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R u s s ell A
.

龙
一l汀m a n a n d Pe , e r 5

.

R ay

D e Pa r tm e n t o fM e te o r o lo g y
,

Fio r id a S ta te U n iv e r sity
,

T a lla ha ssee
,

Flo rid a 32 3O 6
,

U SA

R e ee l ve d N o v e m b e r s
,

】9 9 4

A B ST R A C 丁

S to rm r u n o ff 15 a e o n e e r n to m e te o r o lo g ists a n d hyd r o lo g ic a lfo rec a ste r s
.

A r a d a r b a sin 一 b a能d ru n o ff a lg o rithm 15

Pr es e n ted
.

T he a lg o r一th rn 15 b a sed o n the r e la tio n sh 一P b e tw ee n the r a in fa ll o v e r the b a sin a n d the d isc h a r g e r esP o n se a t

the g a u g e s ta t, o n
.

T he a lg o r一thm 0 5 d e sig n e d to Pr o v id e r u n o ff a s a fu n e tio n o f tim e fo r a g iv e n in Pu t(s)
o f r a in fa ll

.

W ith

k n o w n o v e rno w le v c l、
,

fl o o d P o te n l飞a lea n a lso b e e v a lu a te d
.

T he ru n o ff a lg o rith m ex a m in ed o u tfl o w a t fi v e b a sin s w i*h
-

in th e o p e r a tin g sc o p e o f th e p ittsb u r g h N a t一o n a l W
ea the r Se r v iee (N W S) r a d a r

.

A eo m Pa riso n o f th e o b se r v e d r u n o ff

w a s m a d e w 一th the a lgo rithm g e n e r a ted d iseh a r g e
.

In g e n e r a l
,

hyd r o g r a p h a ee u ra e ie s im Pr o v ed w ith in c re a sin g r a in fa ll

ex e e s s
.

P o ss一b le r e a so n s fo r d 一ser e Pa n eie s a r e e x 俘m in e d
.

K ey w o r d s : r a in fa ll
,
r u n o ff, d ig ita l r a d a r

,

hyd r o g r a Ph

IN T R O D U C T IO N

D ev a sta tio n a n d 10 55 o f life d o eu m e n t the n a tu r e o f fl o o d s
.

T he im Pa c t 15 o ft en m a g n ifi ed

d u e to Po Pu la tio n ee n te r s b e in g situ a ted n ea r w a ter
.

A s a r esu lt
,

th e n eed fo r h yd ro lo g iea l fo r e
-

c as tin g a n d fl o o d e o n t ro lsystem s a r e n e e e ss a ry to m in im iz e th e e
ffe

e ts o fth ese n a tu r a ld isa ster s
.

O v er th e Pa s t thr e e d e c a d e s
,

fl o o d Pr ed ic tio n stu d ie s e en ter ed a r o u n d the m o d e lin g o f

ru n o ff in w a te r she d s
.

T h e a d v e n t o f e o m Pu te r te eh n o lo g y en a b le d r e se a r ehe r s to a PPr o a c h th is

Pr o blem u sin g sev e r a l m e tho d s
.

H yd r o lo g iea l system s c a n be d e term in istie o r st o ch a stie
,

lin ea r

o r n o n lin e a r
,

tim e in v a ria n t o r tim e d e Pen d e n t
,

lu m Ped o r d istr ib u ted (D elleu r a n d R a o 19 7 3 )
.

T he r u n o ff a lg o r ith m in Pu ts a e tu al o r fo re ea sted r efl ee tiv ities o r Pre e iPita tio n a ee u m u la
娜

tio n s a n d c o m p u te s st o r m r u n o ff a s a fu n etio n o f tim e fo r e a eh ba sin
.

W ith Pr ed e term in ed r iv er

thr e sh o ld v a lu e s ,

th e a lg o r ithm a ls o e v alu a te s flo o d Po te n tia l a n d the tim e the r iv e r
’ 5 ea Pa e ity

w illbe ex c e ed ed
.

A fo r ee a st w ill be m a d e a t e a eh ba sin w ith in the o Per a tin g ra n g e o f the r a d a r

si te
.

T h e ru n o ff a lg o r ith m 15 j
u st o n e o f a se rie s o f T ro Pie al W e a th er H a z a rd a lg o r ithm s , e a eh

d esig n e d to estim a te sPe eifi e a sp e ets o f th r ea te n in g h u r r ic a n e s a n d tyPho o n s
.

T he fa e to r s in flu en ein g the r u n o ff Pr o c e ss in e lu d e (l)Pr e c iPita tio n
,

(2) i
n ter c e Ptio n

,

(3) in
-

fil tr a tio n
,

(4 ) e v a p o r a tio n
,

(5 ) tr a n sPir a tio n ,

(6 ) g r o u n dw a te r fl o w
,

(7) su rfa e e r u n o ff a n d (8)

比a n n e lfl o w
.

In so m e fo r m
,

the y a llm u st be
.

c o n sid er ed
.

A Pa r tia llist o fr e fe re n e es fo llo w s
.

P re
-

d p itatio n ha s been tr ea ted by W ils o n (19 9 0 ): in te r ee p tio n by Lin sley et a l
.

(19 4 9 )
,

D u n n e a n d

玩o p o ld (19 7 8 )
,

Pa tr ie (19 6 5)
a n d L eyt o n e t a l

,

(19 6 7 ); in fi ltr a tio n by H o rt o n (19 3 3) a n d F o ster

*
C o m P u ter su PPo rt w a s P r o v id ed by B re t W hisse l

.

P a r tja lsu PP o rt fo r this r ese a rc h w a s fr o m the Pa r a m a x C o r
·

严
ti o n G ra n ‘”u m be ‘ ” , 8一64 , 4 ,

·



1 3 0 A C T A M E T E O R O LO G ICA SIN IC A V o l
.

9

1 0
.

0

(的}�,01)创冈�川q�的一自
8

.

0

C h a n n e l
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4
.

0
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2
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0 5
,
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.
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e ( h )

Fig
.

1
.

C o m P o n e n t s o f th e hyd r o g r a Ph F ig
,

2
.

R e g io n s o f t h e hyd ro g r a Ph

(1 9 4 8) ; d e Pr e s s io n s to r a g e by Lin sle y e t al
.

(19 4 9 ) : e v aPo r a tio n by W ils o n (19 9 0 ) ; tr a n sPir a tio n

by D u n n e a n d L e o Po ld ( 19 7 8 )
,

T h o r n t hw a ite (19 4 8 ) a n d P e n m a n (19 4 8) : an d g r o u n d w a te r fl o w

by W ils o n (19 9 0 )
,

V ie s sm an e t a l
.

(19 7 7 ) a n d D u n n e a n d L e o Po ld ( 19 7 8 );
r u n o ff b y H o r to n

(19 3 4 )
,

( 19 4 5 ): a n d ch a n n e lfl o w b y D u n n e a n d L e o Po ld (19 7 8 )
,

C he z y (17 6 9 )
,

M a n n in g (18 8 9 )
.

A lth o u g h it 15 Po s sib le to d e r iv e the r u n o ff fr o m the Ph ysie s o f e a e h o f th e s e e o m Po n e n ts o f

the hyd r o lo g ie a l e ye le
,

the ir e
ffe

e t 15 in te g r a te d in th e h yd r o g r a Ph
, o r the e o n tin u o u s

rec
o r d o f

th e d is e ha r g e v e r su s tim e
.

In m o s t h yd r o g r a Ph a n a lys e s ,

in te rfl o w a n d ch a n n e lPr e e iPita tio n a r e

lu m Pe d t o g e th e r w ith su r fa c e ru n o ff. C ha n n e lPr e c iPita tio n 15 th e fa s te s t a n d im m e d ia te ly a d d s

to the o u tfl o w
.

I ts c o n tr ib u tio n 15 u s u a lly o n ly a sm a ll fr a c tio n o f to ta l fl o w
.

A s Po in te d o u t by

Lin sle y e t a l
.

(19 4 9 )
,

the w a te r su r fa e e a r e a fo r m o s t b a s in s d o e s n o t e x c e e d fi v e Pe r c e n t o f the

to ta l a r e a a t fa irly h ig h s ta g e s
.

I n te r fl o w 15 Pa r t o f the s u b s u r fa e e fl o w w hie h m o v e s a t sh a llo w

d e Pth s a n d r e a e h e s the s u rfa e e c h a n n e ls in fa irly sh o r t tim e Pe r io d s
.

I ts d is tr ib u tio n 15 c o m m o n
-

ly e h a r a c te r iz e d by a slo w ly in e r e a s in g r a te u P to the e n d o f the s to rm Pe r io d
,

fo llo w e d b y a

g r a d u a l r e e e s sio n w h ie h te rm in a te s a t the in t e r s e e tio n o f the su r fa e e fl o w hyd r o g rap h a n d the

b a s e fl o w h yd r o g r aPh (V ie s sm a n e t al
.

19 7 7 )
.

F ig u r e 1 s ho w s the v a r io u s c o n tr ib u tio n s o f e a e h

c o m PO n e n t
·

T he sh aPe o f the h yd r o g r aPh fo r a s in g le
, sh o r t一d u r a tio n s to rm h a s th r e e d is tin e t e ha r a e

-

te ris tie s : a r is in g lim b
, a c r e s t s e g m e n t

, a n d a r e ce s s io n lim b
.

F ig u r e 2 sho w s th e s e hyd r o g r a Ph

e o m Po n e n ts fo r a u n ifo rm r ai n fa ll e v e n t
.

T he in fl e e tio n Po in ts s e Pa r a te the c re st s e gm e n t fr o m

th e r isin g a n d fa llin g lim b s
.

T he fa llin g Pa r t o f the hyd ro g r a Ph c a n b e tho u g h t o f a s a e o m b in a
-

tio n o f re c e s sio n e u r v e s
.

T h e s to r a g e a cc u m u la tio n s fr o m su r fa c e r u n o ff, b a s e fl o w a n d in te r fl o w

w ill slo w ly d e Ple te o n c e r a in fa ll e n d s
.

F o r sm a ll e a t e hm e n t a r e a s ,

t o t a l c o n tri b u tio n s by

g r o u n d w a te r fl o w
, e ha n n e l Pre c iPita tio n , a n d in te r fl o w a re r e la tiv e ly sm a ll in e o m Pa ri s o n to the

am o u n t r e c e iv e d b y su r fa e e r u n o ff.

T im in g Pa r a m e te r s a r e e ss e n tia l to u n d e r s ta n d in g the re la tio n sh iP b e twe
e n r a in fa ll a n d

r u n o ff. F ig u r e 3 e x Plo r e s th e te rm in o ]o g y a s s o e ia t e d w ith a tyPie a l st o rm h yd ro g r a Ph a n d a

r a in fa ll hye to g r a Ph
.

T h e fo llo w in g tim in g a sPe e ts a re d e fi n e d :

l) L a g to Pe a k (L ) : tim e fr o m th e e e n t e r o f m a s s o f r a in fa ll e x e e s s to Pe a k o f th e

hyd r o g r a Ph:
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1 0
.

0

R a 一万飞fa ll E x e e s g (itl )

8
.

0
D t一r a t xo ll

6
,

0 卜一州/
L a g T‘m ·

T im e o f R 一s e

4
.

0

(“J。飞工)‘切�忆上。优�G

2
.

0
T 一m e B a s e

0
.

0

0
.

0 2 0
.

0 4 0
.

0
T in l e

6 0
.

0 8 0
.

0 1 0 0
.

0
( h )

F19
.

3
.

T e r m in o lo g y a s s o e ia te d w ith th e r u n o ff hyd r o g r a Ph
.

2 ) D
u r a tio n

(D )
: le n g th o f t im e d u rin g w hie h r a in fa lls ;

3 ) T im e ba s e o r ba s e le n g th (几) : le n g th o f tim e o f s u r fa c e r u n o ff;

4 ) T im e--
o
f--

r is e (几 ): tim e fr o m the s t ar t o f r a in fa ll e x e e ss to th e Pe a k
.

1
.

Fa
e ro r s 通刀扮

e r
魄 Hy dr og

r
即h Sh

a ,

T h e t im e d is tr ib u tio n o f r u n o ff 15 d e term in e d b y th e Phys ie a l e ha r a e t e r is tie s o f the b a s in
,

a n d the e lim a tic fa e to r s
.

T h e r isin g lim b a n d th e Pe a k a r e fu n e ti o n s o fhis t o ry a n d r a in fa ll in te n -

sity a s w e ll a s o f b a sin ch a r a e t e r is tie s ,

w hile th e r e ee s s io n lim b 15 la r ge ly in d e Pe n d e n t o f the

sto
rm d e ta ils p r o d u e in g r u n o ff (W

a r d 19 6 7 )
.

(l) C I如
a tie fa e ro rs 叻砂

e t ing 御dr og
raP h sh aP

e

T h e e lim a t ie fa e to r s w h ich in fl u e n e e hyd r o g r aPh sh a Pe a n d the ru n o ff v o lu m e a r e (l) r a in
-

fa ll in te n s ity a n d d u r a tio n : (2 ) r a in fa ll d is tr ib u tio n o v e r the ba s in ; (3 ) d ir e c ti o n o f s to rm
m o v e m e n t; a n d (4 ) tyPe o f Pre e iPi ta tio n a n d tyPe o f st o rm

.

(2 ) 尸匆
, s ic a lfa c to rs

叨七
e ting 妙dr og

r
aP h shaP e

T he Pr im a ry Phys ie a l e h a ra c te r is tie s o f d r a in a g e b a sin s a r e its a r e a
, sh a Pe ,

e le v a tio n , slo Pe ,

50 11 tyP e , tim in g d is tr ib u tio n , a n d Pe a k d is e h a r g e o f r u n o ff. T he s u r fa c e es r u n o ff hyd r o g r a Ph

re Pre s e n ts th e in te g r a te d e ffe
e t o f a ll th e ba s in

’ 5 Phy sic a l e h a r a e te r is tie s a n d th e ir m o d ify in g in
-

fl u e n e e o n the tr a n sla tio n a n d s to r a g e o f r a in fa ll e x e e s s
.

T h e fa e to rs in v o lv e d a re n u m e r o u s ,

so m e ha v in g a m aj
o r b e a r in g o n the Ph e n o m e n a a n d o th e r s b e in g o f n e g lig ib le e o n s e q u e n c e

.

I t

15 d iffi e u lt t o c o v e r the in fl u e n e e o f e a e h in d iv id u a lfa e to r in d e t a il
侧

T he e ffe e t o f e ae h fa e to r m a y

be o b s e u r e d by th e e
ffe

e t o f a n o the r
(G

r a y 19 7 3 )
.

T h e fo llo w in g lis t d e s e r ib e s th e b a s in
’s Ph ys i

-

ca l e h a r a e te r is tie s tha t h yd r o lo g is ts c o n sid e r to h a v e th e m a in in fl u e n e e o n hyd r o g r a Ph sh a Pe
.

1
.

r
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2
.

U n itHy dr o g r
即h

T he d eterm in a tio n o f ru n o ff fr o m Pr ee iPita tio n m e a su r em e n ts h a d its o r ig in s w ith

hyd r o g r a Ph a n a lyse s
.

In 19 32
,

Sh er m a n e o n e eiv ed the id e a o f the u n it hyd
r o g r a Ph

, a s “

b a sin

o u tfl o w r esu ltin g fr o m o n e in eh (o n e ee n tim e ter) o f d ir e e t r u n o ff g en e r a ted u n ifo rm ly o v e r the

d r a in a g e a re a a t a u n ifo r m r a in fa llr a te d u r in g a sPe eifi ed Pe rio d o f tim e ” .

T he u n it h yd ro g r a Ph

c o n ee Pt h a s s ev e r a la ssu m Ptio n s lim itin g its u sefu ln e ss in a ll r a in fa ll一r u n o ff se e n a r io s :

l) F
o r a g iv en w a ter she d

, r a in fa ll e x ee sse s o f e q u a l d u r a tio n a r e a ssu m ed to Pr o d u c e su r
-

fa c e r u n o ff hyd r o g r a Phs w ith eq u iv a le n t tim e b a se s r eg a r d le ss o f the in te n sity o f the r a in
.

2)F o r a
gi

v e n w a te rsh ed
,

th e m a g n itu d e o f the r u n o ff o rd in a te s fo r a sto r m o f a g iv en d u r a
-

tio n 15 a ssu m e d d ir ec tly Pr o Po r tio n a l to r a in fa ll e x e ess v o lu m es
.

T h u s ,

tw ie e th e r a in fa ll Pr o
-

d u e e s a d o u blin g o f th e h yd r o g r aPh o rd in a te s
.

3) F o r a giv e n w a te rsh ed
,

th e tim e d istribu tio n o f d ir e c t r u n o ff fr o m a g iv e n sto rm 15 a s
-

su m ed in d e Pe n d e n t fr o m a n teee d e n t o r su b seq u e n t sto rm Pe r io d s
.

T he u n it h yd r o g r aPh th e o ry 15 P r ed ic a ted o n th e system be in g lin ea r a n d tim e一in v a r ia n t
.

H o w ev e r ,
the se a ssu m Ptio n s a r e in e o rr e et

.

T he r ela tio n shiP be tw ee n r a in fa lle x ee ss a n d su rfa ee

r u n o ff in a b a sin 15 n o n lin e ar
.

L a b o r a to ry te stin g su PPo r ts c ha n n e lfl o w the o ry s u eh tha t g r e a ter

d e Pths o f w a te r m o v e fa ste r a n d w o u ld th er efo r e a lte r r u n o ff r e Po n se
.

Fu r the rm o r e , a n te e ed e n t

e o n d itio n s eh a n g e the in fi ltr a tio n r a te a n d d e Pr essio n sto r a g e r e su ltin g in a r e d u etio n o f t o ta l

r a in fa ll
.

H o w ev e r ,

fo r m o st ru n o ff m o d e ls the lin ea r ity g u id e lin es Pr o d u e e r e su lts c o n sisten t

w ith th o se u sin g n o n lin ea r c r iteria
.

T h e r eq u ir em e n ts to a n a lyz e r u n o ff in v o lv e o n ly tw o in Pu ts : e x c e ss r a in fa ll a n d the u n it

hyd ro g r a Ph
.

T h e sim Plic ity in th e in Pu t / o u tPu t re la tio n shiP en a bles r u n o ff m o d e lin g w ith a

m in im u m o f c a leu la tio n s
.

T he e o m Plex itie s o f the hyd r o lo g ie a lc yele a n d ea c h b a sin
’ 5 Ph ysie a l

e ha r a e te r istie s a r e a s s u m e d fi x e d a n d in h e r en tly in c o rPo r a te d w ithin th e u n it h yd r o g r aPh
.

T he r efo r e ,

th e re sPo n s e o f a lin e a r b a sin to a n y ra in fa lle x c e ss in Pu t 15 d ir ee tly Pr o Po r tio n a lt o

th e u n it h yd r o g r a Ph
.

A ll a sPe c ts o f the m o d e ls Phy sie s a n d h yd r o lo gy a re re Pla c ed by th e lin ea r

re sPo n se fu n etio n
.

T he u n it hyd r o g r a Ph e o n str u e tio n w ill b e e x Plo r e d in th e m e th o d o lo g y se e
-

tlo n
.

M o st Pra c tiea l te c hn iq u e s o ffo r ee a stin g ru n o ff fr o m r ain fa lla r e ba se d o n eithe r c o r r ela tio n

tee hn iq u e s be tw ee n o b se rv e d v o lu m e s o f r ain fa lla n d r u n o ff o r o n th e u n it h yd r o g r a Ph m e tho d
.

T h e h yd r o g r aPh m e tho d is a
“

bla c k b o x ”

te ch n iq u e
.

It 15 the r efo r e n o t a to o l w h ie h w ill a id in

the u n d er sta n d in g a n d d ev e lo Pm en t o f the Physic s in v o lv ed (R au d kiv i l9 7 9 )
.

T h e u n it hyd ro g r a Ph 15 m o st ea sily d eriv ed fr o m th e h yd r o g r aPh o f a sin g le iso la ted

ra in fa ll
.

T o b e a ble to u se the u n it hyd r o g r a Ph t o d eterm in e the r u n o ff fr o m d iffe
r e n t sto rm

s ,

the se le c tio n o f the Pr o Per st o r m d u r a tio n 15 im Po r ta n t
.

O Pin io n s v a ry w id ely d e Pe n d in g o n

w h e the r the ba sin 15 la rge o r sm a ll
.

L in sle y et a l
.

(19 4 9)自te th a t in Pra e tie a la PPliea tio n s , e x Pe
-

r ie n c e ha s sh o w n th a t the tim e u n it em Plo ye d sh o u ld aPPr o x im a te o n e一fo u r th o f th e ba sin la g

tim e
.

T he y su g g este d th a t the e

ffe
e t o fsm a ll d iffe

re n e es in st o r m d u r a tio n is n o t la r ge a n d th a t a

t o ler a n e e o f 士 2 5 Per ee n t fr o m the a d o Pted u n it hyd r o g r a Ph d u ra tio n 15 a ee ePted
.

T h e U n ite d Sta te s A rm y C o rPs o f E n g in e e r s (19 4 8 ) fo u n d th a t v a lu e s o f u n it一sto rm d u r a
-

tio n eq u a l to a b o u t h a lf o f the b a sin lag tim e a PPea r t o b e sa tisfa ero ry
.

T his c rite r o n 15 u sed fo r

b a sin s o f less tha n 10 0 sq u a re m iles
.

O n ee the hyd r o g r a Ph ha s be e n d e ter m in e d
, estim a tin g th e r u n o ff fr o m r a in fa ll e x e ess ea n
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be g in
.

Fr o m the u n it hyd r o g r a Ph fo r a n y d u ra tio n o fu n ifo rm r ain
,

th e u n it hyd r o g r a Ph fo r a n y

o ther d u r a tio n e a n be o b ta in e d
.

A s th e d u r a tio n bec o m e s sh o r te r
,

th e r esu ltin g u n it h yd r o g r aPh

a PPro a e he s a n in sta n ta n e o u s h yd r o g r a Ph
.

T he In sta n ta n eo u s hyd r o g r a Ph (IU H ) 15 th e

hyd r o g r a Ph o f r u n o ff th a t w ill r esu lt if a n in eh o f w a te r 15 sPre a d u n ifo rm ly o v e r a n a re a a n d

the n a llo w ed to ru n o ff (Sc ha a k e 19 6 5 )
.

Fr o m a m a the m a tie a l Per sPee tiv e
,

th e o r d in a te s o f th e IU H r e Pr e se n t the r ela tiv e e

ffe
et o f

a n te c ed e n t r a in fa llin ten sitie s o n th e r u n o ff ra te a t a n y in sta n t o f tim e
.

By Plo ttin g 之he IU H w ith

tim e in e re a sin g to th e left r a the r th a n to th e r igh t a n d th en su Pe r im Po sin g this Plo t o v e r th e e x
-

ee ss r a in fa ll h yd r o g r a Ph (Plo tte d w ith tim e in er ea sin g to the r ig h t)
,

the re la tiv e w eig h t g iv e n to

a n tee ed en t r ain fa llin te n sitie s 15 ea sily see n
.

T h e r u n o ff r a te a t a n y tim e 15 e o m Pu te d a s a w e ig h t
-

ed a ve r a g e o f the Pre v io u s ra in fa llin te n sities
.

T he e o m Pu ted r u n o ff hyd r o g r a Ph 15 th e w eig h ted
,

m o v in g a v e r a g e o f th e e x e ess r ain fa ll Pa tte r n a n d the w e ig htin g fu n c tio n 15 the tim e一r ev e r sed

im a g e o f th e u n it h yd r o g r a Ph (Se ha a k e 19 6 5)
.

T h e s u rfa e e r u n o ff r a te e a n b e e x Pr esse d m a the m a tic a lly a s

。(才卜丁{
, (

·)‘(卜
·)d 一

(l)

w he r e Q(r) 15 the s u rfa e e r u n o ff a t tim e t
,

f (: ) the o r d in a te o f th e IU H a t tim e : , a n d i(t一 : ) th e

e x c e ss r a in fa llin ten sity a t tim e t一丁
.

T he v a ria b le : r ePr e se n t s tim e in to th e Pa st 5 0 th a t tim e t一: o e e u r s b efo r e tim e t
.

T he lim its

o f the in te g r a l a llo w T t o v a ry fr o m th e Pr e s e n t tim e b a c k th r o u g h a d u r a tio n e q u a l to the

hy d r o g ra Ph
’ 5 ba se le n g th

.

T h e in te g r a lg iv e s a eo n tin u o u s w eig h tin g o f Pr ev io u s ra in fa llin te n si
-

tie s by the o r d in a te s o f th e IU H
.

3
·

M
e a s u r

lns S to r m R a

inj 瓦11by R a
da

r

T h e u se o f r a d a r 15 a v e ry c o m m o n te e hn iq u e to e v a lu a te r a in fa ll a ee u m u la tio n a s w ell a s

r a in fa ll Pa t ter n s
.

R a d a r sc a n s a r e Pre s e n ta tio n s o f in sta n ta n e o u s b a ek一 sea tter ed m ic r o w av e en
-

e r g y
.

T he se d ePie tio n s eo rr e sPo n d to the n u m be r a n d siz e s o f w a te r o r iee sea tted w ith in th e

v iew in g fi e ld
.

W he n Pr e c iPita tio n Pa r tic le s a r e sm a ll w ith r esPe c t to the r a d a r w a v ele n g th
,

th e

b a c k 一sea tter e d Po w e r ea n b e r e la ted t o a r a in fa llr a te
.

11
.

M E T H O D O LO G Y

F lo w s in fi v e d r a in a ge b a sin s alo n g th e A lle g ha n y R iv e r w e r e eh o se n t o v e r ify
r u n o ff fr o m

sev e r a l Pr eeiPita tio n ev e n ts
.

U sin g d ig itiz e d r a d a r r e fle c tiv ity d a ta fr o m th e N W S r a d a r a t

Pittsb u r g h a n d u n it hyd r o g r a Ph tee hn iq u e s
, sto r m r u n o ff a n d its tim in g ch ar ac te risties a re d e

-

te rm in ed a t e a eh g a u ge sta tio n
.

T h e r u n o ff a lg o r ithm 15 a th re e一 step Pr o e e d u r e : b a sin m a PPin g a n d a eeu m u la tio n Pr o
-

e essin g
, u n it hyd r o g r a Ph d e term in a tio n

, a n d r u n o ff / fl o o d Po ten tial e x e eu tio n
.

T he b a sin m a P
-

Pin g a n d th e u n it hy d r o g ra Ph d e v elo Pm e n t a r e Pr e Pa r a to ry ste Ps th a t m u st be a c e o m Plishe d o n
-

ly o n e e fo r e a eh b a sin
.

1
.

Bas in D es e r iP tio n

T he fi v e d r a in a ge ba sin s a r e situ a te d in the so u th w e st c o r n e r o f Pen n sylv a n ia
.

Fig u re 4

sh o w s the sPa tia l r ela tio n sh iP be tw ee n the b a sin s a n d the r a d a r site
.

T o illu stra te the
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9

8 0 7 9

4 1 0 0

L ir tle

4 0 3 0

Pir t sb u r g h
r a d a r s lte

.

袱一
!

k ’‘c k

一
“e k

叮
L O y几’卜a n n a C r“ ? k

F 一9
.

4
.

Illu st ra tio n o f the fi v e d r a in a g e b a sin lo e a tio n s r e la tiv e to the Pittsb u r g h r a d a r site
.

T he d a she d lin e s ho w s

the o rien ta tio n o f the m a in s tr e am t r u n k
.

g e o m o rPh ic a l d iv er sity be tw e e n ba sin s a n d u ltim a tely th e u n iv e r sa l a PPlic a tio n o f u n it

h yd r o g r aPh te eh n iq u e s
,

T a b le 1 lis ts e a e h o f the ba sin
’5 m a in Ph ysie a le ha r a c te ri sties

.

Th
e se v a -

r ia ble s
,

to v a ryin g d eg r ee s
,

fo rm the b a sis fo r the r u n o ff r esPo n se fu n etio n
.

E ae h b a sin ha s a

u n iq u e e u r v e ,

m ir r o rin g th e b a sin an d e ha n n e l n etw o r k Pr o Per tie s
.

T h e fo llo w in g d e fi n itio n s

he lP e la r ify th e n o m en ela tu re u sed in the ta b le :

T a ble 1
.

D ra in a g e B a sin C h a ra e teristie s fr o m W
e tz el an d B e tta n d o rff (19 8 6 )

C r ee k B la ek lie k L o ya lha n n a T u r tle M a h o n in g L ilM a h o n in g

A re a (m iZ)

Slo Pe (ft / m i)

L e n g th (m i)

E le va tio n (ft )

F o r e st e o v e r (% )

A n n u a lPr e ciPita tio n (in )

S to r a g e (% )

19 2力

2 1 0

1 7 2 0

2 3乃

5 5夕

2 1
.

0

15 8力 8 7 4

9
.

5 1 16名

4 0
.

6 2 1
.

1 15
.

1 2 6
一

9 2 4
.

16

17 8 0 17 3 0 1 12 0 15 7 0 15 5 0

4 7
.

0

4 6
.

0

7 1
.

0 4 7
.

0 6 9
.

0 44
.

0

4 7
一

2 4 1
.

0 4 3
.

2

0
.

10

4 4 .3

1
.

0

N o te : 1 m i念 1
.

6 0 9 k m ; 1 in 七 2
.

54 e m
.

l) D r a in a g e a re a (A R E A ) 15 th e a r ea tha t eo n trib u te s d ir e etly to su rfa e e ru n o ff.

2 )M a in ch a n n el slo Pe (SL OP E ) 15 the d iffe
r e n ee in e le v a tio n a t Po in ts 10 a n d 8 5

th e d ista n c e a lo n g th e e ha n n e l fr o m the g a u gi
n g sta tio n to the ba sin

’ 5 r im
,

d iv id ed

ta n c e be tw ee n the tw o Po in ts
.

3) M
a in e ha n n el le n g th (LE N G T H ) 15 the le n g th th e eh a n n el fr o m the g a u g in g

Per c e n t o f

b y the d is
-

sta tio n to
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th e ba sin d iv id e
.

4 ) M e a n b a se elev a tio n (E LE V A T ION ) 1
5 th e a v er a g e h eig h t

,

in fe e t
, a b o v e N a tio n a l

G e o d e tie V e r tic a lD a tu m o f 1 9 2 9
.

5 )F o r e st e o v e r (FO R E ST C O V E R ) 15 th e r a tio o f the fo r est eo v e r , a s sh o w n o n G eo lo g ie a l

Su rv e y m a Ps
,

to th e d r a in a g e a r e a
.

6 ) Sto r a g e (ST O R A G E ) 15 th e Pe r een ta g e o f th e d r a in a g e a re a th a t in elu d es la k es
,

Po n d s
,

a n d w e tla n d s a s sho w n o n t o Po g r a Phie m a Ps
.

2
.

R a
da

r D a ra P ro c e s s in g

Pittsb u rg N W S R a d a r D a ta Pr o c e s s o r (R A D A P 11) a rc hiv ed d a ta Pr o v id e the r efl e etiv ity

in fo rm a tio n n e ee ss a ry to d e ter m in e r a in fa ll a c c u m u la tio n s o v e r e a e h ba sin
.

B a s ed o n th e

s tr en g th o f th e sig n a lr e tu r n ed fr o m the ta r g et
,
th e r a d a r re ee iv e r w o u ld estim a te a n eq u iv a len t

r en e c tiv ity ra eto r (in m m 6 m
一 ,
)

.

T h e re n ec tiv ity 几e to : (刁
r a n g e s fr o m a p p r o x im a te ly 5 0 to

5 0 0 0 0 0 m m 6 m
一 3

.

T he r eee iv er th en ea le u la tes the lo g a rithm o r ea e h estim a ted v a lu e o r z ; the

d yn a m ic r a n g e o f 10 9 2 15 a b o u t 1
.

7 to 5
.

9
.

T o fu r th er sim Plify d a ta Pr o e essin g
,

the 10 9 2 15

se a led u Pw a rd s b y a fa e to r o f 10 (10 10 9 2) ; th ese v a lu es a r e eo m m o n ly re fe r r e d to a s d BZ

v a lu e s
.

T he R A D A P 11 c o m Pu ter ta k e s b a se e lev a tio n (0
.

5 d e g r ees) o b ser v a tio n s e v ery ten m in u te s
.

E a eh o bse rv a tio n e o n sists o f 18 0 r a d ia ls a t r a n ge s fr o m 10 t o 12 5 n a u tie a l m ile s
.

T he d a ta a r e

d iv id ed in to 2 0 7 0 0 g r id b o x e s , e a eh g r id b o x 15 1 n a u tic a l m ile by 2 d eg r ee s o f a z im u th
.

E sti
-

m a ted r a d a r r a in fa llr a tes a re c o m Pu ted u sin g th e Z 一 R r ela tio n shiP :

z 一 2 0 0 丑
’石 ,

(2 )

d e v elo Pe d by M a r sh a ll a n d Pa lm e r (194 8) T h e d a ta v a lu es r an g e fr o m 0 to 1 5 w ith ea ch

n o n z er o v a lu e r e Pr e s e n tin g a R A D A P 11 e a teg o ry o f r a d a r r efl ee tiv ity
.

3
.

均
,

dr og
r
即h D e te rm in a tio n

V ie ssm a n e t a l
.

(19 7 7 ) c ite tha t in d ev e lo Pin g a u n it h yd r o g r aPh
,

it 15 d e sira ble to g e t a s

m a n y r a in fa ll r ee o r d s a s Po ssible w ithin the stu dy a r e a to in su r e tha t th e a m o u n t a n d d istr ib u
-

tio n o f r a in fa ll o v er th e w a te r she d 15 a ee u r a tely k n o w n
.

Pr elim in a ry se le etio n o f st o rm
s to u se in

d eriv in g a u n it hyd r o g r a Ph sho u ld be r e str ic te d to :

l) S to rm
s o e c u r r in g in d iv id u a lly

,

tha t 15 sim Ple sto rm
str u e tu re

·

2 ) S to rm s ha v in g u n ifo r m d istr ib u tio n o f ra in fa ll th r o u g h o u t the Perio d o fe x ee ss r a in fa ll
.

3 ) S to rm s ha v in g u n ifo rm sPa tia ld istr ib u tio n o v er th e e n tir e w a ter sh ed
.

Se v er a l o th er r estr ie tio n s a r e u se d a s g u id elin e s
.

T he siz es o f th e ba sin sh o u ld n o t ex ee ed

一0 0 0 m i2
.

o n e th o u s a n d ac re s 15 typ ie a lly u s时
a s the lo w e r lim it : ho w ev er , n u m e r o u s p hysie a l

fa e to r s d efi n e a n a PPr o Pr ia te r e sPo n se fu n e tio n
.

S tu d ie s in d ic a te tha t d ir ee t r u n o ff sh o u ld r a n g e

fr o m 0
.

5 to 2 0 in
.

Fin a lly
,
th e d u r a tio n o f r a in fa lle x c e ss

,

D
, sho u ld b e a PPr o x im a tely 2 0 to 3 0

Pe rc en t o f th e ba sin lag tim e
.

T o d e term in e the u川 t h yd r o g r a Ph fo r a d r a in a g e b a sin
,

it 15 n e eessa ry to sePa r a te o u tfl o w

a t the g a u g e sit e tw o e o m Po n en ts : b a se fl o w a n d su rfa e e r u n o ff. D u rin g la rg e sto rm
s ,

th e m a x i
-

m u m r a te o f d ise h a r g e 15 j
u st slig h tly a

ffe
c ted by b a se fl o w

,

in a c c u ra c ies in sePa r a tio n a re

fo r tu n a te ly n o t im Po r ta n t (B e d ie n t a n d H u b e r 19 8 8 )
.

Sev er a l se Pa r a tio n tech in q u es ha v e b e en

d ev ise d b u t n o n e 15 b a se d o n hyd r o lo g ic a l Pr in e ip le s
.

M o st h yd r o lo g is ts ag r e e th a t w ha te v er
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9

m etho d 15 u sed
,

it m u st be em Plo y ed eo n sisten tly thr o u g h o u t the a n a lysis
.

T h e m eth o d u se d in th is e x Pe r im en t r eq u ir ed Plo ttin g th e h yd r o g r a Ph
.

T he s ePa r a tio n 15

a ec o m Plish ed b yj
o in in g a str a ig h t lin e fr o m the b e g in n in g o f su rfa ee r u n o ff to a Po in t o n th e re

-

c e s sio n lim b r ePr esen tin g the e n d o f d ire e t r u n o ff.

U su a lly
,

little d iffi c u lty 15 e n c o u n te re d in d e term in in g the sta r t o f the su rfa e e r u n o ff; ho w
-

ev er ,
the b r e a k b etw e e n the b a se fl o w r e c e ssio n a n d d ir ee t r u n o ff m a y b e d iffi e u lt to Pin Po in t

.

T he r ee essio n lim b o f th e h yd ro g r a Ph r ePre se n ts a s e r ies o f d ep le tio n e u r v e s fo r the v a r io u s

e o m Po n en ts一 b a se fl o w
,

in terfl o w e ha n n el Pr ee iPita tio n , a n d su rfa ee fl o w
.

It ea n b e d e seribe d

m a the m a tiea lly a s

。
2 一 。

!
无

一△
‘,

(3 )

w he r e Q : 15 th e in sta n ta n e o u s d iseh a r g e a t tim e ,

22 : Q l th e in sta n ta n eo u s d ise ha r g e a t tim e ,
r , :

K the r e e essio n e o n sta n t : a n d △t = (rZ一 rl)
,

th e e la Psed tim e
.

T h is e q u a tio n Pr o d u e es a str aig h t lin e w he n Plo tte d o n se m i一lo g a r ith m ie Pa Pe r
.

B e ea u s e o f

the e
ffe

c ts o f th e d iffe
r e n t e o m Po n en ts o f sto r a g e

,

th e Plo t w ill b e eu rv ilin e a r h a v in g a se r ies o f

li n e seg m en ts o f d iffe
r en t slo Pe s (G r a y 19 7 3 )

.

E a eh lin e se g m en t
’ 5 slo Pe r efl ee ts the r a te o f d e

-

er ea se o f d ise ha r g e to th e d r a in in g o ff Pr o ee ss
.

T he e n d o f the d ire c t ru n o ff o ee u r s a t the beg in
·

n in g o f the la st e u r v ilin ea r seg m e n t一一th e in te r see tio n o f th e b a se fl o w r e eessio n eu rv e w ith the

to ta lr e c e ssio n e u rv e
.

A ft e r sePa ra tin g th e d ir e c t su rfa e e r u n o ff fr o m th e b a sefl o w
,

Plo t the d ir ec t r u n o ff

o r d in a tes
.

T he a r ea u n d e r th e c u r v e r ePr esen ts the t o ta l v o lu m e o f ru n o ff. A re a e o m Pu ta tio n s

e a n b e a c e o m Plished by Pla n im ete r
, e o m Pu ter g r a Ph iea l tee hn iq u es , o r by u sin g sq u a r ed Pa Per

.

T he r a in fa ll e x c e ss fr o m the st o r m 15 c a lc u la te d b y d iv id in g the t o ta lv o lu m e o f d ir e e t ru n o ff by

th e ba sin
’ 5 a r e a

.

T his v a lu e ea n also b e th o u g ht o f a s the e q u iv a len t d ePth o f ru n o ff sPr ea d u n i
-

fo rm ly o v e r the b a sin (Sha w 19 8 8 )
.

T h e r a in fa ll e x c e s s d eser ibe s tha t Po r tio n o f to ta lr a in fa ll tha t bec o m e s d ir ee t r u n o ff. U sin g

th e r a in fa ll h yet o gr a Ph
, eo n v e r t to ta l r a in fa ll to e

ffe
e tiv e r a in fa ll by a PPlyi

n g the 职 in d e x in fi l
-

tr a tio n m e tho d
.

T he 毋 in fi ltr a tio n m etho d a ssu m e s th a t the t o ta l v o lu m e o f sto rm Pe r io d 10 5 5 15

d istr ib u ted u n ifo rm ly a er o ss the st o rm Pa tte r n
.

T h e v o lu m e o f Pre c iPita tio n a b o v e the in d ex lin e

15 eq u iv a len t to th e r u n o ff (ra in fa ll e x e ess) A ft e r e a le u la tin g th e Pa r t o f the t o ta l r a in fa ll tha t

e o n stitu tes r ain fa lle x c e ss
,

d e te rm in e the d u r a tio n (D ) o f the r a in fa lle x c e ss
.

D ivid e th e tim e a x is o f the hyd r o g r a Ph in t o c o n v e n ie n t in te r v a ls
.

T h e in te r v a l d u r a tio n

m o st fr e q u e n tly u sed 15 ho u rly o r s o m e m u ltiPle o f th e r a d a r sea n Pe r io d
.

T h e e o r re sP o n d in g

ru n o ff o r d in a tes to the tim e in te rv a ls a r e d iv id ed by th e r a in fa ll e x ee ss in in c he s (em )
.

Plo t the se

r e su lts a s a u n it h yd ro g r a Ph fo r the b a sin
.

C h ec k th e v o lu m e o f the u n it hyd r o g r aPh
.

T he a r e a u n d e r the c u r v e 15 e q u iv a le n t to 1
.

0

in eh o v e r th e en tir e b a sin
’ 5 a r ea

.

G r a Ph ie a lly a
dj

u st the o r d in a tes a s n e e e ssa ry
.

R ePea t the p r o eed u re fo r a n u m b e r o f st o rm s th a t m ee t the er ite r ia
.

O b ta in a n a v e ra g e

h yd r o g ra Ph fo r th e b a sin (see F ig
.

5 )
.

T he a v e r a g e h yd r o g r a p h m a y be e o n str u c te d by ta kin g th e

a rithm e tic m ea n o f th e Pe ak fl o w s a n d the tim e s一 o
f--

rise
.

U sin g th e Pr ev io u s tw o v a lu e s a s

r efe r e n c e Po in ts
,

d r a w th e hyd r o g r a Ph to m a tch the g en er a l sh a Pe o f th e in d iv id u a l u n it

hyd r o g r a Phs
·

O n ee th e m a PPin g a n d u n it hyd r o g r a Ph Pr o ee d u r es a r e c o m Ple te d
,

th e a c tu a l ex ec u tio n o f

th e r u n o ff a lg o r ithm e a n b eg in
.



N 0
.

2 R A IN F A L L一R U N O FF E ST IM A T IO N U S IN G D IG IT A L R A D A R 13 7

6
.

0

5
.

0
C o m p o s ite hyd ro g r ap h

伙
4 0

3 0

(的J。
。
0叫)怕Jou。��。。�一Q

2
.

0

1
,

0

0
.

0 山Q

0
.

0

\ 、簇女 、

2 0
.

0 4 0
.

0 6 0
.

0

T im e (h )

8 0
.

0

F i g
.

5
.

D e r iv a t io n o f a u n i t h yd r o g r a Ph fr o m s t o rm s

T he fi r s t s te P in th is Pro e e d u re 15 to Pro c e s s the r e fl e e tiv ity d a ta
.

E a e h s e a n 15 r e a d by the

e o m Pu te r
,

the r e fl e e tiv ity v a lu e s a r e a d d e d to g e th e r
.

N e x t
,

the re fl e e tiv ity su m 15 d iv id e d by the

to ta l n u m b e r o f b in s w ithin e a e h b a s in to g e t a n a v e ra g e r e fl e c t iv ity v a lu e
.

T h e a v e r a g e b a s in

r e fl e e tiv ity v a lu e 15 c o n v e r te d to a n ho u r ly r a in fa ll a e e u m u la tio n u s in g a r e fl e e tiv ity / r a in fa ll r e
-

la tio n shi Ps
.

Six h o u r ly s e a n s a r e Pro e e s se d to g iv e o n e ho u r ly r a in fa ll e s tim a te
.

H o u r ly e s tim a te s a r e

u s e d in this e x Pe r im e n t b e c a u s e th e a v a ila b le o u tfl o w d a t a a r e m e a s u r e d o n a n h o u r ly b a s is
.

M e a s u re m e n t in t e rv a ls sh o u ld be
a d a Pte d t o m e e t o Ptim u m e x Pe ri m e n t g o a ls

.

Sm a ll ba s in s

( < 10 m iZ) ha v e 几 s te r re sp o n se ru n e tio n s a n d th e r e ro r e m a y n e e d sho r te r e v a lu a tio n in te rv a ls
.

A ft e r th e r a in fa ll a cc u m u la tio n s a r e e v a lu a te d
, th e s e v a lu e s a r e re d u c e d by a e o n st a n t in fi l

-

tr a t io n r a te
.

T h e r e su lta n t m e a s u r e m e n ts re fl e c t a r a in fa ll e x c e s s fo r e ac h tim e in te rv a l
.

I n fi lt ra
-

tio n r a te s m a y b e ta k e n fr o m b a s in g e o lo g ic a l su rv e y re Po r ts o r fr o m a v e r a g in g the Po r tio n o f

th e hyd r o g r a Phs a
fte

r th e r a in fa ll e x e e s s h a s b e e n r e m o v e d
.

T his v a lu e , a m e a s u re o f th e in fi ltra
-

tio n r a t e
, r e fl e e t s th e d iffe

r e n e e b e tw e e n th e to ta l r a in fa ll a n d th e r a in fa ll e x e e s s
.

T h e lin e a r re sPo n s e o f a b a sin to a n y r a in fa ll in Pu t 15 Pr o Po r tio n a l to the u ni t hyd ro g r a Ph
.

T his Pr o Po r tio n a li ty e a n b e ge n e r a liz e d to e o m Po u n d s to rm
s a s

we ll a s in d iv id u a l e v e n ts
.

4
.

月口o d Pr e dj ‘lj口n

A ft e r s u m m in g the Pr o d u c ts o f r a in fa ll e x c e s s a n d ba s in r e sPo n se in Pu ts
,

th e s t re a m fl o w

hyd r o g r a Ph 15 Plo tt e d a n d fl o o d in g Po te n t ia l e a n b e e x a m in e d
.

T o s im Plify th e Pr o b le m
,

hyd r o lo g is t s tyPie a lly in v e s t ig a te th e r e la tio n shiP b e tw e e n r iv e r he ig ht a n d d isc ha r g e
.

几ve r

h e ig ht o r s ta g e re fe r s to the e le v a t io n o f th e w a te r s u rfa c e ab o v e s o m e a r bitr a ry d a tu m (D u n n e

a n d L e o Po ld 19 7 8)
.

A r a tin g e u rv e c a n b e d e v e lo Pe d if d ise ha r g e 15 s im u lta n e o u sly Plo t te d
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a g a in st th e e o rr e sPo n d in g sta g e
.

O n c e this re la tio n sh iP 15 esta b li sh ed
,

the riv er
’ 5 th r esh o ld v a lu e

15 d e term in ed
.

F lo o d Po ten tia lea n be c o m Pu ted a s

FL D 一 尸
oT EN TI A : 一

「壑丝婴牛袭华婴丝丝 1
x l。。

L l 月 入七占月 口乙刀 」
(4)

w b et e F L D 一 p O T E N T IA L e

卿叭
5 P r

ob ab 、、认y o f n o o d o e

姗
r e n c e 咬叽)

,

R U N O FF 飞5 m axl
-

m u m Pr ed ie ted r u n o ff o r d in a te (efs )〔1〕
,

刀月占五下艺O 牙 15 a v e r a g e b a sefl o w r a te fo r the b asin

(c fs )
, a n d T H R E SH O L D the r iv er

’5 m a x im u m fl o w ea Pa eity (e fe)
.

If th e fl o o d Po te n tia l e x c ee d s 10 0 Per c en t
, a fl o o d n e a r th e g a u g in g sta tio n 15 lik ely

.

In fe r
-

en ee s a b o u t the fl o o d in g Pr o b a bility b o th u Pstre a m a n d d o w n str ea m r e q u ir e e a re fu l ex am in a
-

tio n
.

B a sin th re sh o ld s v a ry a n d e x te n d in g fl o o d c r ite r ia t o o the r lo e a tio n s sh o u ld b e d o n e o n a

c a se一by一e a se ba sis
.

O n e e the riv er
’ 5 e a Pa e ity h a s bee n su rPa ssed

,

th e fl o o d tim e 15 e o m Pu ted
.

T his tim e w ill b e

d iffe
r en tia ted fr o m the st re a m fl o w hyd r o g r a Ph

.

If n e eessa ry
,

th e fl o o d in u n d a tio n Pe rio d e a n

a lso b e a sse ssed
.

T he d u r a tio n 15 m ea su re d by su b tr a c tin g the tim e th e b a n k o v erfl o w ed fr o m

the a n tic iPa ted tim e th e le v elw illr eee d e b elo w th e e r itie a lfl o w e a Pa e ity
.

111 R E S U LT S

R u n o ff a n a lysis a t the fi v e w a te r shed s w a s a eeo m p lishe d u sin g th e p it tsbu r g h R A D A p 11

d a ta
,

b a sin u n it hyd r o g ra Phs
,
a n d A rm y C o rp s o f E n g in ee rs d ise ha r g e d a ta

.

A ft e r th e r a d a r

r efl ee tiv ity d a ta w e r e Pr o ee ssed in to h o u r ly a ee u m u la tio n s , e a c h r ain fa ll in er em en t w a s r ed u e ed

by a eo n sta n t b a sin in fi ltr a tio n r a te
.

N ex t
,

th e d ise r ete fo r m o f th e e o n v o lu tio n in te g r a lw a s a P
-

Plied
.

U n it h yd r o g r aPh o rd in a te s w e r e m u ltiPlied b y r a in fa ll e x ee ss a n d la g ge d in seq u e n e e to

Pr o d u ee the r e su ltin g sto rm hyd r o g r a Ph
.

A lltim e in e re m e n ts o f r a in fa lle x ee ss eo r r esPo n d to th e

d u r a tio n o f the u n it hyd r o g r a Ph

—
o n e ho u r in ter v a ls

.

E a c h u ni t h yd r o g r a Ph r e sPo n se e u r v e r efl ee ts the b a sin
’ 5 u n iq u e b eh a v io r to o n e in c h o f

u n ifo rm ly d is tr ib u ted r a in fa ll e x c ess
.

T he c u rv e s a r e eo m Po sites fr o m b a sin o u tfl o w d a ta fr o m

19 8 6一 19 8 9
.

A m in im u m o f fo u r u n it h yd r o g r aPh s w a s u se d to e sta b lish ea eh b a sin
’ 5 a v e r a g e

u n it hyd r o g r a Ph
.

E x a m in in g the u n it h yd ro g r a Ph Plo t (see Fig
.

6)
,

the v o lu m e o f ru n o ff fo r e a eh ba sin 15

p r o p o r tio n al to th e ar e a u n d er ea ch
c u rv e

.

Blc ak lick C re ek (一9 2 m iZ)
,

h a s the 盯e ate st ru n o ff

v o lu m e (m e a su r ed in m illio n eu bie fe e t (m c
o)

.

A lter n a tiv ely th e sm a llest b a sin
,

T u r tle C r eek

(5 5
.

9 m iZ)
,

h a s the lea st ru n o ff v o lu m e p e r r a in fa llin p u t
.

O n th e o the r h a n d
,

T u r tle C re ek (62 4 7 e fe ) ha s the hig he st ru n o ff Pea k w h ile L ittle M a ho n
-

in g C r ee k (39 5 3 c fs ) ha s th e lo w e st o n e
.

T h e ru n o ff Pe a k 15 th e m o st sig n ifi ea n t hyd r o g r aPh fe a
-

tu r e
.

T h e m o m e n t o f g r e a test d a n g er a n d m a x im u m in u n d a tio n o c c u r s at this Po in t
.

T u r tle

C r eek
’5 sh a印 Pea k re fl ee ts the e x Plo siv e n a tu r e o f jts r u n o ff r esP o n se

.

Fl o o d Po ten tia l js gr e a t
-

e st at th is tim e
.

E v en th o u g h B la ek lie k C ree k ha s a la r g er b a sin a r ea to e o n tribu te d ir ec t r u n o ff, the

d isc ha r g e r esPo n se fu n c tio n 15 sPr ea d o v e r a lo n g er tim e Pe rio d
.

Su b seq u e n tly th e Pe a k 15 less

sev e re b u t if a fl o o d sh o u ld o ec u r ,

d u ra tio n o f d am a g e w illm o st likely be lo n g er
.

N o g en e r a liz e d

hyd r o lo g ie a l re la tio n shiPs sh o u ld b e d r a w n fr o m these a ssessm e n ts
.

T h e e o m Pa r iso n s a re o n ly

〔I〕 1 e fs = 2名3 16 8 5 x l0
一 Z m 3 s一l
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hi g hligh ted fo r the Pu rp o se o f seein g ho w elo se th ese Pa tte r n s a r e m ain ta in e d d u rin g th e a e tu a l

ra in fa ll/ r u n o ff ea se stu d ie s
.

T he fi n a l tim in g Pa r a m e ter a sso eia ted w ith th e sta tistie a l like lih o o d o f a fl o o d 15 th e

tim e--
o卜rise

.

T h e d u r a tio n fr o m th e r u n o ff sta r t to th e Pea k d ise h a rg e 15 e ritie a lin fl o o d Pr e d ic
-

tio n
.

T h is 15 la rge ly b e c a u se Pe o Ple g en er a lly d o n o t be eo m e eo n ee r n e d wi th fl o o d in g u n til a e
-

tu a l fl o o d e o n d itio n s ha v e bee n r e ae h ed (She affe r 19 6 1 )
.

A g a in T u r tle C r e ek (7 h )
sho w s the

m o st r a Pid tim e r esPo n se to Pea k ru n o ff. Bla ek lie k C re ek d isPla y s the slo w e st tim e一o f--
rise

(19 h )
.

T he ae eu r a cy o f th e u n it hyd r o g r a Ph te ehn iq u e w a s ex Plo r ed thr o u g h the h yd ro g r a Ph

eh ar a c teristie s in a d d itio n to a e o m Pa ris o n o f the tr a e k
’ 5 sha Pe

.

U sa b le r a d a r re fl ee tivity d a ta

fo r the Pittsbu rg h a re a
we

r e lim ite d to M a re h th r o u g h O e to be r 19 8 9
.

B ee a u se the n u m b er o f

Pr eeiPita tio n d a ys w a s lim ite d
,
the s am Ple siZ e 15 to o sm a ll to sta tistie a lly ge n e r a liz e the teeh

、

n iq u e r es u lts to a llr a in fa ll/ r u n o ff ev e n ts
.

Th
e a c c e Pta bility o f the u n it h yd r o g ra Ph te eh n iq u e w a s m e a su re d b y h o w w e llthe Pr ed ie te d

ru n o ff Par a m ete r s c o m Pa r ed w ith the m ea su r ed o n es
.

T he fo re ea st a n d m e a su r ed r u n o ff (to ta l

d iseha rge-- b a se fl o w ) v a lu e s w e re b o th ser u ti n iz ed a t th e g a u g e sta tio n s
.

T h e h yd r o g r a Ph e h a ra c
、

te ristie s w e r e e v a lu a te d b y th e fo llo w in g tw o e rr o r a n a lysis m e tho d s :

。二 声一 ; (5 )

a D d

= 旦
r

r 一 r

(6)

w her e ￡ 15 a bso lu te er r o r
,

声 Pre d ieted v a ri a b le
, r o bserv ed v a ria ble

,
a n d ￡, r e la tiv e er r o r

.

E q s
.

(5 ) a n d (6 ) r ePr esen t th e a b so lu te a n d r ela tiv e e rr o r s , r esPe etiv e ly
,

be tw e e n the fl o o d v a ria
-

ble s ev a lu a te d in this e x Pe ri m en t
.

H yd r o g ra Ph te c hn iq u e re su lts w ere ex a m in ed o n a b a sin by

ba sin b a sis
.

T w o tyPes o f e rr o r s a re m o st a PPa r en t
.

T h e fi r st 15 in th e a m Pli tu d e o f the ru n o ff, a n d th e

see o n d 15 in th e Pha se o f the Pe a k
, o r tim e一。卜ri

se
.

o f eo u r se ,

b o th e a n

occ
u r sim u lta n eo u sly

.

1
.

刀勿‘klic k 〔》e ek H)
产

dr og
r
aP h A n a

ly
sis

Five ra d a r rec
o r d ed Pr ee iPita tio n ev en ts in 19 8 9 w e re u sed to ve ri fy

r u n o ff eh a r a eter istie s

fo r the B la e k li e k C r ee k b a sin
.

o the r r ain fa llev e n ts d u r in g the ye a r w ere u n a b le to ge n e r a te 519
-

ni fi ea n t r u n o ff. Fo r th is ba sin
,
a m in im u m a v e r a ge in ter n a l R A D A P lev e l g re a ter th a n Z (0

.

0 7

in / h) 15 n ee d ed to o b ta in a r a in fa llr a te h ig h e n o u g h to Pr o d u ce r u n o ff o n e e a e o n sta n t in fi ltr a
-

tio n 10 55 w a s su b tr a c te d
.

A 切 in fi ltr a tio n r a te o f 0
.

0 7 in / h w a s u sed fo r th e B la c klic k C r e ek

w a ter she d
.

T h e d e ta ils a re listed in T a b le 2
.

T he M a rc h 2 8 s to rm 15 the fi r st a n d stro n g est Prec iPita tio n

一
r o d u e in g eve n t u sed fo r

B lac klie k C re ek
.

B e c a u se o f th e sh o r te r ru n o ff d u r a tio n
,

the Pr ed iete d ru n o ff v o lu m e w a s 12 %

lo w e r
.

T he o bse rv e d r a in fa lle x c e ss (t o ta lr u n o ff v o lu m e d iv id ed b y the b a sin a r ea ) o fo
.

8 5 in eh es

eo m Pa re d fa v o ra b ly to the to ta l r a d a r d e term in ed ra in fa ll (0
.

9 6 in ) o n e e the b a sin in fi ltr a tio n

r a te (0
.

0 7 in ) w a s su btr a e ted
.

A s a r e su lt o f the sh o r ter t而
e b a se

,

the Pre d ic ted r a in fa ll ex e ess

(0
.

7 4 in ) w a s 12
.

9% lo w er th a n the o bserv e d v a lu e
·

A n ex a m in a tio n o f Pe a k o u tfl o w re ve a led th e Pre d ie te d m a石m u m va lu e (4 0 0 2
efs )w a s 13 3

c fs h ig her th a n the o bse rv ed Pea k
.

T h e Pe a k r u n o ff d iffe
r en ee r ePr ese n te d a 3

.

4 % r ela tiv e
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er r o r
.

T h e tim es一o f-- r ise fo r this ev en t su g g e sted a fa ster re sPo n se tim e fo r the o bser v e d tr a ek

(1 8 h ) a s e o m Pa r ed to the Pre d ic ted o n e (Z l h)
.

A s a w h o le
,

th e Pre d ie ted tr a c k w a s in elo se

a g r e em e n t w ith the o bserv ed tr a c k
.

T a b le 2
.

R a in fa llC ha r a e te risties fo r B la ek lie k C r e ek

D a te (19 8 9 )

R ad a r r a in fa ll (in )

D u r a tio n (h )

B a sin r a d a r e o v e r a g e (% )

O b ser v e d r u n o ff v o lu m e (m e
o

P r ed ic te d r u n o ff v o lu m e (m e
o

A b s o lu te e r r o r (m e
o

R e la tiv e e rr o r
(% )

o b se r v ed r a in fa ll e x ee ss (in )

P re d ic te d r ain fa ll ex c e ss (in )

A b so lu te e r r o r
(i
n
)

R ela tiv e e r r o r
(% )

o b ser v e d P ea k (
e fs )

P r ed ie te d Pe a k (e fs )

A b so lu te er r o r (e fe )

R e la tive e r r o r (% )

o b se r v e d tim e 一o
f--

rise (h)

Pr ed ie ted tim e一 o
f--

rise (h )

A b so lu te e r r o r (h )

R ela tiv e er r o r
(% )

2 8 M a r C h 18 A P ril 2 8 Ju n e 3 0 Ju ly

0乡6 0 2 5 0
一

2 4 0 4 8

6 4 9 6 9 9 9 9

3 78

3 3 2

3 1 M a r eh

0
一

4 7

l

5 7

17 9
一

8

1 7 5
.

5

一4
.

3

一2
.

3

0
.

4 0

0
.

39

一0
.

0 1

一 2
.

5

2 2 4 4

2 14 8

一 56

一2
.

5

l 9

l9

0

0

1 4 9 .3 56 ) 2 7 0 4

7 7
.

9 4 4 2 1 80 2

一 4 6
一

0 一7 1
.

4 一 12 3 一9 0 2

一 12 2 一 4 7名 一 2 1
.

8 一3 3
.

3

0
.

8 5 0 3 3 0
.

13 0
.

6 1

402l0
.

10

一O 一0 一0
.

0 3 一0

7I674ll

一 12
.

9 一4 8
.

5 一2 3
.

1 一 34 4

3 8 69 15 19 3 17 3

9 6 7 2 2 0 2

一9 7 1

n,门、�孟U
‘.‘, ,O八

651

一5 5 2

一3 6 3 一 13
.

9 一3 0
.

6

2119--240
,j,‘

一 1 4

2219--3

硼1333.4一
比213

16
.

7 一 13
.

6 一4 1
.

1 一 9
.

5

8
.

0 3
.

0

一
曰

. ‘. 肠。加C r

一卜 h , 自叫下
. 户h

U m . M
. h o nl n 口c r.

. 翻
一

勺口。口r. 的Lo 丫. lh . n n . C r . . 翻
一

hyd
ro匀. 助

M . h o川n g o r . 吐
一

h y由
。日r. Ph

一 T u
川 . C f.

. 向 hyd , 0 口rB Ph

_
O bse ry 记

- -

一 Pr ed 盛ct ed

6
.

0

厂厂//

.护........卫

l
......f卫卫

es
se‘o

nO �
廿

�11

�渭
。乞工JJ�oun臼

一
。。

卜·

门川�曰川一沁�曰卜洲山甲

4 0

(的J。
。01)阳Jou�n祠。。��Q

甲刀
八自

2
.

0

0
.

0

逆0 .

0 2 0
,

0 4 0
。

O

T 一rn e
( h )

60
.

0 80
.

0

0
.

0 ‘匕
0

.

0 20
.

0 4 0
.

0

T im e
( h )

60
.

0 80
.

0

Fig 6
.

A e o m P a ri s o n o f th e fi ve b a s in
’
5 u n i t hyd r o g r a Phs Fig

.

7

u s e d i n this e x Pe r im e n t
.

o b s e r v e d a n d Pr e d ic te d h yd r o g r a Ph t ra e k s fo r

B la e klie k C r e e k
.

3 1 M a r e h 19 8 9
.
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T he n e x t Pr ec iPita tio n ea se stu d y o c e u r r ed th ree d a ys la te r o n M a r e h 3 1
.

T he o bse rv e d a n d

Pr ed ie ted tr a c k s a re n e a r ly id e n tie a l(se e F ig
.

7 )
.

T h ese r e su lts a re re Pr e se n ta tiv e o f the tim es

w her e a g r ee m en t w a s g o o d
.

F o r this b a sin
,

tha t in elu d e s th e 2 8 M a r ch ev e n t
.

A Pr il 18 m a r k s the thir d Pr e e iPita tio n ev en t
.

T he h yd r o g ra Ph sha Pes w e re sim ila r b u t the

am Plitu d e w a s su b sta n tia lly d iffe
r en t

.

In a d d itio n
,

th e o b ser v e d tr a c k ha s a sa w to o th n o teh Pri
-

o r to the Pea k o u tfl o w
.

T h ese sha Pe ch
a ra e ter isties w e r e n o t ev id e n t in the Pre d ieted tr a e k

.

Fu r the r m o re ,

the o b se r v e d r u n o ff w a s a lm o st tw ie e (4 7
.

3 % ) th e Pr ed ic ted v o lu m e
.

T h e o b se r v ed r a in fa ll e x e ess w a s hi g he r (by 0
.

0 8 in ) tha
n th e r a d a r d e term in e d r a in fa ll a c

-

eu m u la tio n
一

ev e n w ith o u t a n in fi ltr a tio n r a te r ed u e tio n
.

T w o s o u rc es o f er r o r a r e Po s sible : the

ra d a r u n d e re stim a tes th e r a in fa ll a ee u m u la tio n o r the d ise h a rg e d a ta w e r e in er r o r
.

B la c klic k

Cr ee k h a d r a d a r r e fl ee tiv ity r e tu r n s in 9 6% o f the b in s 5 0 eo v er a g e c r ite ria w a s in a g r ee m e n t

w ith u n it hyd r o g r a Ph a s su m Ptio n s
.

A d d itio n a ld a ta a r e n e ed ed to d e te rm in e the re la tiv e im Po r-

ta n c e o f the e rr o r so u r ee s
.

L ik ew is e
,

the o bser v e d Pea k o u tfl o w (15 19 efs ) d iffe
re d e o n sid e r a b ly fr o m the Pr ed ic te d

o u tfl o w (9 6 7 e fs )
.

A lso the tim e一 o f-- rise fo r th e o b serv ed t r ae k (22 h)
o ec u r r ed thr e e ho u r s la ter

th a n th e Pr e d iete d tr a e k (19 h)
.

T h e cri tiea l fa ilu r e o f th e Pr ed ic ted tr a ek w a s its u n d er e stim a tio n

o f Po ssible fl o o d e o n d itio n s
.

E ve n th o u g h the o u tfl o w w a s lo w
,

the er r o r b e tw ee n hyd r o g r a Ph

v a ria ble s w a s e o n sid er a b le
.

T h e fo u r th e a se stu d y o e c u r r ed o n Ju n e 2 8
.

T he Pre d ie ted Pe a k o ec u r r ed ea r lie r th a n th a t

o b se r v ed
.

R u n o ff v o lu m e s w er e c o m Pa r a tiv ely lo w
.

T h e tw o h o u r r a d a r r ain fa ll a ee u m u la tio n

o f 0
.

2 4 in ehe s d id n o t fo llo w th e tre n d o f the se v e r a l r ise s a n d fa lls in th e o b se rv e d r u n o ff. T his

e o u ld be the r e su lt o f ho u rly r ain fa lla v e ra g in g r e d u ein g u sab le r ad a r r a in fa ll r efl ee tiv ities b elo w

th e r u n o ff erite r ia
.

In a d d itio n
, sm a lle r ra in fa ll v a r ia tio n s w e r e sm o o th ed in the e o n v o lu tio n

Pro ee ss
.

T his Pha se e r r o r 15 illu str a ted in Fig
.

8
.

Ju ly 3 0 w e re the fi n a l d a ta fo r the B la e klie k C r eek ea se stu dy
.

T he h yd r o g r a Ph sha Pe s a r e

e o n sis te n t a lth o u g h the Pr ed ic te d tr a e k u n d er e stim a tes th e m a g n itu d e o f the ru n o ff. T h e r ela tiv e

er r o r b e tw e en the tw
o r u n o ff v o lu m e s 15 一3 3%

.

A g a in a s in th e A Pr il 18 e a se stu dy
,

the o b ser v e d

0
.

8 4
.

0

_
O b se

r v
ed

- -

一 Pre d ict ed _
O b se

r v e d
- - 一 Pr e

di
e te d

0 6 3
.

0

洲甘丫0 4

0
.

2

{
2

.

。

} {
, 、

’
.

”

} 万

八sJ。.01�之。。口“

,,,,

羚 2 0
.

0 4 0
‘

O

T ime ( h )

之
、、、_

6 0
.

0 8 0
.

0

0
.

0 12 :
0

.

0 2 0
.

0 4 0
.

0

T im e ( h )
6 0

.

0 80
.

0

Fig
.

8 O b s e r v e d a n d P r e d ie te d hyd r o g r a Ph t r a c k s fo r F ig
.

9
.

o b s e r v e d a n d p r e d ie te d hyd r o g r a Ph tr ae k s fo r

B la e klie k C re e k
,

2 8 Ju n e 19 8 9 B la e klie k C r e e k
,

3 0 Ju ly l9 89
.
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9

r a in fa ll ex c e ss e x c ee d s th e to ta l r a d a r d ete rln in ed v a lu e
.

In this in sta n c e th e d ill七re n c e 15 0
.

13

in e he s
.

T he r a d a r d ete r m in ed a ee u m u la tio n (0
.

4 8 in ) fa lls e lo se t o th e re eo m m e n d ed d e Pths fo r

hyd r o g r a Ph a n a ly sis
.

H o w e v er
, o b se rv e d r a in fa ll ex e e ss sh o u ld n o t ex e ee d r a d a r d e r iv ed v a lu e s

.

E x a m in a tio n o f fu r th er B la e klick C r ee k ev e n ts sh o u ld e o n ee n t r a te o n the P o ssib ility o f a sys
-

tem a tie r a d a r r a in fa llu n d e r e stim a te
.

A se eo n d a ry r ain g a u g e n e tw o r k w o u ld b e he lPfu l in v er i
·

fy in g m ea su re m e n ts
.

T h is eo m Pa ri s o n 15 illu str a ted in Fig
.

9
, a n d illu str a te s a e a se w h er e th er e 15

am Plitu d e er r o r , su c h a s fo r 18 A Pr ile a se
.

2
.

L irtle M
a ho n ing C re ek Hy dr 叮 r

op h A n a
ly
sis

L ittle M a h o n in g w a s th e n ex t w a te rsh ed to b e e x a m in ed
.

T h is b a sin c a se stu dy e o n ta in s

s ev e n Pr ee iPita tio n ev en ts
.

T he r e su lts a r e ta b u la te d in T a ble 3
.

T a b le 3
.

R a in fa llC h a r a e te ristic s fo r L ittle M a h o n in g C r ee k

D a te 19 8 9 18 M a r
.

2 8 M a r
.

30 M a r
.

3 1 M a r 15 M ay 2 7 Ju n e 19 0 et

0 2 3 0
.

90 0
.

5 3 0
.

4 7 0
.

19 0 3 2

6 3 6 6 6 l 8 6 9 9 6 9

0
.

1 1

l

10 0

3 5 .2

2 8 5

一6
.

7

一 19 刀

0
.

17

0
.

14

19 4
.

7 7 9 2 9 3冲 5 5
.

7 4 3
.

3

17 3
.

8

一 20 乡

94
一

0 9 1
.

1 3 0
.

5

8 7
‘

8

5 9
.

1 13
.

1

14 名

1 8
.

7

一2
.

3 一2 5 2 一2 8
,

7 一 3 0 2

一 10 刀 一2
.

5 一4 5 2 一3 2 7 一6 9
,

7

0
.

9 6 0
.

39 O
一

4 6 0
一

2 7 0 4 3 0
.

2 1

0 .4 5 0
.

15 0
.

2 9 0
.

0 6

一0乃 l 一0
.

1 2 一0
.

1 5

s5ll

一0 刃3 一O

一 17
.

6 一 1 1
.

4 17乡 一4 4
.

4 7 1
‘

4

401237州�

R a d a r r a in fa ll ( in )

D u r a t io n (h)

B a s in r a d a r e o v e r a g e ( % )

o b s e r v e d r u n o ff v o lu m e (m e
o

P r e d ic t e d r u n o ff v o lu m e (m c
o

A b s o lu t e e r r o r (m e
o

R e la tiv e e r r o r (% )

O b s e r v e d r a in fa ll e x e e s s (i n )

P r e d ie te d r a i n fa ll e x c e s s (in )

A b s o lu t e e r r o r ( in )

R e la t iv e e r r o r (% )

O b s e r v e d P e a k (e fs )

P r e d lc re d Pe a k ( e fs )

A b s o lu te e r r o r (e fs )

R e la t iv e e r r o r (% )

o b se r v e d t im e 一。卜
r is e (h)

P r e d ie te d t im e 一o f-- r is e (h )

A b s o lu te e r r o r (h)

R e !a t iv e e r ro r (% )

3 2 8 4 16 5 8 8 5 7

3 1 59 16 9 3 5 5 3

一 12 5 3 5

一 1
.

0

一 2
.

0

1 79 2

16 6 0

一 13 2

一 7
.

4

一3 0 2

一3 8 一3 5
.

5

一0
.

14

一 3 2
.

6

12 7 2

10 6 7

一20 5

一 16
.

1

517512--5

1914--5
肉j4

1J.‘1..门了4
. ..二目..几rJ

4
,.几心l4

月伟
目胜
.
勺且.直

一 12
.

5

一 1

一6
,

7

一3

一 1 7
.

6 7
.

7 一2 6 3

�UO

141400
‘U4
气‘

11一

A n e x a m in a tio n o f th e M a r ch 1 8 h yd r o g ra Phs r e v e a ls n e a r ly id e n tic a l Pre d ie te d a n d o 卜

s e rv e d hy d r o g ra Ph s
.

R a d a r b in c o v e r a g e w a s 6 3%
.

T h e in fi lt r a tio n ra t e (0
.

0 5 in / h)
r e d u e e d r a -

d a r a e e u m u la t io n (0
.

1 8 in ) a g r e e s w ith th e .o b se r v e d (0
.

17 in ) a n d Pre d ic te d (0
.

14 in ) r a in fa ll ex
-

c e s se s
·

H o w e v e r ,

th e o b se r v e d a n d Pr e d ic te d r u n o ff v o lu m e s d iffe
r e d by ] 9 % T h e Peak ru n off

t o ta ls a lm o s t m a te h fo r the o b s e r v e d (5 17 c fs ) a n d Pre d ie te d (5 12 e fs ) o u tfl o w s
.

T h e r e la tiv e e 卜

r o r b e tw e e n the tw o Pe a k v a lu e s w a s 一1
.

0 %
.



N o
.

2 R A IN FA LL一 R U N O F F E S T IM A T IO N U SIN G D IG IT A L R A D A R 14 3

L a stly
,

the o bser v e d tim e一 o f-- rise w a s tw o h o u r s la te r th a n the Pred ieted o n e , eo r r e
-

sPo n d in g to a 一 12
.

5% r ela tiv e er r o r
.

A eu r so ry gl a n e e in d iea tes tha t the tw o tr a ek s a r e in a P
-

Pr o 劝m a te a g r eem en t
.

O u tfl o w d ev ia tio n s
,

h o w e v er , ·

te n d to be sm o o thed o u t w ith lo w r a in fa ll

to ta ls
.

Fo r tu n a te ly fl o o d in g e o n d itio n s r ar e ly o c eu r ,

if ev e r ,

w ith s u c h sm a ll r aln fa llin Pu ts
.

M a r c h 2 8 w a s the n e x t e a se stu d y
.

T h e h yd r o g r a Ph sha Pes w e r e in n e arly e o m Plete a g r ee
-

m en t w ith o n e a n o ther
.

A tw o h o u r r a d a r d ete r r口in ed r a in fa ll to tal o f 0
.

9 0 in ehe s w a s 0
.

0 6

in che s lo w e r th a n the o b serv e d ra in fa ll ex ee ss v a lu e (0
.

9 6 in ) b efo r e a n y in fi ltr a tio n r a te re d u c
-

tio n
.

O b serv ed a n d Pr ed ic ted r u n o ff v o lu m es w er e o n ly lo
.

7% a Par t
.

In a d d itio n
,
th e o bse rv ed (3 2 8 4 e fs ) a n d Pr ed ic ted (3 1 59 e fs )Pea k o u tfl o w s sho w ed o n ly a

sm
a ll d ev ia tio n

.

T he tim es一。卜
rise fo r the o b se rv ed a n d Pre d iete d tr a c ks w er e in c lo se a g r ee

-

m e n t (14 h )
.

T his c a se stu d y d em o n str a tes the a PPlic a tio n o f h yd r o g r a Ph m e tho d o lo g y t o

a ee u r a te ly fo r e c a st ru n o ff fr o m m o d er a te r a in fa ll
.

T h e n e x t Pr ee iPita ti o n ev e n t o e c u r r ed tw
o d a ys late r o n M a re h 3 0

.

A g a in th e o b ser v ed a n d

Pr e d ieted h yd r o g r a Ph s m a teh ed e lo s e ly
.

T h is tim e ,

the p r ed ie ted tr a c k slig h tly o v e r e stim a ted the

o b serv ed o n e
,

A n te c ed en t m o is tu r e c o n d itio n s o r Pr ew e ttin g m a y ha v e Pla ye d a fa et o r in this

re v er sa l
.

T he Pr ed ie ted r u n o ff w a s 1 8
.

7% hi g he r tha n th e o b se rv ed r u n o ff.

O the r ch a r a c te r istic s w e r e in be tte r a g r ee m en t
.

T he o b s e r v ed p e a k (3 2 8 4 c fs ) w a s 3
.

8%

hi g he r tha n th e Pr ed ie te d Pe a k o u tfl o w (3 1 5 9 e fs )
.

A g a in th e tim e一o f-- rise d u r a tio n s w e r e in

clo se a g r ee m en t (14 h )
.

sin e e this 15 由e se c o n d sm a llest b a sin (5 7
.

4 m iZ) 。o n sid e re d
,

the se r esu lts

su g g est th a t hyd r o g r a Ph te ehn iq u e a c eu r a cy m a y im Pr o v e w ith d eer e a sin g b a sin siz e
.

T he fo u r th e a se stu dy h a PPe n ed th e fo llo w in g d a y
,

M a r c h 3 1
.

T h is h o u r lo n g 0
.

4 7 in c h

d o w n Po u r Pr o d u ee d sim ila r o bse rv e d a n d Pre d ie ted r u n o ff r esPo n se s
.

H o w e v er , r ed u e ed r a d a r

ra in fa ll a c c u m u la tio n s (0
.

4 2 in ) fe llsli g h tly b elo w o bserv e d (0
.

4 6 in ) a n d Pr e d ic te d (0
.

4 5 in )
r a in

-

fa lle x ees se s
.

T o ta l r u n o ff v o lu m es v a ried b y o n ly 2
.

5 %
.

T he o b serv ed Pe a k (17 9 2 e fs ) w a s sli g htly hig h e r th a n the Pr ed ie ted o n e
(16 6 0

efs )
.

T he

fo r eea st tim e-- o卜
rise (14 h ) w a s o n e h o u r a h ea d o f the o b se rv ed p erio d (15 h)

.

A llh yd r o g r a Ph

v aria ble re su lts in d ic a te str o n g a g r eem en t w ith e a ch o th er
.

T h e n e x t Pr e c iPita tio n ev e n t o c e u r r ed o n 15 M a y (se e Fig
.

10 )
.

T h e hyd r o g r a Ph sh a Pe s w e r e

sim ila r a ltho u g h the Pr ed ie ted tr a ek e o n sid er a b ly u n d e r estim a te s th e v o lu m e a n d Pe a k o u tfl o w s
.

A g a in the r a d a r d e r iv ed a e c u m u la tio n w a s sm a ll (0
.

19 in )
.

T he o b se rv ed r a in fa ll e x c e ss (0
.

2 7 in )

w as o
·

12 in ch es hig he r th a n th e Pr e d ie te d to ta l(0
.

1 5 in )
.

Like w ise
, a r u n o ff v o lu m e d isPa rity o f 4 5

.

2 % w a s m e a su r ed
.

Pe a k o u tfl o w w a s

un d er estim a te d b y 3 5
.

5%
.

E v en th e tim es一o
f--

rise Pr o d u ee d a r ela tiv e er r o r o f一 17
.

6%
.

R es u lts

o n lo w Pr ec iPita tio n Pr o d u e in g sto rm
s ten d t o v a ry e o n sid er a bly

.

T he ba sin r a d a r eo v e r a g e in
-

d ie a ted o n e hu n d r ed Per ee n t m e a su r a b le Pr eeip ita tio n r efl e etiv ities
.

M o st o f the se r efl e etiv ities

we
r e sm a ll a n d m a y n o t h a v e Pr o d u e e d r a in fa ll

.

T he six th Pr ee iPita tio n o ee u r r en ee to o k Pla ee o n Ju n e 2 7
.

T h e r a d a r d a ta e n d e d b efo re th e

sec
o n d h u m P o n th e r u n o ff hyd r o g r a Ph

,

tr ae k
.

T h er efo r e ,

hyd r o g r a Ph a n a lysis w illo n ly eo n ee n
-

tr ate o n th e ea rlier tim es a n d a fu r th er e o m Pa ris o n o n th e c o m Ple te h yd r o g r aPh w o u ld n o t b e

Ine
ani ng fu L

A g ain the Pr ed ic ted tr a c k aPPe a r e d to u n d er e stim a te the o bse rv e d o u tfl o w
.

T he Pre d ie ted

伴a k (10 6 7
efs )w

a s 1 6
.

1% lo w e r tha n th e o bser v e d o u tfl o w (12 7 2 efs )
.

T im es一o f--
rlse fo r b o th

七妞cks a re o n ly o n e ho u r a Pa r t
.

Th
e la st c a se stu dy o ee u r r ed o n O eto be r 19

.

V e ry little c o rre la ti o n e x iste d b etw e en the tw o
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9

tra c ks
.

T he 0
.

1 1 in eh r a d a r d eterm in e d ae c u m u la tio n elea rly u n d er e stim a ted the o b se rv e d

o u tfl o w
.

T h e re d u c e d a e c u m u la tio n (0
.

0 6 in ) str o n g ly d ev ia tes fr o m th e m e a su r ed ra in fa lle x c e ss

(0
.

2 1 in )
.

A ga in the Pa ttern o f u n d er e stim a tin g th e o b ser v e d tr a ek w a s r ela ted to lo w r a in fa ll

(< 0
.

2 5 in )
.

T h e d isPa rity be tw e en th e o b ser v ed a n d Pr e d ic te d r u n o ff v o lu m e w a s 6 9
.

7%
.

T he m a r g in o f

er r o r b e tw ee n th e Pe a k o u tfl o w s w a s a lso la r g e (4 0
.

9% )
.

E v e n the tim es一。卜 rise v a ried u P to

2 6
.

3%
.

T h e u n it hyd r o g r a Ph r e sPo n se to sm a ll ra in fa ll in Pu ts d o e s n o t Pr o d u ce s u b s ta n tia l r e
-

su lts
.

3
.

Loy a lh a n n a

Cr
e ek Hy dr og

r
aP h A n a

ly
sis

L o ya lh a n n a e re ek w a s th e thir d te st b a sin
.

It 15 the se e o n d 一a r g est (一7 2 m iZ) a n d h a s th e

m o st fo re st e o v e ra g e (7 1
.

0 % )
.

T h e c o m Pa ri s o n s a r e s u m m a r iz ed in T a ble 4
.

T he fi r st Pr ec iPita tio n ev en t o c e u r r ed o n M a re h 2 0
.

T he o bserv ed tra ek elo se ly Pa r a lle le d

th e o b ser v ed Pa th
, ev e n t o the Po in t o f d e se rib in g a su b tle kin k o n the r isin g lim b

.

T he Pr ed ic te d

tr a ek sli g h tly o ve r estim a te d the v o lu m e a n d Pe a k r u n o ff q u a n titie s
.

T he r ad a r d e te rm in e d r a in
-

fa ll ae eu m u la tio n w a s m ea su r e d o v er a tw en ty h o u r Per io d
.

R ad a r r a in fa ll e stim a te s t o ta lled

2
.

54 in eh es
.

T he o bse rve d r a in fa ll esti m a te ex e ess w a s 1
.

2 0 in eh es , a sig n ifi e a n t d iffe
r en c e fr o m

the r ad a r d e term in ed v a lu e
.

B u t o n ee e a eh r a in fa llPe r io d w a s r e d u e e d by th e 0
.

0 8 in / h in fi ltr a
-

tio n r a te
,

th e e x c e ss r a in fa llv a lu e s w e re o n ly 6
.

7 % a Pa r t
.

In ad d itio n ,

th e Pr ed ic te d a n d o b se r v ed ru n o ff v o lu m e s e o m Pa r ed q u ite w ell w ith o n ly a

6
.

2 % d iffe
r en ee sePa r a tin g th e tw o q u a n tities

.

T he Pr ed ie ted Pea k ru n o ff (5 39 7 c fs )e x ee ed ed the

o bse r v e d q u a n tity (4 8 6 4 e fs )
.

B o th the o b se r v ed a n d Pre d ie ted tim e s to th e Pea k v a lu e w e r e 2 5

h o u r s
.

H o w e v er r a d a r bin c o v er a g e t o talled o n ly 3 6 % in d iea tin g sev er al is o la te d c ells w e re th e

e au se o f r u n o ff.

M a r eh 2 5 w a s the n e x t Pr e e iPita tio n Pr o d u ein g d a y
.

T he hyd r o g r a Ph sh a Pe s a r e sim ila r in

fo rm
.

V a r ia tio n n e a r the d o w n sid e o f th e o b se r v ed er est w a s n o t id e n tifi e d o n the Pr ed ie ted

_
O bs er v e d

- -

一 Pr e c」足e re d

、、.

匕, 电、、.、飞
、
、,

门�匕内b4
0乙

L0.0.0.0.

(的J。乞工勺七吕
口以

0
.

0 1曰二
0

.

0 1 0
.

0 2 0 0 3 0
.

0

T im e (h )

~ ~ 一

尧
- ~ ~ ~‘‘. .

4 0
.

0 5 0
.

0

F ig
.

10
.

o b s e r ve d a n d Pr e d ie t e d h yd r o g r a Ph t r a e k s fo r L i tt le M a h o n in g C r e e k
,

1 5 M ay l9 89
.
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tr ae k
,

T h e P r ed ie te d r u n o ff v o lu m e e x e e ed ed th e o b ser v ed v a lu e b y 2 7
.

9%
.

A s in th e Pr e v io u s

ea se ,

th e ra in fa ll t o ta l ex te n d ed o v er a lo n ge r tim e
.

T he 0 7 l r a d a r a eeu m u la tio n w a s a ssesse d

o v e r a s一h Perio d
.

R e d u c in g the h o u rly r a d a r r a in fa ll in er e m en ts by th e in fi ltr a tio n r a te yield e d

a to ta l r a in fa lla m o u n t o f o
.

3 1 in eh es
.

T his v a lu e w a s so m ew ha t hig he r tha n th e o b serv e d r a in
-

fa lle x eess (0
.

2 3 in )
.

T a b le 4
.

R a in fu llC ha r a e te risties fo r L o ya lh a n n a C re ek

D a te ] 9 8 9 2 0 M a r e h 2 5 M a r e h 4 A P r il 2 8 Ju n e 5 Ju ly

R a d a r r a in fa ll(in ) 2万4 0
.

7 1 0
.

8 6 1
.

3 4 1
.

1 6

D u r a tio n (h) 20 5 4 4 10

B a sin r a d a r eo v er a g e (% ) 36 3 0 6 0 6 6 4 4

O b ser v e d ru n o ff v o lu m e (m e
o 4 8 6

.

1 9 3刀 1 7 9 .7 3 2 5刀 2 4 9
.

4

P r ed ie te d r u n o ff v o lu m e (m e
o 5 16

.

1 12 0 3 1 6 1
.

4 3 9 3 2 16 8
.

0

A b so lu te er ro r (m e O 3 乃 2 6 4 一 18 3 6 8 2 一8 1
.

4

R e la tiv e e r r o r (% ) 6 2 2 7月 一9
,

8 2 1
.

0 一 3 2 .6

O b se r v e d r a 一n fa ll ex e e ss (一n ) 1
.

2 0 0 2 3 0
.

4 5 0名 1 0
.

6 2

P r ed ic re d r a in fa lle x e ess (in ) 1
.

2 8 0 3 0 0
.

4 0 0
.

9 8 0 4 2

A b so lu te e r r o r (in ) 0
,

0 8 0 刃7 一0刀5 0
.

17 一0
.

2 0

R ela tiv e er r o r (% ) 6 7 30 4 一 1 1
.

1 2 1
,

0 一3 2 2

o b se r v ed p ea k (c fs ) 3 8 64 14 0 2
.

2 2 1 1 5 3 4 3 2 0 8 7

Pr e d ie te d P ea k (e fs ) 5 39 7 15 4 9 2 15 8 5 2 8 8 2 0 8 6

A b so lu te e r r o r (c fs ) 53 3 14 7 一 52 一5 5 一 l

R e la tiv e e r r o r (% ) 1 1
t

o 10石 一2
.

4 一 1
.

0 一 0
.

1

O b se r v e d tim e一o
f--

r ise (h) 2 5 9 1 3 1 1 1 1

P r ed le ted t一m e 一。卜rise (h) 2 5 12 1 2 1 1 14

A b so lu te er r o r (h) 0 3 一 1 0 3

R e la tiv e e r r o r (% ) 0 3 3 3 一7 .7 0 2 7 3

Fu r th er
,

Pre d ie ted Pe a k o u tfl o w (15 4 9 e fs )
su rPa ssed the o bser v ed Pe a k o u tfl o w (14 0 2

e fs )

by 10
.

5%
.

T im e s一o f-- r ise v a r ie d by th re e ho u r s e o r r esp o n d in g to a 3 3
.

3% d iffe
r en c e

.

O v e r a ll
,

fo re e a st v a r ia bles e o m Pa r e d w ell
.

T he th ir d e a se stu d y o c c u r re d o n 4 A Pr il
.

T he Pr ed ic te d h yd r o g ra Ph a lm o st t ra c ed the o b
-

se r v ed r u n o ff Pa th
.

H o w e v er th e Pr ed ic te d tr a ek u n d er estim a ted th e d u r a tio n o f th e r u n o ff b y

14 ho u r s
.

T he r a d a r to ta lle d 0
.

8 6 in c he s o v e r the 4一h Pe r io d
.

T he r ed u e ed r ad a r r a in fa ll d ePth

(0
.

4 2 in ) e o m p a re d fa v o r a b ly w ith th e o b se r v ed r ain fa ll e x e ess (0
.

4 5 in )
.

Pr ed ie ted a n d o b se rv e d

r u n o ff v o lu m es d iffe
r ed b y o n ly 9

.

8%
.

T he d iffe
r en e e b etw ee n th e o bser v ed (2 2 1 1 efs ) an d Pr ed ie ted (Z 1 58 efs )Pe ak s a m o u n ted to

j
u s t 2

.

4 %
.

A h igh c o r re la tio n a ls o e x is ted b e tw e e n the tim e s一o f-- r ise
.

T he r e la tiv e e r r o r b e tw e e n

the tw o d u r a tio n s w a s 一7
.

7 %
.

R a in fa ll q u a n tities w e r e the hig he st fo r L o ya lh a n n a C r ee k
, a n d

hyd ro g r ap h r u n o ff tr a c k s im Pr o v ed e o n sid er a b ly w ith th e in er e a se d r a in fa lla m o u n t
.

Ju n e 2 8 w a s th e n e x t Pr e c iPita tio n ev e n t
.

A n o the r h ig h ra in fa llo e eu r re n e e ,

Pr ee iPita tio n to
-

ta 珑n g 1
.

3 4 in ehe s o v er a 4一h sPa n
.

T he Pr ed ie ted a n d o b se rv ed hyd r o g r a Phs d isPla yed str o n g
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9

r ese m bla n e e s
, e sPe eia lly w ith re sPee t to the r isin g lim b a n d the ba selen g th d u r a tio n

.

T h e Pr e
-

d ie ted tr a ek slig htly o v e r estim a te d th e o b ser v ed re e ed in g lim b
.

A s a r esu lt
,

the P re d ie ted v o lu m e

e x e e e d ed the o bse r v e d to ta lby 2 1%
.

R ed u c e d r a d a r d e te rm in ed r a in fa ll (1
.

0 3 in ) o v er e stim a ted a etu a lr a in fa lle x c e ss (0
.

8 1 in ) by

0
.

2 2 in c he s
.

Pe a k o u tPu t v o lu m es w er e n e a r ly the s a m e
.

T h e o bse rv e d m a x im u m o u tP u t (5 3 4 3

m e
o

su rPa s sed the Pr ed ic ted to ta l (5 2 8 8 m
e
o by l%

.

In a d d itio n
,

th e tim e s to Pea k o u tfl o w

w er e id e n tic a l
.

B o th tr a ek s r e a ehe d th eir r e sPee tiv e Pe a ks a ft er 1 1 h o u r s o f r u n o ff. A g ain r u n o ff

ch ar a c te risties sh o w e lo se a g re em e n t w ith sig n ifi ea n t Pr ee iPita tio n to ta ls
,

T h e ]a st ea s e stu dy o e e u rr ed o n 5 Ju ly
.

A to ta l o f 1
.

16 in c h es o f r a in fe llo v er a g一h Per io d
.

R a d a r b in c o v e r a g e w a s o n ly 4 4 %
.

T he Pr ed ic te d a n d o b se rv e d h yd r o g r aPh s h a d sim ila r sh a Pe s

b u t the Pr e d ic te d tr ae k fa iled to d u Plic a te the fi n e d eta ils in th e m e a su r ed fl o w
.

In ad d itio n
,

th e

P re d ie ted fl o w g e n e r a lly u n d e re stim a ted the o b s erv ed o u tfl o w
.

R u n o ff v o lu m e d iser ePa n c ie s r e ae he d 3 2
.

6%
.

T he in fi ltr a tio n r ed u c ed r a d a r e stim a te d r a in
-

fa ll d e Pth m e a su r e d 0
.

4 4 in eh e s , a PPr o x im a tely 0
.

18 in eh es lo w e r th a n th e o b se rv ed r a in fa ll e x
-

c e s s (0
.

6 2 in )
.

H o w e v e r ,

m a x im u m o u tfl o w fo r ec a stin g w a s the b e st o f a ll th e ea se s tu d ie s
.

T h e

Pr e d ie te d Pe a k (2 0 86 efs ) re Pr o d u ee d th e o b s e rv e d m a x im u m o u tfl o w (2 0 8 7 efs ) to w ithin 1 e fs
.

T h e tim es to Pe a k v a r ied by o v e r 2 7 %
.

4
.

M
a ho n ing C re ek Hy dr og

r
aP h A n a

ly
sis

M a h o n in g C r ee k w a s th e fo u r th b a sin to be e x a m in e d
.

It 15 1 55 m iZ a n d h a s the n a ttest

slo P (9
.

s l ft / m i)
.

T he hyd r o g r a Ph a n a lysis 15 su m m a riz ed in T a ble 5
.

T a ble 5
.

R ain fa llC ha r a c te r istie s fo r M a h o n in g C re e k

D a te 19 8 9 18 M a r e h 15 M a y 2 4 Ju n e 2 7 JU n e 2 8 Ju n e

271066R a d a r r a in fa ll(in )

D u r a tjo n (h)

B a sin r a d a r e o v e r a g e (% )

o b se r v e d r u n o ff v o lu m e (m e
o

Pr ed leted r u n o ff v o lu m e
(m

e o

A b so lu t e e r r o r (rn c o

R e la t一v e e r r o r (% )

Ob se r v ed r ain fa ll e x ee ss (in )

P r ed ic te d r a in fa ll e x e ess (in )

A b so lu te er r o r (in )

R e la tiv e e r r o r (% )

O b ser v e d p e a k (cfs )

P r ed ieted Pe a k (efs )

A b so lu te e r r o r (e fs )

R e la tiv e er r o r (% )

O b se r v ed tim e一 o
f--

r ise (h )

Pr e d ieted tim e一o f-- rise (h)

A b so lu te e r r o r (h)

R e la tiv e e r r o r (% )

0
.

2 2 0 2 7 0
.

2 9 0
.

1 1

5 4 9 9 84 8 5

7 5
.

0 8 4
.

7 3 3 3
.

7 1 1 1
.

0

6 3
.

0 6 1
.

6

一 1 2刀 一2 3

一 1 6刀 一2 7
,

3

0
一

2 0

0
.

17

一0
.

0 3

一 15 0

0 2 3

0
.

16

一0 刀7

一 3 0
.

4

3 1 5
.

5

一1 8
.

2

一5 5

0
.

9 1

0
.

8 6

一0
.

0 5

一 5
.

5

3 7 7 8

3 4 7 2

一3 0 6

一8
.

1

8 7
.

3

一2 3 7

一2 1
.

4

0
.

30

0 2 4

一0 0 6

一 20
.

0

14 9 3

1 12 0

一 37 3

一2 5
.

0

5 3
.

9

2 2
.

3

一3 1
.

6

一5 8
.

6

9 92

79 3

一 19 9

一2 0
.

1

9 8 8

7 8 3

一2 0 5

一2 0 7

一6 0
.

0

4 3 5

2 8 0

一 1 5 5

一3 5
.

6

62任311
�、�‘U

功

卫
它.1, .上

八曰,�,‘
厂
七,
才,卫口l1716--l

一5
.

9 6 3

一 l

一4
.

8 6 7 一 50 刃
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T he fi r st c a se s tu d y o c e u r r e d o n ] 8 M a r e h
.

A I一h m e a su re d d ePth o f 0
.

2 2 in e he s Pr o d u ee d

a Pre d iete d tr a ek th a t u n d er e stim a te d th e m aj
o rity o f th e o bserv e d h yd r o g r aPh w ith the ex ee P

-

ti o n o f the fi n a lPo r tio n o f the r ec ed in g lim b
.

T he o b ser v ed r u n o ff v o lu m e e x e e e d e d the Pr ed iete d su m b y 1 6%
.

A n in fi ltr a tio n r a te o f

0
.

0 5 in / h r ed u e ed th e r a d a r d eriv ed to ta l to 0
.

17 in eh es
.

T he o bse rv e d r a in fa lle x c ess (0
.

2 0 in )
sli g htly su rPa sse d this q u a n tity

.

T he Pr e d iete d Pea k (7 9 3 efs ) a lso u n d e r estim a te d the o b ser v ed

pe a k (9 9 2 c fe ) by 2 0
.

1%
.

T he tim es o f r ise m a tehe d elo sely
.

T he Pre d ic te d Pea k (16 h) d iffe
r ed

by
o n e h o u r fr o m the o bs erv e d p e a k tim e (17 h )

.

T he s e c o n d c a se stu dy o n 15 M a y cl o sely Pa r a lle le d the fi r st o n e in m a n y r esPe c ts
.

A g ain

the Pr ed ie te d tr a e k u n d e r e stim a te s the o bser v e d o n e
.

L ik e th e Pr ev io u s e a se the r a d a r d eri v ed
.

ra in fa ll(0
.

2 7 in ) w a s sm a ll
.

In a d d itio n
, a r ain fa llPe r tu rb a ti o n o n the o bserv e d tr a ek w a s n o t 11

-

Iu str a te d in the fo r e c a st Pa th
.

T h e o bser v ed r a in fa lle x c e ss (0
.

2 3 in ) ex c e ed ed th e r ed u c e d r a d a r d e term in e d to ta l(0
.

1 7 in )
.

Fu r the r m o re ,

th e o b ser v ed Pea k e r e s ted a t 9 8 8 e fs n e a rly 2 1% hig h er tha n th e Pr ed iete d Pe a k

(7 8 3 e fs )
.

T he tim es一。卜
rise w e re sim ila r

.

T he p r ed ic ted Pe a k (17 h) o ec u r r ed o n e h o u r a ft e r th e

o b s e r v e d tim e (1 6 h )
.

T he te n d e n e y to u n d er e stim a te th e o bse rv e d h yd r o g r aPh fr e q u e n tly e x ists

w ith lo w r ain fa ll am o u n ts
, r e s u ltin g in w id e v a ri a tio n s in t o ta l r u n o ff v o lu m e , r a in fa ll e x ee ss ,

an d Pe a k o u tfl o w
.

Ju n e 2 4 w a s the n e x t ea s e stu d y
.

T h is tim e the r a in fa ll w a s eo n sid er a bly g re a te r (1
.

2 7 in )
.

A ee o r d in g ly
,

th e hyd r o g r aPh w e r e sim ila r
, esPee ia lly the tw o risin g lim bs

.

T he Pr ed ie ted Pa th

slig h tly u n d e re stim a te d th e c r e st a n d th e d u r a tio n o f the tim e ba se
.

R u n o ff v o lu m e s c o r r e
-

sPo n d ed w e ll
.

T he o bser v e d ru n o ff v o lu m e e x c ee d e d the Pred ic te d o n e b y 5
.

5%
.

T h e Pr ed ie ted

Pe a k (3 4 7 2 e fs ) la g g e d the o b ser v ed Pe a k (3 7 7 8 c fs ) b y 8
.

1%
.

T he o b ser v ed tim e一 o f-- rise (Z l h)
ex c e ed ed th e Pr e d ie ted d u r a tio n by o n e ho u r

.

T h e fo u r th Pre c iPita tio n ev e n t t o o k Pla c e o n 2 7 Ju n e
.

H yd r o g r a Ph sha Pe s e o m Pa re d w ith

ea eh o th er
,

b u t the siz e o f th e o b ser v ed tr a ek w a s la rge r
.

T he r a d a r d er iv ed r a in fa ll (0
.

2 9 in ) w a s

sm a ll a n d w he n r ed u c ed b y the in fi ltr a tio n r a te (0
.

0 5 in / h )
, r a in fa ll u n d e r estim a te d th e o b

-

se rv e d r a in fa ll ex ee ss (0
.

3 0 in )
.

L ikew ise
,
th e r u n o ff v o lu m e 15 u n d e r e stim a ted by 2 1

.

4 %
.

In a d d itio n
,

the o b se r v ed r u n o ff Pea k (14 9 3 efs )
su rp a sse d th e Pre d ie ted Pea k (1 12 0

efs ) by

2 5%
.

A g a in
,

the tim e s to r ise m a teh elo se ly
.

Fo r the fo u rth e o n seeu tiv e tim e ,

th e d u r a tio n d if-

fe r e n c e w a s o n e ho u r
,

eo r re sPo n d in g t o a 6
.

7 % r e la tiv e e r r o r
.

T he p o ssib ility o f a n a
dj

u stm en t

o r eo m Pe n s a tio n fo r lo w r a in fa ll ge n e r a ted d ePth s sho u ld b e e x Plo r e d
.

T he Ia st e a se s tu d y o e eu r r ed th e n ex t d a y o n 2 8 Ju n e
.

T h e r a d a r r ain fa ll w a s v e ry sm a ll

(0
.

1 l in )
.

T he r e w a s v e ry little r esem bla n c e be tw e en the tw o Plo ts
.

Pr

e-- w ettin g e o n d itio n s d o

n o t a PPe a r to Pla y a n y r o le in the r u n o ff hyd r o g r a Ph
.

R u n o ff v o lu m e s w ere u n d ere stim a te d b y

5 8
.

6%
.

T h e o b ser v ed r a in fa lle x e ess (0
.

15 in ) su rp a ssed th e ra d a r r ed u c ed d ePth (0
.

O6 in ) by o
.

0 9 in
.

Pe ak ru n o ff d isPa r itie s w e r e a lso o u tstan d in g
.

Pe a ks v a rie d b y 3 5
.

6 %
.

H o w e v e r ,

th e m o st str ik
-

in g d iffe
re n c e o c eu r re d w ill be the tim e s一o

f--
rise

.

T h e o b serv ed r ise Pea ked 1 6 h o u r s a ft e r the

Pre d ic ted tim e一o f-- r ise
.

5
.

Tu rt le Cr
e ek H)

户

dr og
r
aP h A n a

如
5 15

T u rtle e r e e k w a s the la st b a sin to be a n a lyz e d
.

It 15 th e sm a llest w a ter she d (5 5
.

9 m iZ)
.

T h e

a n alysis re su lts c a n be fo u n d in T a ble 6
.
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T a ble 6
.

R a正n fa llC ha ra e 之e ristie s fo r T u r tle C r比k

D a te 19 89 1 8 M a r e h 3 1 M a r eh 18 A P ril 1 7 Ju n e

R a d a r ra in fa ll(in ) 1 0 4 0
.

6 6 0
.

14 0 2 8

D u r a tio n (h ) 2 1 1 3

B a sin r a d a r c o v er a g e (% ) 82 9 5 9 6 10 0

O b se rv ed r u n o ff v o lu m e (m e
o 2 1 7

.

1 2 0 9刀 8 0
.

1 4 0
.

4

P r ed : c te d r u n o ff v o lu m e (m e
o 2 5 7

.

8 17 ]
.

8 2 5
.

5 3 9万

A b so lu te er r o r (m eo 4 0
,

8 一3 7乡 一5 4 石 一0
,

9

R e ]a tiv e e r r o r (% ) 一 1 8 .8 一 1 8
.

1 一6 8
.

2 一2
.

2

O b se r v ed r a in fa ll e x ee ss (in ) 0刀7 0
.

7 5 0 2 8 0
.

14

Pr e d ieted r a in fa ll e x ee ss (in ) 0月2 0 石 1 0 刀9 0
.

14

A b so lu te e r r o r (in ) 0
.

15 一0
.

14 一0
.

1 9 0

R e la tiv e er r o r (% ) 1 9万 一1 8 7 一6 7
.

9 0

O b se r v ed Pea k (e fs ) 6 1 8 7 4 3 6 7 12 0 3 12 4 9

P r ed iete d Pe a k (e fs ) 58 3 8 3 8 10 5 6 2 8 6 7

A b so lu te er r o r (efs ) 一3 4 9 一 5 5 7 一6 4 1 一 38 2

R e la t lv e e r r o r (% ) 一5石 一 1 2名 一5 3 3 一3 0
.

6

O b se r v e d tim e 一o
f--

rise (h) 7 8 6 9

P r ed ieted tim e 一o
f--

r ise (h ) 7 7 7 8

A b s o lu te e r r o r (h ) 0 一 1 1 一 l

R ela tiv e er r o r (% ) 0 一 12万 16 .7 一 1 1
.

1

T h e fl r st e a se stu d y to o k Pla ee o n 18 M a r c h
.

A PPr o x im a tely 1
.

0 4 in eh es e o v e r ed the b a sin

o ve r a Z一h sPa n
.

T he sh a Pe o f th e Pre d ic ted h yd r o g r a Ph m a tch es the o b ser v ed Pa th w ith the e x
-

c e Ptio n o f the o v er e stim a ted re ee ssio n lim b
.

T he Pr ed ie ted r u n o ff v o lu m e e x eee d e d th e o b se rv e d

q u a n tity b y 1 8
.

8%
.

A n in fi ltr a tio n r a te o f 0
.

0 5 in / h r ed u ee d th e r a d a r r a in fa ll d ePth to 0
.

9 4 in eh e s
.

T he o b
-

ser v ed r a in fa ll e x ee ss m e a su r ed 0
.

7 7 in eh es
.

T he Pe a k o b se r v ed r u n o ff (6 18 7 e fs ) fo r this e v en t

w a s m o re tha n fo r a n y b a sin stu d ie d
.

T h e Pre d ic ted Pea k fl o w (5 8 3 8 e fs ) la g g ed the o b se r v ed b y

5
.

6 %
.

T h e tim e s一。介 r ise fo r this ev e n t b o th e q u a le d sev e n ho u r s
.

T he tim e一 o
f--

rise sh o w e d a

v e ry fa st r esPo n se to th e r ain fa llin Pu t
.

Flo o d Po te n tia lw o u ld n eed to be e a r efu lly m o n ito re d
.

T h e s e e o n d Pr e eiPita tio n ev e n t o c c u r r ed o n 3 1 M a r e h
.

A g a in
, a lar g e q u a n tity o f w a te r

(0
.

6 6 in ) fe ll in a sh o r t Pe r io d (o n e h o u r)
.

H yd r o g r a Ph s e o m Pa re d fa v o ra bly w ith o n e an o the r
.

T he Pr ed ie te d tr a e k slig h tly u n d er e stim a ted the o bse rv e d Pa th a n d w a s so m ew h a t sk e w ed to th e

left
.

In a d d itio n ,

th e red u c ed r a d ar d e term in e d r a in fa ll (0
.

6 1 in ) w a s 0
.

14 in e he s lo w e r th a n th e

o b se r v e d r a in fa lle x c e s s
.

T he o b ser v ed r u n o ff v o lu m e (2 0 9
.

7 m c
o

e x c ee d e d the p r ed ic te d v o lu m e
(17 1

.

8 m e
o by

18
,

1%
.

T he o b se r v ed Pe a k o u tfl o w (4 3 6 7 efs ) a ls o su rPa ssed the Pr e d iete d fl o w (3 8 10 efs ) b y

12
.

8%
.

T h e tim e一。介
r ise w a s o n e ho u r fa s ter w ith Pre d iete d Pe a k (7 h ) th a n fo r th e o b se r v ed

tr a c k (s h)
.

T h e n e x t r u n o ff c a se stu dy to o k Pla c e o n 18 A Pr il
.

T he Pr ed ie ted a n d o b se rv e d
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hyd r o g r a Phs w e re in g e n e ra l a gr ee m e n t
.

T he fo re c a st tr a c k g re a tly u n d e re stim a te s the o b serve d

o n e A lso
, se v e r a lir r eg u la r itie s in the o b se rv e d tr a ek a r e sm o o thed o u t in the Pr ed ie ted Pa th

.

Fu r the rm o r e ,

th e Pr ed ic te d r u n o ff v o lu m e u n d er estim a tes th e o b se r v ed v o lu m e b y 6 8
.

2%
.

O n ly 0
.

l4 in eh es o f r a in w e re m ea su r e d by th e r a d a r
.

W he n re d u c e d by the in fi ltr a tio n r a te (0 0 5

in / h)
,

th e d e e r e a s ed o r e
ffe

etiv e r a in fa ll (0
.

0 9 in ) v a stly u n d ere s tim a tes the o b se r v ed r a in fa ll

ex eess (0
.

2 8 in )
.

Pe a k o u tfl o w 15 a n o ther ba d ]y fo r ee a st ch a r a c teri sti e
.

A 一5 3
.

3% r e la tiv e e r r o r

m a r k ed th e d iffe
re n c e b etw een th e o b ser v e d (12 0 3 c fs ) a n d Pr ed ic ted (56 2 e fs )Pe a k s

.

T he tim e s

o f r ise ex h ibite d o n ly a l一h d iffe
re n tia l

.

T h is ea se e x e m Plifi es the fo r ee a st Pr o b le m s o f lo w r a d a r

r a in fa llm ea su re m e n ts
.

T h e fi n a l Pr eci Pita tio n in Pu t o e eu rr e d o n 17 Ju n e
.

A PPr o 劝m a te ly 0
.

2 8 in c he s o f rai n w e re

m e a su r ed o v e r a 3一h Pe r io d
.

A g a in
, a s in the Pr ev io u s e a se ,

the fi n e d e ta ils o f th e o b se r v ed Plo t

w e r e d a m Pe d o u t
.

T he o b se rv e d r u n o ff r ise a t 6 h o u r s Pro ba bly w a s sm o o th ed o u t b y h o u r ly r a
-

d a r re fl e c tiv ity a v e r a g in g
.

T his Pr o b lem a PPea r e d to b e m o r e e o m m o n w ith Io w ra in fa ll

a m o u n ts
.

T he Pre d ie ted tra e k a lso r o se fa ste r th a n the o bs e rve d o n e
.

A m o r e a e c u r a te ly d e Pie te d

in filtr a tio n r a te w ith a steeP in itia l a b s o rPtio n c u r v e w o u ld eo r re e t th e d iser ePa n e y
.

H o w ev e r ,

the Pr o b lem a PPe a r s t o be a n is o la te d e a se
.

In this in sta n c e
,

th e re d u c e d r a d a r d ePth (0
.

14 in ) e q u a led tha t o f the o bs e r v ed r a in fa ll e x
-

ee ss (0
.

14 in )
.

L ik ew ise
,

the r u n o ff v o lu m e s w ere sim ila r
,

T he r ela tive e r r o r b etw een th e o b
-

ser v ed r u n o ff v o lu m e (4 0
.

4 m e
o

a n d the Pr ed ic ted o n e
(3 9

.

s m c
o

a e eo u n ted t o 一2
.

2%
.

T h e Pe ak

r u n o ff, ho w ev e r , v a r ied by 3 0
.

6 %
.

T u r tle C r ee k h ad a n o the r fa st re sPo n se tim e
.

T he

tim e一。卜 r ise fo r the Pre d ie ted tra e k to o k eig h t h o u r s , u n d e re stim a tin g the o bse rv ed Per io d b y

o n e h o u r
.

IV
.

D IS C U SS IO N

R a in fa ll一 r u n o ff b eh a v io r e a n b e a n a lyz ed by a v a r ie ty o f te eh n iq u es in e lu d in g lin e a r a n d

n o n lin ea r m a th em a tic a l m o d els
.

A sim p le a n d e a sy一 to 一 a PPly lin ea r aPPr o a eh 15 the u n it

h yd r o g r aPh m e th o d
.

B a sin ru n o ff e a n be m ea su re d by e o m b in in g u n it h yd ro g ra Ph the o ry w ith

r a d a r d e r iv ed P r e c iPita tio n a e eu m u la tio n s
.

In ex tre m e r u n o ff s c e n a r io s
,

the m e th o d e a n be u sed

to fo r e ea st fl o o d e o n d itio n s
.

Fu r th erm o re ,

h yd r o g r aPh a PPlic a tio n 15 fl ex ible a n d e a n be

a d a Pte d to a w id e v a r ie ty o f w a te r she d s
.

T his 15 illu str a ted fo r fi v e ba sin s in Pe n n sy lv a n ia
.

T w en t犷
six r a in fa ll ev e n ts w er e ex a m in ed in fi v e b a sin s

.

In 13 c a se s
,

the a g re e幻以e n t w a s

eo n sid e r ed to b e a t lea st g o o d
, a n d s o m e tim e s e x e elle n t

.

In 12 e a se s ,

the r e w e re sign ifi ea n t d if-

fe r e n ee s b etw ee n the a m Plitu d e o f the Pe a k fl o w (a n d the n u su a lly a lso th e r u n o ff v o lu m e
)

.

A

sm a lle r Pr o b lem seem s to e x ist w ith tim e 一o f-- r ise o r Ph a se er r o r s
.

W h e r e o n ly o n e o r tw o ev e n ts

sho w e d sig n ifi e a n t d iffe
r e n c e s be tw e e n th e tim e o f Pr e d ic ted a n d o b serve d m a x im u m ru n o ff.

Su e ee ssfu l r u n o ff m o d elin g e a n b e tr a e ed to thr e e d isti n et a r ea s : u n it hy d r o g rap h r e sPo n se

eu rv e s , e o r re e t em Plo ym e n t o f hyd r o g r a Ph a s su m Ptio n s
, a n d r a d a r r a in fa ll a cc o u n tin g

.

A

fa iltu r e in a n y o n e o f the thr e e e a teg o r ie s w illlea d t o e r r o n e o u s r e su lts
.

F o r em o st
, r u n o ff Pr e dic

-

ti o n r elie s a n a ec u r a te r esPo n se e u r v e s
.

A Ia r ge a m o u n t o f d ise ha r g e d a ta a re n ec essa ry t o e n su r e

a r ePre sen ta tiv e ba sin r e sPo n se fu n e tio n
.

E ae h w a te r she d 15 a ssu m ed to ha v e a u n iq u e r u n o ff

Pa tte r n
.

C o n seq u e n tly
,

Pr ed ic ted r u n o ff 15 b a se d o n o u tfl o w fo llo w in g a sim ila r Pa tte r n tim e a f-

tCr tlm e
.

N e x t
, sev e r a la ssu m Ptio n s m u st be a d he r ed t o o b ta in o Ptim u m r esu lts

.

T he m o st im Po r ta n t

r eq u ir es ra in fa ll to ha ve u n ifo rm sPa tia l a n d te m Po r a l d istr ib u tio n
.

In a d d itio n , r a in fa lle x ee s s
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.

9

sho u ld r a n ge fr o m 0
.

5 to 2
.

0 in c h e s
.

A c o m p a r is o n o f the eig h t m o st d issim ila r hy d r o g r a Ph s r e
-

v ea le d a n a v er a g e r ad a r d er iv ed r a in fa ll o f o n ly 0
.

2 3 in e he s
.

In e o n tr a st
,

th e m e a n r a d a r b a sin

c o v e r a ge fo r th ese e x am Ples to ta lle d 9 6
.

8%
.

T h e r esu lts su g g est th a t hyd r o g r a Ph Pe rfo rm
a n e e 15

m o r e elo se ly lin k e d to q u a n tity o f r a in fa ll e x c e s s th a n to b a sin
’s r a in fa llsPa tia ld is tr ib u tio n

.

F in a lly
, a r ea l a n d tem Po r a l ra d a r a ee u m u la tio n s m u st r e fle et sto rm Pr ee iPita tio n

.

A r ea la v
-

e r ag in g a n d ho u r ly a v e r a g in g o f six m in u te r a d ar o bserv a tio n s m a y n o t a lw a ys b e r e Pr ese n t a tiv e

o f th e b a sin en v ir o n m e n t
.

Sm a ller b a sin s a n d sh o r te r c o n v o lu tio n tim e stePs m a y b e n ee essa ry

t o im Pr o v e ru n o ff ae eu r a ey
.

In th is e x Pe rim en t
, o b se r v ed r u n o ff v o lu m e s e o n siste n tly e x c e ed ed

r a d a r ba se d a e e u m u la tio n s , e ve n w ith o u t a llo w in g fo r a n in fi ltr a tio n r a te
.

F o u r e rite ria w e re u sed to ev alu a te th e Pr e d ic te d r u n o ff hyd r o g r a Ph w ith the o b ser v ed o n e :

o v e r a ll sh a Pe
,

tim e 一o f-- rise
,

Pea k o u tfl o w
, a n d to ta lr u n o ff v o lu m e

.

T he fo llo w in g list hig h lig h ts

the r e su lts fr o m the fi v e b a sin s u sin g th e ru n o ff a lg o r ithm
.

H yd r o g r a Ph a ee u r a cy in e re a sed w ith in e re a sin g r a in fa ll
.

R a d a r d e r iv ed a e c u m u la tio n s u n d er estim a ted to ta l r a in fa ll esPe c ia lly d u r in g lig h t Pre

e iPita tio n
.

T o e o m Pen sa te
,

in fi ltr a tio n r a t e s u s ed in this e x Pe rim e n t w e re tw o t o thr e e tim e s lo w
-

e r th a n th o s e m e a su r ed fo r sim ila r 5 0 11 tyPe
.

T h e eo n v o lu tio n Pr o e ed u r e d a m Ped o u t ir r e g u la r ities in th e o b ser v ed r u n o ff tr a c k
.

T h is

P r o b le m w a s fu r the r m ag n ifi e d by a r ea la n d tem Po ra l r ad a r r e fle e tiv ity a v e ra g in g
.

F o r a ll 2 6 c a se s ,

th e tim e 一o f-- r ise w a s th e e a sie st h yd r o g r a Ph e ha r a e ter istie to Pr ed ie t

(8 7% )
.

T h e fo r e e a st a e eu ra c ies fo r th e Pea k o u tfl o w a n d to ta l r u n o ff v o lu m e w er e 8 2
.

9% a n d

7 4
.

0% r e sPee tiv ely
.

T he b a sin (T u r tle C r e ek ) w ith th e sho r te st u n it h yd r o g r a Ph tim e o f rise a lso ha d the

sho r test o b ser v ed a n d Pr e d ic te d tim e s o f rise
.

F o r e a s e stu d ie s w ith r a d a r d e r iv e d a c e u m u la tio n s o v e r 0
.

5 0 in e h e s ,
the Pe a k r u n o ff b e

-

c a m e the m o st a c c u r a te fo r ee a st v a ria ble (9 4
.

5 % )
.

F o r ec a st a ec u r a ey a lso im Pr o v ed fo r the o the r tw o v a r ia bles w ith in this r a in fa ll c a te
-

g o ry
.

T he a c e u r a e y r a te j
u m Ped to 9 0

.

7% a n d 8 3
.

5% fo r the tim e 一o f-- r is e a n d r u n o ff v o lu m e
.

B a sed u Po n th ese r esu lts
,

it 15 lik ely tha t g r ea te r su e ee ss w o u ld be a e hiev e d if ea e h ba sin w a s

fu r th e r d iv id e d in t o su b一b a sin s a n d the r a in fa ll
,

d isc r ed iz ed in in terv a ls o f m in u te s
,

w a s u se d

w ith the aPP r o P ria te d u n it hyd r o g r a Ph t o fe e d in to the la r g e r b a sin
.

T h is w o u ld m o s t r ea d ily a e
-

eo m m o d a te in eo m Ple te ba sin e o v e r a g e (an d sPa tia l v a r ia bility
,

the Pr o Pag a tio n o f st o rm
s , a n d

the tem Po r a lv a r ia bility o fst o rm s)
.
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,
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Tr
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.
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14 : 4 4 6一4 6 0
.
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,

R
.

E
.
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,
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,
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.
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.

,
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.
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,
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.

R eyn o ld s、 E
.

R
.

C
.

a n d T h o m Pso m
,

F
.

B
.

(19 6 7)
,

R a in fa ll in 上erc e Ptio n in fo re st a n d m o o rla n d
,

FO res
z

万Fdr D I口g F
,

Perg a m o n P r e ss
,
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