W h i t n e y a n d t h e B o s q u e R ive r . D a t a 
f o r c o n s t r u c t i n g a u n i t h y d r o g r a p h h a v e been c a l c u l a t e d 
f o r e a c h w a t e r s h e d (Tab l e 16). 

T h e f o l l o w i n g d i s cus s ion of t he g e o m e t r i c c h a r a c t e r of 
t h e B r a z o s R i v e r b e t w e e n L a k e W h i t n e y a n d the C i ty of 
W a c o will be b a s e d p r i m a r i l y u p o n the d a t a f r o m T a b l e 
16. 

A R E A 

F o r sma l l w a t e r s h e d s , a r e a is a m a j o r d e t e r m i n a n t of 
p e a k d i s c h a r g e . T h e p e a k d i s c h a r g e is d e t e r m i n e d f r o m 
t h e f o r m u l a : 

484 A Q 

Tp 

w h e r e 484 is a c o n s t a n t , A is t h e a r e a in s q u a r e mi les , Q is 
t h e a v e r a g e d e p t h of r a in fa l l in inches , a n d T p is t h e t i m e 
t o p e a k . T h e c o n s t a n t 484 is a n emp i r i ca l l y de r ived va lue 
u s e d t o e q u a t e t h e e f f ec t s of relief w i t h i n t h e b a s i n a n d 
m a y v a r y f r o m a v a l u e of 600 in s t eep t e r r a i n t o 300 in 
v e r y flat s w a m p y t e r r a i n ( U . S . D . A . , 1971, p . 16.7). F o r 
t h e s t u d y a r e a t h e p e a k r a t e f a c t o r is a p p r o x i m a t e l y 484 
a n d th i s va lue h a s b e e n used to d e v e l o p h y d r o g r a p h s in 
t h e  a r e a . 

A r e a s of i n d i v i d u a l s u b b a s i n s in t h e u n c o n t r o l l e d p o r 
t i o n of t h e B r a z o s b a s i n b e t w e e n W h i t n e y a n d W a c o a r e 
l is ted in T a b l e  t o g e t h e r w i t h o t h e r d a t a s ign i f i can t t o 
t h e d e v e l o p i n g u n i t h y d r o g r a p h s . 

B A S I N S H A P E 

A s i m p l e e x p r e s s i o n of w a t e r s h e d s h a p e t h a t c o r r e l a t e s 

well w i t h h y d r o g r a p h p e a k d i s c h a r g e is t h e f o r m u l a : 

 (18) 

w h e r e S w is a w a t e r s h e d s h a p e i n d e x , L is t h e l e n g t h of 
t h e w a t e r s h e d m e a s u r e d a l o n g its va l ley , a n d A is a r e a in 
s q u a r e mi les ( O g r o s k y a n d M o c k u s , 1964, p . 21-10) . T h i s 
f o r m u l a d e s c r i b e s t h e d e p a r t u r e of b a s i n s h a p e f r o m t h a t 
of a c i rc le , a n d a w a t e r s h e d h a v i n g a s h a p e i n d e x S w 
a p p r o a c h i n g 1.3 will c o n v e y w a t e r m o s t e f f i c ien t ly . T h e 

Table 15. Incremental rainfal l -runoff calculat ion for probable m a x i m u m storm centered be tween Lake Whitney and 

W a c o . 

 (2) (31 (41 (51 (6) 
Hour Rainfall Accumulated Accumulated Incremental Accumulated 

Rainfall Loss Runoff Runoff 

1 .48 .48 .48 0 0 

2 .48 .96 .53 .43 .43 

3 .48 1.44 .58 .43 .86 

4 .48 1.92 .63 .43 1.29 

5 .48 2.40 .68 .43 1.72 

6 .50 2.90 .73 .45 2.17 

7 .55 3.45 .78 .50 2.67 

8 .55 4.00 .83 .50 3.17 

9 .65 4.65 .88 .60 3.77 

10 .85 5.50 .93 .80 4.57 

11 .95 6.45 .98 .90 5.47 

12 2.65 9.10 1.03 2.60 8.07 

13 1.25 10.35 1.08 1.20 9.27 

14 1.25 11.60 1.13 1.20 10.47 

15 2.95 14.55 1.18 2.90 13.37 

16 7.65 22.20  7.60 20.97 

17 1.35 23.55 1.28 1.30 22.27 

18 .65 24.20 1.33 .60 22.87 

19 .63 24.83 1.38  23.45 

20 .63 25.46 1.43 .58 24.03 

21 .63 26.09 1.48 .58 24.61 

22 .63 26.72 1.53 .58 25.19 

23 .63 27.35 1.58 .58 25.77 

24 .55 27.90 1.63 .50 26.27 
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c o r r e l a t i o n b e t w e e n w a t e r s h e d s h a p e S w a n d p e a k d i s 
c h a r g e q p is s h o w n b y T a b l e 18. 

A l t h o u g h e a c h of t h e f ive w a t e r s h e d s in T a b l e  a r e  
mi les in l e n g t h , t h e y v a r y in a r e a f r o m  t o 28 s q u a r e 

mi l e s . It is t h i s v a r i a t i o n in a r e a t h a t p r o h i b i t s d i r e c t 
c o r r e l a t i o n b e t w e e n p e a k d i s c h a r g e a n d b a s i n  

T h e f i r s t s t ep in h y d r o g r a p h d e v e l o p m e n t is t h e ca l cu 
l a t i n g of t i m e of c o n c e n t r a t i o n Tc . T w o bas in d i m e n s i o n s 
r e l a t e d t o s h a p e ( w a t e r s h e d l e n g t h a n d t o t a l r e h e f ) a r e 
u s e d in t h e c a l c u l a t i o n of t i m e of c o n c e n t r a t i o n Tc : 

  
T c  

7 7 0 0  

T h e c o n s t a n t 7700 exp re s se s a v e r a g e va lue s of M a n 
n ing ' s N ( r o u g h n e s s f a c t o r ) a n d  r a d i u s (Ki r -
p i c h ,  p . 362) . W h i l e w a t e r s h e d a r e a re la tes o n l y t o 
p e a k d i s c h a r g e q p , t h e s h a p e m e a s u r e m e n t s , l e n g t h a n d 
rel ief , a r e r e l a t ed t o al l h y d r o g r a p h va r i ab l e s . 

T h e r e l a t i o n s h i p b e t w e e n b a s i n s h a p e a n d h y d r o g r a p h 
s h a p e is i l l u s t r a t ed b y F i g u r e 25, a d i m e n s i o n l e s s u n i t 
h y d r o g r a p h in t r i a n g u l a r f o r m . T h i s h y d r o g r a p h s h o w s 
o n e u n i t of t i m e a n d o n e u n i t of d i s c h a r g e . T h e r i s ing s ide 

of t h e h y d r o g r a p h r e p r e s e n t s 37.5 p e r c e n t of t he t o t a l 
h y d r o g r a p h v o l u m e , t h u s a l l o w i n g t h e t i m e t o b a s e T b t o 
b e so lved in r e l a t i o n t o t h e t i m e t o p e a k T p us ing g e o m e 
t r y of t r i ang les . If t he t i m e it t a k e s t h e h y d r o g r a p h t o p e a k 
e q u a l s 0 .375 the t o t a l v o l u m e , t h e n 

T b  1 .00 /0 .375  2 .67 u n i t s of t i m e  

a n d T r  T b - T p o r 1.67 T p ; (20) 

t h e r e f o r e , T b  T r + T p . (21) 

T h e r e l a t i o n s h i p s a r e u s e d t o d e t e r m i n e a p e a k d i s c h a r g e 
e q u a t i o n (17) a n d a l so t o p lo t un i t a n d f l o o d h y d r o g r a p h s . 

T i m e of b a s e T b a n d t i m e of r eces s ion T r a r e d e r i v e d 
f r o m t i m e t o p e a k T p . T i m e t o p e a k T p is c a l c u l a t e d u s i n g 
t he f o r m u l a : 

 (22) 

w h e r e A D is t h e d u r a t i o n of u n i t excess r a i n f a l l , a n d L is 
t h e w a t e r s h e d  in h o u r s ( U . S . D . A . ,   T h e 

Table 16. Calculated data for construct ing f l o o d hydrographs for the Brazos watersheds b e t w e e n Lake Whitney and 

the City o f W a c o . 

1 2 3 4 5 6 7 8 
Stream Tc D L Tp  Tr Tb Sw 

Point A 6.59 .90 4.0 4.40 2156 7.4 117 8.9 

A - B 3.57 .50 2.2 2.70 4589 4.5 7.2 2.8 

B - C 2.81 .40 17 1.90 3770 3.2 5.1 3.3 

C - D 4.40 .60 2.6 3.20 2541 5.3  3.4 

Willow 3.80 .50 2.3 2.80 2687 4.7 7.5 6.0 

Coon 3.72 .50 2.2 2.45 3951 4.1 6.6 4.8 

White  (2) 5.80 .80 3.5 3.90 2482 6.5 10.4 7.8 

Cobb 8.60 1.10 5.2 5.75 3451 9.6 15.4 9.8 

 Branch 4.80 .65 2.9 3.25 1787 5.4 8 7 8.3 

Two Mile 2.82 .40 17 1.90 3057 3.2 5.1 4.1 

Little Hackberry 4.50 .60 2.7 3.00 4195 5.0 8.0 4.7 

Lovelace 4.50 .60 2.7 3.00 1452 5.0 8.0 7.1 

Coleman 4.10 .55 2.5 2.80 3111 4.7 7.5 5.6 

Little Aquilla 5.90 .80 3.5 3.90 3103 6.5 10.4 6.8 

Cottonwood 5.80 .80 3.0 3.40 2705 5.7 9.1 7.6 

Cedar 1.80 .24 1.1 1.22 2856 2.0 3.2 3.5 

Tener 2.10 .28 1.3 1.44 2017 2.4 3.8 4.2 

Alligator 4.40 .60 2.6 2.90 4673 4.6 7.5 3.6 

Iron 2.70 .36 1.6 1.78 1849 3.0 4.8 5.3 

White Rock (1) 4.00 .50 2.4 2.65 1607 4.4 7.0 9.2 

Rock B 4.40 .60 2.6 2.90 2203 4.8  7.6 

  Br. 2.20 .30 1.3 1.45 3471 2.4 3.8 2.4 

Snake 2.30 .30 1.4 1.55 4122 2.6 4.1 1.9 

F 6.90 .90 4.1 4.55 4680 7.6 12.1 5.1 

F - G 3.90 .52 2.3 2.56 3554 4.3 6.9 4.5 

G-H 3.20 .43 1.9 2.13 3727 3.6 5.7 2.2 

 of concentration,  of unit excess rainfall,  lag in hours,  to peak,  discharge,  of 
recession,  of base,  shape. 
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Table 17.  data for construct ing f l o o d hydrographs for watersheds in the uncontro l led area between Lake 

 and the City o f W a c o . 

Stream Order Area Length Relief Grade 
|sq mi) (mi) (ft) (ft/ml) 

Point A 19.6 13.2 188 14.2 
A - B 25.6 8.4 240 28.6 
B - C 14.8 7.0 260 37.1 
C - D 16.8 7.6 285 37.5 
Willow 13.6 9.0 255 28.3 
Coon 21.0 10.0 365 36.5 
White  (2) 20.0 12.5 223 17.8 
Cobb 41.0 20.0 332  

  12.0 10.0 185 18.3 
Two Mile 12.0 7.0 258 36.9 
Little  26.0 11.0 290 26.4 
Lovelace 9.0 8.0 266 33.3 
Coleman 18.0 10.0 281 28.1 
Little  25.0 13.0 241 18.5 
Cottonwood 19.0 12.0 196 16.3 
Cedar 7.2 5.0 285 57.0 
Tender 6.0 5.0  38.4 
Alligator 28.0 10.0 247 24.7 
Iron 68.0 6.0 175 29.2 
White Rock (1) 8.8 9.0 220 24.4 
Rock 13.2 10.0 235 23.5 
Blue Hole 10.4 5.0 182 36.4 
Snake 13.2 5.0 167 33.4 
Point F 44.0 15.0 245 16.3 
F - G 18.8 8.0  20.8 
G-H 16.4 6.0 120 20.0 

a v e r a g e r e l a t i o n s h i p of l ag L t o t i m e of c o n c e n t r a t i o n T c 
is: 

L  0 .6 Tc . (23) 

T h e d i m e n s i o n l e s s u n i t h y d r o g r a p h in F i g u r e 25 h a s a 
t i m e t o p e a k T p a t o n e u n i t of t i m e a n d p o i n t of i n f l e c t i o n 
a t a b o u t 1.7 un i t s of t ime . U s i n g t h e r e l a t i o n s h i p s s h o w n 
o n F i g u r e 25, t h e r e l a t i o n s h i p of A D to T c c a n be c o m 
p u t e d us ing the f o l l o w i n g f o r m u l a s : 

 (24) 

   (25) 

T h e s e t w o e q u a t i o n s c a n be so lved b y s u b s t i t u t i n g 0 .6 T c 
+  f o r T p in e q u a t i o n (24): 

T c + A D   (0.6 Tc + A D / 2) (26) 
0 .15    T c 

   Tc . 

T h e i n f l u e n c e of b a s i n s h a p e o n h y d r o g r a p h s is i l lus
t r a t e d b y c o m p a r i n g t w o w a t e r s h e d s h a v i n g t h e s a m e 
a r e a b u t d i f f e r e n t s h a p e s (F ig . 26). S n a k e C r e e k h a s a 
q u i c k rise a n d h igh p e a k whi le R o c k C r e e k h a s a l o n g 
b a s e h y d r o g r a p h a n d a l o w e r p e a k f l o w . T h e w a t e r s h e d 
s h a p e f a c t o r s S w f o r S n a k e C r e e k is 1.9 a n d f o r R o c k 

 2nd 3rd   Rb 

24 5 2 1 4.8 

31 8 2 1 3.9 

22 6 1 3.6 

30 10 3 1 3.0 

20 3 1 6.6 

27 7 1 3.9 

15 1 15.0 

41 10 2 1 4.1 

15 3 1 5.0 

20 5 2 1 4.0 

44 12 4 2 1 3.6 

17 3 1 5.6 

26 7 2 1 3.7 

40 7 2 1 5.7 

37 6 2 6.2 

21 1 4.2 

8 2 1 4.0 

36 8 2 1 4.5 

9 2 1 4.5 

15 2 1 7.5 

9 3 1 3.0 
7 2 1 3.5 

12 2 1 6.0 
68 16 3 1 4.3 
21 5 1 4.2 
21 5 1 4.2 

C r e e k is 7.6; h o w e v e r , t o t a l r u n o f f f r o m b o t h b a s i n s is 
iden t ica l . 

NETWORK A N D PATTERN 

T h e B r a z o s b a s i n b e t w e e n L a k e W h i t n e y a n d t h e C i ty 
of W a c o h a s a we l l -deve loped d r a i n a g e n e t w o r k (F ig . 24). 
W i t h i n th i s n e t w o r k d r a i n a g e p a t t e r n s a r e u n i f o r m wi th 
t h e e x c e p t i o n of a r e a s n e a r t he m a i n s t e m of t he B r a z o s 
R i v e r t h a t a r e d r a i n e d by wide ly s p a c e d f i r s t - a n d s e c o n d -
o r d e r s t r e a m s . A c o m p a r i s o n of r e p r e s e n t a t i v e s t r e a m s 
o n e i the r s ide of t he B r a z o s R ive r sugges ts u n i f o r m i t y 
t h r o u g h o u t . F o r e x a m p l e , C h i l d r e s s C r e e k h a s a b i f u r c a 
t i o n r a t i o of  f o r f i r s t - o r d e r s t r e a m s a n d 4 .4 f o r s e c o n d -
o r d e r s t r e a m s . Aqu i l l a C r e e k h a s a b i f u r c a t i o n r a t i o of 
4 .5 f o r f i r s t - o r d e r s t r e a m s a n d 4 .4 f o r s e c o n d - o r d e r 

Table  Peak  shape relation
ship. 

Stream Length |mi] Relief (ft) Sw qp (cfs) 
Alligator Creek 10 242 3.6 4673 
Coon Creek 10 365 4.8 3951 
Coleman Creek 10 281 5.6 3111 
Rock Creek 10 235  2203 
Jacks Branch 10 183 8.3 1787 

 shape;  discharge. 
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h y d r o e l e c t r i c p o w e r g e n e r a t i o n ( U . S . S t u d y C o m m i s 
s ion , 1962, p . 113). 

W h i t n e y l a k e is t h e l a rges t l a k e in t h e s t u d y a r e a . T h e 
m u l t i p u r p o s e l ake , l o c a t e d o n t h e B r a z o s River , 38 mi les 
u p s t r e a m f r o m t h e C i ty of W a c o h a s a s t o r a g e c a p a c i t y of 
2 ,100 ,400 ac re - f ee t , a n d t h e r e f o r e h a s t he g r ea t e s t i n f l u 
ence o n f l o o d c o n t r o l a t W a c o . 

L a k e W a c o is a l so a m u l t i p u r p o s e l ake . L o c a t e d o n t h e 
B o s q u e R ive r , it lies w i th in t h e ci ty l imi ts of W a c o . 
Because of i ts s t o r a g e c a p a c i t y a n d l o c a t i o n , it is of p r i m e 
i m p o r t a n c e t o a n y f l o o d s t u d y of t h e C i t y of W a c o . 
C o n s t r u c t e d in 1965 it h a s a c o n s e r v a t i o n s t o r a g e c a p a c 
ity of 104,100 ac re - fee t ( U . S . S t u d y C o m m i s s i o n - T e x a s , 
1962, p . 105). Spec i f i c h y d r o l o g i c d a t a o n W h i t n e y a n d 
W a c o rese rvo i r s a r e s h o w n in T a b l e 20. 

A d e s i g n m e m o r a n d u m w a s p u b l i s h e d b y t h e U . S . 
C o r p s of E n g i n e e r s  f o r f u t u r e c o n s t r u c t i o n of a 
f l o o d - r e t a r d i n g s t r u c t u r e a t r ive r mi le 23.3 o n A q u i l l a 
C r e e k a b o u t o n e mi le ea s t of A q u i l l a , T e x a s . C o n s t r u c 
t i o n o n t h a t p r o j e c t b e g a n in e a r l y 1978. A q u i l l a D a m is 
d e s i g n e d t o c o n t r o l a 50 -yea r f l o o d r u n o f f f r o m the 252-
s q u a r e m i l e - a r e a a b o v e t h e d a m site. C a p a c i t y of t h e 
r e se rvo i r will b e  a c r e - f e e t a t t he t o p of t h e f l o o d -
c o n t r o l p o o l . 

T h e c o m p l e t i o n a n d s u b s e q u e n t o p e r a t i o n of A q u i l l a 
D a m will h a v e l i t t le o r n o i m p a c t o n p r o b a b l e m a x i m u m 
f l o o d i n g of t he B r a z o s R ive r a t W a c o f o r t w o r e a s o n s : 

(1) T h e s t r u c t u r e is des igned t o c o n t r o l o n l y a 50 -yea r 
f l o o d ; t h e r e f o r e , t h e 100-year f l o o d a n t e c e d e n t t o t he 

p r o b a b l e m a x i m u m f l o o d n e g a t e s a n y i n f l u e n c e t h e 
s t r u c t u r e c o u l d h a v e h a d o n f l o o d i n g . 

(2) O n l y 252 s q u a r e mi les of t h e 410 s q u a r e mi les 
w i t h i n t h e A q u i l l a C r e e k b a s i n d r a i n t h r o u g h t h e d a m 
site. 

Table 19. Lakes and reservoir storage o n the Brazos River a b o v e W a c o . 

DRAINAGE 
NAME LOCATION STREAM SQUARE MILES TOTAL 
Buffalo Springs Lake near Lubbock Double Mt. Fork 286 4,200 
White River Lake near Crosbyton White River 172 71,600 
Miller Creek Reservoir near Munday Miller Creek 228 25,520 
Sweetwater Lake near Sweetwater Bitter & Cottonwood Creek 104 11,900 
Lake Abilene near Abilene Elm Creek 110 7,900 
Kirby Lake Abilene Cedar Creek 44 7,620 
Ft. Phantom Hill Res. near Nugent Elm Creek 478 74,310 
Lake Stamford near Haskell Paint Creek 360 53,930 
Hubbard Creek Res. Breckenridge Hubbard Creek 1,107 515,930 
Lake Daniei Breckenridge Gonzales Creek 115 9,515 
Lake Graham Graham  Flint Creeks 205 53,680 
Possum Kingdom Lake Graham Brazos 22,550 , 724,700 
Lake Palo Pinto Mineral Wells Palo Pinto 471 44,100 
Lake Mineral Wells Mineral Wells Rock Creek 63 6,760 
Lake Granbury Granbury Brazos 24,691 153,500 
Lake Pat Cleburne Cleburne Nolan 100 66,700 
Lake Whitney Whitney Brazos 26,606 2,100,400 
Lake Waco Waco Bosque 1,670 828,300 

Texas Water Development Board, 1973. 

s t r e a m s . T h e s e r a t i o s a r e e x t r e m e l y c lose desp i t e t h e f a c t 
t h a t t he se s t r e a m s d r a i n wide ly v a r y i n g geo logy . 

F L O O D S T O R A G E 
A r t i f i c i a l a n d n a t u r a l s t o r a g e m a y e f fec t ive ly r e d u c e 

t h e p e a k f l o w s d o w n s t r e a m f r o m a w a t e r - r e t a i n i n g s t r u c 
t u r e . T h e r e f o r e s t o r a g e is a n i m p o r t a n t c o n s i d e r a t i o n in 
d e t e r m i n i n g p r o b a b l e m a x i m u m f l o o d i n g a t W a c o . W a t e r 
s u p p l y r e se rvo i r s u p s t r e a m of L a k e W h i t n e y h a v e litt le 
e f f e c t o n f l o o d f l o w s u n d e r P M F c o n d i t i o n . R e s e r v o i r 
s t o r a g e d a t a f o r t h e B r a z o s R i v e r b a s i n a b o v e W a c o a r e 
s h o w n in T a b l e 19. I n th i s r e a c h t h e r e a r e 19 r e se rvo i r s 
t h a t h a v e c a p a c i t i e s g r e a t e r t h a n 4 ,000 ac re - fee t . T h e 

p r i m a r y p u r p o s e f o r these rese rvo i r s is w a t e r c o n s e r v a 
t i o n ;  P o s s u m K i n g d o m l ake is a l so used f o r 
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Fig. 25. Unit  in tr iangular form. 
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C H A N N E L S T O R A G E C A P A C I T Y 
C h a n n e l c a p a c i t y is a m e a s u r e of n a t u r a l s t o r a g e 

w i t h i n t h e r iver c h a n n e l a n d r e l a t e s t o t h e g e o m e t r i c 
c h a r a c t e r i s t i c s of t h e w a t e r s h e d . It is a f a c t o r in m o s t 
f l o o d r o u t i n g p r o c e d u r e s a n d is t h e s ingle m o s t i m p o r t a n t 
c o n s t r a i n t in r e se rvo i r r e g u l a t i o n . 

F l o o d t r a v e l t i m e b e t w e e n W h i t n e y D a m a n d t h e 
m o u t h of t h e B r a z o s is f r o m 5 t o 6 d a y s . If W h i t n e y a n d 
W a c o r e s e r v o i r s a r e t o be o p e r a t e d f o r m a x i m u m f l o o d -
c o n t r o l b e n e f i t s a t W a c o , a n d a l o n g the B r a z o s R ive r 
va l ley b e l o w W a c o , it is n e c e s s a r y t o w i t h h o l d al l f l o w s a t 

c e r t a i n t imes . W h e n re leases a r e m a d e t h e y m u s t be r e g u 
l a t ed a t a r a t e b e l o w c h a n n e l c a p a c i t y a t W a c o t o p r e v e n t 
f l o o d i n g in W a c o a n d d o w n s t r e a m f r o m W a c o ( U . S . 
A r m y C o r p s of E n g i n e e r s , 1946, p . 32). 

C h a n n e l c a p a c i t y of t he B r a z o s R i v e r a t Eas t C o l u m 
bia ( T a b l e 21), 370 r iver mi les d o w n s t r e a m f r o m W a c o , is 
a b o u t 60 ,000 cfs . B e t w e e n W h i t n e y r e se rvo i r a n d E a s t 
C o l u m b i a t h e r e a r e o v e r  s q u a r e mi les of u n c o n 
t ro l l ed a r e a in t h e B r a z o s w a t e r s h e d . D u e t o t h e size a n d 
f l o o d - p r o d u c i n g p o t e n t i a l of t h e u n c o n t r o l l e d a r e a a n d 
t h e l o n g t r a v e l t i m e f o r f l o o d p e a k s a l o n g t h e B r a z o s 

Fig. 26. Snake Creek (A) and Rock Creek (B),  having the same area but greatly varying peak flood discharges. 
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Table  Hydro log ic and reservoir data o n Lake W a c o and Lake Whitney. 

Waco 
Drainage area 1,670 square miles 
One inch of runoff 89,067 acre-feet 

IVIinimum  capacity 
downstream on Brazos 65,000 cfs 

Spillway design flood 622,900 cfs 

Maximum design water surface 
Reservoir capacity 828,300 acre-feet 
Spillway capacity 563,300 cfs 

Top of flood control storage 
Reservoir capacity 726,400 acre-feet 
Spillway capacity 458,000 cfs 

R i v e r t o r e a c h E a s t C o l u m b i a , it is n e c e s s a r y t o r e g u l a t e 
r e l eases t o l imi t p e a k f l o w s t o 60 ,000 cfs o n t h e B r a z o s 
R i v e r b e l o w W h i t n e y ( U . S . A r m y C o r p s of E n g i n e e r s , 
1957, p . 5). 

C h a n n e l c a p a c i t y of t h e B o s q u e R i v e r f r o m W a c o 
D a m t o i ts j u n c t i o n w i t h t h e B r a z o s R i v e r r a n g e s f r o m 
30,000 t o 50 ,000 cfs , d e p e n d i n g o n c o i n c i d e n t d i s c h a r g e s 
in t h e B r a z o s R ive r a t t h e m o u t h of t h e B o s q u e R ive r . 
H o w e v e r , o p e r a t i o n of r e se rvo i r s o n B r a z o s R ive r t r i b u 
t a r i e s d o w n s t r e a m f r o m W a c o a d d s t o f l o w o n t h e B r a z o s 
R i v e r a n d t h u s r e d u c e s a l l o w a b l e re leases f r o m W a c o a n d 
W h i t n e y r e s e r v o i r s in i n s t a n c e s w h e n f l o o d i n g is g e n e r a l 
t h r o u g h o u t t h e b a s i n . U n d e r s u c h c i r c u m s t a n c e s t h e 
a p p o r t i o n e d re l eases a m o n g t h e r e s e r v o i r s of t h e s y s t e m 

 re leases t o 10,000 cfs f r o m L a k e W a c o a n d 35 ,000 
cfs f r o m L a k e W h i t n e y ( U . S . A r m y C o r p s of E n g i n e e r s , 
1957, p . 6). 

T h e r a t e a t w h i c h t h e f l o o d c o n t r o l p o o l e l e v a t i o n s of 
W a c o a n d W h i t n e y r e se rvo i r s m a y be d e c r e a s e d f o l l o w 
ing a  f l o o d is a c r i t ica l f a c t o r b e c a u s e a s e c o n d 
s t o r m c o u l d o c c u r c a u s i n g p e a k f l o o d f l o w i n t o a f u l l 
r e se rvo i r . T h u s i n f l o w v o l u m e f o r severa l d a y s f o l l o w i n g 
a 100-year f l o o d m i g h t wel l e x c e e d t h e a p p o r t i o n e d 
re leases f r o m W a c o a n d W h i t n e y r e s e r v o i r s , a n d u n d e r 
t h e s e c o n d i t i o n s u n c o n t r o l l e d f l o w will o c c u r a t b o t h 
W h i t n e y a n d W a c o d a m si tes d u r i n g t h e p a s s a g e of a 
p r o b a b l e m a x i m u m f l o o d . 

O B S T R U C T I O N S A N D R E S I S T A N C E T O F L O O D 
F L O W I N T H E U R B A N A R E A 

W a t e r s h e d s w i t h i n t h e W a c o u r b a n a r e a in w h i c h n a t u 
ra l s t r e a m c h a n n e l s h a v e b e e n s u p p l e m e n t e d o r r e p l a c e d 
b y s o m e f o r m of a r t i f i c i a l d r a i n a g e s y s t e m c o n t r i b u t e t o 
a n i nc rea se in r u n o f f v o l u m e d u e t o  p r e v i o u s a r e a s 
a n d c o n t r i b u t e t o a f a s t e r r ise t i m e o r t i m e of c o n c e n t r a 
t i o n b e c a u s e of i nc r ea sed c o n v e y a n c e e f f i c iency (Ho l l e r , 
1970, p . 1). U r b a n d e v e l o p m e n t a f f e c t s d r a i n a g e c h a r a c 
te r i s t i cs in t w o ways : (1) b y r e d u c i n g i n f i l t r a t i o n c a u s e d 

b y i m p e r v i o u s c o v e r i n g of s t ree t s , p a r k i n g a r e a s , r o o f s , 
e tc . , a n d (2) b y p r o v i d i n g m o r e e f f i c i en t h y d r a u l i c c h a n 
nels t h r o u g h w h i c h s t o r m r u n o f f c a n f l o w . Whi l e t h e 
i n c r e a s e in t o t a l v o l u m e is i m p o r t a n t , t h e m o s t s ign i f i can t 
e f f ec t of u r b a n d e v e l o p m e n t is t h e s h a r p i nc rea se in p e a k 
s t o r m d r a i n a g e r a t e ( H a r e , 1970, p . 2). 

A n o t h e r f a c t o r r e l a t i ng t o f l o o d s t age in W a c o u r b a n 

Whitney 

17,656 square miles 

941,653 acre-feet 

60,000 cfs 

700,000 cfs 

2,100,400 acre-feet 
684,000 cfs 

1,199,500 acre-feet 
632,000  

U.S. Army Corps of Engineers, 1974. 

Table  Channel capacit ies of the Lower Brazos River 
and tributaries. 

 Location Discharge (cfs] 

Brazos Whitney Dam to Aquilla Creek 25,000 

Aquilla Brazos River 3,000 

Brazos Aquilla Creek to Bosque River 27,000 

Bosque Waco Dam to mouth 30,000-50,000 

Brazos Waco 65,000 

Brazos Valley Junction 110,000 

Brazos Richmond 87,000 

Brazos East Columbia 60,000 

s t r e a m s is t h e s t age of t h e B r a z o s R ive r . U n d e r p r o b a b l e 
m a x i m u m f l o o d i n g c o n d i t i o n s o n t h e B r a z o s R ive r t h e 
h i g h d i s c h a r g e r a t e p r o b l e m a s s o c i a t e d w i t h u r b a n 

s t r e a m s is c o m p o u n d e d w h e n g r e a t v o l u m e s of f l o o d -
w a t e r s e n t e r c h a n n e l s t o r a g e a s a r e su l t of b a c k w a t e r 
e f f e c t s of B r a z o s R i v e r f l o o d i n g . T h e r e f o r e , t h e p r o b a b l e 
m a x i m u m f l o o d o n t h e B r a z o s R ive r is n o t res t r i c ted o n l y 
t o t h a t e v a l u a t i o n t o w h i c h t h e r iver m i g h t r ise b u t will 
a l so g e n e r a t e f l o o d i n g in t he " u p l a n d s " of t he ci ty as well 
as a l o n g u r b a n w a t e r c o u r s e s . 

J u s t a s u r b a n i z a t i o n h a s h a d a s ign i f i can t i m p a c t o n 
t h e h y d r a u l i c s of m i n o r B r a z o s R i v e r t r i b u t a r i e s w i t h i n 

W a c o , m a n - i n d u c e d d e v e l o p m e n t s o n t h e B r a z o s R i v e r 
f l o o d p l a i n h a v e s i gn i f i c an t e f f ec t s o n p r o b a b l e m a x i 
m u m f l o o d i n g in W a c o . T h e e f fec t s of d i s t u r b i n g a n a t u 
ra l s t r e a m s y s t e m a r e bes t u n d e r s t o o d in c o n s i d e r a t i o n of 
t h e s imple p e a k d i s c h a r g e f o r m u l a : 

Q  V A (27) 

w h e r e Q is p e a k d i s c h a r g e in cfs , V is ve loc i ty in f p s , a n d 
A is c ro s s - sec t i ona l a r e a in s q u a r e fee t . A c h a n g e in o n e 
v a r i a b l e of t h e e q u a t i o n will a l w a y s c a u s e c h a n g e in a t 
leas t o n e of t h e o t h e r va r i ab l e s . 

T h e 246 ,000 cfs f l o o d of r e c o r d f o r t h e B r a z o s a t W a c o 
o c c u r r e d in  a n d p r o d u c e d a f l o o d s t age of 40 .9 fee t . 
T h a t s t age a n d p e a k d i s c h a r g e (Q) re f l ec t t h e c o n d i t i o n s 
of t h e f l o o d w a y in 1936. If s ince 1936 t h e B r a z o s R i v e r 
f l o o d w a y h a s b e e n a l t e red in such a m a n n e r t h a t d e c r e a s e s 
c r o s s - s e c t i o n a l a r e a (A) o r i ts ab i l i t y t o c o n v e y w a t e r (V), 
a r e c u r r i n g f l o o d of t h e s a m e p e a k d i s c h a r g e (Q) m a y 
h a v e a s t age f a r g r e a t e r t h a n t h e p r e v i o u s 40 .9 fee t . 
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River mile 407 
 x 10 

A m a x i m u m p e a k d i s c h a r g e a t W a c o c a n be d e t e r 
m i n e d b y r o u t i n g f l o o d h y d r o g r a p h s a l o n g the B r a z o s 
R i v e r t o W a c o . G iven th i s p e a k d i s c h a r g e it is t h e r e f o r e 
i m p o r t a n t t o i d e n t i f y f l o o d w a y a r e a s w i th in W a c o h a v i n g 
e i t he r r e d u c e d o r i n c r e a s e d f l o o d e d c r o s s - s e c t i o n a l a r e a . 
C r o s s s ec t i ons of t h e B r a z o s R i v e r a t W a c o h a v e b e e n 
m e a s u r e d . T y p i c a l c ross sec t ions a r e s h o w n in F i g u r e 27. 

F l o o d f l o w veloci t ies v a r y a l o n g t h e c ross sec t ion of t he 
B r a z o s River , b u t w h e r e s teep s lopes a n d u n o b s t r u c t e d 
c h a n n e l s o c c u r , c h a n n e l veloci t ies r a n g e t o t w e n t y - n i n e 
f ee t p e r s e c o n d . T h i s is a b o u t t w e n t y mi les p e r h o u r . 
T h e s e h i g h ve loc i t ies p o s e s e r ious t h r e a t s t o l ife a n d 
p r o p e r t y . A ve loc i ty g r e a t e r t h a n t h r e e fee t pe r s econd in 
w a t e r over t h r e e fee t d e e p is c o n s i d e r e d h a z a r d o u s 
( H U D , 1977, p . 4 ) . 

A wide ly u s e d u n i f o r m - f l o w f o r m u l a f o r o p e n - c h a n n e l 
f l o w c o m p u t a t i o n s is t he M a n n i n g e q u a t i o n : 

     

w h e r e V is m e a n ve loc i ty in f p s , R is t he  r a d i u s 
in f t , S is t h e s lope of e n e r g y l ine, a n d N is t h e coe f f i c i en t 
of r o u g h n e s s , spec i f ica l ly  a s M a n n i n g ' s N ( C h o w , 
1959, p . 99). T h e m e a n ve loc i ty t h r o u g h t h a t spec i f ic r iver 
sec t ion c a n b e de r ived u s i n g M a n n i n g ' s F o r m u l a (29), 
a d j u s t i n g t h e M a n n i n g ' s c o e f f i c i e n t N t o c o n d i t i o n s of 
f l o w res i s t ance . H y d r a u h c r a d i u s R is t he r a t i o of w a t e r 
a r e a t o t he we t t ed p e r i m e t e r , or 

 (30) 

w h e r e A is c r o s s - s e c t i o n a l a r e a , a n d we t t ed p e r i m e t e r P is 
t h e c h a n n e l w e t t e d s u r f a c e a l o n g t h e c ross sec t ion ( C h o w , 
1959, p . 22). T h e r e f o r e a n o b s t r u c t i o n ( such a s a b u i l d 

ing) in t he f l o o d w a y of t h e B r a z o s R ive r will (1) i nc rea se River  406 

t h e c r o s s - s e c t i o n a l a r e a w e t t e d p e r i m e t e r P , (2) d e c r e a s e  :500 x  
t h e h y d r a u h c r a d i u s R , (3) d e c r e a s e m e a n ve loc i ty V, (4) 
i nc rease f l o o d s tage , a n d (5) i nc rea se t h e a r e a f l o o d e d 
w i th in t he C i ty of W a c o .  27.   RiverintheCityofWaco. 

FACTORS AFFECTING FLOOD FLOW 

T h e r o u g h n e s s coe f f i c i en t in M a n n i n g ' s f o r m u l a is 
h igh ly v a r i a b l e a n d d e p e n d s o n a n u m b e r of f a c t o r s . T h e 
coe f f i c i en t var ies b o t h h n e a r l y a n d a c r o s s t h e f l o o d w a y of 

t h e B r a z o s R i v e r , as c h a n g e s o c c u r in t h o s e f a c t o r s t o 
a f f e c t f l o o d f l o w . F o r e x a m p l e , s u r f a c e r o u g h n e s s , w h i c h 
is r e p r e s e n t e d by t h e size a n d s h a p e of m a t e r i a l f o r m i n g 
the we t t ed p e r i m e t e r , va r ies a c r o s s t h e B r a z o s f l o o d w a y 
f r o m f ine silt a t e l eva t i on t o sma l l w e l l - r o u n d e d c o b b l e s 
in t he c h a n n e l . W h e r e t h e m a t e r i a l is f i n e s a n d a n d sil t , 
t h e r o u g h n e s s v a l u e is l ow , a n d t h e r e t a r d i n g e f f ec t is less 
t h a n w h e r e t h e m a t e r i a l is c o a r s e . S u r f a c e r o u g h n e s s 
b e c o m e s less i m p o r t a n t as w a t e r s u r f a c e e l e v a t i o n s 
increase . 

V e g e t a t i o n is r e g a r d e d as a k i n d of s u r f a c e r o u g h n e s s 
s ince it r e d u c e s t h e c a p a c i t y of t h e f l o o d w a y a n d r e t a r d s 

f l o w . T h e e f f ec t d e p e n d s o n v e g e t a t i o n he igh t , dens i ty , 
d i s t r i b u t i o n , a n d t y p e ( C h o w , 1959, p . 102). N o r m a l l y , 
sma l l b u s h y g r o w t h s u c h as in F i g u r e 28 gives h igh 
r o u g h n e s s va lues , b u t u n d e r p r o b a b l e m a x i m u m c o n d i 
t i ons , s u c h g r o w t h will be s u b m e r g e d a n d f l a t t e n e d , t h u s 
o f f e r i n g less r e s i s t ance . A s t h e B r a z o s R i v e r o v e r f l o w s 
o n t o t h e f l o o d p l a i n , h i g h - s t a g e f l o o d w a t e r s will e n c o u n 
te r i n c r e a s i n g a m o u n t s of v e g e t a t i o n , as s h o w n in F i g u r e s 
29 a n d 30, w h i c h will c a u s e r o u g h n e s s v a l u e s t o i n c r e a s e 
as s t age increases . 

S e a s o n a l g r o w t h of a q u a t i c p l a n t s , g ra s s , weeds , wi l 
low, a n d o t h e r r i p a r i a n w o o d l a n d s o n t h e B r a z o s f l o o d -
w a y c o n t r i b u t e s t o i n c r e a s e d r o u g h n e s s v a l u e s d u r i n g t h e 

g r o w i n g s e a s o n ( C h o w , 1959, p. 106). T h i s f a c t o r is s igni f 
i c a n t s ince e x p e r i e n c e d f l o o d i n g in W a c o h a s o c c u r r e d 
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d u r i n g t h e s p r i n g a n d ea r ly  s e a s o n s w h e n v e g e t a t i o n 
is m o s t d e n s e . T h e b e d a n d b a n k s of t h e B r a z o s R i v e r 
c h a n n e l in W a c o a r e e q u a l l y s m o o t h a n d r e g u l a r a n d t h e 
b o t t o m s lope is u n i f o r m ; t h e r e f o r e , f o r t h e p r o b a b l e m a x 
i m u m f l o o d t h e r o u g h n e s s v a l u e will r e m a i n c o n s t a n t . 
H o w e v e r , b e c a u s e of t h e type , he igh t a n d d i s t r i b u t i o n of 
v e g e t a t i o n o n t h e f l o o d p l a in , r o u g h n e s s va lue s f o r o v e r -
b a n k f l o w inc rea se as s t age increases . 

T h e a r e a s s u b j e c t t o f l o o d i n g in W a c o a l so r e t a r d f l o o d 
f lows . W i t h i n t h e f l o o d p l a i n a r e n e i g h b o r h o o d s c h a r a c 
te r ized by n e t w o r k s of smal l , f e n c e d lo ts (F igs . 31, 32); 
a t h l e t i c f i e lds a n d p a r k s w i t h cyc lone f e n c i n g (Fig . 33); 
secure ly f e n c e d p u b h c ut i l i t ies (F ig . 34); b l o c k - l o n g bu i ld 

ings (F ig . 35); a n d d e n s e r i p a r i a n w o o d l a n d s (F ig . 36). 
S u c h d e v e l o p m e n t s c a u s e deb r i s a c c u m u l a t i o n s w h i c h in 
t u r n r e t a r d w a t e r m o v e m e n t , t h u s c o n t r i b u t i n g t o h ighe r 
f l o o d s tages . 

O b s t r u c t i o n in t h e B r a z o s f l o o d w a y , s u c h as b r i dges 
a n d p ie rs , will i n c r e a s e t h e r o u g h n e s s va lue . I n t h e case of 

     "  

Fig. 28. Bushy growth along the Brazos which has a re tarding effect on 
flood flow. 

Fig. 29. Trees may not retard flood flow until the stage is high enough 
to cause water to flow through low-hanging branches. Under such 
circumstances roughness factors increase with stage. 

p r o b a b l e m a x i m u m f l o o d i n g t h e b r i dges b e c o m e o b s t r u c 
t i o n s s ince t h e y a r e s u b m e r g e d . T w e l v e b r i d g e s c ross t h e 
B r a z o s R ive r w i t h i n t h e Ci ty of W a c o . T h e c o m b i n e d 
e f fec t t he se s t r u c t u r e s will h a v e is i l l u s t r a t ed o n F i g u r e 37. 
N o t i c e t h e b a c k w a t e r e f f ec t t h a t r e su l t s f r o m m o m e n t a r y 
ve loc i ty d e c r e a s e c a u s e d by t h e L a  S t r ee t t w i n 
b r i d g e a n d t h e I n t e r s t a t e 35 b r i d g e . T a b l e 22 s u m m a r i z e s 
f l o o d e f f ec t s of al l b r i d g e s c r o s s i n g t h e B r a z o s R i v e r in 
W a c o . 

Subbas in F l o o d Hydrographs 
D a t a f o r c o n s t r u c t i n g u n i t h y d r o g r a p h s f o r e a c h s u b -

w a t e r s h e d w i t h i n t h e B r a z o s b a s i n b e t w e e n L a k e W h i t 
ney a n d W a c o a r e l i s ted in T a b l e  Ut i l i z ing th i s i n f o r 
m a t i o n f r o m T a b l e  a n d t h e m e t h o d d i scussed b e l o w , 
c o m p o s i t e f l o o d h y d r o g r a p h s were d e v e l o p e d f o r e a c h 
s u b a r e a c o n t r i b u t i n g r u n o f f t o t h e B r a z o s River . 

T h e m e t h o d of h y d r o g r a p h d e v e l o p m e n t ( U . S . D . A . , 
 C h .  is d e m o n s t r a t e d by c a l c u l a t i n g s i gn i f i c an t 

Fig. 30. Dense vegetation growth may result in near zero velocities, 
especially when debris accumulates. In areas having this type vegetation 
the roughness factor will vary little with increased stages. 

Fig.  Many areas within the Brazos flood plain are typified by small 
fenced lots. These fences accumulate debris and retard flood water flow. 
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Fig. 32. Typical fenced lots on the flood plain, east of the Brazos River. 

Fig. 33. A c o m m o n use of flood plain land is fo r public parks. Cyclone 
fences around these parks not only accumulate debris and retard flood 
flow, but are capable of withstanding more force and will not likely be 
flattened by flood waters. 

Fig. 34. Cyclone-fenced public utilities are familiar sights on the Brazos 
flood plain in Waco. 

Table 22. Bridges across the Brazos River in W a c o . 

River Mile Bridge Name Elevation from Standard 
Stream Bed Project 
to Bridg 

(ft) 

e Floor Flood Crest 

 

402.92 La  Ave. 351.0 401.87 400.8 

(northbound) 

402.93 La Salie Ave. 351.0 401.87 400.8 

(southbound) 

403.93  35 (north) 354.0 402.54 407.0 

403.95  35 (south) 354.0 402.54 407.0 

404.19 MKT Railroad 358.7 398.7 407.2 

404.25 St. Louis South 360.5 401.0 407.4 

western Railroad 

404.39 Franklin Ave. 357.0 401.2 407.9 

404.49 Suspension Bridge 357.4 401.5 408.6 

404.51 Texas Electric 356.9 400.0 408.7 

404.56 Washington Ave. 357.5 403.0 408.8 

404.96 Waco Drive 359.0 405.91 410.3 

405.98 Herring Ave. 358.7 404.8 412.3 

Fig. 35. Large buildings block flood flow in the flood plain. This causes 
increased velocities and higher stages. 

Fig. 36. Riparian woodlands typical of the Brazos River flood plain. 
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v a r i a b l e s f o r S n a k e C r e e k a n d R o c k C r e e k (F ig . 26). I n R o c k C r e e k : 

a d d i t i o n t o e x p l a i n i n g t h e p r o c e d u r e , t h e h y d r o g r a p h s   (10 x  - 4 4 h o u r s 
a l so i l l u s t r a t e t h e i n f l u e n c e of b a s i n s h a p e  h y d r o g r a p h 7700 x  
s h a p e . A u n i f o r m p r o b a b l e m a x i m u m r u n o f f of 26 i nch es 

w a s a s s u m e d f o r al l h y d r o g r a p h s d e v e l o p e d , u s i n g t h e    133 T c  0 60 h o u r s 
p r e v i o u s l y c o m p u t e d i n c r e m e n t a l r u n o f f s s h o w n in T a b l e 

 T a b l e  s h o w s s ign i f i can t desc r ip t i ve d a t a r e l a t ed o n 
S n a k e C r e e k a n d R o c k C r e e k bas ins . 

0 .6 T c  2 .6 h o u r s 

C O M P U T A T I O N O F C O M P O S I T E P R O B A B L E A D    . 
M A X I M U M F L O O D H Y D R O G R A P H S  -  2 .9 h o u r s 

S t e p 1. C o m p u t e h y d r o g r a p h va r i ab l e s : 

S n a k e C r e e k : qp       2203 cfs f o r 1-inch 
(5 x   r u n o f f 

T c     2 .26 h o u r s 
7700   

T r  T p  4 .8 h o u r s 

A D  0 .133 T c  0 .3 h o u r s    T r  7 .7 h o u r s 

S t e p 2. C o m p u t e t h e p e a k d i s c h a r g e f o r t h e f i r s t i nc r e 
m e n t a l h y d r o g r a p h b y m u l t i p l y i n g t h e f i r s t i n c r e m e n t of 
r u n o f f s h o w n in T a b l e  c o l u m n 5, b y t h e p e a k d is 
c h a r g e f o r o n e i n c h of r u n o f f  cfs) . F o r p u r p o s e s of 
i l l u s t r a t i o n a v a l u e of A D of o n e h o u r is a s s u m e d . T h e 
p e a k f l o w of t h e f i r s t i n c r e m e n t a l h y d r o g r a p h is 4 1 2 2 cfs 

x .43 i n c h  1775 cfs. S i n c e t h e s t o r m d id n o t p r o d u c e 
r u n o f f t h e f i rs t h o u r , t he ze ro p o i n t of t he f i rs t i n c r e m e n 
ta l h y d r o g r a p h is p l o t t e d a t o n e h o u r a f t e r t h e b e g i n n i n g 
of t h e s t o r m . T h e p e a k d i s c h a r g e of 1775 cfs is p l o t t e d a t 

Table 23. H o u r l y incrementa l runof f , peak discharge , t ime t o peak and t ime o f base for Snake Creek and R o c k Creek. 

Snake Creek Rock Creek 

Hour 
i 

Runoff 
 

qp Tp Tb qp Tp Tb 

1 
2 

 

.43 1775 3.55 6.15 950 4.9 9.7 

3 .43 1775 4.55 7.15 950 5.9 10.7 

4 .43 1775 5.55 8.15 950 6.9 11.7 

5 .43 1775 6.55 9.15 950 7.9 12.7 

6 .45 1875 7.55 10.15 990 8.9 13.7 

7 .50 2060 8.55 11.15 1100 9.9 14.7 

8 .50 2060 9.55 12.15 1100 10.9 15.7 

9 .60 2475 10.55 13.15 1320 11.9 16.7 

10 .80 3300 11.55 14.15 1760 12.9 17.7 

11 .90 3710 12.55 15.15 1980 13.9 18.7 

12 1.65 10925 13.55 16.15 5840 14.9 19.7 

13 1.20 4950 14.55 17.15 2640 15.9 20.7 

14 1.20 4950 15.55 18.15 2640 16.9 21.7 

15 2.90  16.55 19.15 6390 17.9 22.7 

16 7.60 31325 17.55 20.15 16745 18.9 23.7 

17 1.60 6600 18.55 21.15 3525 19.9 24.7 

18 .60 2475 19.55 22.15 1320 20.9 25.7 

 .58 2390 20.55 23.15 1275 21.9 26.7 

 20 .58 2390 21.55 24.15 1275 22.9 27.7 

21 .58 2390 22.55 26.15 1275 23.9 28.7 

22 .58 2390 23.55 27.15 1275 24.9  

23 .58 2390 24.55 28.15 1275 25.9 30.7 

24 .50 2060 25.55 29.15 1100 26.9 31.7 

 discharge;  to peak;  of base. 

0.6 T c - 1.4 h o u r s 

A D 
T p     1.55 h o u r s 

2 

484 X 13.2 x 1   ,   
q p   4122 cfs f o r  

T p r u n o f f 

  2 .6 h o u r s 

T b  + T r  4 .15 h o u r s 
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390 -

 Project Flood 

  

  Bridges  

1936  

Brazos Channel 

1.55 h o u r s a n d t h e e n d of t h e h y d r o g r a p h b a s e is 6 .7 
h o u r s . T h e p r o c e s s is c o n t i n u e d by d e v e l o p i n g a n d p l o t 
t i n g i n c r e m e n t a l h y d r o g r a p h s f o r e a c h i n c r e m e n t of 
r u n o f f s h o w n in T a b l e  c o l u m n 5. E a c h i n c r e m e n t a l 
h y d r o g r a p h is p l o t t e d o n e h o u r l a t e r in t ime . See T a b l e 23 
f o r i n c r e m e n t a l r u n o f f a n d p e a k d i s cha rges f o r S n a k e 
C r e e k a n d R o c k Creek . 
S t e p 3. S u m t h e o r d i n a t e s of e a c h i n c r e m e n t a l h y d r o -
g r a p h a t e n o u g h l o c a t i o n s t o p r o v i d e a s m o o t h c o m p o s i t e 
flood h y d r o g r a p h . T h e c o m p o s i t e p e a k d i s c h a r g e f o r 
S n a k e C r e e k is 44 ,225 cfs (F ig . 38). F i g u r e 39 is t h e 
c o m p o s i t e flood h y d r o g r a p h f o r R o c k C r e e k . 

F L O O D R O U T I N G 
T h e p u r p o s e of flood r o u t i n g is t o e s t ab l i sh b o t h s tages 

a n d r a t e s a t a spec i f i c l o c a t i o n o n t h e B r a z o s R i v e r a t 
W a c o , d u r i n g the p a s s a g e of t h e p r o b a b l e m a x i m u m 
flood. F l o o d h y d r o g r a p h s f o r s u b b a s i n s in t he loca l a r e a 
p lus o u t f l o w s f r o m L a k e W h i t n e y a n d L a k e W a c o h a v e 
been r o u t e d t h r o u g h W a c o us ing t h e Success ive A v e r a g e -
L a g M e t h o d c o m p u t e r p r o g r a m d e v e l o p e d b y t h e U . S . 
W e a t h e r Service , S i lver S p r i n g , M a r y l a n d . T h e p r o 
g r a m was m a d e ava i l ab l e f o r th is s t u d y by the R ive r 
F o r e c a s t B r a n c h , U . S . W e a t h e r Service , F o r t W o r t h , 

T e x a s . 
T h e Success ive A v e r a g e - L a g m e t h o d is a p r o c e d u r e of 

flood r o u t i n g by t i m e d i s p l a c e m e n t of a v e r a g e i n f l o w a n d 
is b a s e d o n t h e f o l l o w i n g p r e m i s e s ( U . S . A r m y C o r p s of 

E n g i n e e r s , 1960, p . 14):    
1. T h e s h a p e of a flood h y d r o g r a p h t e n d s t o v a r y    

u n i f o r m l y a l o n g a s t r e a m b e c a u s e of t h e flood w a y     
       37. Backwater caused by bridges across the Brazos River being 

h a v m g a d a p t e d itself t o d i scha rges of t he w a t e r s h e d .  by flood waters. 
2. T h e s h a p e of t h e h y d r o g r a p h re f lec t s t he c u m u l a t i v e 

e f f ec t s of al l t h e s t o r a g e f a c t o r s of t h e va l ley a b o v e 
t h e p o i n t of m e a s u r e m e n t . d i s c h a r g e a t  is (Io  a t  it is  +  a t  it is  

3. T h e a l t e r ed s h a p e of t h e h y d r o g r a p h a t p o i n t B +  . . .  +   By c o n n e c t i n g t he se d i s c h a r g e 
re f lec t s t h e c h a n g e s d u e t o s t o r a g e c o n d i t i o n s p o i n t s h y d r o g r a p h C is c o n s t r u c t e d . T h i s is t h e f i r s t - s t ep 
b e t w e e n p o i n t s A a n d B. T h e r e f o r e , t h e p roces s m a y h y d r o g r a p h of t h e Success ive A v e r a g e - L a g M e t h o d . I n 
be r e p e a t e d as m a n y t i m e s as n e e d e d in o r d e r t o e a c h success ive s t ep t h e m i d p o i n t d i s c h a r g e s of t h e 
d e t e r m i n e t h e h y d r o g r a p h s h a p e a t a spec i f ic p o i n t p r e c e d i n g h y d r o g r a p h s a r e c o n n e c t e d , r e su l t i ng in a p r o -
d o w n s t r e a m , as a d i r ec t r esu l t of r o u t i n g t h r o u g h gress ively flattened w a v e as it m o v e s d o w n s t r e a m . 
c h a n n e l s t o r age . t i o n of sma l l t i m e u n i t s At r e su l t s in h y d r o g r a p h s m o r e 

Using th i s m e t h o d h y d r o g r a p h A is d e f i n e d by d i s c h a r g e s closely r e t a i n i n g the i r o r ig ina l  
   . .  a t t i m e s to,   . .  T i m e in t e rva l t is A c o m p o s i t e p r o b a b l e m a x i m u m flood h y d r o g r a p h , 
s h o r t e n o u g h so t h a t d i s c h a r g e var ies  in t h e i n t e r - d e v e l o p e d f r o m r o u t e d s u b b a s i n flood h y d r o g r a p h s , was 

 H y d r o g r a p h B is t h e s a m e h y d r o g r a p h t r a n s l a t e d c o n s t r u c t e d f o r t he B r a z o s R ive r a t W a c o . It is de sc r ibed 
d o w n s t r e a m to a p o i n t w h e r e t r ave l t i m e is  T h e in t h e sec t ion w h i c h fo l lows . 

THE PROBABLE MAXIMUM FLOOD AT WACO 

 M O D E L S 
T h e se lec ted r a i n f a l l d e p t h s , d u r a t i o n , a n d cr i t ica l t i m e 

s e q u e n c e f o r p r o b a b l e m a x i m u m flooding of t h e B r a z o s 
R ive r a t W a c o a r e l i s ted in T a b l e 15. U s i n g t h e U . S . 
W e a t h e r Serv ice ' s r iver f o r e c a s t c o m p u t e r p r o g r a m , f o u r 
s e p a r a t e r u n o f f m o d e l s w e r e c o n s i d e r e d in d e t e r m i n i n g 

t h e p r o b a b l e m a x i m u m p e a k d i s c h a r g e a n d s t age of t h e 
B r a z o s R ive r a t t h e U . S . G e o l o g i c a l S u r v e y g a g e in 
W a c o . Iden t i ca l p r o b a b l e m a x i m u m s t o r m s were a s s u m e d 
f o r all m o d e l s . T h e m o d e l s will be b r ie f ly d i scussed : 

M o d e l 1. T h e t o t a l c o m b i n e d s t o r a g e c a p a c i t y of L a k e 
W h i t n e y a n d L a k e W a c o is 3 ,305 ,100 ac re - fee t ( T a b l e 
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Fig. 38. Composite flood hydrograph for Snake Creek. 
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Table 24. Stage and discharge (cfs) at 6-hour increments for the probable m a x i m u m flood o n the Brazos River at 

W a c o . 

Model 1 

Peak Stage  

49.6 feet 

Model 2 

Peak  

 feet 

Model 3 

Peak Stage 

 feet 

Model 4 

Peak  

68.6 feet 

NOON 6 PM MID 6 AM 

2.8 17.0 31.8 42.6 

48.8 45.7 40.9 37.8 

33.7 28.8 24.6 22.0 

20.6 19.7 18.9 18.4 

17.9 17.6 17.3 17.0 

16.8 16.5 16.3 16.1 

276. 18178. 95729. 291592. 

464019. 376647. 245370. 157135. 

111776. 76205. 51565. 38293. 

31102. 26978. 24411. 22645. 

21302. 20192. 19217. 18330. 

17503. 16724. 15985. 15283. 

NOON 6 PM MID 6 AM 

22.5 26.4 36.5 44.2 

50.4 47.3 42.5 39.4 

37.7 34.6 32.0 29.9 

28.7 28.1 27.7 27.4 

27.2 27.0 26.9 26.7 

26.6 25.2 21.3 19.0 

40654. 60841. 139535. 335969. 

508681. 421453. 290246. 202047. 

156706. 121144. 96508. 83239. 

76049. 71925. 69358. 67593. 

66249. 65138. 64162. 63274. 

62447. 54198. 34745. 24685. 

NOON 6 PM MID 6 AM 

26.1 29.4 37.8 44.9 

51.1 48.0 43.3 40.1 

38.5 36.6 34.2 32.8 

31.9 31.2 30.8 30.6 

30.3 30.2 30.0 29.9 

29.8 26.9 22.3 19.7 

59077. 80052. 159141. 355772. 

528582. 441403. 310222. 222035. 
176700. 141141. 116507. 103238. 

964049. 91925. 89358. 87593. 
86249. 85138. 84162. 83274. 

82447. 64204. 39748. 27187. 

NOON 6 PM MID 6 AM 

2.8 17.0 34.7 54.5 
66.6 62.4 57.2 53.8 

51.8 48.5 46.0 44.7 
43.9 42.2 39.7 38.5 
37.9 36.8 34.3 33.0 
32.2 28.8 25.1 22.8 

276. 18252. 122112. 623517. 
958660. 842742. 697191. 601819. 
548217. 456642. 385757. 349363. 
328026. 279307. 211749. 177488. 
159898. 142640. 117865. 105078. 
 76453. 53707. 42164. 
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20). T h e s e r e se rvo i r s w e r e d e s i g n e d t o " c o n t r o l " a 100-
yea r  is t o r e g u l a t e re leases d u r i n g p a s s a g e of 
t h e  f l o o d so as t o p r e v e n t o v e r b a n k f l o w o n t h e 
B r a z o s R i v e r d o w n s t r e a m f r o m t h e s t r u c t u r e s . M o d e l I 
c e n t e r e d a p r o b a b l e m a x i m u m s t o r m b e t w e e n W h i t n e y 

a n d W a c o . T h e r e were z e r o re leases f r o m W h i t n e y D a m 
o r W a c o D a m a n d r u n o f f f r o m t h e  
u n c o n t r o l l e d a r e a was r o u t e d t h r o u g h W a c o . See t he 
h y d r o g r a p h l a b e l e d M o d e l 1, F i g u r e  a n d T a b l e 2 4 ( 1 ) . 

M o d e l 2. Re leases f r o m W h i t n e y a n d W a c o r e se rvo i r s 
w e r e r e g u l a t e d t o c h a n n e l c a p a c i t y of t h e B r a z o s R ive r a t 
E a s t C o l u m b i a ( T a b l e 21). R u n o f f f r o m t h e u n c o n t r o l l e d 
a r e a p l u s t h e s e r e s e r v o i r re leases w e r e r o u t e d t h r o u g h 
W a c o , p r o d u c i n g t h e p e a k d i s c h a r g e s h o w n b y h y d r o -
g r a p h M o d e l 2, F i g u r e 40 a n d T a b l e 24 (2). 

M o d e l 3. If g e n e r a l r a i n s w e r e n o t e x p e r i e n c e d in t h e 
B r a z o s b a s i n b e l o w W a c o , re leases f r o m W h i t n e y a n d 
W a c o r e s e r v o i r s c o u l d b e r e g u l a t e d f o r b a n k f u l l f l o w 
t h r o u g h W a c o . T h e r e f o r e , M o d e l 3 a s s u m e s re leases of 
35 ,000 cfs f o r W h i t n e y a n d 30 ,000 cfs f o r W a c o d u r i n g 
t h e p r o b a b l e m a x i m u m s t o r m . T h e h y d r o g r a p h l abe l ed 
M o d e l 3, F i g u r e 40, r e p r e s e n t s t h e r e s u l t i n g p e a k d is 
c h a r g e . See a l so T a b l e 24 (3). 

M o d e l 4. T h e p r o b a b l e m a x i m u m s t o r m r a i n f a l l d is 
t r i b u t i o n w a s e x t e n d e d , w i t h d e c r e a s i n g r a i n f a l l d e p t h , t o 
i n c l u d e the B o s q u e , P a l u x y a n d N o l a n R i v e r bas ins . 
F l o w i n t o fu l l r e se rvo i r s was a s s u m e d a n d re leases were 
m a d e t o p r e v e n t e x c e e d i n g m a x i m u m w a t e r s u r f a c e ele
v a t i o n s ( T a b l e 20). P e a k d i s c h a r g e f o r th i s f l o o d is 
l abe led M o d e l 4 o n F i g u r e 40. 

T h e a s s u m e d p l a c e m e n t , i n t e n s i t y a n d d u r a t i o n of t h e 
se lec ted s t o r m a r e log ica l f o r e a c h of t h e f o u r m o d e l s 
c o n s i d e r e d . T h e p r o b a b l e m a x i m u m s t o r m c o u l d o c c u r 
as d e s c r i b e d b y a n y of t h e f o u r m o d e l s , b u t f o r p r o b a b l e 
m a x i m u m f l o o d i n g , a n t e c e d e n t c o n d i t i o n s a r e h igh ly 
s i gn i f i c an t . A s s u m i n g t h e p a s s a g e of a  f l o o d 3 t o 
5 d a y s p r i o r t o t h e b e g i n n i n g of a p r o b a b l e m a x i m u m 
s t o r m , r e s e r v o i r s t ages will b e n e a r m a x i m u m . P r e v a i h n g 
g e n e r a l r a i n s wil l c a u s e s t r e a m s t h r o u g h o u t t h e M i d d l e 
a n d L o w e r B r a z o s b a s i n t o f l o w a t o r n e a r b a n k f u l l 
s t ages , t h u s p r e v e n t i n g f l o o d s t o r a g e re leases f r o m W h i t 
ney a n d W a c o . 

F o r e x a m p l e , d u r i n g t h e las t f ive d a y s of M a y 1957, t h e 
a v e r a g e v o l u m e of L a k e W h i t n e y w a s 1 ,952,800 a c r e - f e e t 
(Yos t , 1963, p . 149). R e l e a s e s f o r t h e s a m e p e r i o d a v e r 
a g e d 53 ,920 cfs . T h i s w a s a c r i t i ca l p e r i o d b e c a u s e z e r o 
r e l ea se w o u l d h a v e c a u s e d t h e s t r u c t u r e t o h a v e b e e n 
o v e r t o p p e d w i t h i n 9 h o u r s , yet re leases , a l t h o u g h ve ry 
h i g h , w e r e h m i t e d b e c a u s e of d o w n s t r e a m f l o o d i n g . T h e 
c o n d i t i o n s in l a t e M a y  w e r e idea l f o r t h e b e g i n n i n g 
of a p r o b a b l e m a x i m u m f l o o d a t W a c o . M o d e l 4 c lose ly 
s i m u l a t e s t h o s e c o n d i t i o n s ; t h e r e f o r e , it is a d o p t e d as t h e 
p r o b a b l e m a x i m u m f l o o d f o r t h e B r a z o s R i v e r a t W a c o . 

R e s u l t s of t h e m o d e l a n a l y s e s a r e s h o w n as T a b l e s 25, 
26, a n d 27 t o i l l u s t r a t e t h e p r o b a b l e m a x i m u m f l o o d as it 
d e v e l o p s w i t h i n t h e b a s i n . T h e f i g u r e s list f l o o d s t ages 
a n d c o r r e s p o n d i n g p e a k d i s c h a r g e s in 6 - h o u r i n c r e m e n t s 
f o r se lec ted s t a t i o n s . T a b l e 28 s h o w s w a t e r s u r f a c e e leva
t i o n s a n d r e se rvo i r s t o r a g e in ac re - fee t f o r L a k e W h i t n e y 
a n d L a k e W a c o d u r i n g p a s s a g e of t h e p r o b a b l e m a x i 

m u m f l o o d . 

F l o o d s tages c a l c u l a t e d by t h e r iver f o r e c a s t p r o g r a m 
t h a t a r e g r e a t e r t h a n t h e f l o o d of r e c o r d a r e l i n e a r 
e x t r a p o l a t i o n s of h i s to r i ca l f l o o d even t s a n d a r e t h u s 
u n r e a h s t i c r e p r e s e n t a t i o n s of w a t e r s u r f a c e p r o f i l e p o i n t s . 
F o r th i s r e a s o n t h e f o l l o w i n g m e t h o d w a s se lected f o r 
d e t e r m i n i n g t h e p r o b a b l e m a x i m u m w a t e r s u r f a c e p ro f i l e . 

M A X I M U M W A T E R S U R F A C E P R O F I L E 
A s t h e f l o o d w a v e p a s s e s t h r o u g h W a c o , s t ages wil l 

v a r y a l o n g t h e B r a z o s R ive r d e p e n d i n g u p o n t h e c o n d i 
t i o n , s h a p e , a n d s l o p e of t h e f l o o d w a y . W a t e r e l e v a t i o n 
d u r i n g a 958 ,660 cfs f l o w w e r e d e t e r m i n e d by a c o m p u t e r 
p r o g r a m , H E C 2, S u r f a c e W a t e r P ro f i l e s , d e v e l o p e d b y 
t h e C o r p s of E n g i n e e r s H y d r o l o g i c E n g i n e e r i n g C e n t e r , 
D a v i s , C a l i f o r n i a . I n p u t r e q u i r e d f o r c a l c u l a t i n g w a t e r 
s u r f a c e p ro f i l e s f o r t h e B r a z o s R ive r a t W a c o is b r i e f ly 
desc r ibed ( T h o m a s , 1975, C h . 6). 

(1) O n t o p o g r a p h i c m a p s , 1:24,000 scale , l o c a t i o n s f o r 
c ross s ec t i ons w e r e c h o s e n w h i c h bes t d e s c r i b e d 
t h e g e o m e t r i c c h a r a c t e r of t h e floodway. C r o s s -
s e c t i o n a l a r e a s a n d h y d r a u l i c r ad i i w e r e d e t e r 
m i n e d a t e a c h c ross sec t ion . 

(2) T h e r iver floodway w a s d iv ided i n t o r e a c h e s a n d 
t h e r e a c h e s i n t o s t r ips h a v i n g s imi l a r h y d r a u l i c 
p r o p e r t i e s , t h a t is, m a i n c h a n n e l , s t r ip of t rees , 
o p e n a r e a , bu i ld ings , e tc . 

(3) Spec i f i c r o u g h n e s s v a l u e s w e r e a s s igned t o e a c h 
s t r ip . If r o u g h n e s s va lues i nc r ea sed as s t age i n 
c r e a s e d , t h a t w a s a l so spec i f ied . 

G i v e n th i s i n f o r m a t i o n t h e m a x i m u m w a t e r e l eva t i ons 
w e r e c a l c u l a t e d a t e a c h p r o f i l e l o c a t i o n a n d a v e r a g e 

veloci t ies were d e t e r m i n e d : 
(1) lef t o v e r b a n k flow a t t w o p o i n t s , 
(2) m a i n c h a n n e l , 
(3) r igh t o v e r b a n k flow a t t w o p o i n t s . 

T a b l e 29 lists t h e s e ve loc i t ies , s t ages a n d l o c a t i o n s . T h e 
p r o b a b l e m a x i m u m w a t e r s u r f a c e p r o f i l e is p l o t t e d o n 

F i g u r e 41. T h e p r o b a b l e m a x i m u m flood w a t e r s u r f a c e 
w a s t h e n t r a n s f e r r e d t o a m a p of W a c o , F i g u r e 42, t h u s 

 w i t h i n t h e C i ty of W a c o t h o s e a r e a s t h a t will 
be i n u n d a t e d d u r i n g t h e p a s s a g e of t h e p r o b a b l e m a x i 

m u m flood o n t h e B r a z o s River . 

Fig. 39. Composi te f lood hydrograph for Rock Creek. 
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440-

435-

430-

Fig.  Probable max imum flood surface water profile. 

Table 25. F l o w into Lake Whitney during passage of probable m a x i m u m flood at W a c o . 

(A) Brazos River 
at Glen Rose 

  River 

at Glen Rose 

 Nolan River 
near Blum 

NOON 6  MID 6 AM 

4.7 13.5 26.6 32.5 
' 27.3 19.7 17.9 17.6 

17.3 17.0 16.7 16.4 
16.1 15.9 15.6 15.4 
15.1 14.8 14.6 14.3 
14.1 13.9 13.7 13.4 

86. 12098. 54604. 81107. 
57359. 29369. 23999. 23044. 
22127. 21246. 20401. 19589. 
18810. 18062. 17344. 16654. 
15993. 15357. 14747. 14162. 
13599. 13059. 12541. 12043. 

NOON  MID 6AM 

0.1 34.3 74.7 44.7 
23.4 13.2 11.0 10.7 
10.5 10.2 10.0 9.8 

10. 90010. 270910. 136410. 
40960. 9950. 5982. 5743. 

NOON 6 PM MID 6 AM 

20.0 28.2 66.9 102.7 
68.8 43.3 31.1 25.6 
24.5 24.4 24.2 23.9 
23.6 23.4 23.3 23.1 
22.9 22.8 22.7 22.5 
22.5 22.6 22.6 22.6 
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(C) Nolan River 
near Blum 

(D) Lake Whitney 
inflow 

NOON 6 PM MID  

18357. 31857. 96358. 156008. 
99482. 57042. 36719. 27519. 
25627. 25498. 25137. 24591. 
24142. 23873. 23597. 23315. 
23065. 22849. 22625. 22396. 
22330. 22425. 22509. 22581. 

NOON 6 PM MID 6 AM 

126.  387944. 385297. 
302649. 192299. 134162. 99667. 
75371. 58620. 45913. 34815. 
31886. 30617. 29398. 28228. 
 26027. 24992. 23998. 
23042. 22124. 21243. 20398. 

Table 26. Stage (ft) and discharge (cfs) in the Brazos basin between Lake Whitney and the City o f W a c o . 

NOON 6 PM MID 6 AM 

Brazos River 1.7 38.9 98.2 97.6 
below Lake 54.3 54.3 54.3 54.3 
Whitney 26.2 26.2 26.2 26.2 

19.4 194 19.4 19.4 
17.8 17.8 17.8 17.8 
9.8 9.9 10.1 10.2 

100. 110200. 387900. 385300. 
182200. 182200. 182200. 182200. 
53700. 53700. 53700. 53700. 
30100. 30100. 30100. 30100. 
25500. 25500. 25500. 25500. 
5550. 5901. 6225. 6526. 

NODN 6 PM MID 6 AM 

Aquilla Creek 0.0 30.0 35.4 40.0 
near Aquilla 39.1 36.6 33.5 30.1 

27.8 27.4 27.2 27.0 

0. 25200. 122220. 214120. 
196460. 146080. 84540. 25980. 

11296. 9795. 9305. 8840. 

NOON 6 PM MID 6 AM 

Bosque River 2.0 38.0 70.4 86.0 
below Lake 72.3 72.3 72.3 72.3 
Waco with 68.6 68.6 68.6  
Brazos River 43.8 43.8 43.8 43.8 
backwater 35.4 35.4 35.4 35.4 

14.2 14.2 14.2 14.2 

202. 58901. 244801. 333801. 
255401. 255401. 255401. 255401. 
234301. 234301. 234301. 234301. 
92301. 92301. 92301. 92301. 
49401. 49401. 49401. 49401. 
10001. 10001. 10001. 10001. 
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Fig. 42. Probable max imum flood delineated within the City of Waco. 
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Fig. 43. Disregarding potential danger, Waco citizens build as near to Fig. 44. Some developers will build on any site unless prohibited by 
the river as possible. government regulations. 

Table 27. B o s q u e River bas in i n f l o w t o Lake W a c o during probable  flood o n Brazos River in the City o f 
Waco . 

NOON 

(A) North Bosque 0.1 
near Clifton 38.1 

34.2 

10. 
482010. 
56010. 

6 PM MID 6 AM 

16.1 34.7 36.3 
37.0 35.7 35.0 
26.0 22.5 22.1 

12010. 71010. 265010. 
357010. 195010. 105010. 
27330. 21750. 21098. 

NOON 

(B) North Bosque 0.2 
at Valley 43.1 
Mills  

35.9 
33.7 
32.1 

15. 
244494. 
188444. 
44811. 
31193. 
27078. 

NOON 

(C) Middle 0.3 
Bosque near 14.1 
McGregor 10.4 

5. 

13709. 

NOON 

(D) Bosque 25. 
  
inflow 294005. 
to Lake 130232. 
  

 

6 PM MID 6 AM 

30.6 40.2 41.7 
44.9 44.9 43.6 
40.5 38.9 37.4 
34.9 34.4 34.0 
33.2 32.8 32.5 
31.8 31.5 31.2 

23069. 106939. 178511. 
333759. 332322. 267682. 
  56174. 
38627. 35047, 32783. 
29952. 28901. 27956. 
26244. 25446. 24676. 

6 PM MID 6 AM 

34.7 71.1 33.7 
11.1 10.8 10.6 
10.2 10.0 9.8 

64005. 156005. 61405. 
8601.  7927. 

6 PM MID 6 AM 

58938. 244787, 333819. 
221221. 275135. 306647. 
253594. 253594. 175289. 
 97868. 63975. 
50555. 50555.  
40618. 40618. 37717, 
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Table 28. Water surface e l e v a t i o n s ( a b o v e sea level ) a n d s torage during passage o f the p r o b a b l e m a x i m u m f l o o d o n the 
B r a z o s River at W a c o . 

Lapse  Stage 
NOON 6 PM MID 6 AM 

Lake Whitney  571.1 571.1 571.1 571.1 
571.7  572.1 571.5 
571.2 571.4 571.4 571.2 
571.1 571.2 571.2 571.1 
571.1 571.2 571.2 571.1 
571.2 571.4 571.5 571.7 

Storage Required in Acre-Feet 
2027992. 2028008. 2028028. 2028038. 
2058150. 2090786. 2081301. 2048658. 
2033443. 2040090. 2039375. 2032705. 
2028430. 2029006. 2028959. 2028316. 
2028250. 2028781. 2028786. 2028283. 
2032280. 2040709. 2048519. 2055741. 

Lapse  Stage 
NOON  MID 6 AM 

 Waco 500.0 500.0 500.0 500.0 
499.0 497.1 496.7 498.6 
501.6 503.8 503.7 501.6 
501.0 502.2 501.9 500.8 
500.2 500.4 500.3 500.1 
500.9 502.6 504.2 505.7 

Storage Required in Acre-Feet 
559835. 559826. 559832. 559833. 
550700. 533018. 529407. 547152. 
574889. 594639. 594453. 574690. 
569420. 580295. 577863. 566957. 
561480. 563372. 563055. 561194. 
568020. 583757. 598688. 612892. 

T a b l e 29. W a t e r e l e v a t i o n a n d f l o w ve loc i t i e s f or the p r o b a b l e m a x i m u m f l o o d o n the B r a z o s River at W a c o , T e x a s . 

River Water V E L O C I T I E S 
 Elevation Left overbank flow  Channel Right  flow 

399.81 398.038 2.73 2.24 8.28 2.71 0.98 
400.55 399.045 2.18 2.41 7.87 2.53 1.71 
401.28 399.801 2.21 2.43 9.38 2.59 2.14 
402.20 398.667 2.69 4.14 24.63 7.66 5.13 
402.56 403.104 3.04 4.96 17.71 4.73 3.70 
402.59 404.266 3.56 5.43 14.76 6.18 3.75 
402.62 403.692 3.75 5.01 15.75 4.29 3.31 
402.98 409.876 2.20 4.96 12.15 4.77 2.91 
403.93 412.555 7.44 8.03 20.08 7.18 5.47 
404.38 419.234 4.02 5.97 16.74 3.19 2.12 
404.56 419.336 4.46 4.65 18.34 3.64 2.67 
404.94 420.300 3.50 4.02 16.96 1.78 1.47 
404.99 421.183 3.29 4.21 15.27 2.51 2.07 
405.86 423.927 2.43 3.84 14.62 3.04 0.46 
405.89 424.589 3.01 4.63 13.00 1.21 0.60 
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River Water  
 Elevation Left  flow Main Channel Right overbank flow 

406.19 424.909 3.55 4.23 14.35 3.93 1.82 
406.96 425.576 3.97  13.73 2.42 1.02 
407.18 427.002 2.74 2.75 9.69 2.61 2.22 
409.00 428.067 0.10 1.13 9.29 3.25 2.82 
410.10 428.524 0.69 1.15 10.84 3.62 3.13 
411.60 429.281 2.02 3.53  4.28 3.30 
412.50 430.130 3.11 3.83 11.9 2.97 1.28 
413.60 430.889 2.74 3.01 9.86 3.28 1.79 
414.90 431.596 2.45 4.06 10.07 3.15 2.41 
415.80 432.419 1.05 3.88 9.64 3.14 2.37 
416.90 433.092 2.49 3.02 7.71 1.44 2.32 
417.90 433.632 2.26 1.98 6.53 1.34 1.90 
418.80 433.984 2.78 2.43 8.90 1.73 1.61 
419.80 434.942 3.20 2.24 10.16 3.08 2.25 
420.80 441.05 2.50 4.19 29.27 8.12 5.47 
421.50 449.099 3.80 3.91 18.96 5.95 4.40 

Velocity measured in feet/sec. and elevation in feet above sea level. 

Fig. 45. As land within Waco becomes more scarce, flood plain devel
opment will increase. A convalescent home on the flood plain is an 
example of ill-advised flood plain use. 

CONCLUSIONS 

This r e p o r t d o e s n o t c o n t a i n p l a n s f o r t he s o l u t i o n of 
f l o o d p r o b l e m s , n o r d o e s it sugges t a l a n d use  f o r 
t h e C i ty of W a c o , b u t r a t h e r it is i n t e n d e d t o c a u s e t h e 
p l a n n e r t o be a w a r e of i m p e n d i n g d a n g e r . H o p e f u l l y it 

will f o r m bases f o r f u r t h e r s t ud i e s d i r ec t ed t o w a r d solv
ing c u r r e n t  w a y use p r o b l e m s a n d p r e v e n t i n g f u t u r e 

p r o b l e m s . C o n c l u s i v e c o m m e n t s t h a t I feel a r e a p p r o 
p r i a t e will f o l l o w . 

(1) T h e U p p e r B r a z o s b a s i n will i n f l u e n c e p r o b a b l e 
m a x i m u m f l o o d i n g in W a c o o n l y t o t h e e x t e n t of c o n t r i 
b u t i n g t o necessa ry a n t e c e d e n t c o n d i t i o n s . 

(2) W a c o is s i t u a t e d in a p h y s i o g r a p h i c r e g i o n t h a t 

e x p e r i e n c e s  c o n d i t i o n s c a p a b l e of p r o d u c 
ing t h e e x a c t c r i t ica l c o m b i n a t i o n of c l ima t i c ev en t s t h a t 
a r e neces sa ry t o t r igger a p r o b a b l e m a x i m u m s t o r m . 

(3) C o m p a r e d to o t h e r a r e a s w i t h i n t h e s a m e p h y s i o 
g r a p h i c r e g i o n , W a c o h a s n o t yet e x p e r i e n c e d a g r e a t 
f l o o d . 

(4) A f l o o d o n the B r a z o s R ive r in t h e Ci ty of W a c o , 
f a r g r e a t e r t h a n the 1936 f l o o d of r e c o r d , c o u l d resu l t 
f r o m r a i n f a l l w i t h i n t h e 672 s q u a r e mi les of " u n c o n 
t r o l l e d " ba s in b e t w e e n W a c o a n d L a k e W h i t n e y . 

(5) F l o o d s t o r a g e c a p a b i h t y of L a k e W h i t n e y a n d 
L a k e W a c o will be dep l e t ed by a n t e c e d e n t w e a t h e r c o n d i -
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t i o n s a n d w i l l t h e r e f o r e o f f e r m i n i m a l r e t a r d a t i o n o f t h e 

p r o b a b l e m a x i m u m f l o o d f l o w a t W a c o . C o n s t r u c t i o n o f 

A q u i l l a C r e e k d a m i n t h e u n c o n t r o l l e d a r e a w i l l n o t 

l e s s e n t h e i m p a c t o f p r o b a b l e m a x i m u m f l o o d i n g i n 

W a c o . 

( 6 ) T h e t h r e a t o f f l o o d i n g i n W a c o i s o v e r s h a d o w e d b y 

t h e W a c o c i t i z e n s ' d e s i r e t o l i v e n e a r t h e w a t e r ( F i g . 4 3 ) 

a n d b y t h e i r c o n f i d e n c e i n t h e f e d e r a l g o v e r n m e n t ' s a b i l 

i t y t o c o n t r o l f l o o d i n g b y c o n s t r u c t i n g f l o o d - c o n t r o l 

d a m s . T o t h e f l o o d - p l a i n d w e l l e r t h e s e u p s t r e a m f l o o d -

c o n t r o l s t r u c t u r e s a p p a r e n t l y r e p r e s e n t s e c u r i t y , w h i l e i n 

f a c t t h e y a r e s e t t i n g t h e s t a g e f o r a g r e a t d i s a s t e r . 

( 7 ) T h e f l o o d w a y w i l l c o n t i n u e t o b e d e v e l o p e d ( F i g . 

4 4 ) . A n i n c r e a s i n g d e m a n d f o r b u i l d i n g s i t e s i n W a c o 

m a k e s t h e f l o o d p l a i n a v a l u a b l e a s s e t t o a c i t y t h a t i s 

p r o m o t i n g g r o w t h . T h i s i n i t s e l f i s n o t a p r o b l e m ; h o w 

e v e r , a c o n v a l e s c e n t h o m e i n t h e f l o o d p l a i n ( F i g . 4 5 ) 

i n d i c a t e s m a l d e v e l o p m e n t . 

( 8 ) A f l o o d f a r g r e a t e r t h a n t h e f l o o d o f r e c o r d w i l l 

o c c u r o n t h e B r a z o s R i v e r i n t h e C i t y o f W a c o . 
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