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I. INTRODUCTION 

When a hydrologist is faced with the task of estimating direct 

runoff for an ungaged watershed, very often the metbod employed is that 

of the Soil Conservation Service (SCS). Tbe ses metbod characterizes a 

watershed' s potential for generating excess rainfall by identifying for 

it an appropriate curve number (CN). Tbis single parameter is all that 

is needed to compute excess rainfall for an event of. given depth and 

duration. Determination of the CN for a watershed is based upon a 

knowledge of its soil types and the land use practices within it. In 

addition, the influence of watershed wetness for a specific natural 

storm may be estimated by means of an index of antecedent moisture 

condition (AMC). AMC is a function of the five day antecedent rainfa!l 

depth and whether the storm occurs in the dormant or growing season. 

The great value of the SCS inethod is that no runoff data are 

required for its use, only readily identifiable physical characteristics 

of the watershed. This is because the ses used aetual rainfall and 

runoff da ta to derive curve nIlmbers for experimental watersheds with 

specific soil types and land covers. In asense, the CN for a watershed 

has been preealibrated by the ses based on runoff data for experimental 

watersheds with similar physieal characteristics. 

The object of the work to be described in this report is to exploit 

the calibration inherent in the ses curve number by extending it to 

apply to the physical parameters appearing in infiltration equations. 

Achievement of this, in turn, permits the calculation of direct runoff 

for an ungaged watershed by means of modern, physically based infiltra

tion equations instead of the equations of the ses method, whieh are of 

questionable theoretical basis. 
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1. The SCS Method of Prediction of Direct Runoff 

1.1 Review 

The SCS method is meant as a means of estimating direct runoff . 

The SCS defines direet runoff as a combination of surface runoff and 

subsurface flow. Surface (or loeal) runoff 15 that produced when the 

rainfall rate exceeds the infiltration rate. Subsurface flow (also 

ealled interflow) oeeurs when infiltrated rainfall reappears on the 

surfaee due to the presence of an impermeable layer. Channel runoff is 

considered negligible and is therefore ignored. For a given rainfall 

event, eumulative direct runoff and cumulative excess precipitation are 

synonymous terms. 

With the ses method, the identification of a single parameter, CN, 

for a watershed permits the prediction of direct runoff. The equation 

for making this calculation is: 

p 
e 

(P-I )2 
= "-,,,,"""~a-::-P-I +S 

a 
(1. 1.1) 

where P is the eumulative depth of rainfall, P is the cumulative 
e 

depth of excess rainfall , and S is the maximUhl watershed storage, a 

transform of the watershed curve number by the relation: 

S = 1000 - 10 
CN (1.1.2) 

S will have units of inches if calculated by Eq. (1.1.2). Ir it is 

desired to compute S in terms of millimeters, the constants 1000 and 

10 appearing in Eq. (1.1.2) must be replaced by 25400 and 254respec-

tively .. I is the intial abstraction, consisting of interception, 
a 

depression storage and infiltration occurring prior to runoff. Based on 

observations of ses experimental watersheds, the initial abstraction is 

commonly estimated (roughly) by the equation: 
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I = 0.2 S a (1.1.3) 

Eq. (1. 1.1) then simplifies to: 

p = (P-0.2S)2 
e P+0.8S (1.1.4) 

The first stell in the determination of CN for a watershed is the 

identification of the hydrologie soil groups occurriag thereia. The ses 

defines four such groups: 

"A. (Low runoff potential). Soils havitlg high infiltration 

rates even ~"hen thoroughly wetted and consisting chiefly of deep, 

well to excessively drainedsands or gravels. These soilshave a 

high rate of water transmission. 

B. Soils having moderate infiltration rates when thoroughly 

wetted and consisting chiefly of moderately deep to deep, 

moderately well to wen drained soils with moderately fine to 

moderately coarse teKtures. These soils have a moderate rate of 

water transmission. 

c. Soils having slow infiltration rates when thoroughly 

wetted and consisting chiefly of soils with a layer that impedes 

downward movement of water, or soils with moderately fine to fine 

texture. These soils have a slow rate of water transmission. 

D. (High runoff potential). Soils having very slow 

infiltration rates when thoroughly wetted and consisting chiefly of 

clay soils with a high swelling p~tential, soils with a permanent 

lLigh water table,soils with a claypan or clay layer at or near the 

surface, and shallow soils over nearly impervious material. These 

soils have a very slow rate of water transmission." (From the ses 

National Engineering Handbook, Section 4, Hydrology, page 7.2.) 
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State soil survey maps may be obtained to identify the names of the 

soils in a watershed. Tbe SCS National Engineering Handbook, Section 4, 

Hydrology (NEH-4 for short, contains as its Table 7.1 a list of the 

names of over 4000 soils of the United States and Puerto RieD, each 

classified inta a hydrologie soil grO!lp (A, B, C, or D). An example 

page of this list is presented here as Table 1. 

Tables 2 and 3 display curve numbers for specific hydrologie 

soil-cover complexes. If more than one soil-cover complex is present in 

a watershed, a composite curve number may be determined by weighting 

each CN by its respective fraction of the total watershed area. 

Hydrologie candition refers to the relative quality of a land cover. 

For example, pasture which. is heavily grazed would be judged to be in paar 

hydrologie conditionj pasture in (Jaod hydrologie c:ondition ...,ould be 

eharacteriz~d by a deep, 

retention capacity. 

thick cover of grass with a high rainfall 

Tables 2 and 3 indieate that the 

antecedent moisture condition of type Ir 

three diserete levels of AMC: 

CN they 

(AMC-II) . 

present are for 

The ses defines 

AMC-I. Lowest runoff potential. The watersned soils are dry 

enough for satisfactory plowing or cultivation to take place. Although 

soils are dry, they have not reached the wilting point. 

AMC-II. Average watershed wetness. Presumably, this is 

charaderized by .3 soil moisture condition not unlike fie~d c'lpacity, 

where uo water drainable by gravity is present, but the soil's capacity 

for holding water by capillarity i8 fully utilized. 

AMC-III. Highest. runoff potential. Anteeedent rainfall has 

virtually saturated the watershed's soil. 
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Table 1. 

U8ERG 
AASTAO 
Aue 
,-RAdD 
AßBDTr 
Ao&(llrsTQ"~ 
,etAL 
AIU:.6G 
ABEU 
Aßf:Ll 
AdEADEt:N 
ABE:'s 
ABlLENE 
AIHNGTON 
AiUQUA 
UD 
AaOR 
UR'" 
ABkAkAl't 
A8SAROKEt 
ABStDH 
aa,s,HER 
USTED 
.'''CI0 
ACADEHr 
AC~CIA 

"CANA 
.l'ASta 
A~ElTllnIt.S 

1I.r;Ii;L 
ACKER 
AtKHEN 
AC/'tE 
ACO 
ACOLIlA 
.co .... 
AtOlle 
"'CIiEt; 
AC.RfLA~E 

AC 'C" IJN 
A':UFf 
AGII/DRTH 
AC' 
A.A 
,"DAlR 
ADAMS 
AOA"SC'" 
A~.lMSIOIIN 

Ail.lP'lSVILL.E 
AQ"lIJN 
AOAVEN 
I.DiJIELOLI 
"DDISON 
ADGV 
A.E 
ADel 
"OEUID&;, 
ADEUNTLJ 
.DEtIND 
ADiL'"U 
"GEN" 
IoOGER 
"DILlS 
AOIAtiNDAC;K 
A(HIi 
AI)JUNTi.S 
AOKIHS 
ADLER 
ADOLPH 
ADiUAN 
AENUS 
"5TNA 
.FlDN 
"'Af. 
"GASSI! 
",Ale: 
AiAIiIAH 
Aii.I::Nty 
A'C~ 
.. 'HfR .'fllt. 
AIiNOS 
AGUA 
A&\JADJI.~A 

"wUA OULC.I; 
A/iUA FRIA 
AGoUALl 
.. ,.uw .. 
A;tJ1LJU 
".UIRRE 
A'-UST IN 
AtMTaHi 

An example page of the ses classification of soils into 
hydrologie groups .. ', B, C, and D. The table is pr,~sented 
in its entirety in the User's Manual for XSRAIN. 

C AHt. C "LMY 11 ANt.AU F C 
8 AHLSTAClH t ALCHA t AnNABaLA D 
o AHMEU B UCNSD e ANN4NDALE c 
e 4HDL. T tt A.LQVAR. 'ANNI5TON B 
o AHTANUM t ALPENA e AkOKA. A 
C AHNAltNEE C ALPHA C AHONfS C 
o 4180NITO I ,Al.POl'l e ANSARI D 
8 UKE~ Bit ALPO.,A B ANSEL 8 
9 AUItA/II D AlPS C ANSELMO .. 
e 4ILEY B ALSt:A e ANSON B 
o AJNAKEA I ALSPAUGH t AnTILOPE SPn.IN~' , 
o I :RHDNT t ALSTAD D "NIERO C 
C UROTSA 8 ALSTCIIIN IB ANT FUT C 
S AIRPORT D AI,.TAHONT EI ANTHO B 
C AlTS B ALTAVI$fA C ANTHDNY e 
8/t UD C ALTO"DRF 0 AHTIGO B 
o AK"!(A A AL TflAP. B ANT II.~ 8 
C AUSK" B ALTD t ANJIDCH D 
a AKELA C ALTOGA t AHUER C 
C "'UODIH B ALTON 8 ANTD!"!: C 
8 AL"E A ALTUS • AHTP.Dsus • 
o AUELOA B ALTVAH 8 AHn 8 
o lLAG' A ALUN 8 ANYIK Il 
C AUI("I D ALUSA DAN""" B 
C AUMA B AtY1li 8 ANU a 
o AUMAh1CE B AUIIU t MlIA",O C-
o ALAMO P AL'IISD D A'ACHe; D 
o AUHDS4 C AtvOR t APAKUIE l 
8 AUPA.H.i 0 AMIoDOR 0 U1SHA'A C 
gAUPA' A ANGCIfI EI APISDN & 
8 ALBAN 8 4MALU D UQPKA A 
8 nUNO 0 A"IoNI B APPIAH C 
C ... UAi .... ' C "MARGDSA 0 APPLEGUE C 
B ALIATCN 0 A"'RllLO • APPU1DN (; 
B ALOH C AM$A 8 APPlIN. e 
C ALBE ..... A.LE B AM8ERSON "PRON 8 
, ALBEltrV'lLE C; AHIOY 'MT C 
C ALJ)JA C AJlJeRA" t APTAKJ$lC a 
C AL810h: B "MEDEE 11 AUB" 
tl Al.lUI,lGtHS C; "'HELIA B AR.""h\ 
a ALCALOE C AMENU • AA»tSAS 
6 AlCESTER a AMERICUS "AItAP1EH 
C ALeDA 8 "HES t IJlAVE 
8 ALeDN' a AMES!iA 8 ARAYETON 
o AlCOYA B AHHERST C AA.8ELA 
"ALDA C. AMITY C ,,1l80NE 
e ALDAX D "'I'Il'1gN 8 AR8CI\ 

c 
o 
o 
c 
o 
c • • o 
8 

• C 
C 
o 

ALOEN D AMelLE C AR.8UCKLE 
ALDER 8 ."DR 8 AIltATA 
ALDERgALE C; ..... as , ... ,eH 
ALDERWOOD t AM$OEH AACHABAL 
ALDINO C AMSTERO"" ARCHEP. 
ALDWELL C. .MTOFT üCH1N 
IILEKkAGIK a AM'I' A!\CD 
ALUIECA t ANA""" ARCOLA 
AlEX 8 AHAHU .... C MO 
ALEMNDRU t A"'"lTi ARDENi 
ILEUS Il ANAPRA ftRDENVOIR. 
ALfDRO B "NASAU AaDILu 
ALIi.aNSii B AMATONi "IlEOALE. 
ALGERITA B AHAYERDE "'RENA 
ALGJEA.S C/D AN,lWALT AtlENALES 

o 
o 
c • • c 
• • • • • • e 
e • c 
c • • e 
• e 

• ALGOMA BlD ANCtIl "I\EN015VILLE S 
ALH"MBRA a ANtHORAC:& A ARE,.o" " 

ft ALIeE .. ANtHm BAY D Q,ENlYILLE • 
C :IUtEL 8 AN:HOR POINT D MGONi"UT D 
B IILlC.U 8 ANtLOrE D MGUELLD 8 
C ALIDA a ANtD c AltGYLE • 
D ALU.CHl 8 AHDERU t MJEL C 
UD AUNE A ANDERS 'M.UD A 
I ALKD D AHOER.SaN • AlU<.AaUTLA C 
8 UU,&ASH. a "HOES I: AUJlIJRT • 
D ALLARD B ANDORI NU 'ARLAND • 
• .LLEGHINV • ANOOVER D AALE • 
C ALLEtuNOS 0 ANCREfN • ARLING 0 
C ALLEN 8 AND~E:Sot t ARLlNGfDft C 
e ALLEICIALE t ANDRES B MoLO"AL C 
C ALLENS' PAJck 8 AHDItEWS IC AAMAGH 0 
V ALLENSVILLf: C "NEO 0 MMJJO D 
B IoLLEHTlNE 0 ANET" A AMINGfDN D 
8/t ALLEN..oOO a ANGEUtA D AAM.D • 
8 ALI.E 5510 a ANGELINA 110 ARMCIIJR • 
BALLE Y C ANG!:LO C AlIMSTER C 
A ALLI"HlCE a ANGlE t AMSfRDNG 0 
C IILLIGATOR 0 AHGLE: • A,,"uttEE 0 
B ALU S 0 ANGlEN a ARNEGNtO B 
rI ALLJ 5DH C ANGOLA C AIVtH ..... T C 
11 ALlOLlEl C AMiOSTUU. a AAHHE I" C 
B ALLDWA Y ANHALT D.uND EI 
U ALM"'; 8 ANIA~ U AIIINDLD 11 
• ""MEHA '&N1T'" 0 AlUrWT eiD 
D ALfIIONl D AHItE. "IM, a 

AfUHJliiTDOII; 
A,,"OS" ... 
A~RINr.TON 

URITDLA 
A.ltItDLlME 
"!tRON 
UROW 
AltROWSMITH 
lIlROYD seto 
AUA 
A"-'OI5 
........ 0' 
A"VAN" 
A,,"VUDN 
U ... IlU 
AUELL ... 
"SOURY 
AS;;;UDN 
"""OFF 
A5HeY 
i,SHCROFT 
ASHULE 
A5H': 
lSHIlUM 
A.5HLAA 
ASHLEY 
lSH SPR1",,"' 
&5HTOrc 
"SlfUS 
A5HIJELDT 
,SHIIOOO 
ASKEW 
.. 0 
'SaTiN 
UPEN 
ASPEA.KDNT 
ASSINNIBOlNE 
A,551J"P1I Dtl 
i\SUTUL:.l 
I\STDR. 
ASTIlRI" 
'TlSClOERO 
,'UeoSl 
ATCIl 
ATEf\ltID 
'T!JtJt 
,,'HEUDLD 
ATHeNA 
ATHENS 
ATHeR.LY 
A1McRTDN 
'TMilAI. 
ATHOL 
aTl.INSDN 
Arus 
ArLEE 
"nIE 
an"", 
ATa~ 

.Tn,.. 
ars 1011 
,nSfl.8ERJl.Y 
AIT!WlN 
ATnu 
&TTL.E8DIlD 
Ar""E. 
A'WeI.L 
aTWDD 
"UISEEN'uaSE.E 
NJBERlY 
A\tURN 
AU8U~NDALE 

AUDUH 
AU .'-ES 
"U;UURG 
au'IJSTA 
auL.O 
AUIII 
AUilDR,A 
.USTIN 
aUSTtlELL 
IIUXItASiSE 
AUZQU[ 
OV. 
AYo\LAMCHE 
IVALOII 
.VERY 
IVDN 

e , 
• • C 

• • • • c 
e • • • • o • • • • C • • a 
C 

• A 
e 
• • t 
r. 

c 
c 
• • • • A 
AlO • C 
o 
• • • • • • • 0/. 
e • • • e 
010 
c • c 
c • • • 
• ClO • • • CI' • • c • e 
o 
• e 
e 
o • • t • • • c 
o 
• U11S A .LA"" HYOADLQ;lC SOlL 5ftOU, UCDl~4TE$ rHE SOlL .0 .. IUiS NOT IEEN 

IVON.UR' 
IVDlNDILE 

I»En"IUNED 
TWO SOll GADWS SUCH &5 D/t INOleATES THE DAAlNfC/UHDUoINfD SI1UUICIII 
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Table 2. Runoff curve numbers for hydrologie sQil-cover complexes 
(antecedent moisture condition 11, and 1 = 0.2 S). From 
NEH-4, page 9.2. 

a . 

Cover 
Land use Treatment Hydrologie lfydro~ofi c soil S!:ou~ 

or practice condition A B C D 

Fa11.ow Straight row 77 86 91 94 

Row crops n Foor 72 8J. 88 91 
" Good 67 78 85 89 

Contoured Foor 70 79 B4 88 
11 Good 65 75 B2 86 
"and terraced Foor 66 74 eo 82 
" n " Good 62 71 78 8J. 

SmaU Straight row Foor 65 76 84 88 
grain Good 63 75 83 87 

Contoured Poor 63 74 82 85 
Good 61 75 8J. 84-

"and terraced Foor 61 72 79 82 
Good 59 7° 78 81 

Close-seeded Straight rov Poor 66 77 85 89 
1egumes y 11 " Good 58 72 81 85 
or Contoured Poor 64 75 8, 85 
rotation .. Good 55 69 78 83 
meadow lIand terraced Foor 63 73 80 83 

"snd terraeed Good 51 67 76 &:> 

Pasture Poor 68 79 86 89 
or range Fair 49 69 79 84-

Good 39 61 74 80 
Contoured Poor 47 67 81 88 

" Fair 25 59 75 83 
" Good 6 35 70 79 

Meadow Good 30 58 71 78 

Woods Poor 45 66 77 83 
Fair 36 60 73 79 
Good 25 55 70 17 

Farmsteads 59 74 82 86 

Rosas (dirt) gj 72 82 87 89 
(hard 5urface) gj 74 84 90 92 

~ Closc-dril1ed or broadc8st. 
gJ Including right-of-way. 
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Table 3. Runoff curve numbers for selected agricnltural, suburban, 
and urban land use (antecedent moisture condition 11, and 
1a = 0.2 S). (1 acre = 0.4047 hectare). From ses Technical 
Release No. 55, page 2-5. 

HYDROLOGIe SOlL GROUP 
LAlID USE DESCRIPrION A B C 

Cultivated lana.l/ : v1thout egos.rvat1on treatment 72 61 66 

: vith eonservation treatment 62 71 76 

Puture or range lan<1: poor COII<Ü t10D 68 79 86 
good cooditioD 39 61 74 

Meadoll: &004 condltiOIl 30 56 U 

Wood er Foreat land: tbin BtGnd, peor cover. DO muleh 45 66 77 
good f;over!1 25 55 70 

Open Spaces. 1aVIlB, parkB, soli courseB t cem.eteriCB t ctc. 

8004 condltlon: grass cover on 75% or more or tbe area !9 61 74 

tair eODcl1tiOD: gru. cover 011 50% .~ 75% of the area 49 69 79 

Commerc~al end busin •• s er ... (85% impervlous) 89 92 94 

IDdUBt~1al di8trteta (72% !.mpervlous). 81 88 91 

lteo1dential:!/ 

Average lot a1ze Average % Impervioua!1 

1/8 acre er 1e .. 65 77 85 90 
1/4 acre 38 61 75 83 
1/3 acre 30 57 12 81 

1/2 acre 25 54 TO 80 

~ acre 20 51 68 79 

Paved. parking Iota. roo:r. I dr1vevqll, etc.!1 98 96 96 

Streets end roads: 

paved vlth curbs anel .tona. 8~r8!1 98 98 98 
graye~ 76 65 89 

dirt 72 82 87 

!I 10r a lIIO .. e detüled deecriptioD ot agrlculturol laod use curve numbero reter to 
BatioDa.l. Engineering Ilandboolt. Seetion 4. II;ydrolol!T. Cllapter 9. Aug. 1972. 

!/ Gooa eover is proteete4 trca gruins: and lltter and b:ru.eh cover ao11 .. 

! I curve DUlD.be:rs a.re aomputed 1.88'U111DS the runorr rrcm the houae ud CLrl vev.,. 
18 41rected tovardB the etreet v1tb & II1n1ma or roor v&t~r d.1rected to la.vns 
vhere adclit10nü infiltration cou1d oceur. 

D 

91 

81 

89 
80 

78 

83 

77 

80 
84 

95 

93 

92 

87 

86 
8; 
84 

98 

98 
91 

59 

!/ The relll8.!.nilli pervioua .. eu Claw) are c."aUered to be in good puture condition 
tor these ~urve numbera. 

1/ In lome Ve.l"Ml" cll_te. ot tbe countzy a curve Duaber of 95 mq be uae4. 
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Determination of AMC for a watershed is done by summing the depths 

of rainfall for the five days previous to the date of interest. This 

swn is then compared to the seasonal criteria presented in Table 4. 

If the watershed wetness is found to be in 8 c1ass other than AMC-II, 

the CN is revised by consulting Table 5. 

1.2 Problems with the ses Method 

Tlte foregoing discussion illustrates the relative convenience aud 

ease of application of the ses method for estimating direct runoff . 

However, this simplicity is not achieved wi thout paying aprice. Most 

inaccuracies inherent in the method stern from the fundamental equality 

from which Eq. (1.1.1) was developed, presented here as Eq. (1'.2.1). 

(1.2.1) 

The symbols have the same rneanings as they had in Section 1.1. The 

justification for writing this equality is that, for a storm without 

initial abstraction and of long duration, late in the storm 

of abstracted precipitation to total watershed storage 

the ratios 
P -P 

e -s- and 

cumulati~Te excess rainfall to 
Pe 

rainfall -p both tend to total one. 

However, there is no physical reason to believe that these ratios are 

equal to one another at any other time, so total acceptance of Eq. 

(1.2.1) requires a certain leap of faith. 

abstraction concept to Eq. (1.2.1) yields: 

If Eq. 

p - I - P P a e 
== 

e 
S P - I 

(1.2.2) is solved for 

p 
(P _ I )2 

a = "'p---=r-"'"+-:::-s 
a 

a 

P e' the result 

8 

Introducing the initial 

(1.2.2) 

is Eq. (1.1.1): 



Table 4. Seasonal rainfall limits for AMC. (1 inch = 25.4 mm). 
(After NEH-4, page 4.12). 

Total 5-day antecedent rainfall 
AMe group 

Dormant season Growing season 

Inches Inches _.-
I Less than 0.5 Less than 1.4 

II 0.5 to 1.1 1.4 to 2.1 

III Over 1.1 Over 2.1 
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Table 5. Curve uumbers (CN) aud constants for the ca se I = 0.2 S. 
S values in inches, 1 inch = 25.4 rum. (After ~H-4, page 
10.7.) 

1 2 3 4- 5 1 2 3 4 5 .. ' 
CN for Curve* CN 1'or --- Curve* 
condi- CN for S ta t condi- CO;~i~~~ns va~ues* s~arts conditions values* 5

h 
r 5 

tion I III '\l ere tion I III were 
...... I~ Ir P '" II P '" 

(inches) {inches} {inches} {inches) 
100 100 100 0 0 60 40 78 6.67 ' 1.33 

99 97 100 .101 .02 59 39 77 6.95 1.39 
98 94- 99 .204- .04 58 38 76 7.24 1.45 
97 91 99 ·309 .06 57 37 75 7.54 1.51 
96 89 99 .4~7 .08 56 36 75 7.86 1.57 
95 87 98 .526 .ll 55 35 74 8.18 1.64-
94- 85 98 .6:;8 .1; 54 34- 73 8.52 1.70 
93 83 91:1 .753 .15 53 33 72 8.87 1.77 
92 ß1 97 .870 .17 52 32 71 9·23 1.85 
91 80 97 .989 .20 51 ;1 70 9.61 1.92 
90 78 96 1.11 .22 50 31 70 10.0 2.00 
89 76 96 1.24 .25 49 ;0 69 10.4 2.08 
88 75 95 1.36 .27 48 29 68 10.8 2.16 
87 73 95 1.49 .~ 47 28 67 11.3 2.26 
86 72 94- 1.6:; .33 46 27 66 11.7 2.;4 
85 70 94- 1.76 .35 45 26 65 12.2 2.44-
84 68 9:5 1.90 .:;8 44 25 64 12.7 2.54 
83 67 93 2.05 .41 43 25 63 13.2 2.64-
82 66 92 2.20 .44- 42 24 62 ~3.8 2.76 
Bl 64 92 2.:54 .47 41 23 61 14.4- 2.88 
80 63 91 2·50 .50 40 22 60 15.0 3.00 
79 62 91 2.66 ·53 39 21 59 15.6 3.12 
78 60 9) 2.82 .56 38 21 58 16., 3.26 
77 59 89 2·99 .60 37 20 57 17.0 3.40 
76 58 89 3.16 .6; 36 19 56 17.8 3.56 
75 57 88 ,.3:5 .67 35 18 55 1B.6 3.72 
74 55 88 3.51 ·70 34 18 54 19.4 :;.88 
73 54 87 :;.70 .74 33 17 53 20.:; 4.06 
72 " 86 3.89 .78 32 16 52 21.2 4.24 
71 52 86 4.08 .82 31 16 51 22.2 4.44 
70 51 85 4.28 .86 30 15 50 23.3 4.66 
69 50 84 4.49 ·90 
68 l!8 B4 4.70 .94 25 12 43 30.0 6.00 
67 47 83 4.92 ·98 20 9 37 40.0 8.00 
66 46 82 5.15 1.03 15 6 :;0 56.7 11.:;4 
65 45 82 5.38 1.08 10 4 22 9).0 18.00 
64 44 8.1. 5.62 1.12 5 2 13 190.0 :;8.00 
63 43 eo 5.87 1.17 0 0 o infinity infinity 
62 42 79 6.13 1.23 
61 41 78 6.39 1.28 

*For CN in co1umn 1. 
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Another shortcoming of the SCS method lies with the estimation of 

the initial abstraction using Eq. (1.1.3), namely: 

I = 0.2 S a 

This equation was developed by the ses by plotting data for experimental 

watersheds and fitting a straight line through the points. Figure 1 

illustrates how this was done. Note that the points are plotted on a 

logarithmic seale for both abseissa and ol-dinate (log-log plot) and 

still the scatter of points is very large. The experimental data are 

not weIl fit ted by a straight line. This is another example of the 

priee paid for simplification. 

It is instructive to consider the inf: ltration behavior implied by 

the use of the ses method. A derivation of such an equation is 

presented here. Consider the constant rainfall intensity event depieted 

in Figure 2. The cumulative infiltration, W, may be expressed as: 

w = p - p + W - I e e a 
(1.2.3) 

where W is the eumulative infiltration at time t, the end of the 
e e 

initial abstraction. Eq. (1.2-3) applies for any time after the initial 

abstraetion has been satisfied. Eq. (1.1.1) may be manipulated in the 

following manner to yield an expression for 

(P-I )2 
P _ P = P _ __a~~ 

e P"I +S 
a 

P ~ p 
e' 

namely: 

Reduction of the right hand side of this equation to a common 

denominator leads to the result: 

p - p = 
e 

P(S+I )-1 2 
a a 

P-I +S a 
(1.2.4) 

Substitution of Eq. (1.2.4) into Eq. (1.2.3) yields after reduction: 
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Figure 1. 
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experimental wate~shed data. From Soil Conservation 
Service National Engineering Handbook Section 4, 
Hydrology, pg. 10.23. (1 inch ~ 25.4 mm) 
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Figure 2. Disposition of rainfall into infiltration, retention and excess rainfall. 
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P(8+I )-1 2 
a a 

W = P-I +8 
a 

+ VI 
e - I a 

w= 
PS+PI -I 2_P1 +1 2-81 
_____ a~~a~~~a~~a~--~a + W 

P-I +S e 
a 

8(P-I ) 
W=--~+W P-I +8 e 

a 
(1.2.5) 

If one takes tbe derivative with respect to time of Equation 1.2.5, tbe 

re5ult i5 the infiltration rate for times greater than t e , that i5, 

after thc initial abstraetion has been satisfied. One ean write: 

I=dW=~ 
dt dt 

since W i5 a con5tant who5e time derivative i5 zero. Applying the 
e 

rules of calculus for differentiation of a fraction, one obtains: 

Reduction of this expression yie1ds: 

dW ' S2 r 
I = dt ::: -(P--"';:I-+=-s-)"'2 

a 

In Eq. (1.2.6), r is thc rainfall intcnsity (ar" rate). 

(1.2.6) 

Eq. (1.2.6) i5 tbe equation put forward hy Aron, Miller and Lakato5 

(1977) as a "new" infiltration equation. However, as it was brought out 

by Smith and Eggert (1978) in their discussion of this equatioo, there 

is nothiog oew about it at all. It appears in Smith (1976) as Eq. (6). 

Moreover, i t i5 the implicit infiltratj I.lO function when computing tbe 

variation cf excess rainfall by Eq. (1.1.1), aa 1S done in EKample 10.7 

of NEH-4. 
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Examination of Eq. (1.2.6) shows that the ses infiltration rate has 

current cumulative rainfall depth in the denominator. This is as it 

should be, tending to reduce the infiltration rate as the storm 

progresses. However, the glaring flaw in Eg. (1.2.6) is the presence of 

the rainfall intensity, r, in the numerator. This suggests that the 

infiltration rate is directly proportional to, and will fluctuate with, 

the rainfall intensity. This i8 in direct disagreement with field 

experience, laboratory evidence and physical infiltration theory, a11 of 

which show that, for a ponded surface condition, infiltration rate is 

controlled by a monotonically decreasing infiltration capacity curve, 

independent of rainfall intensity. The ses infiltration rate only 

yields a monotonie curve for a constant r. 

As an example, consider the simplified rainfall patterrr tabulated 

below for times beyond tlle end' of the initial abstraction, (1 inch = 

25.4 mm): 

r (in/hr) 
t-t (hr) 
P_Ie (in) 

a 

1.0 
0.25 
0.25 

1.0 1.0 
0.50 0.75 
0.50 0.75 

1.0 
1.0 
1.0 

3.0 3.0 3.0 3.0 0.8 0.8 0.8 0.8 
1.25 1.50 1.75 2.00 2.25 2.50 2.75 3.00 
1.75 2.50 3.25 4.00 4.20 4.40 4.60 4.80 

Ca1culating the infiltration rate by Eq. (1.2.6) one obtains, for a 

watershed of CN = 83.3, S = 2.0 in: 

r Post-I Infiltration Rate (I, in/hr) 
1.0 0.79 0.64 O~53 0.44 
3.0 1.33 0.85 0.59 0.44 0.33 
0.8 0.09 0.08 0.08 0.07 0.07 

The dependence of Eq. (1.2.6) gives a clearly discontinuous, and 

therefore unrealistic, infiltration rate. The results are displayed in 

Figure 3. 
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Figure 3. Example of discontinuous infiltration rate, computed with 
Eq. (1.2.6). (1 inch'" 25.4 mrn) 
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If the ses infiltration rate behaves in a nonphysical marmer, the 

implication naturally follows that the excess rainfall rate is also 

unrealistic. This is borne out by taking the derivative with respect 

to time of Eq. (1.1.1); 

Again, applying the rules for differentiation of a fraction, we have: 

du dv 2 v---u-- (P-I +S)(P-I )2r-(P-I ) r 
(!!) = dt dt = __ a ___ ..c;ac....". ___ a.::.-_ 
v v2 (P-I

a 
+8)2 

Reducing: 

(P-I )(P+2S-1 )r 
r = ___ a=--__ ~-=a=--
e (P-I +s/ 

a 

(1.2.7) 

Eq. (1.2.7) suggests that, onee ponding has been aehieved, there will 

be exeess rainfall as long as there is any rainfall at a11, no matter 

how sma11 the value of r. The implication is that a ponded condition is 

maintained throughout the rainfall event. In reali t.y, this may not be 

the ease at. all. 

In light of what Eqs. (1.2.6) and (1.2.7) tell US, it would appear 

that the ses method has the potential for yielding misleading exeess 

rainfall patterns. This can be important if the excess rainfall pattern 

is to be used, in eonjunction with the ses dimenslonless unit hydro-

graph, to generate a design hydrograph for an ungaged watershed. One 

may even draw the conclusion that the ses method is best applied only to 

storms of uniform rainfall intensity. 
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2. Estimation of Excess Rainfall by Infiltration Approach 

2.1 Physical Infiltration Equations 

Physical infiltration equations are those which portray the passage 

of water from surface to subsurface as a function of the hydraulic 

characteristics of the soil and the rainfall intensity. This is what 

distinguishes thern from empirical infiltration equations whose variables 

do not explicitly represent any physical processes , but are instead 

calibrated according to observation da ta . An example of an empirical 

infiltration equation is that of Horton (Viessman et al., 1977, p. 71), 

which enjoys popular usage. The first infiltration equation derived 

with physical soil parameters as variables was that of Green and Ampt 

(1911), although a piston~type displacement by water and immediate 

ponding were assumed. Mein and Larson (1973) extended the Green and 

Ampt approach to compute the quantity infiltrated previous to the onset 

of runoff, thereafter applying the Green and Ampt equation. This 

approach, however, assumes a constant rainfall rate and also a piston 

displacement by water. Most recently, Morel-Seytoux (1978) derived 

equations which can accommodate variable rainfall intensities and 

include the refinement of accounting for the viscous flow of air without 

the assumption of piston displacement by water. 

The infiltration approach ernployed in this study lies somewhere 

between that of Mein and Larson and the equations of Morel-SeytoUK which 

account for the viscous flow of air. 

Figure 4 illustrates the general paradigm by which physical 

infiltration equations abstract rainfall from a given event. There is 

an initial period in which a11 incident rainfall infiltrates. This 

period ends when the soil at the surface becornes saturated and ponding 

occur~. Following ponding, the infiltration capacity of the soil 
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Figure 4. Abstraction of infiltration from a rainfall event by use of physically based equations. 
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follows a monotonically decreasing curve. This curve is asymptotic to 

E, the hydraulic conductivity of the soil uuder conditions of natural 

saturation (that is, when the water content, fi, is somp.what less than 

the porosity, ~, due to inevitably trapped air). 

In practice, then, it takes two equations to desc~ibe the 

infiltration process: the first is used to compute pondin~ time, aud 

the second defines t.he monotonically decreasing infiltration capacity 

eurve for times thereafter. 

For the ease of assumed eonst.ant rainfall , the Mein andLarscn 

ponding time formula is: 

t 
P 

= 
Hf(~-ei) 

r(~ - 1) 

K 

(2.1.1) 

where 6 i8 the water content at natural saturation, e. i8 the initial 
1. 

water content, r is the rainfall rate, K is the hydraulic conduetivity 

of the soil at natural saturation, Hf is the effective capillary drive 

(or wetting front suetion), an~ t
p 

i5 the ponding time. 

For c:onvenienee, one may define the composite terms: 

Sf = (6-6 i ) Hf' 

where Sf i8 referred to as the sto1'age suction facto:!' and: 

r* = r 
K 

which is simply the rainfall rate normalized with respect to the 

hydraulic conductivity. Substituting these into the equation for pond-

ing time, one arrives at the formula: 

t 
P 

Sf 
= -r'( r--:;*;:---=l') (2.1.2) 

For post-ponding infiltration for the case of constant rainfall, 

Morel-Seytoux has derived a generalized form of Philip's equation: 
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w = W + 8(6.)( ~*1) [(-t + ~2 (:*1)3 p 1 rn- ./1 P r"-
+ K(t-t ) 

p 

(2.1.3) 

where t is any time between t 
P 

and ~, the time of duration of the 

rainfallj Wp is equal to rt
p

' the quantity infiltrated up to ponding 

time; S(6 i ) is equal to .J2R8f • the Green and Ampt sorptivitYj and W 

is the cumulative depth of infiltration at time t. 

The derivation of Eq. (2.1.3) sterns from the weH known fact 

(Morel-Seytoux, 1979) that for short times infiltration capacity va ries 

inversely with the square root of time, and also from the requirement 

that at ponding time the raiofall rate aod thc infiltration rate are the 

same. 

The analogous equations for the variable rainfall ease are somewhat 

more eomp1ieated, yet only involve the same unknowns a5 those encoun-

tered in the eonstant rainfall ease. The equation for finding ponding 

time takes the form: 

1 t
p

:::t.
1
+r r. 

J 

(2.1.4) 

where j is the index of the time step of consideration a.nd v is the 

~ndex over which all rainfall occurring previou5 to 

meaoing of the symbols is illustrated on Figure 5. 

t. is summed. The 
J 

Eq. (2.1.3) must be 

applied iteratively until the computed t 
P 

falls within time step j. 

Post-pouding infiltration is computed by the expression: 

w = W + S(W ,9.) {./t-t + B - JE} + K(t"t ) 
P P J. P P 

(2.1.5) 

where: 

is the rainfall sorptivity, 
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and is the rainfall intensi ty which produced ponding. Thc 

parameter B results from the requirement that at ponding time, the 

rainfall rate (r ) is equal to the infiltration rate. p 

Eq. (2.1.5) is the expression for the cumulative depth of 

infiltration at some time t after t. 
P 

The expression for the 

instantaneous infiltration rate, given a ponded surfaee condition, for 

some time t after t is: 
p 

_ 1 1 "" I - "2 S(Wp ,9i ) + K (2.1.6) 
~t - t + B p 

The terms in Eq. (2.1.6) have the same definitions as they do in Eg. 

(2.1.5) . 

2.2 Advantages aud Disadvantages of the Infiltration Approach 

The advantages of the infiltration approach lie with its more 

realistic portrayal of a loeal runoff event. For example, eonsider the 

initial abstraetion of the ses approach, which is fixed as 20% of the 

total watershed storage. Although this can be revised due to antecedent 

moisture conditions (AMe) , it ean only be done in a very limi~ed manner. 

There are only three distinct possible values of 

shed, although in reality it may experience an 

I for a given watera 

I of magnitude any
a 

where between those for AMe land AMe II!. The infiltration approach 

offers much greater flexibility in this regard because the term (9-9.) 
1. 

can handle continuous variation in initial soil moisture and, more 

importantly, the computation of ponding time explicitly shows the 

influence of rainfall intensity. Pre-event influences on runoff are 
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better represented thaD with the ses method, and the role of rainfall 

intensity during the event operates as weIl. The ses method never has 

rainfall intensity come iDto play. The infiltration approach offers a 

model for abstraction of rainfall from the beginning of an event more 

consonant with field and laboratory observations. 

Post-pouding by the infiltration approach also rests on firmer 

theoretical ground than the SCS method. Since au infiltration capacity 

curve is established, this defines the maximum rate at which water may 

enter the soil. If the rainfall rate falls to a value below this 

capacity curve, no runoff occurs. By contrast, it was shown in Eg. 

(1.2.7) that the SCS method will predict excess rainfall as long as 

precipitatiou occurs. 

The major dis advantage to the use of an infiltration approach to 

predict runoff is that one must have estimates of soil parameters like 

'"' 8, K, Hf ior a watershed ii the equations are to be implemented. Such 

information is not readily available in any reference, and so onemust 

use rainfall-runoff records to calib"rate physical parameters for a 

watershed. This automat.ically precludes the use of an infiltration 

approach with an ungaged watershed, unless one is lucky enough to have 

information from a nearby similar catchment. 

Ir. THE CORRESPONDENCE BETWEEN CtJRVE NUMBER AND HYDRAULIC SOlL 

PARAMETERS 

3. Basis of a Correspondence 

3.1 Soil Parameters to be Correlated with CN 

An imposing number of unknown soil parameters appear ill the 

equations introduced in Section 2.1. However, on eloser inspection one 

discovers that one needs only twc parameters to charact.erize tbe 

infiltration characteristics of a watershed. For example) B, 8i , and Hf 
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appear on face to be independent soil descriptors. However, they always 

appear together and their joint influence on runoff can be expressed by 

the storage suction faetor: 

The only other soil parameter needed is R, the hydraulic conductivity 

at natural saturation. All other terms in the equations can be found 

using K and S fand the storm time and intensity characteristics, 

e.g., See.), t , W , r*, S(W ,B.) and B. The problem of finding a 
1. p P P l. 

correspondence boils down to identifying a CN given a certain parameter 

pair (K, Sf). 

3.2 Parameter Equivalence for a Single Event 

If one wishes to define an equivalence between a given (R, Sf) pair 

and same curve number, a reasonable eriterion would be the requirement 

that the same quantity of water be abstracted from a storm whether the 

computations are done by ses method or by infiltration approach. In 

addition, it was pointed out in Section 1.2 that the ses method gives 

its most realistic infiltration rate for a eonstant rainfall event, so 

it makes sense to use one as the basis of a CN - (R, Sf) egll1valence. 

Figure 6 illustrates a constant raillfall event and the manner by 

which the two respective approaches abstract rainfall. 

abstraction by ses method is given by the expression: 

RET+W= 
S(P-I ) 

a 
I a + -P;::---;I~+~S 

a 

The total 

(3.2.1) 

This is the same as Eq. (1.2.5) except that retention (RET) due to 

interception and depression storage has been added to both sides. The 

total abstraction by infiltration approach can be written as: 
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t n 
RET + W = RET + f I dt = 

o 
RET + W 

P 

where tn is the storm duration, I is the infiltration rate, and all 

other symbols have been previously defined. 

If Eqs. (3.2.1) and (3.2.2) are set equal to one another, the 

condition for equal total abstraction by both methods has been set. 

Expressing symbolically this equality, one obtains: 

S(P-I ) 
a 

= Ia + P-J +8 
a 

(3.2.3) 

The solution of Eq. (3.2.3) for S requires one reasonable assumption, 

namely that AMC 11 and field capacity soil moisture represent the same 

watershed wetness condition. In fact, field capacity soil moisture 

content is a central value between saturation and wilting point, and 

AMC 11 is defined simply as the condition of average watershed wetness, 

so such an assl~ption is probably not tao risky. 

The influence of interception and depression storage, lumped 

together in the retention term, must also be dealt with. If a value is 

available for a certain watershed type of interest, this could be used. 

On the other hand assuming a value of retention equal to 0.1 inch (2.54 

mm) for a11 cases would probably be fair, based on the values reponed 
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in the literature (Musgravc snd Holtan, in Chow, pp. 12-25, Table 12-5; 

USDA Technical Bulletin No. 1518, p. 12; Viessman et a1. , pp. 63 and 

67). 

If one asaumes a specific event. of cumulative depth P, duration 

t D and rainfall intensity r = CP/~), then tbe only unknowns left in 

Eg. (3.2.3) are land S. a One is at first tempted to make UBe of the 

ses relation: 

I a = 0.2S 

but a glance at Figure 1 should be enough to decide against using this 

very rough approximation. Instead, the initial abstraction may be 

solved far first by writing Eq. (3.2.3) for the time interval from 

t = 0 to t = t , and making thc substitution t :: (I Ir). This e e a 

equality will be: 

RET + W + S(6.)( :*1) {Jl a _ t + ~ ( :* )3 
p 1 r~ - r p 2 r~-l 

I 
+ K (-! - t ) = I 

r p a 
(3.2.4) 

It is nonlinear with a single unknown, I. It may be solved in an 
a 

iterative fashion with a suitable initial approximation for I , such as 
a 

W + 1. Oue may define tbe function F such that: 
p 

F == RET + W + S(6.)( ~*I){J I a - t + ..E.
2

t 
(r .... r.*_I) 

3 

p 1 r~- r p 

(3.2.5) 

The proper value of I 
a is tb.e Olle· t.hat makcs F = O. Thc itera ti ve 

solution is found by solving for the correction to 

of insignificant size: 
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F = 0 = CF) + Cd!) 6I 
o dIa 0 a 

(3.2.6) 

The suhscript 0 indicates that ,t,he function has been evaluated at the 

pre~ib~s'approximation for I . "'(See Wolf, 1974, p. 23). 
a 

Once a value for I has been reacaed, the only remaining unknown 
a 

is S. Substituting into Eq. (3.2.3), the value of 5 is readily 

obtained. And since S is merely a trans~?rm of CN, an equivalence'has 
~ 

been established between' the (K, Sf) pair, selected apriori, and the 

curve number ultimately 50lved for. 

One comment is in order at this point. Just as CN is a single 

parameter describing the runoff characteristics of an entire watershed, 

the equivalent (K, Sf) are likewise ~umped parameters which represent 

the overaLL average infiltration characteristics of the watershed. If 

an infiltrometer test were run at some specific spot in the catchrnent, 

it i5 unlikely that the observed hydraulic conductivity would match that 

fo und to be equivalent (along with Sf) to thc CN of the watershed. 

3.3 Parameter Eguivalence for a Range of Events 

The preceding section showed how a CN-(K, Sf) equivalence can be 

arrived at for a single event. However, just as tbe ses did not develop 

a curve number for a soil-cover complex by observing a single rainfall-

runoff event, a true CN-(K, Sf) correspondence must be based on calcula

tions for storms representing a range of depths, durations and 

intensities. Because of the prominent role of the rainfall rate, r, in 

computing ponding time and post-ponding infiltration, the S found 

using one storm will not be the same 35 that fouod for another storm of 

different magnitude, even if the same K and Sf are used in both 

cases. Therefore, one roust find the best value of S over a range of 

representative storm values. 
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Assuming a representative set of rainfall events can be defined 

(see discussion in section on data sources employed in this study) a 

best value of S for a chosen pair of K and Sf can be found in the 

following manner. Using the same üssumptions made with. respect to 

retention and field capacity in section 3.2, a value of l a · may be 

found by Eq. (3.2.4) for each. rainfall event. Using these velues, one 

may next write an equation for each. event with a single unknown, S. 

Applying the method of least squares, a best fit vaille of S C3n be 

computed over all events. The following is a mathematical outline of 

the least squares solution for S. First define, for shorthand's sake, 

t D 
C = RET + I Idr. 

o 

This is the total abstraction by infiltration approach. For each event, 

the difference from a perfect match of abstracted quantities is the 

residual, p: 

p = I a - C 

Written in common denominator form the expression for the residual 

becomes: 

or 

p _. 
S(Ia+Pd-C)+Pd(Ia-C) 

Pd + S 

(3.3.2) 

where 

a 

b 

P-I a 
= (Ia+p[C) 
;: (I -Cl 

a 

The quantities a and b are readily evaluated for a11 events • 

. sum of the-,squares~ of the residuals, '""rbr N events, is written as 
" .. , 

.. '. 
;" 
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, 

N 2 N 
L p. = L 

i=l l. i=l 

a. S + b.Pd 2 
l. l.. 

( l.) 

Pd. + S 
l. 

(3.3.3) 

To minimize the sum of the squared residuals, the derivative with 

respect to the unknown, S, is taken and set equal to zero. The value of 

S satisfying this equation is the least squares value of S. 

d N 2 Nd 2 Nd 
dS (I p.) = I dS (p.) = I dS 

i=l l. i=l l. i=l 

a.S+b.Pd 2 
l. l.. 

( l.) = 0 
Pd. + S 

l. 

Applying the rules of differentiation, one obtains: 

( 2 1) 222 S a.Pd -a.~.Pd +a.b.Pd -b.Pd l. .11. 11.1. 
]. l. l. l. = 0 (3.3.4) 

Eq. (3.3.4) may be written more compactly if one defines the terms A. 
1 

and B. such that: 
1 

A. 2 
(ai-bi) Pd. = (a.Pd -a.b.Pd ) = a. 

1 1 . 1 l. • l. 
1 l. 1 

B. 2 2 = b. (a.-b. ) P 2 = (a.b.Pd -b.Pd ) 
1 1 1 .1. l. 1 1 d. 

1 1 l. 

Naming the resulting compact expression as function G yields: 

N 
G = L 

i=l 

SAi+Bi 

(Pd .+s)3 
1 

= 0 (3.3.5) 

Eq. (3.3.5) may now be manipulated to yield an expression explicit in S. 

However, an iterative solution for S may be achieved if one begins 

with a re~sonable first guess at the value Sand successively solves 

for a correction ßS: 
_ _ dG 

G - 0 - (G)o + (dS)o ßS (3.3.6) 

The subscript 0 in Eq. (3.3.6) indicates that the function so denoted 

has been evaluated at the initial approximation for S. The expression 

for the first derivative of G with respect to the unknown, S, is: 
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N 
dG = L 
dS i=l 

Tbe quanti ty 

A. Pd -2 SA.-3 B. 
J.. J. J. 

[ 1 

(Pd. + S)4 
(3.3.7) 

J. 

AS in Eq. (3.3.6) is solved for and arld;,d to the 

previous estimate of S. This is done until the magnit..ude of the 

correction AS is insignificant. 

If a (K, Sf) pair can be identified for each major soil tYIl,~ from 

sand to clay, the preceding least squares method can be used to ,colllpute 

an equivalent S. Any S is readily transformed irrto a CN, so the 

resulting set of CN - (K, Sr) equivalences can be used as the skeleton 

of a complete table of correspoudence for values of GN from 1 to 100. 

A computer program, named SeSEXT, was written to perform the 

necessary calculations to find a least-squares S for a given (K, Sf) 

pair and a range of rainfall events. In addition to performing the 

operations rlescribed in this sectiou, the program includes checks to 

ensure that events are not considered where the hydraulic conductivity 

is greater than the rainfall rate, Dor that the time to the end of 

initial abstraction exceeds the storm duration time. Abrief descrip-

tion of SCSEXT. along with a listing, is provided in thc appendilt of 

this report. 

4. Data Required for Establishment of a CN - (K, Sf) Equivalcncc 

4.1 Soil Data Sources 

In order to define a set of CN - (K, Sf) equivalences in the manner 

outlined in Section 3.3, and implemented in program SCSEXT, one needs as 

a starting point a set of (K, Sf) values representative of the major 

soil textural classes. Such a set was put together from bath published 

and unpublished reports of· investigators of soil rnoistllre properties. 
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Since it was desired to establish the CN - (K, Sf) eorrespondenee 

for conditions of Held eapaeity soil moisture conditions (AMC 11), a 

natural starting point was to find values of the moisture deficit, 

CS-Sfe ), for soil textura 1 classes. (Recall the definition of the 

storage suction factor a5 Sf = C6-6i)Hf). The values employed in this 

Iltudy were drawn from the USDA-ARS Technical Bulletin No. 1518 (1975), 

p. 5. 

Estimates of Hf' the effective capillary drive (or wetting front 

suction) for soil texture classes were reported by Brakensiek, Engleman, 

and Rawls (1979) in arecent SCS-AR Cooperative Research Progress 

Report. In their work relating initial abstraction to soil infiltra-

tion, tbey made tbeir estimates of Hf using published soil moisture 

vs. capillary pressure data (Roltan et al., 1968; Rawls et al., 1976) as 

a starting point. They first estimated the Brooks and Corey eonstants 

(1964), ~ and ~,usiug the functiou: 

where 
6-S 

S = __ r is 
e 'li-Sr' 

the effective saturation; a 

(4.1.1) 

is the soil water 

content; e is the residual soil water contenti $ is the soil porositYi 
r 

tjI is the eapillary pressure, [L]; tI1, is the bubbling, or air entry, 

pressure, [L]; and A is the pore-size distribution index. 

Tbe best value of 9 
r 

was obtained by systematically varying it 
·d' 

until the highest correlation:'between S e 
and was found. Then, a 

linear form of Eq. (4.1.1) was obtained by taking the logarithm of both 

sides. This form of the equation was used to find least ,squares 

estimates of tjlb' and A. With these values, an equation derived by 

Brakensiek (1977) was then used to estimate the effeetive capillary 

drive, Hf' That equation is: 
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(4.1.2) 

where 
11 = 3 + 2 i\. 

The Brakensiek, Engleman, and Rawls progress report also cited va1ues of 

hydraulic cenductivity at natural saturation, K, as they were reported 

by Strait, Saxton snd Papendick (1978) in an unpub1ished release. 

The values ef all soil parameters used in estab1ishing the CN -(K, 

Sf) correspondence are disp1ayed in l'able 6. 

Table 6. Hydraulic parameters of major soil textural classes. 
(1 inch = 25.4 mm) 

N N 

Soil 1I Boil Textural H
f

Cin)l (6-6 ) 2 
fc K(in/hr) 3 S f = (6-6fc)H

f Class 

1 c1ay 9.40 0.07 0.013 0.66 

2 silty clay 11. 88 0.09 0.02 1.07 

3 sandy clay 6.05 0.12 0.03 0.73 

4 silty clay loam 11.20 0.08 0.04 0.90 

5 clay loam 8.12 0.13 0.04 1.06 

6 sandy clay loam 5.55 0.13 0.06 0.72 

7 loam 6.95 0.14 0.13 0.97 

8 silt loam 10.11 0.11 0.26 1.11 

9 sandy loam 5.55 0.19 0.43 1.05 

10 loamy sand 3.90 0.27 1.18 1.05 

lEstimates from Brakensiek, Engleman, and Rawls (1979), SeS-AR 
Cooperatiye Research Progress Report, "Relating Initial Abstraction, 
I , to Soil Infiltration. tI 

2V~lues reported in USDA-ARS Technical Bulletin No. 1518, 1975, p. 5. 
3Values reported by Strait, Saxten and Papendick (1978) in an 
unpublished release cited by Brakensiek et a1 in 1. 

,4.2 Rainf&l1 Data Sources 

The Soil Conservation Service does not report the rainfall-runoff 

events used to develop its curve numbers in NEH-4, nor does it give any 

reference to where. these re,cords may be found. The ses does state that 
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its curve numbers were determined by plotting rainfall depth versus 

runoff depth for the event producing the annual maximum runoff event 

each year in its experimental watersheds. Since the curve numbers were 

derived in the early to mid 1950 I s, the period of record for the 

experimental watersheds was presumably on the order of fifteen to twenty 

years. For these reasons it was decided to use rainfall frequency maps 

of depth and duration for storms with return periods in the range of 1 

to 20 years. 

Although it is true, in the field, that a maximum runoff event is 

rarely associated with the annual maximum rainfall event, this is due to 

the influence of variable soil moisture conditions prevailing through 

the year. It is possible that one inch of rain wit.h wet antecedent 

conditions could produce more runoff than three inches of rain would if 

it. fell on a very dry watershed. However, for purposes of establishing 

the CN •. (K, Sf) correspondence, field capacity soil moisture is assumed 

for all events. Therefore a set of rainfall events with return periods 

from 1 to 20 years sbould offer a reasonable set of inputs to genera te 

runoff events of t.he same order of magnitude as those which might 

actually be observed in a twenty year period of record. 

The principal rainfall data reference used in this study was 

Weat.her Bureau Technical Paper No. 40, a rainfall frequency atlas of the 

Uni ted States. An example of the type of map found in this atlas is 

shown in Figure J. An additional source employed was a similar set of 

maps issued by the Denver Regional Council of Governments. Figure 8 

shows an example of one of these. These references were used to make up 

data sets for return periods of 1, 5, 10, 15, and 20 years and durations 

of 3, 6, 12, and 24 hours. Probability paper like that in Figure 9 was 
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Figure 7. Example of rainfall frequency maps found in T.P. 40. (1 inch = 25.4 mm) 
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Figure 8. Example of a rainfall frequency map issued by the Denver 
Regional Council of Governments. (1 inch = 25:4 mm) 
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used to interpolate depths for durations and frequencies not shown 

explieitly on a map. Beeause of the sensitivity of the infiltration 

equations to rainfall intensity, data sets were made up from a variety 

of locations around the U.S. to assess the influence of this parameter 

on the CN - (K, Sf) correspoudenees obtained. The locations chosen were 

Central Oklahomaj Upstate New Yorkj Denver, Colorado; aud Miami, 

Florida. They were chosen to ofIer a sampling of the range of rainfall 

intensities likely to .• be encountered throughout the Uni ted States. 

Tables 7-10 present the data sets. 

5. Analysis of CN - (K, Sf) Correspondence Results 

5.1 .Results Obtained with Program SCSEXT 

Using program SCSEXT and the data presented in Section 4, sets of 

CN - (K, Sf) equivalences were computed. The results are presented in 

Table 11, Since the computer program <:loes not compute runoff for events 

where the rainfall rate is less than K, nor when the time of duration 

is less than the time to end of initial e.bstraetion, a problem was 

encountered when using the parameters of soil classes 7 through 10. For 

these textural classes, the rainfall data from Oklahoma, New York and 

Celorado was not intense enough to produce runoff in the majority of 

cases. For this reason, the Miami data set was drawn up. Study of the 

maps in T.P. 40 indicated that in nearly every ease, for a given return 

period and duration, the Miami region had the greatest depth of rain in 

the U.S. Since rainfall intensities were arrived at by simply dividing 

cumulative depth by storm duration, the Miami data set had the greatest 

values. Thus, even for short return periods, the Miami data were 

capable of generating runeff for soil types with large values of 

hydraulic conductivity. Of the twenty events in this set, a reasonable 

39 



Table 7. Rainfall data for Central Oklahoma, from Weather Bureau 
Technical Paper No. 40. (1 inch = 25.4 mm) 

Central Oklahoma 

Return Period (yr) Depth (in) Duration (hr) Intensity (in/hr) 

1 2.88 24 0.12 
5 4.56 24 0.19 

10 5.52 24 0.23 
15 6.00 24 0.25 
20 6.24 24 0.26 
1 2.76 12 0.23 
5 4.08 12 0.34 

10 5.04 12 0.42 
15 5.40 12 0.45 
20 5.76 12 0.48 
1 2.22 6 0.37 
5 3.48 6 0.58 

10 4.20 6 0.70 
15 4.44 6 0.74 
20 4.80 6 0.80 

1 1.80 3 0.60 
5 2.94 3 0.98 

10 3.60 3 1.20 
15 3.90 3 1.30 
20 4.11 3 1.37 
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Table B. Rainfall data for Upstate New York, from Weather Bureau 
Technical Paper No. 40. (1 inch = 25.4 mm) 

Upstate New York 

Return Period (yr) Depth (in) Duration (hr) Intensity (inihr) 

1 2.40 24 0.10 
5 3.60 24 0.15 

10 4.08 24 0.17 
15 4.32 24 0.18 
20 4.56 24 0.19 

1 1.92 12 0.16 
5 3.00 12 0.25 

10 3.48 12 0.29 
15 3.72 12 0.31 
20 3.84 12 0.32 

1 1. 74 6 0.29 
5 2.46 6 0.41 

10 3.00 6 0.50 
15 3.30 6 0.55 
20 3.48 6 0.58 

1 1.29 3 0.43 
5 2.01 :} 0.67 

10 2.49 3 0.83 
15 2.70 3 0.90 
20 2.79 3 0.93 
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Table 9. Rainfall data for Denver, Colorado, from maps of the Denver 
Regional Council of Governments and Weather Bureau Technical 
Paper No. 40. (1 inch = 25.4 mm) 

Denver, Colondo 

Return Period (yr) Depth (in) Duration (hr) Intensity (in/hr) 

1 1.20 24 1).05 
5 2.16 24 0.09 

10 2.88 24 0.12 
15 3.12 24 0.13 
20 3.36 24 0.14 

1 1.20 12 0.10 
5 2.04 12 0.17 

10 2.64 12 0.22 
15 2.76 12 0.23 
20 2.88 12 0.24 

1 1.08 6 0.18 
5 1.68 6 0.28 

10 2.28 6 0.38 
15 2.46 6 0.41 
20 2.58 6 0.43 

1 0.84 3 0.28 
5 1.50 3 0.50 

10 1. 74 3 0.58 
15 2.10 3 0.70 
20 2.19 3 0.73 
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Table 10. Rainfall data for Miami, Florida, from Weather Bureau 
Technical Paper No. 40. (1 inch = 25.4 mm) 

Miami, Florida 

Return Period (yr) Depth (in) Duration (hr) Intensity (inIhr) 

1 4.56 24 0.19 
5 7.92 24 0.33 

10 9.12 24 0.38 
15 10.08 24 0.42 
20 10.80 24 0.45 

1 4.08 12 0.34 
5 6.72 12 0.56 

10 8.04 12 0.67 
15 8.52 12 0.71 
20 8.88 12 0.74 

1 3.48 6 0.58 
5 5.58 6 0.93 

10 6.48 6 1.08 
15 7.08 6 1.18 
20 7.62 6 1.27 

1 3.00 3 1.00 
5 4.59 3 1.53 

10 5.19 3 1.73 
15 5.70 3 1.90 
20 6.00 3 2.00 
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Table lL Curve numbers obtained for soil textura} classes with rainfall data from Oklahama, New York, Colorado and Florida. (I inch = 25.4 mm) 

So.i1 Class K SCCe S(OCe) = ~2KSf CN I Central No. uf e\lcnts CN, Upstate No. 01 eH, Denve:r, No. o[ CN, tliami, No. of 
(in/hr) (in) (in/hr~) Oklahoma based upoß New York events Colorado events Florida events 

1 clBy 0.013 0.66 0.131 94.77 20 94.69 20 94.82 20 

2 silty day 0.02 1.U7 0.207 91.60 20 91.35 20 91.64 19 

3 sandy clay 0.03 0.73 0.209 89.97 20 89.50 20 89.89 19 

4 silty c1ay loam 0.04 0.90 0.268 86.70 20 86.09 20 87.33 18 

5 clay loam 0.04 1.06 0.291 86.08 20 85.56 20 87.06 11 

6 nody clay loam 0.06 0.72 0.294 82.71 20 82.02 19 86.17 16 

loam 0.13 0.97 0.502 67.06 19 

"" .!:- 8 silt loam 0.26 1.11 0.760 55.10 16 

9 saody 100m 0.43 1.05 0.950 52.7S 12 

1Q loamy sand 1.18 1.05 1.574 39.15 



number produeed runoff to be able to determine a er! for soils 7 -9. For 

soil 10, loamy sand, the Miami rainfall produeed only one runoff event 

and the computed eN was rejected. 

5.2 Generalization of Results for All Curve Numbers 

Using the specifie CN - (K, Sf) equivalenees reported in Section 

5.1 as a frarnework, one rnay develop regression equations to generalize 

these results for all CN. Figure 10 shows a plot of hydraulic eonduc-

tivity, K, against curve number, eN. Figure 11 shows a similar plot of 

sorptivity at field capacity , S e6fe) versus CN. Points with circles 

around them represent correspondences found with rainfall data from 

Central. Oklahoma, Upstate New York, and Denver, Colorado. Points with 

squares about them are equivalences for soil textures with high 

hydraulic conductivity which cou1d on1y be found with the very intense 

Miami ratnfall data. The lines drawn in show the simple !"egression 

equations used to generalize these resu1ts. It was reasoned that K 

must go to zero when CN = 100, because in this case all rainfall runs 

off. Therefore, the regressions for hydraulic eonductivity and 

sorptivity were constrained to go to zero when CN = 100. The line for 

the points where CN < 57 on the K - CN plot is simply that defined by 

the two Miami points with CN of 55.10 and 52.75. The point of inter sec

tion satisfies both equations used to fit the K - CN plot. 

Using the regression equations, a full table of correspondenee 

(Table 12) was constructed to give an equivalent (K, Sf) for each eN 

between 1 and 100. Starting wi th a CN, a valu:e of K is eomputed from 

the appropriate regression equation. Next, for the sa,oe CN, a 

sorptivi ty is calcu1ated in a similar manner. The storage suction 

factor is then readily computed as Sf = [Se6fC)]2/[2Kl. 
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Fig1l.re 10. Plot of hydraulic conductivity versus curve number computed 
by SCSEXT. 
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Figure 11. Plot of sorptivity versus curve number computed by SCSEXT. 
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Table 12. Tahle of correspondence, CN - (K, Sf)' (1 inch = 25.4 mw) 

ClI'IVE ~UMAER Kr II"HRI SF 11 N I 50~PTIV(TY(J~/H~·al/2. 

=====-=-===== ========= :===== ====================== 
100.0 0.000 I O.OOOD 
Q9.0 .. 003 .052 .. In "-; 
'9H.O .007 .104 .0379 
~n .. 0 .010 .I<;~ .0568 
96.0 .014 .rf)t\ .0157 
95.0 .n17 .200 .. (')Q41 
Y4.0 .021 .312 .ll~6 
Q:'1.0 .0;>4 .3b4 .1325 
"2.0 .028 .416 .1514 
91.0 .031 .4tl6 .. 1704 
90.0 .U34 .520 .1 H93 
A9.0 .038 .57? .20R2 
68.0 .U41 .6::"4 .2272 
A1.0 .045 .676 .. ?461 
ßb.O .04" .728 .~650 
A~.O .052 .7AO .?A40 
B4.0 .0~5 .832 .3029 
I\~.O .oc,q .BA4 .. 321 B 
82.0 .06? .936 .3407 
Al.0 .065 .988 .3597 
EH) .. 0 .06Q 1.041 • 37f11S 
11).0 ,072 1.093 .3Q75 
78.0 ,076 1.145 .41f.t5 
17.0 .079 1.197 .. r. :J5te 
76.0 .083 1.249 .4S43 
75.0 .OM 1.301 .4733 
7_.0 .uqn 1.353 .4'922 
1J.o .OQ3 1.40S .Sl11 
72.0 .096 1. 457 .5301 
11.0 .lon 1.509 .!i4QO 
70.0 .103 1.561 .Sb19 
69.0 .107 1.613 .513,66 
68.0 .110 1.665 .!J()SS 
67.0 .1 J4 \.717 .b?47 
66.0 .117 \.169 .ft43ft 
65.0 .121 I.A21 .&626 
n4.0 :m 1.873 • FJß15 
63.0 1.025 .7004 
62.0 .131 1.977 .7194 
Al.0 .134 2.029 .73A3 
l'lO.O .l3J? 2.081 • 7572 
5Q.O .141 2.133 .77ftl 
Stt.O .145 2.1"5 .7951 
51.0 .123 2.697 .'H40 
56.0 .195 1.179 .8329 
55.0 .267 1.357 .R519 
'54.0 .340 \.116 .A70e 
53.0 .412 .9", .A~91 
52.0 .484 .B53 .90R7 
51.0 .5156 .173 .927(' 
511.0 .b2Q .713 ,Q46!:i 
49.0 .101 .665 .9655 
4l'.O .773 .627 .QH44 
47.0 .845 .595 1.0033 
46.0 .918 .5b9 1.0222 
45.0 .990 .548 1.0412 
44.0 1.06< .529 1.0601 
43.0 1.134 .513 1.0190 
42.0 1.201 .SQO 1.09~0 
41.0 1.279 .4RB 1.1169 
40.0 1.351 .477 l.135B 
39.0 1.423 .46A \.1548 
38.0 1.496 .461 1.1737 
37.0 1.5b8 .454 1.1926 
3&.0 1.&40 .447 1.2115 
35.0 1.712 .442 1.23D5 
34.0 1.785 .431 1.2494 
~~.() 1.357 .433 1.2683 
32.0 1.929 .42CJ 1.2R73 
31.0 2.001 .426 1.3Ufl2 
30.0 2.014 ."23 l:~~~l ?Q.ct 2.146 .421 
2~.0 ?.21ß .419 1.3h20 
27.0 '.?90 .417 1.3a19 
26.0 2.363 .415 1.4009 
25.0 2.435 ."14 1.4198 
24.0 2.S!)7 .413 ) .418'{ 
23.0 ~:g~2 .412 1.4';76 
22.0 .411 1.41&6 
21.0 2.72_ .41) 1.4955 
20.0 2.796 .410 1.5144 
!Q.O 2.Bf.8 .4111 1,1;,34 
lR.O 2.941 .41 Cl 1.~<;23 
11.0 3.013 .4lU 1.5112 
1&.0 3.085 ,'110 1.SQ02 
15.0 3.1SB .410 1.Eo091 
14.0 3.230 .41Cl 1.62RU 
13.0 3.3112 ,411 1.64&9 
12.0 3. J74 .411 t .6059 
ll.n 3.447 .412 1.6~c.B 
)0 .. 0 3.51Q .412 1.7.n7 
0.0 3.501 .413 1.7227 
".0 3.663 .4l4 1.74]b 
7.0 ::\. 7'l~ .41~ l.nO, 
6.0 3.~{lß .41b 1. 77Q~ 
5.R 3 t BRn .417 1. 7~F:l4 
'.0 3.95? .4l8 I." 17 3 
3.0 4.0?~ .4]9 I.R'63 
2.0 4.1t1J1 .42(1 t.R':i52 
1.0 4.1&9 .4?1 I.R141 
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It should be remembered that the table of correspondence contains 

values for field capacity soil moisture conditions (AMC 11). 

Although values are extrapolated for CN as low as 1, an inspection 

of Tables 2 and 3 shows that the great majority of soil-cover complexes 

have curve numbers in the range 60-100. This is also the range for 

which there are the most points of correspondence for defining the 

regressions. 

Listings are provided in the appendix for the computer pro grams 

used to find the regression equations (CFIT) and to fill in the table of 

correspondence (TABLE). 

5.3 Relationship Observed Between Initial Abstraction (I ) and a 

Storage (S) 

It is instructive to use the results of SCSEXT to make a log-log 

plot of S vs. I a in the manner cf Figure 1, which was constructed by 

the SCS from field observations in small (less than 10 acres) water-

sheds. Figure 12 shows such a plot made from the initial abstractions 

and least-square S values computed in SCSEXT. The scatter in Figure 

12 generated by infiltration equations appears to be of the same pattern 

as the observed scatter shown in Figure 1. This similarity seems to 

suggest that a ponding time approach to computing the quantity of water 

abstracted at the beginning of a storm will account for much of the 

variability of initial abstraction observed in experimental watersheds. 

It is the sensitivity of a ponding time calculation to rainfall 

intensity which will produce large variability in the magnitude of 

abstracted rain even though soil moisture is the same in every case. 

This feature of using an infiltration approach to compute excess 

rainfall recommends itself as a more realistic alternative to standard 

SCS procedures. 
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Figure 12. Initial abstraction vs. storage. 



5.4 Removal of Bias in Table of Correspondence 

Logical reasoning and preliminary tests using the correspondence 

presented in Table 12 suggest that it contains a bias. As explained in 

Sections 3.2 and 3.3 of this report, the CN - (K,Sf) equivalence was 

established using events during which the rainfal~ rate is assumed to be 

uniform. However, the SCS first defined curve nwnbers based on observed 

natural storms for which the rainfall rate certainly was not constant. 

For this reason it was decided to undertake an analysis of the impact 

of this assumption in establishing the CN - (K,Sf) correspondence. 

Time distributions as presented by Huff (1967) were imposed on the 

storms for Central Oklahoma (Table 7) and Miami, Florida (Table 10). 

Peak rainfall was set to occur in the second quartile for storms of 

duration less than 12 hllurs, in the third quartile for 12 hour storms 

and in the fourth quartile for 24 haul: storms, in accordance with the 

observations reported by Huff. For each major soil textura1 c1ass pre

sented in Table 6, an infiltration approach employing Eqs. (2.1.4) and 

(2.1.5) was app1ied to compute the cumulative depth of excess precipita

tion for each event. Soil parameters from classes 1 through 6 were used 

with the Ok1ahoma storms, and parameters from c1asses 7 through 10 were 

used with the Miami rainfall data. For each soil textura I class a CN 

was calculated by the method of least-squares using the selected cumula

tive depths of precipitation, the calculated cumulative depths of excess 

rain and Eq. (1.1.4). The results of this analysis are presented in 

Table 13. These CN which may be called the "variable rainfall CN," were 

plotted against the "equivalence or constant rainfall CNu for each 

textura 1 class for purposes of comparison. This plot is presented in 

Figure 13. 
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Table 13. Curve numbers found for major soil textural c1asses for the 
case of variable rainfall rate. (1 inch = 25.4 mm) 

.. 
Soil1l Textural Class K (in/hr) Sf (in) CN 

1 clay 0.013 0.66 94.1 
2 silty clay 0.02 1.07 90.7 
3 sandy c1ay 0.03 0.73 89.4 
4 silty clay loam 0.04 0.90 86.7 
5 clay loam 0.04 1.06 86.1 
6 sandy clay loam 0.06 0.72 84.1 
7 loam 0.13 0.97 72.8 
8 silt loam 0.26 l.U 60.8 
9 sandy loam 0.43 1.05 51.3 

10 loamy sand 1.18 1.05 15.6 

Although Figure 13 is suggestive of a trend, there are not enough 

points from which to generalize. To carry this investigation further, 

values of soH parameters from Table 12 were used to generate a more 

dense collection of least-squares, variable rainfall curve numbers. 

These results are presented in Table 14, and Figure 14 shows a plot of 

the variable rainfall eR versus the constant rainfall CN. The 

relationships seen in Figure 14 shows that in the range of CN hom 

53 to 83, the corresponding soil parameters from Table 12 will produce 

runoff behavior characteristic of much "tighter" watersheds if variable 

rainfall i5 applieö. For curve numbers less than 53, Table 12 infiltra-

tion parameters wHl produce less runoff , if variable rainfall is 

applied, than one would expect for a given curve number. 

These trends se~m to stern from the assumption of 1a = 0.2S in the 

original curve numbers derived by the SCS, and the dissimilar way in 

which the initial abstraction is modeled by an infiltration approach, 

depending upon whether rainfall intensity is constant or variable. In 

this study, initial abstraction by the infiltration approach was taken 

to be tlie quantity infiltrated up to ponding time, plus 0.1 inch surface 
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Table 14. Least-squares curve numbers found for variable rainfall 
intensity events. 

Constant Rainfall 
'" 

Least-Squares 
Regression K (in/hr) Sf (in/hr) Variable Rainfall 

CN CN 

95 0.017 0.260 94.4 
90 0.034 0.520 89.8 
85 0.052 0.780 84.9 
80 0.069 1.041 80.9 
75 0.086 1.301 77.7 
70 0.103 1.561 73.6 
65 0.121 1.821 70.9 
60 0.,138 2.081 67.6 
57 0.123 2.697 67.4 
56 0.195 1.778 63.3 
55 0.267 1.357 59.5 
54 0.340 1.116 56.7 
53 0.412 0.961 52.7 
52 0.484 0.853 49.7 
50 0.629 0.713 40.8 
48 0.773 0.627 31.1 
47 0.845 0.595 30.5 
45 0.990 0.548 25.5 
42 1.207 0.500 21.9 
41 ] .279 0.488 15.6 

retention, plus the quantity infiltrated in the time it takes to 

accumulate the surface retention (see Figure 2). For a given set of .. 
infil tration parameters, (K, S f)' and a storm of a certain depth and 

duration, the initial abstraction will tend to be larger if computed 

for an assumed constant rainfall rate than if it is computed for a 

variable rainfall pattern with the peak occurring in the second 

quartile. (Half the storms used in this analysis had peak rainfall in 

the second quartile; one fourth each had peaks in the third and fourth 

quartiles. ) 

Returning to Figure 14, it can be seen that for CN > 83, there is 

good agreement regardless of the assumed rainfall pattern. These CN 

are characteristic of very tight watersheds, and initial abstraction is 
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prabably cansistently much less than 0.2S under extreme starm condtions. 

Because the infiltration parameters are so small for these values of CN, 

initial abstraction will be very small and satisfied very quickly by an 

infiltration approach far any type of rainfall pattern, canstant or 

otherwise. 

For watersheds with CN in the range of 53 to 83, naturally 

occurring initial abstractions are still likely to be less than O. 2S, 

but not so much that the rainfall pattern is irrelevant when modeling 

them by an infiltration approach. Infiltration parameters faund to be 

equivalent to CN in this range will be tao "tight" if a constant rain

fall pattern is assumed due to the tendency to overestimate the initial 

abstraction in this case. 

Naturally occurring initial abstractions are likely greater than 

0.2S for watersheds with CN < 53. An infiltration approach with assumed 

constant rainfall seems to underestimate these large early abstractions, 

and establishes an equivalence with CN Cbased on equal amounts of total 

abstraction) by overestimating infiltration after the initial abstrac

tion. This results in overestimates of infiltration parameters, 

particularly K. 

It must be admitted that the explan&'tion offered here for the 

apparent discrepancy between CN for constant and variable rainfall is 

somewhat speculative. A full analysis of the relative magnitudes of 

initial abstraction (as computed by infiltration approach) for different 

rainfall patterns would be especially instructive. Nonetheless, the 

nature of the discrepancy has been ident.ified ao,ß steps may be taken to 

overcome it. 
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Figure 15 shows a nomograph developed from the data plotted in 

Figure 14. Its use will permit the utilization of the correspondence of 

Table 12 for cases of variable rainfall while avoiding any apparent 

bias. If one enters Figure 15 along the abscissa with a watershed's CN 

based on soils and land use, traces vertically to the dark curved line 

and then left to the ordinate, one may read off the CN to be used when 

ente ring the table of correspondence (Table 12). This procedure is 

illustrated in Figure 15 for the ease of aland use CN equa1 to 72. 

The equivalent CN, for use with a variable rainfall pattern, is found 

to be 65.4. Entering Iable 12, the appropriate infiltration parameters 
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Figure 15. Nomograph for removal cf bias in CN - (K,Sf) correspondence. 

57 



to be used are found by interpolation to be K = 0.119 in/hr and 

1.800 inch. 

111. IMPLEMENTATION 

6. Utility of the eN - (K, Sf) Correspondence 

s = 
f 

With the correspondences reported in this document, a new approach 

for estimating runoff from ungaged watersheds is available to the 

hydrologist. Using soil maps, air photos, topographie maps and visual 

inspeetion, a eurve number (AMC 11) ean be determined for a watershed of 

interest by standard ses procedures. Next this CN based on soils and 

land use is converted via Figure 15 to a CN to be used to enter the 

table of correspondence to determine the watershed infiltration param

eters. Then, the equivalent (K, Sf) ean be read off the table of eorre

spondenee (Table 12) and an infiltration approach may be used to eompute 

an excess rainfall pattern, given some rainfall event of interest. The 

excess rain may then be routed to the watershed outlet by some method 

oi the hydrologist's choosing, such as the SCS dimensionless unit 

hydrograph. 

A companion User' s Manual for the Fortran program XSRAIN gives a 

detailed ac count of how it computes excess rain and runoff hydrographs 

for ungaged watersheds. The manual also includes an example of hand 

caleulation of excess rainfall by the infiltration approach. The manual 

is meant to be self-contained, with all necessary tables therein for 

determination of hydrologie soil groups, curve numbers and equivalent 

hydraulic soil parameters. This second document with title "User' s 

Manual for XSRAIN: a FORTRAN IV Program for Prediction of Runoff from 

Unpaged Watersheds" will be distributed by FHWA sh.ortly after the 

produetion of this report. 
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APPENDIX 

In this section, tbe description of two ccrrputer programs 

are presented. 

Program SCSEXT is for finding an equivalent ses curve number 

for specified hydraulic soU pararreters over a number of rainfall 

events. 

prcgram CFIT is for finding the regression between ses curve 

n1.l!lfuer and hydraulic conductivity subject to certain constraints. 
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Brief Description of Pro gram SCSEXT 

Program SCSEXT was writtell to find an equivalent curve number for 

specified hydraulic soil parameters, K and Sf' over a number (M) of 

rainfall events, also specified. 

The program begins by reading in the number of soils to be 

considered, NS, and the rainfall rates and durations (RR and RTD) of the 

M user specified events. Retention (interception and depression 

storage) is set equal to 0.10 inch (2.54 mm) for all cases. The counter 

MMT is set equal to zero; it will record the total number of events over 

an soils. 

The program next enters loop 12, whose index is SOlL. SOlL ia 

incremented from one through NS, the number of soil texture classes 

being considered. Thus, the operations in loop 12 are performed for 

one soii type at a time. After reading the hydraulic conductivity, KT, 

the storage suction factar, SF, and the first guess for storage, S, for 

a soil, loop twelve initializes the Rand TD vectors by setting them 

equal to the RR and RTD vectors. Next it considers which events (R, TD) 

cannot be used with the soil type specified by KT and SF due to the fact 

that the rainfall rate is less than KT, or the ponding time is greater 

than the rainfall duration. This is accomp1ished in loop 29. N is the 

number of events thrown out and MM the number retained. Subscripts of 

event-specific variables, (such as R, TD, RSTAR, TP) are revised 

accordingly. 

After a few simple prelirninary ca1culations, the total abstraction 

according to infiltration equations, Cl, i8 calculated in loop 17. 

In loop 45, an iterative solution for tLe initial abstraction, IA2, 

is found by Newton's rnethod for each event of Rand TD. With this 
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value of lA2, a time to end of initial abstraction, TE2, is also 

computed for each event. Acheck is made, by comparing TE2 with TD 

for every event, and if TE2 is greater than TD, the event is discarded, 

and subscripts are revised accordingly for TE2, IA2, 'R; TD, Cl, P, 

RSTAR, RATIO, TP, PPI. The number of events thrown out by this check is 

NN. 

With values of IA2 for each event retained, the iterative 

calculations are ,made for finding the least-squares storage, S, in loops 

26 and 25. With the calculation of this S, the equivalence between 

infiltration parameters and the ses method has been reached for a 

specific soH type. Results are printed out and S is stored in the 

STO and STOR arrays for future reference. Initial abstraction va lues 

are st.ored in ALLIA. The dimensions of STOR and ALLIA are MMT, the 

total number of events over all NS soil types. 

At this point, the "12 CONTINUE" card is hit and the preceding 

operations are performed for a new soil texture type, with its own 

values of KT, Sf and first guess S. 

After the operations of loop 12 have been done for all NS of the 

specified soil types, sub routine MAPA gives a log-log plot of initial 

abstraction versus storage using the values in STOR and ALLlA. MAPA is 

a library subroutine on the system at Colorado State University, and is 

probably not found on other systems. It is a sub routine for producing 

data plots on a line printer. 

Finally, in loop 82, curve numbers are computed from the storage 

values in STO and results are printed out. 

The following pages contain definitions of FORTRAN symbols used in 

SeSEXT, as weIl as a listing of the program. 
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Fortran Symbol 

M 

NS 

RR(l) •.. RR(M) 

RTD(l) ... RTD(M) 

RET 

MMT 

SOlL 

KT 

SF 

R(1) ••• R(MM) 

TD(l) ••• TD(MM) 

N 

NN 

MM 

RSTAR 

TP(K) 

RATIO(K) 

Math Symbol 

r 

K 

r 

r* = (r/K) 

t p 

r*/(r*-l) 

64 

Definition (1 inch = 25.4 mm) 

Number of rainfall events 

Number of soil types 

Input rainfall rates (in/hr) 

Input duration times (hr) 

Retention: the combination of 
interception and depression 
storage (in) 

Total number 

a11 (NS) soil 

of events used over 
NS 

types ( ~ MM.) 
i=l 1 

Index of loop 12; as it 
increments, a new soil type is 
taken up 

Hydraulic conductivity at 
natural saturation (in/hr) 

Storage suction factor (in) 

Rainfall rates actually used 
with soil type of consideration 
(inihr) 

Duration times actually used 
with soH type of consideration 
(hr) 

Number of events discarded 
because r <: K or lo ,< t p 

Number of events discarded 
because t e > lo 

MM = M - N- NN; number of 
events retained 

Rainfall rate normalized with 

respect to K 

Ponding time for 'Kth' event (hr) 

Convenience term for 'Kth' event 



Fortran Symbol 

P(K) 

PPI(K) 

SORP 

Cl (I) 

IA2(J) 

lTER 

H(J) 

DH(J) 

DIA2 

TE2(J) 

A(1) ,B(I) 

SS(I) 

PD(1) 

LA(I) 

LB(!) 

ITERS 

Math Symbol 

P = r t D 

Wp = rtp 

SCSi) = J2is f 

I 
a 

F 

dF/dI a 

Pd 

a = CI +P -C) a e 

b = (Ia-C) 
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Definition (1 inch = 25.4 mm) 

Total depth of precip. for 'Kth' 
event (in) 

Pre-ponding cumulative 
infiltration depth (in) 

Green and Ampt sorptivity 
1 

(in/hr~) 

Total event abstraction for the 
'lth' event by infiltration 
approach (in) 

Initial abstraction for 'Jth' 
event (in) 

Iteration counter in routine to 
find .I a 

Function which goes to zero when 
solution for I a is reached, 
for 'Jth' event 

First derivative with respect 
to 1 a 

Incremental correction to 
previous guess of I a 

Time to end of initial 
ahstraction for the 'Jth' event 

Convenience terms in the 
solution for storage, SS for the 
Ith event alone 

Storage if only '1th' event 
considered 

Difference (P-I ) for the Ith 
event (in) a 

Convenience term in solution for 
least-squares S, for Ith event 

Convenience term in solution for 
least-squares S, for 1th event 

Iteration counter in computation 
of S 



Fortran Symbol 

SUMFUNC 

SUMDRIV 

BA(I) 

BB(I) 

NUMER 

DENOM 

DELESS 

STO(SOIL) 

Math Symbol 

N 
G=l 

i=l 

dG 
dS 

2 

SA.+B. 
1 1 

A.=(a'Pd -a.b'Pd ) 
1 1 .11 . 

1. 1. 

2 2 2 
B.=(a.b'Pd -b,Pd ) 

1. ~ 1 . 1 . 
1 1 

LlS 

STOR(l) ..• STOR(MM) 

ALLIA(l) .•. ALLIA(MMT) 

BEGIN 

MAPA 

CN(l) ... CN(NS) 

66 

Definition 

Function. which goes to zero when 
solution S is found 

First derivative of G with 
respect to 5 

Convenience term for Ith event 

Convenience term for Ith event 

Convenience term in calculation 
of SUMDRIV 

Convenience term in calculation 
of SUMDRIV 

Incremental correction to 
previous estimate of S (in) 

Storage, S, for a particular 
soil type denoted by the index 
SOIL 

Array where S values for all 
soil types are stored. Each 

. soil type has its S repeated 
MM times. Used with MAPA line 
printer plot sub routine 

Array of all initial abstraction 
values for all soil types for 
all retained events. Used with 
STOR(MMT) in MAPA to print a 
plot of I vs. S. 

a 

Index in STOR and ALLIA where 
values for a particular soil 
type are begun to be stored 

CSU sub routine to get a data 
plot on the line-printer 

Curve number for the respective 
(1 through NS) soil texture 
types 



c c 
c 
c 
c 
c 

C 

PHOGRAH SCSEKTI!NPUI,OUIPUT,TAPE5,TAPE6-aUTPUTI 
INTEGER BEblN 
REAL KO.L.LA,LB,NUMER 
l"nEGE~ SOlL 
'1EAI. K T tI Ac 
ulMENSION cOI,I.AC<O>,LBC20>,BAC20I,BBI201 
11IMENSIoN STOl121,MTlBI,CNllZI 
IlMENS ON R~(201.RTDC20>,TDI20).cl(20),1A2120),IE2C2o> 
OHjE~SlON "'Irr(s) 
OIME~SION ALI.IAI120> ,STORC!201 .55(20) 
'l!ME~SION H (201 ,DH 1201 ,B (20) , A 1201. p 1201 ,RATIO C 20> ,R (20) • TP (20) • 
IR~TAR(20),PPIC20) 

llATA XTT,YlT,~ITTI"STO~AGE ","lA "." INlTI"L, 'IBS 
1 TRACT ION IIA - INCHES> VS. STORAGE es - INCHES> "r 

M 15 HiE NUMSER OF RAINFALL-OURATION EYENTS SEING caNSIOEREO 
M=20 

"EAO <'15. Tt1E NUHBER OF SOlLS CaNsIDEREO 
QEAD 15,99) NS 

99 FUR'1A I (15) 

g READ IN RAI~FALL AND DURAiION yECTORS 

c c 
c 
c 

00 11 1=10"1 
~EAD 15ol0) ~RII) ,RrOel) 

10 FUR'1ATIZFIO.3) 
11 CUNTINUE 

SET RETENTION VALUE 
RET=o.I 0 

MMT=o 
00 12 SOIL=I.NS 
PfUIIIT 13 

13 .O~~AT(2 •• 211!H.),/1 
P~l'H H,SOIL 

14 .UHMAT(2K."SOIL N~MaEq",I51 
~EAD HVORAULIC CONOUCTIVITV, STORAGE 5UCT[ON fAcrOR, ANJ 
F'I~ST GUE55 S 

HEAO (5,91 ~T,5F',S 
9 FUR>lATI3FIO.J) 

PRINT IS.KfoSF,5 
15 FUH04ATl2X,"KT=",no.3,2X,"SF=",F10,3,1.2x."FIRST GUES5 S "",FlO.3, 

1/1 
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C I~ITIALIZE QAI~FALL A~D OURATION VECTORS FOR A PARTJCULAR SOlL, 
e 

r 

no 16 l="~ 
~1l)=RRII) 

I~ rOIIl=RTDIII 

r THROW OUT EVtNT5 ~HERE HAINFALL RATE .LE. HYORAULIC CO~~UCTIvIT' 
C OR PO~OING TIME .GT. TIME OF OURATION 
C 

E 
c 

c 
c 
C 

F 
c 
c c c 
c 

r. 
C 
r. 

REVISE SUBSCHIPTS. N IS NUM~ER UF EVENTS THROw~ OUT 
RIK-NI=RCKI 
roc~-NI=TOI~) 
4STAqtK-NI=RSTARI~' 
TPC~-NI=TPCq 

TEST R AGAINST ~T AND TP AGAINsT TO 
IF IR C~I .LE.~ I) GO 10 19 
IFCIPCKI.GT.fOIK',GO 10 62 
GO TO 29 

19 PHINT 20 
20 FOH~ATI2X."RAINFALL RATE LESS THAN HYORAULIC CONOUCTIVIrv OF TH SO 

llL - RUNDFF DOES NOT OCCUR") 
. r,0 TO 64 
&~ PRINT 63 
&3 FURMATI~X."PONOING TI~E GREATER THAN TIME OF OJ~'TION - RJNOFF ODE 

15 NOT OCCU~"1 
&4 "1=1'1+1 
2" CONTINUE 

MM IS THE NUHRER OF EVENTS RET.INEO 
MM=M-~ 

CALCULATE RATIO A~D TOTAL PRECrPITATION 
CALCuL~TE P~E-PONDING INFILTRATION IPPI) 
PRI'IT 33 

33 FOH~ATI1X.5{IH~I./1 
nu 34 K=I • ..,.., 
~1~f~~~~I~~~1~IKI/IR5TARCKI-I., 
PPI(~)=RCK)'TPCKI 

34 r.ONTINUE 

CALCULATE SORPTIVITY 
SORP·SQRTI2.oKToSFI 
p~I"T ~(ltSO~P 

&0 FO~""TC/'2x."SORPTIVlTY =".F10.4) 

CALCuLATE TOTAL ASSTRACTION SV INFILTRATION EQ~ATION, ICll 
00 17 I=l.M~ 
CI'II=HEr.PPIIII.SO~P'RATIOCI1'CSQ~rITOIII-TPCII.n.5~1RATIOIII 

1·*3,orPI!)I-SQRTIO.S*{RATIOIII.·31*TPII»)+(T*ITOIII-TPIII) 
17 CONTINUE 
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r. 
C PART TWO - 50LVI~G FO~ INITIAL A9STRACTION 
C 
C 
C ENFO~CE CONDITION nF EQUAL AMOUNTS ARSTRACrED AT END OF I~ITIAL 
C ABSTRACTIO~ Ta FIND lA2 FOR EAC~ OF MM EvENIS 
C 

NN=O 
OU 45 J;I.MM 

r. 
C SET INITIAL APPROX FOq IA2(JI 
C 

c c 
c 

C 
C 
C 

r c 
c 

e 
C 

r. c 
C 

TA2(JI=PPI(Jl+l,O 
ITER=O 

rTERATE Ta A SOLUTION FüR IA Sv NEwTONS MET~OD 
4~ H(JI=R(Jl*r P IJl.SORP*QATIOIJ1"(5QRTf(IA2IJI/RIJlI-TPIJ1.0,soIRATIO 

IIJl··3l·TPIJlI-SQ~TIO,5·IRATIOIJI"31.TPIJIII.~T·IIIA2(JI/RIJ"-TP 
2IJII-IA2IJl.~ET 
I]HIJI=IISO~P.RATIOIJII/(2,·RIJI·SQRTIIIA2IJI/RIJII-TPIJ,.O.5*IRATI 

IIIIJlo·31*TPIJ1111.II,/RSTARIJI,-I. 
IFIABSIOHIJI l .LE.l,OE-lUlGO Ta 45 
OlA2=-IHIJl/OHIJII 
IA2IJl=t~2IJI.DIA2 
!TER= !TE .... I 
IFIITER.GT.IOIGD To 47 

rEST MAGNITUOE OF oIA2 
IFI.8510IA2,.GT.0.OI0)GO TO 46 
GO TO 66 

47 PRINT 48.J 
4H FOR~AT(2x.nTEN ITERATIONS WITHOUT CONVERGENCE I~ ATTEMPT Ta cALCUL 

lA TE IA2 (". 12."1 "I 
r;o Ta 45 

CALCULAT. Tl~E TO E~D OF IA2 
6~ TE2<JI=IA2(JI/RIJI 

REVJSE SURSCNIPT5. NN 15 THE NUMAER OF EVENTS Trl~O~N o~r 

TE2IJ-N"II=TElIJI 
TA2(J-N'Jl=IA2(JI 
'l(J-~NI=RIJI 

Cl (J-NNI =Cl (,J) 
P(J-~NI=PIJI 
~SrAq(J-NN1=~STAR(Jl 
RATIOIJ-NNI=NATIO(,JI 
TPIJoN"Il=TP(J) 
pp 1< J-NN l =PP I (Jl 
rüIJ-NNI=TO(,J1 
TEST TE2 AGAIN5T To 
IfITE2lJI .GE.TDIJI ,GO TO 65 
r;0 Ta 4~ 

6., p~I~T "7 
~7 FON~ATI2X."TE2.GE.TD,EVE"IT 5KIpPEO'" 

~~=~~·I 

45 CONIINUE 
>1M="'~-NN 
PRI~r 30.1o!. 

30 FON~ATI2X.I5.2X."EVE~IS WITH R.GT.KT • TP.LE.TO AND TD.ST. 
ITE.!"I 
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c ~~T 15 THE CUHU"AT]VE NUMBER·QF EVENTS BEING CON5IDERED 
C O~ER A~L SOlLS 
c 

c 
C 
C 

c 
c 
C 

c 
c 
c 

c 

CALCULATE STORAGE USING IA2 
00 .4 l=l.>1M 
All) = P I I ) -Cl (I) 
H I XI = I A2 I 11 ~ (P (I) - I A2 Cl HCl (l) )-c I ([) op CI) 
FIND STORAGE FOR EACrl PARTICVLAR EyENT 
S5 (1) =-8 1l)/A (Il 

~. CONT INUE 

CALCULATE ~EAST SQUARES STORAGE OVER ALL EVENTS 
00 26 1"I.MM 
PO I 11 =P ( Il - IA2 ( I I 
LAIII=IA2(1)+POII'-Cllll 

26 L~III=IA2(II-C1II) 
ITERS=O 

27 o;VM'UNC=O. 
SUIIDHIV=O. 
ITERS=ITERS·l 
IFIITERS.GT.I0IGO TO 31 
00 25 1=I.MM 
BA(t I =( (LAIII H 2I o PO I 111- ILAI II'LBI 1I "PO I 111 
fJBO 1 =(LA( II*Lalll* IPOIII"·ZII_( ILBIII'''ZI*\PDI1I**21) 
5UMFUNC"SUMFUNC+\IBAIII·S+SSII,I/(IPO(I).5)·*3») 
NUMER=IBAIl)*IIPOIII+SI'.3))-13 •• IS*SAI]'+BBI]))'«POI1).51"2)) 
DENOM=IIPOI])+SI""5) 
SUHDRlY=5UMORlY+INUME~/DENOMI 

25 CONlINUE 
DELE55=-SUM"UNC/SU~OA[V 
S=S+DELESS . 
IFIOE~ESS.GE.O.001IGO TO 21 
GO TO 32 

31 pR1NT 3S 
35 FOR!U1II.2K."TEN lTERHIONS IIITHOUT CONVERGEN(;E rOR S".(} 
32 cUNTINUE 
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c 
r. p~I~T OuT RESULTS r: 
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Program CFIT 

Program CFIT wa>l written to find the regression between curve 

number, CN, and hydraulic conductivity, K, subject to the constraint 

that at CN = 100, K = 0.0 in/hr. Itwas also used for sorptivity vs. 

CN. 

A list of the Fortran symbols used and their definitions fOllows, 

along with a listing of CFIT. 

Fortran Symbol 

N 

KT(I) 

CN(I) 

B(I) 

MAPA 

CLSQ 

Al 

K(I) 

STDER 

Fortran 

x 

B(I) 

BX 

X2 

M 

CFIT Symbols 

Definition 

Number of soil types for which there is a K and CN 

K, the hydraulic conductivity ('Ith' soil) 

Curve numbcr, ('1th' soil) 

Convenience term, Bel) = 100 - C~(1) 

CSU subroutine to give a data plot on the line 
printer 

Sub routine to compute constrained least-squares 

Slope of regression line found in CLSQ 

Estimated hydraulic conductivity found with regression 
computed in CLSQ, '1th' soil 

subroutine to compute standard error of estimate 

CLSQ Symbols 

Definition 

" 
K, the hydraulic conductivity or other parameter to 
be estimated from CN 

Convenience term, B(l) = 100 - CN(I) 

Product, for 'Ith' soil, of Bel) t:i.mes XCI) 

X2 = X(I)*'~2 
Slope of regression line 
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Fortran 

XCI) 

Y(I) 

RO(I) 

SUMRO 

SD 

M 

STDER Symbols 

Definitions 

'Known' value of parameter 

Value of parameter estimated by regression 

Squared difference between XCI) aad Y(I) 

Sum of squared residuals 

Standard error of estimate 

Number of soil types for which values of X and Y 
are available 
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PROGRAM CFIT(INPUT,OUTPUT,TAPE5,TAPE6=OUTPUT) 
DIMENSION KT(12),CN(12),K(12),MT(8),B(20) 
DIMENSION MTT(8) 
REAL K,KT,M 
DATA XTT,YTT,MTT/"KT","CN","PLOT OF STORAGE VS. CALCULATED 

1 COEFFICIENTS"/ 
DATA XT,YT,MT/"K","CN","PLOT OF STORAGE VS. PREDICTED 

1 COEFFICIENTS"/ 
READ{5,14)N 

14 FORMAT(l5) 
00 101 I=l,N 
READ(5,10)KT(I),CN(I) 

10 FORMAT(2F10.4) 
101 CONTINUE 

DO 102 l=l,N 
B( 1)=100. -CN(I) 
WRITE{6,11)I,KT{I),I,CN(I) 

11 FORMAT(2X,*KT{*,I2,*)=*,F10.4,5X,*CN(*,I2,*)=*,F10.4) 
102 CONTINUE 

CALL MAPA(5,KT,CN,1,N,XMIN,XMAX,YMIN,YMAX,XTT,YTT,MTT,1) 
CALL CLSQ(N,B,KT,A1) 
WRITE(6,lOO)Al 

100 FORMAT(2X,"REGRESSION UNE: KT=(lOO-CN)/",F10.3) 
00 103 I=l,N 

103 K(I)=B(I)/A1 
00 104 I=l,N 
WRITE(6,12)I,K(I) 

12 FORMAT(2X,*K{*,I2,*)=*,F7.3) 
104 CONTINUE 

CALL STDER(N,KT,K,SD) 
WRITE(6,13)SD 

13 FORMAT(2X,"STANDARD ERROR OF ESTIMATE=",E12.5) 
CALL MAPA(5,K,CN,1,N,XMIN,XMAX,YMIN,YMAX,XT,YT,MT,1) 
STOP 
END 
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SUBROUTINE CLSQ{N,R,X,M) 
DIMENSION B(20),X(20) 
REAL M 
BX"'O. 
X2=O. 
00 1 I=l,N 
BX=BX+{B(I)*X(I) ) 
X2=X2+(X(I)**2) 

1 CONTINUE 
M=BX/X2 
RETURN 
END 
SUBROUTINE STDER(M,X,Y,SD) 
DIMENSION X(2D),Y(20) 
SUMRQ=O.O 
00 14 I=l,M 
RO=(X(I)-Y(I)**2 
SUMRO=SUMRO+RO 

14 CONTINUE 
SD=SQRT(SUMRO/FLOAT(M-l» 
RETURN 
END 

75 



FEDERALLY COORDINATED PROGRAM (FCPI OF ffiGHWAY 
RESEARCH AND DEVELOPMENT 

The Offices of Research and Development (R&D) of 
the Federal Highway Adm!nistration (FHWA) are 
responsible for a broM pro gram of staff and contrac! 
research and development and a Federal-aid 
prugram, conducled by cr through the Slate highway 
transporlation agendes, that includes thc Highway 
Planning and Research (HP&R) program ancl !h~ 

National Cooperative Highway Research Pro gram 
(NGHRP) managed .oy the Transportation Research 
Board. The FCP is a careful!y selectecl group of pro} 
eets that uses research and development resourees to 
obtain timely solutions to urgent national \:iclhway 
engineering problems.· 

The dialional double stripe on the cover of this report 
represents a highway ::md is color-coded to identify 
the FCP category that the report falls under. A red 
stlipe is used for eategory I, dark blue for category 2, 
light blue for cat.gory 3, brown {ar categary 4, gray 
for category 5, green for categorie. 6 and 7, and an 
orange stripe identifies category O. 

FCP Category Descriptions 

L Improved Highway Design and Operation 
for Safety 

Safety R&D addresses problems associated with 
the responsibilities of the FHWA under the 
Highway Safety ACI and includes investigation of 
apprapriate design standards, roadside hardware, 
signing, and physical "nd sdentific datn for the 
formulation of improved safety regulations. 

2_ Reduetiun of Traffie Congestion, end 
Improved Operational Effideney 

Traffic R&D is eoncerned with inereasing the 
operational efficiene)' of exisling highways by 
advancing tcchnology, by improving designs for 
existing as weil as new facilities, and by balancing 
the demand-capaeity relationsbip through traffie 
management techniques such as bus and earpool 
preferential treatment, motorist informalion, and 
rerouting of traffie. 

S. Environrnental Considerations in Highway 
Design, Location, Cons!l'Uetion, 8l11d Opera
tion 
Environmentsl R&D is directed toward identify
ing aod evalusting highway elemenls that affect 

• Tho c:omplOlO scvcn-vobme official !tatemcnl of the fCP b avaüablt from 
thc National Tecnnicll InfofIßation Se ...... icc. Springfield. Vu., .22151. Sinsle 
eop~! o(lh~inlJ'odull"!ol')' 'Yolume are Ilvailablc witllout charge' from PrO[l.flllll 

An!Lly.1I (HRD-3). Offices of Rctltllrch anti Developmonl. Federal Hig"wa~ 
Adminüllrat:cm, WuhinQ1on, D.C, 20590. 

the quality of the human environment. The goals 
are reduclion of adverBe highway and traffie 
impacts, and protection alld enhaneement of the 
environment. 

4. Improved Materials Utilization and 
DUJ'abillty 

Materials R&D is concernecl "ith expanding the 
knowledge and technolcl!Y of materials propertie., 
using available natural materials, improving struc
tural foundation materials, recycling highway 
materials, converling industrial wastes into useful 
highway products, developing extender- or 
substitute materials for those in shurt supply, and 
developing more rapid and reliable testing 
procedures. The goals are lower highway con
struction costs and exteuded maint~nance-free 

operation. 

5. Improved Design to Reduce Cosls, Extend 
Lile Expeetancy, end Inaure Struetural 
Safety 

Structural R&D is eoneerned with furthf' lng the 
latest technologie aI advanees in structural and 
hydrauhc designs, fahrication processes, and 
construction tcchniques 10 provide safe, efficienl 
highways at reasonable cosls. 

6. Improved Technology for Highway 
Construction 

Thi. estegory is eoncerned witb the research, 
develop",ent, and implementation of highway 
conslruction leehnology to increase productivity, 
reduca energy consumption, conserve dwindling 
resuurce., and reduce costs while improving Ibe 
quality and methods of construction. 

7.Improved Technology for Highway 
Maintenance 

This category addresses problems in preserving 
the Nation's highways and include. aetivities in 
physical maintensnce, traliie services, manage
ment, and equipmenl. Tile goal is 10 maximize 
operational efficiency and safety 10 the traveling 
public while conserving resource •. 

O. Other New Studies 

Thi. eategory, not included in Ibe seven-volume 
omcial statement of the FCP, is concerned with 
HP&R and NCHRP studies not specifieally relaled 
to FCP projects. These studies involve R&D 
support of other FHWA program office research. 


