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CDQO000020080052 API and Rain Runoff Relationship for TN Ri

ver Watershed Attachment 12

Hydrologic Soil Group—Catoosa County, Georgia, and Murray and Whitfield Counties, Georgia

(South Chickamauga Sample 1)
MAP LEGEND MAP INFORMATION
Area of Interest (AOI) Map Scale: 1:50,000 if printed on A size (8.5" x 11") sheet.
L Aroa of Intarest (AOH) The soil surveys that comprise your AOI were mapped at scales
Soils ranging from 1:12,000 to 1:20,000.
Soil Ratings Please rely on the bar scale on each map sheet for accurate map
A measurements.
AD Source of Map:  Natural Resources Conservation Service
B8 Web Soil Survey URL:  http://websoilsurvey.nrcs.usda.gov
Coordinate System: UTM Zone 16N NAD83
B/D
This product is generated from the USDA-NRCS certified data as of
c the version date(s) listed below.
cmo Soil Survey Area:  Catoosa County, Georgia
0 Survey Area Data:  Version 7, Apr 21, 2008
Not rated or not available Soil Survey Area: Murray and Whitfield Counties, Georgia
Survey Area Data:  Version 8, Jan 3, 2008
Water Features i g 4
g2 Cosiifis Your area of interest (AOl) includes more than one soil survey area.
These survey areas may have been mapped at different scales, with
B Streams and Canals a different land use in mind, at different times, or at different levels
T il of detail. This may result in map unit symbols, soil properties, and
renaportEHon interpretations that do not completely agree across soil survey area
o Interstate Highways boundaries.
o~ US Routes
o Major Roads
Natural Resources Web Soil Survey 2.1 12/19/2008
Conservation Service National Cooperative Soil Survey Page 2 of 7
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CDQ000020080052 API and Rain Runoff Relationship for TN River Watersﬁed Attachment 12

Hydrologic'Soil; Group—Catoosa County,:Georgla, .and. Murray and:Whitfield .

‘Caunties, Georgla

South:Chickamauga Sample 1

Hydrologic Soil Group

Page 4 of 28

T Mapit 5 {Map,Unitinam o ik T
AnB- 3 Allen silt. Ioam 2166 percent: slopes B 634 0:6%.
ANC Allen silt loam, 64010 percentslopes: |B 84.1 0:9%
AnD |Alten siltioam, 10 to.15 perceritslopes 1B . 1543 1:6%.
AnE Allen silitoam, 15 to-25 percent siopes a.far 536 0:6%-
A0C2: Allen‘clay Ioam, 61310, percent slopes. |B- 377 0:4%
; eroded ’ : o
{ApB. |Apisontoam, 2.t0 6 percent slopes. (B 42 -0i0% |
ApC ' :7Apisonlf|oavm,36‘t6 i0percent slopes: B’ 2%,
AIC | Armuchee.channery siiticam: 6:140:10-  |C: 642, 0:7% |,
‘pércent’ slopes - ) o '
|BoE | Bodine.cobbly:silt 16arm; 10:to. 25 percent B 34 0.0%.
.slopes, stony: » ; )
Cb :CedarBluff;Ioam,éoccas'ionalrylﬂoodéd‘v C. 2789, 2:9%
|ce Chiénneby siltloam; occasionally flooded| € 4235 4:4%
CoB Conasauga'siitloam; 1 to'6.pércent  |C* 253 0:8% |
‘slopes. . )
CoC: ' ‘Conasauga: slittoam; GtoA0/percént | & 1.7 0.0%
slapes’ - :
cuB Cunningham sllt Ioam 2 to 6 percent C 326 0:3%1,
: slopes:
cuc ‘Cunninghan silt toam;, 81010 percerit. [ R 2 0:4%
slopes' ) )
Cup Cunningham silt.loam; 40 to 15 percent; |C. 64.9, 0.7%.
‘slapes o o .
CxD2. Cuririingham silty.clay loam; 6 to15 c 02 0.0%
" percent slopes,‘eroded ]
DaB: | Decatursiltloam; 2 to 6:percent slopes |B 385 0.4%
Dac " A9 0:1%
DedZ - ; ‘ 124 0:1%.
stopes eroded ) . |
DeC ,Dewey ‘sittoam; 6'10:10. percent slopes B 73, 0:1%:
Efm _ |Emory:siltloam B. -:1326 ( 0:4%
= Ennls gravelly silt loam; 0116 3 percent [ B 105.1. 1:1% |
slopes; occaslonally flooded, |
Et8 Etowah [oam; 2 t0:6 percent slopes’ B 129.61 §.3%|
EtC Etowahoam, 6to-10percent'siopes | B 19:0: 0.2%
FeB. Fullerton gravélly silt1oam; 2to 6; percent B ;2?.5-: 0.0%
slopes R
FeC Fullerton gravelly siltloam,, 61010 |8 69:0] 0.7%;
_ percent slopes
USDA, Naturar:Resoilrees “Web'Soit:Survey:2.1 1211912008,
- conservation Service’ National Cooperahve ‘Solf’ Survey. Page. 307"
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CDQ000020080052 API and Rain Runoff Relationship for TN River Watershed Attachment 12

Hydrotogic: Sail Group—Catodsa Cduhty.-Géo’;gia‘;:andA‘Murrz{yfand‘Whi(ﬂéld

Couinties, Georgia

South:Chickamauga:Sample.1

Fullerton gravélly it Joam; 10to 15-
percefit:slopes ‘ _
|FeE: Fullerton gravelly.siittoam, 15 to 40 B 83 0.1%:
percent'slopes
FrE2: Fullerton gravelly silty.clay loam; 100 25| B 37| 0.4%
percent s19pes; erade o
HoB Holston fine sandy lodim, 2140'6:percent: |B: 117 1.2%:
" .slopes . ‘ Ny
HeC. | Holston:fine;sandy-loam, 6 to*10,percent.| B 8212 0,0%:
slopes ‘ '
LeB) Lyerly:§lity-clay.loam, 210 6'peicent D 4390 4.6%
‘ | Slopes , 1)
LeC Lyerly silty clay loam; 61010 pecent  |D, 642 0.7%!
| slopes " N _

Lic || Lyerly-Rack-outéiop coniplex; 2to 10.  |D 78] ’ 0.7%
: | merceritslopes ) ‘
MsC Minvale:Shack gravelly siltloams; 6010 8 1553, 1:6%

;percent slopes’
‘MsD | Minvale-Shack gravelly:silt loams, 10 to. | B: “190.5 | 3.0%
A 15 percent slopés- B :
‘MsE Minvale-Shack'gravélly.siltioams, 15t |B. 432 0.4%.
| i25:percent:siopes:
Nab N"auvc_:’osﬁne«sandyjoam. 10'to:15 i) 286 0:3%
) | peércentslapes. 1 |
NaE: Nauvoo'fing saridy loam; 151635+ |B: 183.0] 1:9%:
.percentslopes: 4 :
N&F | Nella:stony fine:sandy loam, 2514045, |8 1300.7 3.1%,
-percent slgpves,ﬂgvefryqstony’ . ’
{RoA: Rome.siltloam; 0 to:2/percent slopes; | B 22.7| 0:2%
) ~ occasionally-flooded: | 1 ‘
RoB: Romesilt loam; 2 {0 6:percent slopes. | B 2692 2.8%
SmB. Shack-Minvale gravelly silt loams, 240 6 |8: 304 0:4%
N percénit slopes. R .
TaB. | Talbott siitTodin; 2t 6.pércerit slopes: | C: 576/ 0:6%'
T4C | Talbott silt Ioam; 6 to 10 percentsslopes |G '72.4 0:8%,
JTbc2 |Talbott silty clay loam, 6 to 10:percent |C: 833 0:9%
-slopes, éroded” ; E ]
TbD2 ‘| Talbott sity: clay lodti; 10 to- 15 percerit: | C: 108:0' 1.1%:
| slopes, eroded ' .
TgG: Tidings:Gorgas:¢omplex; 45 to,70’ B 2441 2i5%
percent siopes’ ‘
TmD Tidings-Townleyicomplex; 1010;25:  |iB; 17355 1:8%.
| percentsiopes -~ 1 -
TmF Tidings-Towrley complex; 251045 |B! 6047 6:3%1
» percent siopes 1
THC | Towntey siltsam, 2to:10percent slopes | C. 1920, 1.0%,
USDA.  Natural'Resources ‘Web Soil:Survey 2.1 12/19/2008
Conservation:Service National Cooperative Soil Survey- .Page’4 of 7
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CDQ000020080052 API and Rain Runoff Relationship for TN River Watershed Attachment 12

Hydrolégic Soll Group-Catoosa’County, Georgia, and Murray.and Whltﬁeld -
Counties, Georgia

iSouth:Chickamauga:Sample:1

TnE

jittoam; 10:40-25 percent
ToC2 Townley silty-clay loam, 2:to 10-percent |C 235, 2%
slopes,.eroded.
ToE2 . Townley silty clay loam, 10 to:25percent | C: 02 0.0%.
slopes eroded )
TpA. Tupelo;siltioam O;to 2,pércent; slopes‘ 10 36.4 0:4%:
: rarely-flooded. 1o _ i
TuA Tupelo sillioam,:0:to-2:percerit slopes, |D 11618 1:2%
o . frequently ﬂooded ‘ ]
UpF- ‘Udorthents:Pifs’compleX,.gently sloping 03 0.0%
| tosteep:

W Water ‘ 204 0:2%
WaA { Wax toam; 0:to 2 percent slopés;. 16 151.0 1.8%
) occasionally’f ﬂooded i _
WaB' | Wax toam, 2 to:6 pecént slopes; rarely (4} 152 0:2% |

‘ ﬂo_oded ) :
WHA. Whitwell loam, ‘1.lo/3;percent slopes, | € 1535 0'6%
_ occasuonally flot ed

‘ SUbtotals for Solil: Survoy Area 6,156.6. 63.8%

Totals for.Area of Interest, 9,646:6 100.0%

Page 6 of 28

Albertvnlle silt loam, 2.to’ 8 percentslopes (o 7838 0:8%-
Albertville silt loam; 6ito-15 percenit: c 51.8 0:5%
7 slopés- ~ I
AnB- AllghiGam, 2o 6 percent slopes 8- 738 0.8% |
AnD- Allen loam, 8to:15'percent slopes;  |B: 1212 1:3%-
AnE’ Allen foam; 1540 30 percentisiopes  {B: 282 0:3%-
AuA ‘Arkabutla’ slltloam Otoz percentslopes, Koy 64’5 0.7%
casionally flod .
CaA ‘,'Gégsh awsiltloam; 0:to 2 percent slopes:| C 418 0:4%
CaB | Capshawsill loam, 2ito:6 percent siopes | G- 8o 0:1%
CnA. Chenneby siltioam, 0'toi2 percent ol 2677 2.8%.
' ‘slopes; occasionally flooded B '
cse Conasauga §ilt Ioam 61010 percent c -3:2 0;_'0'7%;
slopes
CxB Cunninghamsiltioam, 210 6:percent; * [ 22 0.0%
v slopes: A ' i
lexD: Curifinigham silt loam; 61015 pércent | C. :394:9; 4:4%
] slopes ) o
ﬁiE V Cunnlngham silt [oam, 15 to 30 percent c 534 0:6%;
:slopes: A 1 1
:'Gx;F Cunninghamsilt 10am;.30to'60 percent: ¢ 360.9 37%
-slopes. :
USDA  Natural Resources “Web Soll Survey 2.1 | 12/19/2008
‘ Conservation Service’ National Coopérative Soil Survey, Page 5:6f.7




C€DQ000020080052 API and Rain Runoff Relationship for TN River Watershed Attachment 12

Hydrologic Soil Gioup-Catoosa County;:Gaargla; arid Muirray and Whitfield Soiith Chickamauga Sample 1
Gounties; Georgla. .

DoA Dacena:silt loam, 016 2 percent slopes
occaslonally flooded ,
DsB Docena-Conasauga-complex; 2to6: | C : Cones| . S 1%
percent slopes : :
EnD Endérs-siftloam, 61615, pércent'siopes. C . i 82:% 0.9% '
HiF Hector—Townley-Rock outcrop. complex D 56.3' 0:6%

i 5'to:35°percentsiopes- A :

HsB: Holston fine sandy loam; 2o 6:percent [B° - 146.9; . A;5%

: slopes' ) B _ ‘

HSD Holston fing. sandy l6ani; 61615 percent| B 627 07% |
| -slopes: _ o : )

KA | Ketonassilt loam, 0 to-2 percent’ slopes,. |D T 27.7 0.3%

) frequently: flodded. 1, ‘

(3 Monlevallo very chanhery [gar; 30 t6'60 | D: I 169.9. ) 1i6%

. percenl slopes. - 2, N .
MiD Montevallo<Townley, complex 6015 D ‘ 18:8: 0:2%

I percenl slopes.

MIE: Moiitevallo: Townley,complex; 15 030" |D° ‘ 22000, ' 2:3%
percentsiopes, B ) R .
NaD \Nauvoo fine:sandy’loam; 6015 percenti B -48:3: 0.5%
:slopes’ - ' )

N4E ' Nauvoofine’sandyloam; 16t0:35 |8 I 726’ Cas%
percent Slopes - B L ,

NeF Nella gravelly fine sandy.loain, 30.t6'60 |8 1438 16%
percent:slopes: ) ) ] '

SaA Sequatchierloam, 0't6.2 percent: slopes. B 79 04%
occaslonally flooded’ .

$aB ‘Sequatchie:loari;;2.40.6 percent slopes. |B 1.9 0.1%

SpD Sipsey fine sandy loam, 4ito"15 pércént |B 1445 1.5%
‘slopes _

'SpE | sipsey fine sandy loaim, 151030 percent | & ) 75.2]. 0:8%

| stopes: R

™mB. . Towniley-silt 6am; 2:10.6'percent slopes; | € 1.4 0:1%

TnD Townley silt loam; 6 to 15 percent slopesi| ] 2656{ 2.8%

TnE Tovmley silt loam, 151030, percent. |G 115.0 1.2%
slopes: ; ] ‘

TiF ‘Townley siltloam, 30-to.45;percent’ c 73.8 ' 0:8%.
slopes ] : » ) : : ]

w Waler: ' L ‘ 42 . 0:0% |

WaA. |Wax fire:sdndy'loam, Oito 2 ipercent |G R 6.2! 0:1%

:slopes; dccasionally flooded: '

WIA Writwell silt loam, 0:10:2;percent slopes.[C . 283 0:3%:

" ‘oceasionally-flooded. , N , ) ,
wis’ Whitwell:silt loan; 2:t0i6,percent slopes: |C 1 223 0.2%
‘Subtotals for. Soll Survey: Area , R 3,490.0 36.2%
Totals for:Area of Intérést , ] 19,646.6: 100:0%:

USDA~ Natural Resources Web Soil Survey 2.1 T 12/19/2008
: -Conservation Service Nallonal Cooperatlve SoilSy Page 6:0f.7
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CDQ000620080052 APl and Rain Runoff Relationship for TN River Watershed Attachment 12

Hydrologic: Sail-Group-CataosaiCounty; Geoigia; and Murray.and Whitfield ) . -South Chickamauga:sample}fl'
‘Counties, Georgla . ’

Des’crip’tionx

Hydrologlc soil groups are based on.estimates of runoff: potential. ‘Sons are

- agsigned to one of fourgroups according to the rate of water infiltration when the '
soils-are:not protected'by:vegetation, are thoroughly wet, and receive precipitation.
from: Iong-durataon storms

" The:soils.in the United: States are: assngned to:four. groups: (A;-B,'C, and D);and
three dual:classes (A/D; BID, and C/D); The groups-are défined-as:follows:

Group A. ‘Soils having a'high:infi Itration rate: (low runoff: potentqal) when:thoroughly
‘wet. These consist.maiily.of deep;, wéll drained to excessively drained sands:or
gravelly sands. These: sonle have:a high.rate.of water transmission:

Group.B. Soils-having:a.moderate:infiltration: rate-when thoroughly:-wet: These
‘consist chiefly of: moderately deep.or deep;. moderately well drained or well drained
soils:that have. moderately fineitexture:to,moderately; coarse; texture ‘These:soils.
"have a moderate: rate of-water transmission:

Group C.;Soils:having a slow. infiltration rate-when thoroughly Wwet:;, These:consist

chiefly-of soils: havmg a layer that' lmpedes the-downward: movement of-water.or:

-soils-of moderately fine texture or fine texture. These-soils haveiaslow.rate of water
" transmission.

- Group:D:. Soils:having:a-very slowiinfiltrationirate: (high:runoff potential). when;
thoroughly. wet: These.consist chiefly- of clays that have:a: high shrink-swell
potentlal soils that have:a high water table, soils: thathave a claypan orclay layer. .

-at.or-near the:surface; and-soilsthat:are:shallow:over.nearly.impervious: matenal
These soils have avery: slow ratelofbwater transmission.

If-a:soil.is: asslgned to:a-dual: hydrologlc group (AID B/D, ‘or C/D), the first letter:is:
for:drained areas:and:the:second‘is.for.undrained' areas.:Only the:soils‘that'in: their
natural: ‘condition:are:in group'D.are: asmgned to: dual classes.

'Ratmg @ptlons

Aggregation:Method: Domjriant Condition. _
‘Component:Percent Cutoff:- :None.Specified
Tie-break-Rule; Lower

USDA  Natural Resources’ _“Web:Soil'Survey.2.1 B T 12/19/2008.
" "Conservatlon Service. National:Cooperative-Soll Siirvey: Page'7of 7
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CDQ000020080052 APl and Rain Runoff Relationship for TN River Watershed Attachment 12

Hydrologic Soil Group—Catoosa Coung, Georgia
(South Chickamauga Sample 2)
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CDQ000020080052 API and Rain Runoff Relationship for TN River Watershed Attachment 12

Hydrologic Soil Group—Catoosa County, Georgia

(South Chickamauga Sample 2)

MAP LEGEND
Area of Interest (AOI)
: Area of Interest (AOI)
Soils
Soil Ratings
Teger A
AD
B e
] so
B e
| oo
o
Not rated or not available
Water Features
o] Oceans
o~ Streams and Canals
Transportation
- Interstate Highways

P US Routes
Major Roads

MAP INFORMATION

Map Scale: 1:51,500 if printed on A size (8.5" x 11") sheet.
The soil surveys that comprise your AQI were mapped at 1:20,000.

Please rely on the bar scale on each map sheet for accurate map
measurements.

Source of Map:  Natural Resources Conservation Service
Web Soil Survey URL:  http://websoilsurvey.nrcs.usda.gov
Coordinate System: UTM Zone 16N NAD83

This product is generated from the USDA-NRCS certified data as of
the version date(s) listed below.

Soil Survey Area: Catoosa County, Georgia
Survey Area Data:  Version 7, Apr 21, 2008

Natural Resources
Conservation Service

Web Soil Survey 2.1
National Cooperative Soil Survey

Page 10 of 28
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CDQ000020080052 API and Rain Runoff Relationship for TN River Watershed Attachment 12

Hydrologic Soil-Graup-Catoosa County; Géorgla

:South'Chickamauga Sample:2.

Hydrologic Soil Group

B
Anc TAllensiitioam, 610 10 percent:siopes:  |B T8 0.8%
AnD Allen'siltloam, 10 to 15'percentsiopes. |8 150 1:2%
AGE ' |Allensiltioam, 15 to:25 percentsfopes: |B- 345 0:3%
ApC Apison'loam, 6.6 10,pércentslopgsi | B 384, 0:4%.
BoE: | Bodine cobbly siitioam, 10 to:26 percent | B 172 02%
N -slopes,:stony. : .
BoF | Bodinie cobbly silt1oarm; 25 t0:60 percent | B 1168 1:2%
. ‘slopes, stony | ‘
eb. Cedarbiuff loam, accasionally flagded; *|C: 14611 1:5%.
Ce. " |Chennebyssiltioam, occasionaily flooded.| G- 58814 5.9%,
lcus | Curfinghiam siittoam, 2:t0'8 percent:  |C. 1319 0.1%
slopes- -
Cuc ‘Cunningham silt loam, ‘6t 10 percent  |C -80.6 0:8%
slopes. ‘ ’_ .
cub |Gunningham silt loam;10:{0 15'percent |C 834 0:8%.
‘ slopés v
CxD2 c 12:4; 0:1%.
DaB becathi‘séﬂfIqam,;«2|(b%6,perc,enﬁsl'opesI |8 EELTE 1.2%
pac Decalursiitloam, 6'to 10'percent slopes | B 877 - 0.7%
DEc2: Decatur sity clay loarm; 61610 percent |B- 150 0:2%
: sldpes, eroded L
Dcb2: | Decatur silty clay loam,. 10.to:15 pefcent 8- 59:7 0:6%
slopes, eroded.
DeB Dewey:silt Ioam, 2 to.6 percentsiopes  |B. 19,0 0:2%
Em Eimiory:siit igam R 24.8° 0:2% |
|Es Ennis.gravellysilt loar, 010 3percent (B 3928 4.0%
slopes;.occasionally flooded i i
EtB ‘Etowah loam, 2 to'6.percent slopes |8 . 177el 1.8%.
EtC | Efowatiloam; 61610 percent'siopes  |B CoRa 013%
Fes: Fuilerton gravély silfloar; 2 to 6 percent | B. 245 0.2%
‘ slopes:
FeG, Fullerton'gravelly:silt loam; 6:to10: B 1409 1.4%
) " percent slopes ] ;
|FeD Fullerton gravelly $ilt10aim, 10615 B, 336 0:3%
percent slopes , - :
FeE. Fullerton gravelly siltioam, 15.f0.40  |B 51.3 0:5%
percerit slopes
USDA™ Natural Resources Web Soll Survey,2.1 ' 121192008
Conservation Service: National CooperativesSail:Siirvey, Page 3 of 5
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€DQ000020080052 API an_d Rain Runoff Relationship for TN River Watershed Attachment 12

Hydrologic Soil. Group=Catoosa Courity, Georgia:

‘South.Chickamauga Sample-2

Page 12 of 28

FrE2- f Fullerton gravelly silty, clayl loam; 10t0 25‘ B
) ‘percent:slopes; eroded
H6B Holston fine:sandy loam; 2166 percem B 101.2. 1.0%
] ) slopes
,Ho(f Holston:fine:sandy.loam, 6010 percent | B’ ' 41.5 0:4%
. slopes:
Ke ) Ketona'siity.clay Ioam;?frequenuy flooded [D 217 0.2%|
LeB Lyeriy. silty, clay’loam;.2'to:§lpercent! o 403:2; 4% |
§lopes -
LeC ',Lyetly silty. cIayJoam, 6 10:10; pecent D: 1236 1:2%
) ‘slopes ) ‘ .
LiC: Lyerly-Rock.outcrap complex, 2fo'i0  |D. 420.8; 42% |-
percéntslopes-
LuC Lyerly-Uiban larid:¢ompléx, 2 to 10! D 28335, 2:9%
percent-slopes-
MsC: | Minvale:Shack gravelly siltloams; 6to'1G | B 767.7 T:7%.
_ -percent: slopes ’
‘MsD: | Minvale:Shack: gravell’yg,SiIt'Ig'arfls'.'io‘*ié, B 7354 7.4%|
MSE, :‘Minvale-Shack gravelly siltloams, 1540 |B 5726 5:8%|
. 25 percentsiopes I
NaD | Nauvoo fine sanidytoam, 101015 |B- 634 0.6%
‘percent slopes-’ , :
NaE Nauvoo-fine.sandy loam; 150,35 B 2613 216%.
percent siopes:
N&F Nélla'stony.ﬁne:sandyil'_oém.fzé‘fto\45:1 B 2777 2:8%:
percent stgpes: véry stony |
|RoA. Roma-iltloam; 016 2 pércent slopes;  |B .454.8| 48%.
: ) occasionallfy_.ﬂo,ode;d‘ 1
|RoB ) |Rome siltioam; 20’6 pefcép't’sidpes B 3389 34% :
$ms | shack-Minvale gravellysilt loams; 2106 [B. 116 1.4%.|
percent: slopes ’ ' ‘ .
1TaB Talbottsiltloam, 2.t 6 pércent’ slopes C 12:8 ] 0i1%
Tac Talbott. smxloam 61010; .percent slopeS\ » 'C §6:0| - 06%
TbC2: Talbottsilty; clay loarn, B10:10 percent  |C 10:0 0%
slopes, eroded ) _
TbD2. Talbott siltyiclay 6am, 10 16 15)percént |G 274, 0:3%.
‘slopes; eroded’ ‘
ToG Tidings:Gorgas:complex, 45 fo 70. B. '323.3;  3.3%
- | percenitsiopes .
TmD' | Tidings-Townley complex; 101025 B .638.0  64%
percent slopes: » ;
TmF Tidings-Townley: complex; 251045 '|B 838:6] 8:4%.
‘ percent slopes .
™e | Townlgy silt loam; 2 to 10'percant slopés | C: 8.3 0:4%
TAE: Townley silt loam, 10.t0.25:percent. |G 574 0:6%,
slopes ' )
USDA  Natural Resources Web:-Soil Survéy 2:1 12/19/2008
w— ‘Conservation-Service ‘National: Cooperative Soil Sun/ey

Pagez:_t;of 5




CDQ000020080052 API and Rain Runoff Relationship for TN River Watershed Attachment 12

Hydrologic:Soil Group-Catoosa

"County; Georgia.

South Chickamaiiga Sample’2

| Towntey.silty clay.loam, 20:10 percent” |C
A slopes; eroded
|ToA Tapelo silt lodim; 0 10i2 percant lopes, D 16:4; 0.:2%
* rarely flooded L e |
1 Tus Tupelo'silt loam, 0 to:2 perceniisiopes, |D 4.3 0:0%
» ‘frequently flooded ‘ :
UpF Udorthents-Pits: complex, gently. sloping. 954 0%
] to'steep ’ ) : B o g
w Water* 17.0 1.2%
{Waa Waxloam, 0:to:2 percent slopes, ¢ 8.81 01%

' ‘ocedsioally flooded v ,
WaB- Waxleam,:2:to:6 percent'slopes, rarely | C 5.7 0:1%:
flooded - , .

WhA Whitwell loam, 1 to-3-percentslopes, |C 80.7 0:9%,

‘occasionally flooded : .
Totals for Aréa.of Interest 9,843.0 100.0% |
‘Rating Options
Aggregation:Method: Dofinant.Condition-
Component.Percent Culoff. None.Specified’
" Tie-break;Rule: Lower
USDA. Natural Resources. ~ WebSoil'Survey 2.1 1211912008
Conservation Service ‘National Cooperalivetsoil Survey: Page 5.0f 5
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34° 56' 23"

34° 52' 30"

CDQ000020080052 API and Rain Runoff Relationship for TN River Watershed Attachment 12
Hydrologic Soil Group—Catoosa Coumg), Georgia

(South Chickamauga Sample

5 "

& 5

g B

657200 658300
i 1
g K
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3 i
g g
§_ Walker _g
gl 18
g &
g.. r E‘Ai .g
P ]
51— 5
o~ 5"“ o
657200 658300 659400 860500 661600 862700 863800 664900 667100

:E Map Scale: 1:51,500 if printed on A size (8.5" x 11") sheet. b

T N Meters vy

g [+] 500 1,000 2,000 3,000 . 2

eet
A 2,500 5,000 10,000 15,000
USDA Natural Resources Web Sail Survey 2.1 12/19/2008
ﬁ Conservation Service National Cooperative Soil Survey Page 1of 5
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CDQ000020080052 API and Rain Runoff Relationship for TN River Watershed Attachment 12

Hydrologic Soil Group—~Catoosa County, Georgia

(South Chickamauga Sample 3)

MAP LEGEND
Area of Interest (AOI)
: Area of Interest (AOI)
Soils
Soil Ratings
A
[ Ao
B s
[] 8w
Ed ¢
B co
[ bo

Not rated or not available

Political Features

[ States

| Counties
Water Features

o] Oceans

o Streams and Canals
Transportation

o Interstate Highways

—~ US Routes

Major Roads

MAP INFORMATION

Map Scale: 1:51,500 if printed on A size (8.5" x 11") sheet.
The soil surveys that comprise your AOl were mapped at 1:20,000.

Please rely on the bar scale on each map sheet for accurate map
measurements.

Source of Map:  Natural Resources Conservation Service
Web Soil Survey URL:  http//websoilsurvey.nrcs.usda.gov
Coordinate System: UTM Zone 16N NAD83

This product is generated from the USDA-NRCS certified data as of
the version date(s) listed below.

Soil Survey Area: Catoosa County, Georgia
Survey Area Data:  Version 7, Apr 21, 2008

USDA

Natural Resources
|

Conservation Service

Web Soil Survey 2.1

National Cooperative Soil Survey

Page 15 of 28

12/19/2008
Page 2 of 5



CDQ000020080052 API and Rain Runoff Relationship for TN River Watershed Attachment 12

South:Chickamauga:Sample:3

Hydrologic'Soil Group-Ceitdosa:Coulity, Gedrgla

[P

Page 16 of 28

Hydrologic Soil Group
‘Bodine cobbly:silt loam, 25't0 60 percent
slopes, stany. I
CaB: Capstiaw.siltioar, 2146 6'percentsiopes | C, 137.7 1.5%
Cb Cedaibluffloam; occasionally flooded  |C 1726 1.8%
Ce |Chenneby silt loar; occasionally floddéd | 450.6 4.8%
CoB’ Conasalga'siltloam,; 1.to'8 percent ‘C 989, 1.0%,
. .slopes. ) . ]
coC. Conasauga'siltloai, 616 10;perceit’ | C 141.4. 1.5%
slopes: . : o
CuB [ Cutriingham'sittloam, 2.6 6'percért . |C 498 0:5%
.slopes ‘
€xD2 Cunriingham silty.clayloam, 6015 |€ 270, 0.3%.
7 percerit slopes, eroded ) ) v
Dag | Decattir silt loam, 2166 percent slopes |B- 226 0.2%
DeD2 iDecatur silty clay loam, 10'to15,percent|B 1341 0:1%1
: slopes, €raded A ]
DeB | Dewsy sittioam, 2:0°6 percent siopes |8 50.3 0.5%
DeC | Deweysiittoam, 61610 percent'slopes |B. 50:1 0.5%
Em- "~ |Emory.sifitoam 3 i 10:0{ 0:1%:
Es " |Ennis,gravelly siitioam, 0 to 3ipercent, |B 177.0| 1.9%|
: | 'slopes; occasionally-floodéd: 1 )
EB Etowahloam; 2to 6 percentslopess B (2126 2.3% |
EtC |Etowailoam; 61640 peicentsiopes | B. 95:4 1.0%:
IFeB | Fullerton gravelly siitioam; 2to'6 percent | B: 15.9 0.2%
‘ ) ‘slopes ' ) )
FeC: | Fulérton gravelly silticain, 6010 |B 87:6 0.9%
_ _|..-percent'stopes o , ‘ _
FeD: i FUIIertpn~gravéllyq‘si!iltoam.;’1;0‘to_‘1‘5} B 1223 ) 1:3%:
.percent'slopes I ) )
F&E 1 Fullefton gravelly siltloam, 15t0 40. | B: - 924 1:0%"
| percentstopes ‘
|FrE2 Fulloiton gravetlysilty iy loaim, 1016.25.8 129) 0.1%)
_percentslopes, eroded . | A
HoB: "Ho‘lsfonﬁﬂne:sandquam,':i;to-\é:percérit B 30:1¢ 0.3%.
slopes ‘ | o
- [HoC Holstori firie-sandy:1oam; 6 to 10 percnt | B: 34 0.0%
" slopes ‘
Ke. "| Ketona silty ciay.ioam, frequently flooded o 412 0.4%
LeB Lyerly;silty clay,loam; 2 to'6:percent | D’ 2:614:2 277%;
| slopes - ' '
USDA  Natiiral Rosources Web Soil Survey 2.1 12/49/2008
Conservation Service ‘National:Coopérative: Soil Survey' Page 3'of:5'




CDQ000020080052 API and Rain Runoff Relationship for TN River Watershed Attachment 12

Hydrologic Soll Group-Catadsa County; Georgia

South:Chickamauga Sample;3

Page 17 of 28

Lyerly'si ly clay loam, 6:10°10: pecent
slopes .
L Lyerly-Rock outcrop-complex; 2:i0:10 4697 5:0%
percent:siopes. .
MsC. Minvalé-Shack gravelly.siltioams; 61010 438.7 4:6%,
) percent slopes ]
MsD Minvale: Shack gravelly: sllt l6ams; 10: lo | 379.1 4.0%!
185;percent: slopes 1 iy
MSE Minvale:Shack gravelly siltloams; 1510’ | 72512 7%,
& 25/ percentislopes 7 ]
RoA Rome siltioan, 0't0:2 pefcent slopes,\ .383'291 ‘4}1"/'&}
occasmnally ﬂooded ) o
:ﬁtcB Rome:siltloam, 2 t6'6 percent:slopes - ~378:8; 4.0%!
SiB: ‘Shiack-Minvale: gravelly siltloams; 2'to 6 79:7 - 038%:
’ percent-slopes
TaB Talbott:giit loam 2 lo 6 percent slopes 215.5: 2.3%,
Tac- Talbott siltloam, 6 to -10’pe,rcen,l slopes’ 128 1A%
/| TbC2 Talbottsilty;clay loain. &to:10:percent 375 0.4%
o slopes;.eroded’ ; o
ToD2: Talbott silty;clayiloam;1014615; percenl ¢ 152 0:2%:
! ’ slopes .eroded. _ )
e Towriley siltioam; 2ito 10;percent siopes| ( 40i9 0.4% |
TnE Towriley snll‘lbanl:,dOit0225;percenl v 2.5, 0:0% |
_slopes
ToC2: Townley silty clay Ioam 2:46 10;percent |C 2214 0:2%
siopes,.eroded i R
TOE2: Townley silly:clay‘ioamg 100,25 percent ' 134:6° 1.4%
1 slopes, efoded ) t
1TRA toam; 0'ta 2, pércent slopes, '304.0 - 3:2%.
{Tua ‘ Tupelo siltioam;;0110:2; peroenl slopes. 1 ,9;9i 1.3%.
. 1requenlly ‘fiooded: 1
UpE Udorthents-Pits.complex; géntly sloping 34 0.0%:
’ ) lo steep B |
w Water 0.5 1.2%-
Waa Wax:loam,:010;2 percenl ‘slopes, 47.7 0:5%.
) occaslonally flooded |
WaB: - Wax loam,(z 106 percent: slopes, rarely: 334 0.4%‘-
-fdoded o o
[WhA " [whiitwell.toam; 1°to 3 percent slopes, 18:8 0:2%
.occasionally floodéd; .
”Tétals:‘for’Aiéarsif'lhteres_t - 19,4389 . 100.0% ,
Rating Options
Aggregation Method: Dominant:Condition.
USDA -Natural Résources Web Soll Survey 2.1 12/19/2008
- Conservallon Service ‘National Cooperative;Scil:Survey. Page 4iof:5




CDQ000020080052 API and Rain Runoff Relationship for TN River Watershed Attachment 12

Hydrologic Soil Group-Catodsa County;'Géorgia : = _ South.Chickamauga Sample:3.

Component Percent Cutoff: .None:Specified

Tie-break:Rule: Lower

DA  Natural Resources: Web Soil Survey 2.1 N _ 1277912008
Conservation'Servics National Cgoperative Soil'Survey. Page:5:0f5
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CDQ000020080052 API and Rain Runoff Relationship for TN River Watershed Attachment 12

Hydrologic Soil Group—Hamilton County, Tennessee
{South Chickamauga Sample 4)
o ©
o 9
2 o
23 3
35 3'27° 350321
34" 59 43" 34° 59 37

668200 66300 670400 671500 672600 673700 674800 675000 677000 678100

2 Map Scale: 1:49,500 if printed on A size (8.5" x 11%) sheet. 5

o N Meters g

3 0 500 1,000 2,000 3,000 2

A Feet
0 2,500 5,000 10,000 15,000

USDA Natural Web Soil Survey 2.1 12/19/2008
e Conservation Service National Cooperative Soil Survey Page 1 of 5
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CDQ000020080052 API and Rain Runoff Relationship for TN River Watershed Attachment 12

Hydrologic Soil Group~Hamilton County, Tennessee

(South Chickamauga Sample 4)
MAP LEGEND MAP INFORMATION
Area of Interest (AOI) Map Scale; 1:49,500 if printed on A size (8.5" x 11") sheet.
[ Areaofinterest(AO) The soil surveys that comprise your AO| were mapped at 1:15,840.
Sabs Please rely on the bar scale on each map sheet for accurate map
Soil Ratings measurements.
A
t Source of Map:  Natural Resources Conservation Service
AD Web Soil Survey URL:  http://websoilsurvey.nrcs.usda.gov
B s Coordinate System: UTM Zone 16N NAD83
] so This product is generated from the USDA-NRCS certified data as of
the version date(s) listed below.
o]
U Soil Survey Area:  Hamilton County, Tennessee
Bl cro Survey Area Data:  Version 6, Sep 25, 2008
o
Not rated or not available
Water Features
i) Oceans
S Streams and Canals
Transportation
. Interstate Highways
A US Routes
=T Major Roads
Natural Resources Web Soil Survey 2.1 12/19/2008
Conservation Service National Cooperative Soil Survey Page 2 of §
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CDQ000020080052 APl and Rain Runoff Relationship for TN River Watershed Attachment 12

Hydrologic Soill Gfoup-Hamilton'County, Tennessée.

South-Chickamauga Sample'4

Hydrologic Soil Group

AED Allenloam, 12:0.25 percentslopes  |8: 132,2; 1.3%’:
ACE | Allenloam; 251040 percent'siopes | B 727 0.7%
AfB |Arents - B 270 0:3%
|AuD Asniichessiltloam, 1019 26 percent | 207 30%
: slopes
| AuE: |Armuchee siltloam;; 25:to 40:percent [C' 155.0. 1.6%.
sTopés 7 '
BoC Boding cherty sillloari, 5t 12 percent | B- 14250 | 14.4%
' slopes , L .
BoD "[Bodine cherty:siltioam; 12it0.25 B 1113 1.1%;
percent slopes : ‘
BoE B 1,045:2,  10.6%
BuF Ve B 17.6] 0:2%
lopes: : N
caB |capshawsiltloam, 2to 6 percent |G 2377, 2.4%,
L _ Slopes J
|ebe: “|coert siit loam; 21612 peicent |’ 7882 8.0%
slopes | )
‘CeD [ Golbert-Rockioutcrop complex, 510 20 | D 1.5 0.0%
percentslopes .
céc Collégedale silt loam, 2 to-12 percent |¢ 81.4 0.8%,
slopes 1o ;
CoD | Collegedalersilitoam, 120 25 percent |G 390 0.4%
slopes ) )
DeB. Dewaysiltloarii; 2106 percentslopes | B, 156:2" 1.6%
DeD. Dewey siltloam, 1216 25 percent  {B; 1278 1:3%
slopes | ]
Ec. Eméry silt-loam: 18 2.4 0.0%;
EdE ‘Enders silt loam; 2 to12percent  |C 59:3| 0:6%
| Slopes j ! ~
EeD: |Enders sty clay loam, 12.t0:26° |G 249} 0:3%.
percent:slopes;éroded '
Efi | Eniits cherty silttoam: S 186.5 1.9%
EtB: | Etowah sittloam; 210 5 percent siope's |B 4133 4.2%
EtD Etowahsiltioam, 120 20 percént {8’ 98] T0A%;
: ‘slopes ) ‘
FuB Eullerton cherfy'siitioam,. 3107 |B 7237 7:3%.
peércentslopes ‘
%: ‘Naturil Résources Web:Soil Stirvey-2:1 12/19/2008
" .Conservatioi Service ‘National Cooperative Soil Survey- Page 3 of 5.
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€DQ000020080052 API and Rain Runoff Relationship for TN River Watershed Attachment 12

Hydrologic Sail: Group-Haillton County, Tefnessee.

‘South' Chickamauga Sample 4.

FuD Fullerton eRerty.sili oam, 121025 |B 67415 6:8%
. percent slopes B
FUE Fullerton cherty siitloam, 251040 B 3258, 313%
: _ percent’slopes .
Gu Guthié silt oz : |p 346 0.4%
Ha: ‘Hamblervsilt loam 395! 0:4%-
HcD | Hanceville loam,.12t0 25:percent.  |B 205 0.2%
-slopes
HEE Hanicevilleloam, 25 0 40 pércerit (B 3135 3:2%.
| Slopes: L
HuB Humphreys cherty:siltloam; 1106 |8 00 0:0%
] percent:slapes
Lo Lobelville cheity silt Ioam ( 217 0:2%
MnB: Mifiviile-cherty Silt lodrn: 310:12: B 198.5, 1.0%.
percent'slopes ‘ ; o
MoE ) Montevallo-shaly silt.loam, 20:t0.45: |D §67:0, 6:6%.
percent:slopes
NsB | Nesbitt:$ilt Ioam; 2:t0 6 percent slopes | B. 74 0:1%
RaD Raniséy.loam; 8 to 25:parcént'siopes |D 10:5. 0:1%-
:ﬁcF Ramsey-Rock outcrop-complex, 15:t0.{D- 83:8: 0.’6%"
7 70.pércent slopes. : '
RoB Roane cherty silt igam; 2 to 6'percent |C 178.7 1i8%.
$lopes. , } :
SeB | sequatchie loam; 2 t6 7 pefcent'slopes | B 35:9: 0:4%.
st | Staserloam. BE 330/ 0:3%
Tac ‘ | Talbottsiltioam, 2 to12.perceritslopes c 8668 818%:
TaD. Talbott siltloam, 12to 25 pércent.  [€ 473 0:5%.
| | stopes . | ,
TiD ‘Talbott:Rock outcrop complex;5 toi25/| C. i 2435, 02%
\ | percent'siopes . : '
Tu | Tupeto siit loaim, 0'to 3 percent siopes:| D - 183.9 1.9%|
w _ |NRI"1g82water L 166 6.2%
WaB ~ |Waynesboro'loam, 3to8ipeiceit B, 283 0:3%
1 slopes: ] : o ,
wab Wéynésﬁoro loam; 1216:25 percent |B 157 0.0%
, | -stopes- . 1
Wh . Whitwell-loam: c ‘ 15| 0%
Wo Woodmontsiit loam; c 9] 0.0%
Totals for Area:of-Interest. 9,886.2. 100.0% |.
Rating Options
Aggregation Method: Dominant Condition:
Component -Percent'Cutoff: .Noné Spécified
USDA- .Natural'Resotirces ‘Web:Soil Survéy 2.1 12/19/2008
Consprvation-Service. ‘National Cooperative: Soil Survéy, Page'4-of 5
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€DQ000020080052 API and Rain Runoff Relationship for TN River Watershed Attacim_tent 12

HydrolqgicSoil Group-Hamilton County_;;'Tennesseef ] : ) _ South C'hlckamauga‘SampleA

Tie=break Rulé: Lower

USDA. Natural:Resources Web:Soil.Survey 2:4 12/19/2008:
Conservation Service National Cooperativé Soil Survey. Page 5 of 5
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34° 5¢' 30"

34° 55' 51"

85°5'43"

CDQ000020080052 API and Rain Runoff Relationship for TN River Watershed Attachment 12

Hydrologic Soil Group—Catoosa County,
(South Chickamauga Sample 5)

84° 59'5"

3861500 387%800 3871700 387i600

3061400

386‘300

387;800

2P

s Q'y.'»“"'

305!500 3878600 387! 700

386!400

3857300

85°5'48"

Map Scale: 1:48,300 if printed on A size (8.5" x 117) sheet.

N Meters
0 500 1,000 2,000 3,000
A Feet
0 2,500 5,000 10,000 15,000
Natural Resources Web Soil Survey 2.1
Conservation Service National Cooperative Soil Survey
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CDQ000020080052 API and Rain Runoff Relationship for TN River Watershed Attachment 12

Hydrologic Soil Group—Catoosa County, Georgia

(South Chickamauga Sample 5)
MAP LEGEND MAP INFORMATION
Area of Interest (AOI) Map Scale: 1:48,300 if printed on A size (8.5" x 11") sheet.
[} Asoridtess ol The soil surveys that comprise your AOI were mapped at 1:20,000.
. Please rely on the bar scale on each map sheet for accurate map
Ratings measurements.
B A
Source of Map:  Natural Resources Conservation Service
AID Web Soil Survey URL:  http://websoilsurvey.nrcs.usda.gov
8 Coordinate System: UTM Zone 16N NAD83
B/D This product is generated from the USDA-NRCS certified data as of
the version date(s) listed below.
c
Soil Survey Area: Catoosa County, Georgia
cib Survey Area Data:  Version 7, Apr 21, 2008
D
Not rated or not available
Political Features
d States
™ Counties
® Cities
Water Features
] Oceans
o~ Streams and Canals
Transportation
it Rails
P Interstate Highways
o~ US Routes
== Major Roads
Natural Resources Web Soil Survey 2.1 1/23/2009
Conservation Service National Cooperative Soil Survey Page 2 of 5

Page 25 of 28




[

[ S

CDQ000020080052 AP! and Rain Runoff Relationship for TN River Watershed Attachment 12

Hydrologlc Soil Grotip-Catoasa Coirity; Gedrgia

Stuth:Chickamauga.Sample’s.

Hydrologic Soil Group

,  liydrologle:Soll Group==Summary byMap{Unit = CatoosaiCouiity, G ;
Mapinitsymb Mapuiiltinaiie: - [ Rating | AcréstinAbl: | :

AnB |'Allen.silt loam; 2 10 6:pércent §lopes: | B: 747 0.8%

AnC Allen silt loam, 6:t010 percentslopes. |B; 130.5; 1.3%
|AnD | Alien siltloam, 10 to 15fpercen('sl6pesv :Bf '99.0° 1.0%

ARE Allen siltloam, 16:16°25 péicent slopess | B: 163:3 1.6%

AoC2 Allgn-¢lay [6am, 6 16 10 peiceiit slopés; | B 723 0.7%
‘ | - €roded - 14
‘ApB. ‘Apisonloam,2'to;6 perceritslopgs. B 0.5%
‘ApC | Agison.toam, B.to 10°percent stopes | B; 1:4%

ArG Afmuchiee:channerysiltloam; 6 t0'10; | C. 3.3%

percentslopes V
BoF Badine cobbly.siltloam; 25'to 60 percent| Br 227.9; 2.3%
slopes; stony o

CaB ‘Capshaw siltloam, 2to'6 percent sibpqg? C. 4,2 0.0%.
cb Cedabiuffloam, occasionally flooded  |C: 364 0:4%

ce: Chénriaby.siltloam; occasionally flooded | C: '827.1 8.3%

CoB Conasauga:silt loam, 1106 percént Ct 27.4. 0.3%.

slopes. B . .
CoC. ,ConaSauggasilHoam.EG to:10 percént. |G- B3 0.1%;
) ) i slopes;

cuB Cunningham siit loam; 2 to:6 percent | C: 155.7) 1.6%

slopes ' N A :

CuC - ‘Cunningham silt ioar; 61610 percent  |C. 244.6! 2.5%

slopes.

‘Cub Cunhingham silt loam, 10:(6 15'percent [ C; 62,0 0.6%

‘slopes
CxD2- Cuiningham silly'clay loaim; 61015 1C 240 .0i2%,
percent slopes, eroded’ .

DaB Decatursilt loam, 2'10°6 perceiit:slopes: |B. 366 0.4%:
|pac. Decatur silt foan;, 6,010 percent'siapés | B: 42 10:0%:]-
|pec2 | Dicatur silty:clayioam, 610 10 percént: -[B: 343 10:3%:
‘ :slopes; éroded '
DeD2; Decatiir Silty'clay loam;, 1010.15 perceiit|B- 809 018%.

‘slopes; eroded’ I '

'DeC Dewey:siltloam;.6ito 10 percentslopes | B. 04} 0.0%:;

Em Emory:siltioam I8 232| 0.2%.

Es Ennis gravélly:silt foam; Oito:3-percent: |8 '162:0: 116%:

:slopes; otcasionally flooded;
EB Etowah loam, 2 fo'6 percentsiopes. B ) 125:7| 1:3%
FeB. Fullerton gravelly.silt loam, 2.t0.6.percent |:B 60 0.1%:}
: «slopes: '
%~ Natural'Resources , Wét;»\sbyil'-ks'p‘rvey‘z;ﬂ‘ 112372009
Conservation Service. National Cooperative:Soll Survey, Page:dof 5’
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CDQ000020080052 APl and Rain Runoff Relationship for TN River Watershed Attachment 12

Hyd'rdlbglc’lSo‘ilGroup-CalbosaﬂCounty’; -Georgia

‘South'Chickamauga Sample:5

Map;urnitisymbol || ’ ‘Maplunll‘name o iﬁ“ _ -Rating.. [PercentiofAOl
‘FeC Fullerlon ‘gravelly. silf:toam, 6:to 10" B 0.5%
i peréént’siGpes. ]
FeD Fullefton gravelly'siltloam, 1046 15 |B- 80.7 0:8%
percenl slopes ) 4 i
FeE Fullerton:gravellysiltloam, 15 to40. B: 028 0:9%:
percentslopes |
EiE2 | Fuillerton gravelly silty clayloam; 10 o 25 1B 12.6; 0:1%:
percent’ slopes eroded
HoB Holston finé:sandy.lodm, 2:t0 6, percenl B 150.6: 1.5%.
slopes: 1. )
HoC Holstonfine-sandy loam, 6:to-10 percent | B: 61.6" 0/6%"
: slopes. ' : :
LeB: Lyetly:silty clay Toam, 2to 6'percent | D 3.0, 0.0%
slopes 3 '
Lre Lyerly-Rock outcrop:complex; 2to10. | D' 794 0:8%
: percent slopes: : .
‘MsC' Minvale-Shack gravelly.siitioams; 61010/ B 484:0° 4.9%
. percant slopes
MsD Minvale:Shack: gravelly silt foams, 10°t6- B’ -453:0 4.6%"
15 percent slopes o » :
MSE Minvale:Shack gravellylslll loams, 15to B 4097 4.4%,
25 perl:ent slopes
{NaC Nauvoo ficie Sandy.loam, 6 1610 percent|B: 1832 18%
slopés.
NaD Nauvoofine:sandy loam, 10.to 15. B: 42938 4.3%
percent:slopes. ‘ ‘
NaE Nauvoo-fine sandy loam, 15.10 35 B 403.4 1.0%
percent'siopes ) ]
N&F Nelfastony fine sandy'loam;. 25'to. © |8 215.1| 2.2%
g _percent slopes,very. stony- i
RoA Rome;silt foam; 002 pefcent slopes; |8 455 0:5%:
-occaslonally-fliooded ; :
'RoB Romesiltioam, 2:o'6:percent slopes: £ 77:2 0:8%.
SmB- ‘Shack-Minvalé.gravélly Silt loariis; 2:16.6|B. 185.8 1:9%.
) percenl §lopes
TaB: Talbot siltfoam, 2_;lq;sfpercenlfslopes”_ _C 234 0:2%:
TaC Talbott silt loam. 6t 10 percent slopes |C: . 352 0:4%;
Thc2, | Talbott silty clay.loam, 6'to 10:percent. |C; 25:4. 0:3%
slopes -groded: I3 o
THD2 Talbott silty cldy loam; 10't6-15 pércefit 'C” 57:8 106%:{
slopes -erodéd’ . A o
Tmb Tidings:Townley complex, 1040:25 B 2818 2.8%:
.percent: slope’s’
TmF Tidihgs‘-Towl'jley, ‘compléx; .25 10.45: B 41,1151 11:2%:
; percent:slopes .
TnC. TQW"I?Y;Sm loam, 210 1Q,Def¢em'§|9§é§ c - B424| 8.5%
USDA Natural Resources’ 172312009
- Page4 of 5

Conservation'Service:
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Hydrologic Sail-Group-Catoosa County; Géorgia

South:Chickamauga:Sample5;

Page 28 of 28

6l /by ARt — Gatoodi Co
Mapiur Mapunitname " | . Rdting | Aer !
TrE | Townléy §ilt loai, 1010: 25 percent c : 724.9] 7.3%
_ slopes: ' ) ~
ThF | Townley silt loar, 2510 45:percent |G 190.7] 1.9%
siopes. , . )
ToC2: Townley silty clay loam;.2 to 10 percent. |C; 14.5: 0.1%
slopés; eroded :
ToE2. Towrily siity clay.loam, 10tbr255pér‘éent C '16:6° 0.2%
slopes; eroded ) : )
| TpA Tupelo-siltioam,.0'to 2 percent:slopes,. |D, 347 0:3%,
‘ rarely flooded .
Tuli Tupel siltloam; 0 to 2ipercent siopes;. |D 129:7" 1.3%
i frequently:flcoded o
|upF Udorihignts-Pils complex, gently sloping:- 24: 0.0%
‘ to steep ~ "
W Wafer. 446 0.4%
WA Wax loam, 0 to 2 percent:slopes,. . 23341 12.3%.
| oocasionally floded _ |
WaB Wax loar, 216:6 parcant slopes, rargly |C: 8§76 0.6%
floodad |
WhA ,Whilvjvtel'[ loam, 1 to:3:percent:siopes; |G 42:4 04%,
.occasionally flooded:
| Totals for Area of Interest 9,923.6. 100:0%
Rating Options. _,
- Aggregation Methad: Dominant Condition
Componerit Percent Cutoff. Nong Specified.
Tie-bréak Rilé: Lower
USDA 'Natural Resources Web,Soil Survey 2.1 1/23/2009;
Conservation Service. ‘National Cooperative Soil:Survey. Page:50of 5:
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Land Cover Eastern Tennessee Valley River Watershed

LEGEND

Forest (65.00%)

Agriculture (19.00%)

Urban (9.60%)
Grassland-Shrub (4.00%)
Water-Wetland-Barren (2.40%)

100
Miles
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PREDICTING THE RUNOFF FROM STORM RAINFALL®.
M. A. Komxer ano B. K. Lmvaces? '
Division of Clirstalogieal axd Hydrologic Secvien, T, 8, Weathor Burass, Washington, 0. C.

ABSTRACT

“The estimation of the volume of xunoff to be expected from & given volome of rainfall
is o fundsmental problem in Scod forecasting. Buch estimales ere necessary befors the
it hydrograph [1] or ofher fechniques ean be used to predict the girenmilow hydrograph.

The authors desoribe the techuigue pow used st the River Forecast Centers of the U. B,
Westher Bureau for evalusting the effect of sesson, sntecedent condifions, durstion of
rainfall and ysinfell mmotnt in determining the portion of ths rainfsall contributing to storm
tuncff [2). HBpesia! problems encountered in flood forecasting are emphagized. The tech.
nique, developed and tested over neveral years, vields & high degree of scowsny inestimated -
roof, Although prepared by empirieal procedures, the close sgreement between relations

for basing of similar hydralogie charasteristics suggests that yationsl parameters have been
sdopted. The similsxity bebween relabions slgo ghoplifies the work required for theic

prepurekion. o A
METHOD OF APPROACH

Many articles bave appesred in the tec}rmcal
Jitarature describing the application of infiltration
theory to the problem of estimating storm rmm-
off [3]. This 35 econsidered by many h,ydrqlagx_sts
o be the rationsl apireach and, when considering
heavy, intense rainfall over & small hemagena?us;
gres, it can be used to advantage for some special-

ized purposes. However, the hydrologic char-

ecteristios of 5 natural basin exceeding & fow acres
in ares rs so varisble a5 to make such & rationsl
approach exceedingly ecomplex. When the usual
veriations in storm characteristics are superia-
posed, ths eolution becomes virtnally impossible
mless an unususlly dense network of precipitation
stations exists. Morsover, the direct application

- of the infiltration theory can be utilized to de-

termine onty the surface-runofl component of the
flond hydrogzaph. River forecasting requires that
the totsl flow, including interflow and ground-
water flow, be estimated and these two latier
components constituts & mejor portion of the
fiood hydrographs for some besins. An even
‘more importent considerstion in forecasting, how-

' d. Time is not available for the de-

The difficulties encountered in treating large nat-

- ural basing in strict scoordance with the infilira-

tion theary have led to the use of infilirstion in-
dices such ss the ¢~ and W-indices {3]. Since
these indices must be correlated empirically 6
factors represeniing moisture deficlency of the
basin, thefr use canmot be considered rational.
Thars i no advantage in the use of such indices
over & direst correlation of runoff with appropriate
factors. The use of such arbifvary indices for
computing runoff complicates the solution with-

out enhancing the sccurscy or rationshizing the
approach. After extensive study ths Weather
Bureau bas edopted & graophical corrslafion of
rupoff with selected parameters as the most sails-

factory approach for forecasting purposes. '

SELECTION OF PARAMETERS

The most impertant problem in- developing a
technigue for forecasting runoff is tha selection of
the proper parsmeters to be nsed. Runoff is the
fsctor which.is requived in the prepazation of river
forecasts. Howsver, since runoff is the residusl
after the demends of intarception, infilkration, andl
depression storsge have been satisfied, there is
some logic in nsing the difference between rainfall
and yunoff es the dependent variable. This differ-

avar, is spep {
tailad considerstion of Jarge basins by the rational .
tnfltration dpproach - o

§ Pager presentadat tho 30ih Jmnmad Mesting of the
Woskingion, . U, A8, 148, . - _
e wi st of vl Bugeerin, Stenlord Universts, Palo Alto

“besin recharge” Enowing the basin recharge

enes 15 often called the “loss,” bul becalsg of flie
ambiguity of this term the anthors prefer theterm

g
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and fhe rainfall, runcf can be computed by direct
suhirackion, .
For ths pirpose of forecasting, yunoff is assumed
+o fall into two classes-—(1) base or grovadwater
flow, and (%) direct runofl. Mapy methods bave
been suggested for the separation of fhese &wo
components in the hydrogmph. The selection

of method it not as Importent ss the consistent

wss of & ginzls mefhod throughout the study.

The mathod used by the Weather Buresn is
chown in figure 1. The curve 4B representsan.
sxtansion of the veecession existing prior fo the -
storm, point B baing directly mdex the peak. The
straight Bne BO intarsects the hydrograph at &
point n-days afer the crest or after the end of
yunof-producing rainfall. The value of = is
assumed constant for any basin, bub is varied
socording fo drainege eres, While besin elope
and othar factars should be considered, the valts
of % 35 mot partionlady ceitieal. If the devived
relaiion & #0 be meed In conjunciion with s unib
gra@h,ﬁhm&asmﬁmabaaeshuﬂd, of comre,
be used i both analyses. The ares bownded
by the hydrograph and AB0 converted to inthes
depth over the basin is considered to be the storm
ronafi, The besin recharge dafs sre computed
by dirent mblraction of runeff from rainfall

The amont of basin recharge resuliing from s
given storme’ dspends upon (1) the moistare
defideney of the basin at the beginuing of raindall,
and (%) the storm charesheristios such s rafnfall
amowmut, inbensity, ofe. Whils storm chemso-
feristics can be defermined fom an adagusts
network of precipitation stations, the divect
determination of moistare cenditions throughout
o besin i exiremely difficolt. Relisble paint-
observations of soil moistare sxs posible, bub

}

an integrated value (over erea and throughout °
depth) is reguired in & madivm recogmizad
for its marked physical diseonbinuities, further
emphasized by culiivation end vegetal cover
Moreover, conditions above the soil mrface

must be considerad, i e, storage capacity of

depressions sud vegeial cover (interception).
WNumerous measureabls factars have beep nsed
a5 indices fo moisture condifions, notably (1)
days simee last rain, (3) discharge at beginning of
the storem, and {3) sntecedent precipitation. The
first of these is obviopsly inseusifive and should
1o} be nsed if scourate resulis are required. The
second, base flow, is & ressonsbly good index in
hatoid and sub-hmid regions, bt it ik affscted by
sepson snd i does meb necessurily raflect changes
oansed by rains during the previons week. Anfe-

‘gedant precipiiation is mniversally applicshle and -
vields pood results provided the index is propendy =~

derived and ie veed in gonjunction with sesson of

the year or tempersture.
The antecedent preciptintion index is genarslly

defined by an equation of ths fype
I=bPetboPetbPot . - o ABPs (1)

Where P, iz the smomt of precipitatior which
oeomered ¢ days prior to the stortn vnder considars.
tion, by is » constant which. is sssumed o be poms
fonction of time such as be==1/i, and the number of
tarms is srbitrecily selected. If & day-to-dsy
wplue of the ndex 7 i= reguived, as is the case in
xiver forscasting, thérs is ensidershie sdvanings
in asstming that &, decreases with Hime (prior o
the storm of interest).seeording to 8 logerithmic
recesdion rather than 25 » reciwossl. Inm other
words, during periods of no precipitation,

L=l ®

where ¢ is the number of deye betwesn I, and the
inftial index Jp.  Leltiog ¢ sgual orddy,

bulim=ily (8)

Thus, the index for any day is equsl to that of the
provions day muliplied by the factor 2. I rein
opours op any day, the amount of rain observed is
added fo the index as is shown in Agure 2. Since
storz yumoff does nof, of ifself, add fo &

moisiure of the basin, 3 is evident that an snfe-

'
t
i
]
i
h
o
g :
3 :
b t
F- {
g
3 X3
] »
3 o T
Y PP ;
et ( o .
' . TIME ’ ‘ -
Fraoes L-Mothed o bydrograph ssparsiion,
9 :

cedant index of *precipiiation mings ronafl,” o
basgin rachargs, should be more satisfastory than
preipifation only. This refinement requires con-
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sidesably mors computations, however, and its
usa is probubly not justified.

The effzct of & given pmount and distzibution
of sntecedsnt precipitation vpon sborm runoff
ohvignsly depends upan the exient to which ii
has bean dissipated thmngh eveporation, trgn.
spiration, stc. While Z could be sssmmed to vary
88 & funchion of pan evaporation, aiv tamperaturs,. .
dewpoint or vapar pressare deficiency, mnch of
the variation in svapo-transpiration is of o seasonal
nature sad the inkroduction of sesson (or week of
yess) into the correlsfion has besn found highly
satisfactory. There is an sdded advenfage in
using sesson 68 b parameter in that it zeflects
vamﬁms in sorfsce conditions as relatad to farm-

ing praciices, vegetation, ste.

Timaratme.ﬂy the valus of the racession factor
k should also be o function of the physiographic
characteristics of the basin, but experienca has
shown that the factar is not critical-—values range
from 0.85 to 0.90 over most of the eastarn and
ceniral portions of the United States.

The antecsdent precipitation index can be com-
pubed either (1) from avarags daily values over
the basin, or {2) from daily prectpitation at the
vaxioos stations, end then averaged.

To uiilize the sdvantages of the logarithmic
recesgion, the computation of the index must be

# ourried forward thronghout the period of record

being analyzed The index velus for sny day
theoretically depends wpon antecadent pram,mﬁa-
tion over an infinite pariod. Howsver, ¥ some
reasensble inital velue i assmned, the eowputed
index will dosely approach the trns velue within
soverdl weels. Tt has been the praciice either
{1) to begin the compuiations at the end of & dry
spall (pmortcfbeﬁmts&omm@d) with an
assumed low value of the index, ar (3) to begin
the computetions two or thres weeks in advapee
of the first stonn with an assmmned valus equal to
the normal 10-dzy precipitation for the season
(which spproximates the svernge index value for
the arsn).

In computing the dats for a particolsr storm,
the index &t the beginning of the fizst day of rain
is used. For example, gn index valne of 1.8
would bs nsed for the storm of the 9th and 10th-
in figurs 2. The computstion csn be rs,mdly
pevformed with the aid of & chert (fig. 3), or

a?

LATER {incks

Hbex 1 paye
[N
{1
sy
3o

2 question immedistely srises regarding snowfall,
If the waier equivalent of snowiall is added to
the ndex ot the tims of its cccwrrence, its effect
on & subsequent rain storm will be over-empha-
sized if ramoved from the basin through evepora-
fion and underestimated ¥ melted nt & later dats,
#n the nsnal sequence of evenis, evaporation from
t.he snow surface is noi far dzﬁ'arent from surfecs
gvaporition following o rain and, consequently,
snowiall csn probably best he consxéez ed to have
been apphed to the basin on the day it melted

rather than when 153ell. _
' PREPARATION OF DATA
In general, extanded eomplex storms shounld bs
broken into 85 many short, Tnit storms as can sue-
cessfully be accomplished through hydrograph

T T T T T T T T T T T

TECEORNT 1HOEX (fuchen;
R m
T 1

1

o

PRECIPITATION OR AN
-

L@.!lxiisii X

s]2[3Tsi{s|si?|nfs|ia n|1z§ul:4jw{m 17{1a1sfz0)
bAYS '

Frovns 2.~Variation of entecedent indey v

) i Ay thhdaﬂy

-]

ST A T

&
Y
H

KeGBD

&
i

m'
i

™

>3

somparshle table By enterine the chart with

"an fsitial index, the valus £ days later (sssummg

1o rafnfall) can bs read direcily.
In any discussion of antecedent precipitation,

DEOERA— Erem

2 3 » 5 & 7 ’
INETIAL INDEX mehui

Frawre 3.~{hart for cemp:rf:mg antecedent precipitation
index,
3
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analysis. Having decided upon the storm period,
the amount and dwration of ramfall are compuied
and tsbulated for each storm. While data are
generally insufiicient to accmataly determine the
sverage duration of ratafell over & basin, this
factor s not criticsl and can be adequately d&aved
by examingtion of available stxhowmly rainfall
date. In the development of the relations to be
described, the duration was defined as the sum of
those six-homly periods with more than 0.2 inch

of rain pins one-half the intervening pariods with

less then 0.2 inch.  'While experimental infiliration
data indicsie rates commonly in excess of 0.10 inch
por bour after saturation, relalions developed to

rechargs which seams to be correlated with durs-
tion takes place at rates in the order of 0.0 inch
per hour. The difference between these rates is
largely accountable io interflow, intarcorrelations,
and ths method of kydrograph separafion.

COAXIAL GEAPHICAL CORRELATION

In the previous discussion ressons were ad-
-yeneed for the seleation of five veriables to be
- inclnded in the cerrelation--besin recharge, ante-
cedent precipitation index, season ox week of year,
storm durstion, and storm reinfell. ‘While ansly-
tical correlstion could bs used, the exisbence of
joint functions complisates the probiem to such an
exfent thet the salecfion of sn appropriate equa~
fion is extremely diffienlt. Bzdkdiel [4] describes =
method of graphical correlstion which vields
azrellent resulis for some problems, but the cosxial
method is more flaxible and yields correspondingly
better results for runcff correlations because of the
joint relations myvolved.

Tha coaxial method [2] of graphical oorrelation ja
based on the premise that if soy mportant factor s
omitted fram o ralation then the scatier of points
in s plotting of ohserved values of the depandent

variable vs. those somputed by the relation will be-

st least partislly explained by the omitted factor.
In other words, if the points of such a plotting sre
lnbeled with wne»pondmg vslues of ths omitted

nsed to mnd:fy or ccn'euis thz valnes cemzmted

- from the criginal relation.
e cmerf BB Plping Aheconxial-method So-the-selastodr. . The-mothodrof perfarming.-the-comelation Bre-smumw o ~omme

pargmeters, a three-variable relation is first de-

B

veloped (Bg. 4, Chert A) by (1) plotting antacedant
precipitation s, besin recharge, (2} labaling the
poinis with week number, and (3) fitHng & smooth

!

date consistenily show that the portion of basin

Attachment 15

family of curves representing the various weeks
(Chart B, for plotling computed vs. observed basin
recharge, is placed witl: horizontal scale (com-
puted) metching that of Chert A to facilitate
plotting. Points labeled with duration aze then
plotted in Chari B at the observed recharge on the
verticel seale and at & computed value on the
horizontal scale corresponding to that determined
by entering Chart A with antecedent index and
week number, A smooth Inmily of curves is than
draywn which represent the effect of duration upen
basin recharge. The combination of Charts A and
B constitutes & graphicsl relation for estimating
racharge from anfecedent index, week, and storm
duration. Storm precipitation is then inkroduced
(Chart C) by (1) plotting computed rechargs
(from Charts A and B) ¢ observed rechargs (on '
herizontel seale), (2) Inbeling the polnts with raimn.
fall amount, zmd (8) fitting a family of curwes.
Charts 4, B, and ( constifute the fivst approxims-
tion of tha relation involving the selscted parame-
ters, Chart D& phtmng of observed rechargs
2. thaﬁcmputad&omc&mes.é B,and C, i
shown fo indicate the over a&l cmela.mn of the

relation.
Sines "the parsmeters ars intercorrelated and

sines the first charts ‘ware developsd independent

of fastors subsequently ntroduced, tests should be
mads fo determinas if revisions of the charts could
improve the relation, i. e. ﬁmpzoceszzsnemﬁ}y
ene of snccessive approximations. To chedk ths
curves of Chart A, the assumption is mada that
the other charts are correct. Therefore, the
‘horizontsl cocrdinate for an sdfvsted point (in
Chart A) can be detarmined by entering Charts B
and O in revarss order with observed recharge,
rginfall amount snd dwation. The ordingse for -
the adjustad poimt corresponds to the observed
antecedent yracipifation index. In other words,
the week-curves must be revised to fit the paint
aﬁ;wﬁedmthzsmmerﬁﬁhzr&htmn:stopdda
compitted velue equal to the observed. The
second-epproximaiion cwrves for dumation and
storm precipitetion and all snbsequent approxims,-
tions sre made iv & dmilar manoer. Tn each caze
the points are plotted by entering the chart se-
guenss from both ends with observed values to
determine tha adjnsted eoordinabes,

semted in previons paragraphs is 6f general appli-
cation and can be used as described.  In develop-

ing the relation for basin recharge, howevar, car-
tain modifications snnphfy the procedurs and re-

Page 5 of 12



CDQ000020080052 API and Raln Runoff Relationship for TN River Watershed- Attachment 15

sult in the derivation of the finsl relation with
fewer approximaiions. Sines storm precipitetion
is extremely iroportant, the frst plotting of Chart
A will show ao libtle correlation that the construs-
timn of the enrve family is éxtremely difficult. In-
froducing storm raiufall in the frst plotiing would
Improve the correlation, but thers Is also sn im-~
poréant advantnge in baving this parameter in the
last charb of the ssquence-—pemely, the possibility
of computing Tunoff in excess of rainfall and of

- : ' 1
b I g
® / ”ﬂ i ®
7,// 1/ E " .
SV IEE ' H
YN i - ;1....... /}{. ..... g 2, 2 g
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!-.wmnsu Aprmamssonmrrretsase 3 unponsmoprentmets 2 ] Jomwsere ot ) e ; 2 3 et 4, OBSERVED e
_ | IR 5 P //’ ] i, - { .
_ . : £ |
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| [ letirer] | L
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. =® =
Y IHEEENEERERER R LI
Frauas 4.--Basin rechasge relsiien for the Monocany River s Jug Bridge, M4,

initial moisturs conditions i the first chard-—a
decided advantege in forceast apphestion.

If the fivst plotting in (hart 4 is limited to those
stormos having an amount of raintall within 2 spec-
ified clags interval (2 o 4 inches, for axamyple),
the construckion of the surves is simplified pro-
vided there are enficient date. Actuelly, only
Yimited data are required since the general type
of curvaiure and converganes can be determined
from theoretical ressaning. Moreover, the rela-

Gohs 56 QUi AT tHEonEheut - Eny - EEnEra—

TOMPUYNE DegLEve Valtes Gf Tonod 15 ehmmbed.
Moreovar, the rrrangemend shown in figure 4 re-
sults in the delermination of » unified index of

arse, and once such s relation is developad, all
curve-famnilies but one can be nsed ss the fHiste
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approximation curves for any other basin i the
area. In fact, & single relation has been found
spplicable to as meny sz six or eight tributary
drainages within 8 ziver besm

Asg stated previously, carrelations made to date
-indicate that storm duration, as determined m an
arbifrsry manner, is not particolarly affective in
determinimg basin recharge. An sssumed spacing
of one to two hundredths inch per how generally
proves satisfactory, bub the sasumed curves should
be checked by plobting after the cuzve families of
- Charts A end C have bean finally determined
Examination of Sgure 4 will show that the errors

of the points with Httle mmoff (recharge approach- -

ing precipitstion) are considernbly magnified
when routsd back through the chart sequence as
deseribed for the development of the second-ap-
proximation etrves. ‘Therefors, if this appreach
is nsed, it will ba found that the curves can be
more readily determined if low-runoff points are
omitted In the plotting As an alternate ap-
proach, ths raquired revisions of the curves can
be determined qualitetively by labeling the
points of Chert D with week number or duration
to detarmine if thers s any residual correlation.
A third approach, also gualitative, is Mustrated
in figure 5, whers ths ervors of the relation are
plotted against aniecedent precipitation with
wesk number as & parsmester, Either of these
supplementary plottings indicate in which dirse-
tion ‘the eurves should be shifted. For example,
figore § indicates that weeks numbered about 5
«through 8 should be shifted to the right for high
amtecedent index and to the left for low. The
degree of shift indicated by the plottings can ba
yaflected beek throngh the chazrt sequenpce to
detarmine mpproximetely how much the curve
ghounld be shifted. _ .

" APPLICATIONS OF DERIVED RELATIONS

In prepaving river forscasts, rrmoff is the con-
irolling factor rather than basin recharge. Sinece
rainfell end recharge defarmine runoff, howaver,
the curves of Chars C in figurs 4 can be converted
to tead runoff directly as shown in figure 6.
Moreover, the charts can be superimposed (fg.
7) to consarve spacs withous redneing ths seale,

Tha proper spplication of the unit hydrograph

requires that romoff increments bs estimated for
successive time periods throughout an extended
storm. This can be accomplished by computing

-8

_sight, the rumoff denths computed. from these
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 Figurs 5 ~~Dlustration of method for revision of
: _ week curves. -

runoff depths from acoumulated precipitation up
to the termini of the designated periods, and sub.
tracting successive values of runoff. As an alter.
native, all precipitation prior to the period of
interest can be considered to be antecedant pre-
cipitation, and the storm rainfall for the period
used to compute the corrssponding merement of
runoff. For forecast purposes, whers time is of
the essence, the first method may be prefarable,
The second method, on ths other hand, gives
more significance to time varisboms of rainfa]l
intengity end may, therefors, provide for more
acourats computations. However, the relative
accuracies of the two fechnigues are also depend-
ent upon the adequecy of the assumed weights
far antacedent pracipitetion; smee the first method
is in secord with the analysis used in developing
the basin relation. o .

Since it is impossible to segregate the water
pessing the gaging station according to the
portion of the basin in which it fall; staiistioally
derived runoff relations must Dpecessarily be
determined from basin averages of the parameters.
Unfortuuately, because of the higher crder and
joint functions involved, o relation which i
based on storms of uniform areal distibution
will yField runoff values which are too low whan
applied to storms with sxtramely uneven distr-
bution. This can be demansirated by computing
the Tunoff for four, six, snd eight inches of storm
precipitation, assuming all other factors to remain
constant. While =it is the average of four and

three valuds of predpitetion do not ‘bear s cor
responding relation. An unevan distribution of
entacedent precipitation produces similar resulta,

Page 7 of 12



i m————t I
ff Relationship for TN River Watershed- Attachment 15

X Unches)

ANTEGEDENT PRECIPITATION NDE

> , 4,// ] | STORM RUNOFF (lnches)4 ,
] Wp7ZH RN AY VAV
L0 el 1A
L**f:} // / Z l/ / 7 ./‘I jéﬁ\qi“/ //
& 9.3@"10 v/ V/V / -/ /A;;%“! ’ A
s/ [/ /T 4
Tzl L LT ALY
77 AR AR EEE
s | LA
v || R .
omooaoy River ab Jug Bridge, Md.

‘ Frowms b.-Runof relation for M
T4, howsver, the rumoff relations ere based on data DEFICIENCIES OF DERIVEI} ‘REL&.TIQKS

representing ressonably uniorm conditions, they . _ em
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period is an integral part of the relations. How-

ever, the computed runoff for a 5-inch, 24-hour

storm i5 independent of infensity -wvariskions
within the period. As menticned previously,
the starm can be trented as several short periods
of rainfall, considering all reinfall occurring prior
to any spacifie period as antecedent precipitation.
‘While intensity variations can be given consider-
ation in this manner, neglectmg mtensity ap-
parently csuses sexious error in total storm
runoff only when intensities are so great through-
out the entire storm thet rainfall runs off too
rapidly to alleviate the moisture deficiency of
the basin, Expariance has shown that the
relations yield fair results during frozen eonditions,
provided that the weekly cwve represeniing
maximum runoff canditions is used, regardless of

‘the date of the storm. Storms which are pre-

dominsntly snow present an entirely different
problem and are not considered here. If only &

slight snow cover remsins at the end of the storm,

the estimated waber equivalent can be sub-

tracted from the observed siorm precipitation.

Spow on the ground st the beginning of the

gtorm should be inciuded in the storm precip-

itation (rather than antecedent precipitation)

if it is dissipated during the storm. -
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SUBJECT:

" were impressed enough with thelr reinfell=runcff procedure o feel -

‘be devised whioch would solve more complicated conditions. In ibts
‘present form it should prove velueble in naturel flow computa,tlons,

“our tribubary reservoirs, It is our opinion thet such & machine would

" discussions on procedures were held with his assistant, Mr, Lmsley, and

xH'(DRAuu
FILE Nb

Ve M’M’Z%ﬁ%w UNITED STATES G.VERNMEN:]:

Albert 8, Fry ,' o " 'DATE: -June B, '1950
L. R. Bagstrom and A, d, Goopsr

COWFERENCE ‘WITH 'U,5,W.B., WASHINGTON, MAY 30 AND JUNE 1 ON I‘ORECASTING 5
PROCEDURES , Lo TR

The wriber -and A, J, Cooper -spent May 30 and June 1 dis~
cussing forecasting ‘procedures with U, S. Weather Buresu personnel in
Washington, Our primcipal-discussions were on their method of ' g
developing rainfelleruncff wrelations; end on routing ‘proocedure. with ..
major emphasis on the use of their Electronic Stresmflow Analogue, w

“that it ‘should be ‘tried . .out in .our own studies. The Elechronic Straam_
flow Anelogue in its present form is uneble to solve problems sof = -
extreme backwaber -and oontrolled outflow and it oould not be used- for
reaches such as our Kentucky Reservoir except for special cases of !
fixed headwater elevation, It does seem probable that a .cirecuit - ‘oouile

predictions of tribubary flows, and predictions of inflows ‘Yo many . o;é

be very veluable in the work of the Forecasting Ssction both for stugy
and prediction purposes and that it should be available in the Section:.
oven if similar eguipment is to be provided by the U.S,W,B, for the :
-proposed unit in Fnoxville. _ :

Upon arr:v.val a few mlnutes were spent with Mr, Bernerd, s
Lhief, Division of Clmatolog:wal and Hydrologie Services, and 'a- same~ '
what longer time was spent with him before leaving on June 1, Oup - -

with Mr, Xohler and ‘Mr, Nordenson of the Procedures Developmen'b ‘Staff, .
A considerable amount of time was spen‘b going over their

method of developing rainfall-ranoff relations. This method is ex= ‘ CT e
plained in a paper entitled “Predioting the Runoff from Storm Reinfall; “.-, T

. by Kohler end Linsley, a copy of which waes obteined, This method taLas

into account four facbors: antecedent precipitation, week of the yoax;]

duration of rainfall, end amount of rainfall. These factors are

correlated in a oo—axa.al relation against "basin recharge" which is

the difference between reinfall -emd surface runoff or is egual to

ground~water runoff plus loss, After development it is converted into

2 direct relation against surface runoff, The Weather Bureau has

adopted this procedure :as stendard, They say that for their purposes

it is the most satisfactory relation they have been able to develop, .

that it seems to work equally well for areas in all parts of the United
3bates, and thet it is relatively simple to use, once developed,
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SUBJRCT:

 showed thé acouracy which was obteined. Only ome inflow graph could

routing of natural fiow on the Temessee River they thought it might
.be possible to route Chattancoga in a single step end certainly with o

2 UNITED STATES GOVERNMENT

Albvert B, Fry ‘ DATE: -June -3, 1950 o

L. R, 'Engstrbm and A, J. Cooper

CONT‘ERENCE “WITH U,S5.W.B., WASHINGTON MAY 50 AI‘TD JURE 1 ON I‘OBBCASTING
PROOEDURES

I'b is proba,ble thet the use of the “anteoedent praclp:uba‘b:.on
index™ mey give a betber oorrelation then our use of ground-water. :E'J_ow‘.,‘
The weekly seasontl index would be a refinement of our method of .
diviging the year iito winter and summer season but defining 4t may
require ennlysis of ‘a longer period of -record than-we have used,

Their standard procedure is to-use 10 years of vecord if availeble, - .
Ground-wabter runoff is not oovered in their procsduire since: theyare
forecasting orests primarily and in their separation of the hydrograph
they sssume ground waber to recede until crest stage is reached, T~
seems probable that a similar co~axinl relation could be worLed ou-h
for ground-water ru.noff based on the same factors,

The Electronic Routing Machine was set up in the office of. .
the Procedures Development -Staff and‘we were given considerable explane- '
tion of its use and a demomstration, We also inspected a number of
routings made directly from effective rainfall on the ground -which

be put into the machine but a third unit, whioh was almost ready. for
use, will permit en -edditional-inflow to be inbroduced which they - .0
believe should improve the sccuracy of results, 1In discussing the

,machine which ocould inbtroduce two inflow graphs., We disoussed +the
possible use of the mechine for more complicated routing procedures,
such es routing our Kentucky Reservoir. They stated thet it was no-b
possible to teke care of the additional variables introduced by con-~ -
trolled outflow, They had not attempted to work on design of & more
complicated ciroult but Linsley states that when he becomes established
at Stanford he might try to get the electronic department there to = -
investigate poss:.bllztz.es.

We wore also shown s newly set-up procedure for pradlc'l;:.ng
orest stages for points for which the time of concentration is short
and the forecast is mede by non-technical persomnel, A copy of the
papsr explainirg this procedure with accompenying tables waes given +o
us, (Development of Forecasting Tables for the Flood Warning Bervice, )
This procsedure, although interesting, would not have amy application
in our officse,
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STREAMFLOW FORECASTING AND WATER DISPATCHING

FOR TVA RESERVOIR SYSTEM

By

Le Roy Engstzoml, M. ASCE; Jackson H. Wzlkinsonz, M. ABCE;
and Alfred Blickensderfer3, A A.M. ASCE

INTRODUCTION

The day-to-day operation of the TVA reservoir system is largely
dependent upor a knowledge of the streamflow to be expected today, "t-omorrow,
and ten days from now. This is trme during 'tl}e shower periods of spring and '
summer as well as during periods of flood flows. It is also true during
periods of drouth. The dispatching of water for flood conmbrol, navigation,
power, or other purposes regnires accurate estimates of the daily amounts
of inflow to each reservoir in the system and of the transit of releases
i‘rom each reservoir th:r'ough the system. Estimates of streamflow must be
revised daily, or more frequently during storm periods, to adjust for the
effects of additional rainfall or %o improve estimates on the basis of bb-
served data. This is necessary during periods of high i‘loﬁ to ensure the
proper operation of the system for flood control. It is necessary dur:.ng
peraods ‘of normal and’ deficient flow to provide adeguate depths for nav]_ga-
tion and to ensure the maximum utilization of available water for power

purposes.

WATER CONTROI ORGANIZATTION

The operation of the reservoir system, shown on Plate 1, is under
the direction of the River 'Contxfoi Bi'anch of the Division of Water Control
Planning through the Office of the Chief Engineer in Knoxville. The River
and Reservoir Forecasting Section of the Hydraulic Data Branch of the

1Head 'Rlver and Reservoir Forecas‘blng Sec'b:.on, Hydraulic Bata Branch,
TVA, Knomlle, Tem.
25taff Specialist in Water Dispatching, Hydraulic Data Branch, Tva,
Knoxville, Tenc. _
ydraulic Engineer, Hydraulic Data Branch, TVA, Knoxville, Tenn.
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Division of Water Control Plamning furnishes the current and forecast hydro-
logic information needed for the operation of the system. It translates the
required power load into equivalent water requiremén‘bs gt the various hydro
plants and makes adjustments as needed to carry out the current over-all

operating plan. It finally routes the resulting releases from the indi~

" vidual plants through the reservoir system and determines the resuliing

releases and elevations at downstream points.

EYDROLOGY OF THE BASIN

The Temmessee River drains an area of hl, 000 square miles. Its
headwaters are in the mouh‘bains of eastern Tennessee, western Virginia and
North Carolina, and northern Georgia where elevations run to over 6000 feet.
The drainage basin varies from these mountainous areas to the rolling
country of middle Tennessee and the relatively flat reaches of northern
Alabamz and Mississippl and western Temnessee and Xentucky. The mean anmual
precipitation over the area is approxima‘bély 52 inches, varying from about
38 inches in the driest years to 63 inches in the wettest years. Correspond-
ing runoff is about 22 inches, ranging between extremes of 11 and 33 inches,
The mean annual rainfall is relatively uniform over the western half of +he

‘basin, but over the eastern half it varies from 40 inches in some sheltered

areas up to 80 or 90 inches in the higher mountains as shown on Flate 2,
During periods of prolonged drouth, smaller streams in the central ang wést-
ern portion of the basin run dry, whereas substantial areas in the mountains
never f£zll below one-half ecubic foot per second per square mile. Rainfall
is well distributed throughount the year, mean monthly vélues ranging betwéen
Li and 5 inches most morths, with a maximum of 5.6 inches in March and a mni-
mm of 2.8 inches in Dctober. Although snow cover may accumlate to several
feet in the higher mountain areas and to several inches generally over the
basin, it uswpally remains for only short periods and is generally of small
importance in the runoff picture.

General flood-producing storms are usually limited to the peried
from December 15 to April 1. However, maximum storms over more limited
areas of the southeastern and eastern portions result from the imvasion

of occasiocnal West Indian hurricanes in the late swmmer and fali,
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- HYDROLOGIC DATA

The i‘orecasting of flows for operation of the system requires
_reports from an extensive network af reinfall and streanflow sta‘bions. Each
_morning reports are received from 190 rainfall ang h_l_ vstr_e_amflow sta‘b:l.ons.

Their distribution over the Valley is shown on Plates 3 and L. Im add::blon,
elevations and discharpes are received from each hydro plant. During )

critical periods, additional_ reports during the day may be arranged for
from most-stations, and hydro plant elevations and discharges are avail-
able every two hours through the power dispatching office in Chat‘banoaga.

Of the 190 rainfall stations reporting daily, Sk are at power
plants and substatlons and are observed by TVA personnel. The remainder
are distributed throughout the basin and located as w_ell as commumication
facilities permit to give an accurate measure of rainfall, The majority

are standard nonrecording gages , but 12 recording gages distributed thromgh-

out the Valley observe bihourly rainfall. ' Observers at these stations report -

by telephone. At certain locations in the Valley from which reports are
desired, either commmnications or observers are not available and 22 auﬁo-
matic radio rain gages are in use which broadecast amounts every two 'houvré s
thus add:Lng to the in‘bens:uty network. V

The hl streamflow stations are located either om pmnclpa.l 'br:.bu—
taries or on small areas which are used as an index of flow.. At the
majority of these, observers abstract stages from the recorder charts Qﬁd
report by telep‘honé ." The remaining 19 are dutomatic radic gages which
transmit stages 'a'b two-hour intervals. Elevations are received from 10
additional stations on the main river for which dally eleva‘tion i’orecaéts
are made. Hourly discharges from 33 dams in the system complete the

streamflow picture.

THE DATA-COLLECTING SYSTEM

_The Hydranlic Data Branch maintains ten area offices covering the
Valley. These offices serve as collecting centers for the rainfall and
streamflow data for their part of the basin. Observers report to these

offices early each morning. Automatic radio receivers in these offices
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L

record the broadcasts from the radio rainfall and streamflow gages in their
area. At a fixed time each morning the telephone company completes a2 re-
served call between the area office and the forecasting office in Knoxville.
Cn this call the area engineer transmits all of the data for his area in a

period of 5 to 10 minotes. Three engineers in the Knoxville office receive

the telephone calls and record them on data forms. Complete information
from this part of the data-collecting system is received in a 2S-mimute
period by 8230 a.m.

The dispatching office of the Division of Power Operations in

Chattanooga collects hourly data on elevations and discharge at each reser-
voir.in the system. Twice dally observatioms of rainfall at Bl dams ang
substations are received. Each morning, personnel of the Hydraulic Data
Branch in Chattanooga transmit this Information to Enoxville by teletype-
writer. Data to midnight of the preceding day are avallahle in Knoxville
by 8:00 a.m. and data for the first 6 hours of the current day are avail-
able by 8230 a.m. During critical periads, current information on the
system is obtained by telephone from the Division of Power Operations.

Baini“all reports from U. 5. Weather Burean stations are received
by teletypewriter from their Knoxville office and stages on the Ohio River
at Paducah and Cairo are received from the U. 5. Weather Bureau at Cairo.
Beintall .and étag.e reports from the Cumberland Basin are received from the

Corps of Engineers at Nashville.

411 data received in the EKnoxville office are transcribed in ink
on appropriate forms, with most data arranged by areas to facilitate use
for forecasting. Each day's data fill eight 11" x 17" sheets. Sfream
stages are converted teo .equivalent dischafge on these sheets, a rainfall

map is prepared, and then a sufficient number of prints are reproduced,

FORECASTING METHODS

Runoff Graphs

The determination of the amount and distribution of runoff to be
expected from 2 storm is based on extensive studies of back records of

rainfall and streamflow. Because of the diverse character of the drainage
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area, with resultant wide differences in runoff characterisiics, it bas been -

necessary to make studies, when data are available, of index areas for each _

individual drainage for which forecasts are required. Streamflow studies

are made at U. S. Geological Survey or TVA gaging stations, »a.t least 10 years
D Ji;m,__j_gigg_md_when available. The corres_ggnﬂing“ ra:h:vi‘al‘_}. studies are

based on all standard and recording rzL:Ln gages within or adjacent to the area.

The streamflow hydrograph is separated inte surface-water rumoff
and gi‘ound-water runoff for both study and forecast purposes. Separation on
the recession side is accomplished by the use of ground-water angd surface- ‘
water recession curves developed from isolated storms. On ‘the :t'ising"Sidé 5
ground water is assumed to inerease gradudlly from the start of runoff +to
an intersection with the ground-water recessioh near the point of inflection
of the total hydrograph. An idealized separation is shown on Plate 5. '

The study of the distribution of surface runoff is made by unit
graph methods with correlation against storm duration. If separate fore-
casts are to be made for the station as part of the inflow to a reservoir,
the wnit graph ordinates are time-lagged to arrive in the reservoir., In
some cases the munit graph developed for a station is used as a gmide in
developing a total surface-water inflow graph for a reservoir. In develop-
Aing runoff graphs for large ungaged areas, use is made of a snythetiec method.
Rmmoff graphs for studied sbations are correlated against the size .and shape - |
of their drainage basins. From this correlation, runoff graphs can then be

developed for any size and shape of arsa.

For forecast purposes, ground water is also treated by unit graph
methods. An average ground-water runoff graph is developed for an area and

is converted into a graph for one inch of runoff.

In forecasting inflows to reservoirs, the instantaneous peak in-
flow is usually not significant exeept in the case of extreme floods. What
is required is the volmme of water arriving in the reservoir by calendar
days. Unit graphs for both surface-water and ground--wa'bei* runoff are there-
fore converted imto daily volumes in 1000 day-second-feet and time-lagged to

arrive in the reserveir by calendar days.
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Rainfall-runoff Relations

The estimation of the amount of runoff which will result from a

given storm or series of storms is the primary problem of forecasting.
There are many factors which must be taken into account in any cé_refu_']_

- -anal'ys::s—oi‘—-wha*b—happens—:bo-px:ecapn tation affer it has fallen. The fore-~

castor for a reservoir system, however, is faced with certain deadlines.

His forecasts must be available as early as possible to ensure their maximum

usefulness for operation. This is particularly true during flood periods.
Information on the flows and stages resulting from the scheduled operation
must be made available as early as possible to persons affected. This re-

quires some compromise between accuracy and speed.

TYA is at presenf changing its method of estimating runoff from
rainfall. The original method used correlated runoff with base flow, or
the rate of ground-water flow at the beginning of a storm, as an index,

In some cases the number of days since the last rain was used as an auxil-
iary index. This method has proved reasonably satisfactery but it involves
current separation of the streamflow hydrograph ito determine the rate of
ground-water flow. This is time-consuming and quite approximate during
complex storms.

. .The method being anpted is the APT, or antecedent precipitation
index method, which is now in gemersl use by the T. 5. Weather Bureau and
others. Rainfall and runoff are correlated against rainfall which has fal-
len prior to a given sborm, weighted in accordance with the nunmber of days
since occurrence. In practice, it is a simple index Yo use since each
day's iﬁdex is 10 percent smaller than that for the day before. When pre-
cipitation occurs, its amount is added to the current day's index and the
new total is reduced 10 percent for the next day. The other factor in the
correlation is season. The amount of rumoff from a given rainfall varies
considerably between winter and summer for the same index. However, the
progression of the seasonal effect is fairly regnlar from year to year ang
the introduction of a week number into the correlation mekes a reasonably
satisfactory adjustment. Addltn.onal correlation with intensity has gener-

L

ally not improrved results in our studies, and adjustments for extremely

e ———

.hﬂ—g Wpreclpltatlon are left to the judgment of the fore-
Plate 6 illustrates a two-guadrant rainfall-runoff relation in

castor,
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graphical form. Our studies indicate that the AFPI correlation on the aver-
age will give slightly better results than base flow. In addition it is a

simpler, faster, and more positive method to use.

FORECASTING PROCEDIRES

Since speed is important in the making of a i‘oz'ecaét, Prﬁcedxn-es
are set up to make forecasting operations as simple as possible, Foﬁns for
inconiing data are arranged to facilitate both the recelpt and transcription
of the data and its use for forecasting. The use of a rapid reproducing
machine in the office makes data available quickly in as many copies as
needed. Average daily rainfall for a given reservoir drainage is computed
on a form which has weighting factors already inserted. Below this average,
the computation of the daily API value is made. The runoff relation is set
up in tabular form and the forecastor enters with the APT value, the week-of-
the-year rumber, and the averagé rainfall and obtains corresponding values
of surface-water and ground-water runoff in inches. The :Lnﬂow _forecasting
forms for the reservoirs have daily volume factors corresponding to one inch
of runoff for four to eight starting times. The runoff value, previcusly
obtained, ':_L.s entered opposi’ce the factors for the appropriate time, and
slide-rule mulrbii:iica't.ién -gives the volume to be expected from the current
storm. TVertical addition of these values for surface water, ground water,
and the previous recession gives the totzl inflow volumes by days to the
reservoir. Plate 7 is a copy of the form used in computing inflows to
Norris Reservoir. For routing purposes, flows and elevations for the main-
river reservoirs are assembled on a single form by days, and in order as
they arrive into the system in a downstream sequence. This includes the
lagged arrivals from the tributary reservoirs in addition to the local

inflows to each main-stream reserveoir.

Final figures for all reservoirs are assembled on appropriate

forms for transmission to the Division of Power Operations, for preparation

of the Daily River Bulletin, and for transmission to the T. S. Weather
Burean and other interested agencies.
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Reservoir Routing

TVA's tributary reserv01rs are all of such depth compared +o rate
of flow that for all practlcal purposes they can be considered flat pocols
and routing is accomplished by using level storage tables. This is algg

true of owr main-river reservoirs for—flows—of-abeut- ‘turbine—eapacity-or - — o
less. For higher flow, however, the amount of storage between leve] pool

and the backwater curve becomes appreciable and must be accounted for., Tp

Wheeler Reservoir, for example, the controlled level storage space between

the normal minimm level of elevation 550 and the top of gates at elevation

556.3 is 347,000 acre-feet. With 250,000 cubic feet per second flowing

through the reservoir, the volume under the profile above elevation 556.3

is 110,000 acre-feet. This profile condition is illustrated on Plate 8,

The ronting procedure must allow for this volume as it goes into storage

on rising flows and comes out of storage on falling flows.

The method used is dictated in part by the necessity for speed
and requires 2 simple procedure. Storage curves have been developed from
observed profiles for past floods. BStorages are correlated against head~
water elevation at the dam and tailwater elevation at the upstrean dam with
a correction dlagram to adjust for changing stage at the upstream 'l-,a:l.l'mra‘bero
These curves are used 1:.0 de‘bermlne observed storages. For routing purposes,
di.scharge curves correspondlng ko the average rating for the upstream tail-
water are superimposed on the storage diagram and the outflow from the up-
stream dam is then used as the parameter to determine volume under the
backwater curve. This parameter must be lagged in time to make allowance
for the loop in the rating curve. In routing, all quantities are known or
estimated except the ending headwater and average outflow. Fixing either
of these gquantities fixes the other and gives a quick positive solutipn,
Plate 9 is a copy of the storage curves used for routing flows ~bl'u:'ougl;l

Wheeler Reservoir.

Routing through the 18l miles of Kentucky Beservoir is a special
problem. Treating the reservolr as a simple reach does not give satis- '
factory accuracy of results. In addii:ion, forecasts at intervening points
in the reservoir are desired for mavigation and other purposes. For rogti-
ing purposes, therefore, the reservoir is divided into three reaches using
slope ratings at the two intermediate reach ends. Routing is then
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accomplished by a cut-and-try procedure until a satisfactory profile ang

storage are achieved.

Forecasting and Water Dispatching

Forecasts—of-infleowfor-L—to 10 days in advance are peeded daily.

for 31 reservoirs in the TUA-Alcoa system. In addition, inflows to three
anps of Engineers reservoirs in the Curberland River Basin, which Tva
operates for power, are also required. To make these forecasts, to aid in
the scheduling of water use at each of these plants, to issue river bulletins
and flood warmings, and to perform the operation in a limited time requires

a moderate-sized staff and planned scheduling of work., At present, 1),
engineers are engaged in the forecasting and water dispatehing program,

Reservoirs are grouped by drainage basins and assigned to indi-
vidual engineers. ¥or instance, part of one engineer's assigmment is +the
Holston River reservoirs. This includes :x.ni'low forecasts for South Holston,
Watauga, Boone, Fort Patrick Henry, and Cherokee Reservoirs. TIn addition,
he forecasts the effeet of scheduled releases from each reservoir at the
downstream plantse. Similar groups of trlbutary and mam-stream reservoirs
are assigned to other engineers. Assn_gnments are rotated from week to week
to keep the i‘orecastors familiar with the en‘bnre system.

In ada::tlon to the d:.spatchi*ng of water, one engineer handles the
correlation of the daily power load, whiech is received from the Division of
Power Operations in Chattanooga, with the scheduling of releases from each
of the dams. During flood periods, the timing and amounts of Sp-illway dis-
charge necessary to carry out the current water control operation are trang-
mitted to the Division of Power Operations in Cha‘b‘baneoga for exec ut:.on.

' DISSEMINATION OF INFORMAT TON

Large numbers of persons, both within and without TVA, are directly
concerned with, or at least interested in, the observed and predicted eleva-
tions and flows at our reservoirs or at other pezftinent locations in the
Valley. To meet this need, several means of dissemination are uiilized, 2
Daily River Bp_'liet:in is issued in cooperation with the U. S. Wea?r.ﬁer Burean

Page 10 of 21
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which gives observed data for the past 2l hours for L7 points in the Valley
and predictions for the following three days for 5 locations. Inecludeq
are - observed temperatures for selected stations and 2li-hour weather and
temperature forecasts. Plate 10 shows a typical copy of this bulletin,
—-~—---——Qbserved-and-predicted stages for about Lo locations are also_furm.shed to

v —
e —

the U. 5. Weather Burean for publlcatlon by newspapers and for radio broag-
cast. Information on our operations which will affect the QOhio Rlve_r are

also sent by teletypewriter to the TU. 8. Weather Bureau at Cairo and the

Corps of Engineers at Cincimmatd.

QUANTITATIVE WEATHER FORECASTS

TVA has an agreement with the U. S. Weather Bureau under whiegh it
is furnished quantitative forecasts of precipitation over the varioué sub-
divisions of the basin.either two or three times daily. 4 preliminary fore-
cast is received at 8:00 a.m. giving & specific forecast for the next 3§
hours plus an ontloock for the following 2. The regt_lla.r fo_recast based on
later data is received about 11200 a.m. and gives a specific forecast fdr
the next 36 hours and an outlook for the following 3 days. During critical
periods, a supplementary forec‘ast is received at 9300 p.m. covering the
next 2l hours. These -forecasts are very valusble in setting up water dig-
patching schedules for the system, particularly in meking advance di'awdown
of main-river reservoirs for either flood control or power. During flgpg
periocds, depending upon conditions at the time, the forecast amounts may
be used to predict additional runoff. This prediction is then used either
te determine its effect upon the operation in progress or pbssibly to set

1np the actual operation.

CONCLUSION

The daily seguence of events is much the same thrpughou‘b the year
except that activity is much intensified during storm periods. At 7:30 in
the morning, the previous day's system information is received by 'beletype_
At 8200 comes the first weather forecast. At 8:05 the rainfall and stream_
flow data collected at area offices begin to come in by telephone. At 8.10

--—4ne+ ie made with the Division of Power Opnrat:_ons in
Page 11 of 21
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Chattanooga to obta:\_n hourly dlschazge schedules and, if it is the beginning
of a flood peI‘lDd instructions are glven to them for d:_scharge increases at
maip-stream dams. Tncoming data are entered on forms and & rainfall map is
prepared. Copies of data are distributed to the engineers making forecasts

mitted to the U. 5. Weather Bureau at EKnoxville and Calro and during flood
periods to the Corps of Engineers, Elnc:_nnatl. The observed data portion

df the Dally River Bullet:m is prepared for publlcatlon. At 9:15 a second
contact is made with the Division of Power Operations to discuss the amount
and distribution of power requirements for the current and succeeding days,
Mearwhile, the incoming data are being analyzed and inflow forecasts are
prepared for each reservoir. A tentative schedule of tributary releases

55 set up to meet power and other requlrements. The main-river routing

form is prepared showing local jnflows to each reservoir and the arrival

of water from tributary reservoirs. If it is a per:Lod of normal flow, ele-
vations and discharges are set to carry out the current operating plan and

. tributary releases are adjusted to balance out the over-all hydro power load,
If it is a period of excess or flood flows, a routing is made through the
reserveirs under the direction of the Chief of the River Control Branch to
carry out the desired operation for flood control. The arrival of the regular
weather forecast about 11 00 a.m. M2y requ:.re some last-minute adjustments in
the operation. Schedules of required discharges at each plant are “trans-
mitted to the Division of Power Operaztions in Chattanooga for execution. The'
pr edicted .data portion of the Daily River Bulletin is ‘prepared and the bulletin
is issued. Pertinent data on the planned operatien are transmitted to the

7. 5. Weather Bureau at Knoxville and Caireo and to the Corps of Engineers at

Cincimmati. By this time it 4is msnally noon.

- During a flood period, if rain is in progress, & rainfall f_:heck at .
hydro plants and substatlons is made about mnoon. This may require an early
afternoon revision in the routing of flows through the main river. A com-
plete check of the rainfall and streamflow network may be made around 6:00
p.m. and this, combined with a supplémeni;ary weather forecast at 9:00 p.m.,

may require further revision in inflow sstimates and a change in the opera-
tion, If it involves a change in the outflow into the Chio River, the U. 8.
Weather Bureau at Cairo and the Corps qf Englpeers at Cincinnati must be

notified.

Page 12 of 21



CDQ000020080052 API and Rain Runoff Relatlonship for TN River Watershed- Attachment 18
12

Forecasting and water dispatching for a system such as that of

TVA is a continuous process. Complete forecasts for the system are made

five days a week. Main-—river inflows are revised on Saturdays. A check
on main-river inflows is ‘made on Sundays. During flood periods, it becomes

a seven-day job with mightly revisions—when-necessary.-.Because prompt_ .
forecasts are necessary, some accuracy must be sacrificed and accuracy must

be regained by subsequent revisions. Streamflow forecasting is not an exact

It is based on empirical relations which the forecastor must use

science.
But reasonmably accurate forecasts are a "must" in the

with some judgment.
operation of a reservoir system.
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PLATE 5

HYDROGRAPH SEPARATION
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the foregoing description should aid in understanding the relatlve time varia-

tions of hydrologic phenomena which are important in considering the runoff
_relations discussed later in the chapter.

ESTIMATING THE VOLUME OF STORM RUNOFF

Despite the complex nature of the rainfall-runoff process, the practice of es-
‘timating runoff as a fixed percentage of rainfall is the most commonly used
‘method in desrgn of urban storm- dramage facilities, highway culverts, and
'rnany small water-control structures. The method can be correct only when
' ‘dealmg with a surface which i is cornpletely 1rnpervrous so that the apphcable
. "runoﬁ’ coefficient is near 1.00.
' Computer simulation techmques (Chap 12) oﬁ'er the most reliable method o
' ‘of computing runoff from rainfall because they permit a relatively detailed
'analys1s using short time intervals. The type of analysis used in computer
-.'srmulatlon would be virtually impossible to carry through by hand because of
‘»"the detalled computatlons required. The constraints of hand calculation led to
- miethods i usmg longer time mtervals and a correspondingly less rigorous model.
The following sections discuss some of the more successful approaches.

-4 Initial Moisture Conditions |
o The quantrty of runoﬂ‘ from a storm depends on (1) the mmsture condltlons of’
' the catchment at the onset of the storm and (2) the storm characterlstrcs——

_ 'hlch- morsture 18 ¢ __epleted fronﬁ pgnglcul 3t
- cal’ ‘conditions; is rbughly§p oportrd‘halﬁozthekamoun
o other words the soil mors?%’rae should decrease loganthm1ca11y with tlme durmg
'penods of no prec1p1tatlon 28, - . S _ L
e ST
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where I, is thé initial value of the antecedent- -precipitation index, I,is the reduced -
value ¢ days later, and k is a recession factor ranging normally between 0 85 and
0.98. Lettlngt equal one gives

I = K, (8-8)

Thus, the index for any day is equal to that of the previous day multiplied by the
factor k. If rain occurs on any day, the amount of rain is added to the index (Fig.
8-4). Since storm runoff does not add to the residual moisture of the basin, an
index of precipitation minus runoff, i.e., basin recharge, should be more satis-
factory than the precipitation index alone Commonly, however, the mmor
improvements gained do not justify the added computation. o
Equation (8-7) assumes that the daily depletion of soil mmsture (prlmarﬂy ‘
evapotransplratlon) is 41 Los> L

I, - ——Io(] -—k)

Since actual evapotranspiration is a function of the potentlal value and’ the ':‘
available moisture (Ip), k should be a function of potential evapotranspiration.
The variation in potential evapotranspiration is largely seasonal, and Eq. (8-7) .
has been found to be reasonably satisfactory when used jointly w1t]; calendar-
date (Sec. 8-6). There is an added advantage in using the date as a'par: -
because it also reflects variations in surface conditions related to farmmg
tices, stage of plant growth, etc. :

Anfecedent precipitation indéx, K=090

g0
— 60

L 40

'_Pn_'ecipitqﬁon or antecedent index in inches -
. (<]
I
) ‘j _Precipitatidn or antecedent index inmm:’

k20

Figure 8-4 Viriation of antecedent precipitation index with daily rainfall.
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- The value of the index on any day theoretically depends on precipitation
over an infinite antecedent period, but if a reasonable initial value is assumed,
the computed index will closely approach the true value within a few weeks.
The index value applicable to a particular storm is taken as that at the beginning
" of the first day of rain. Thus a value of 1.8 in would be used for the storm of the
mnth and tenth i in Fig. 8-4. :

8-5 Storm Analysis N
In any statistical correlation, it is extremely important that the basic data be as
_ consistent and reliable as possible. The consistency tests for precipitation data
discussed in Sec. 3-10 should be applied whenéver the normal annual precipita-
tion varies appreciably over the catchment.:The streamflow records should be
carefully reviewed in each case (Sec. 4-16) and adjustments made if necessary.

Methods of storm analysis should be rigorous-and objective. Only that
" storm rainfall which produced the runoff being considered should be included.
Small showers occurring after the hydrograph had started to recede should not
be included if they had little effect upon the amount of runoff. Slmﬂarly, show-
ers occurring before the main storm should be excluded from the storm rainfall
and included in the antecedent-precrpltatron index. Long, complex storms
should be separated into as many short storm periods as possrble by hydro-
graph analysis.

Runoﬂ' also depends upon rainfall intensity, but for basins of 250 km2 (100

mi?) ‘or more, an average intensity as reflected by amount and duration is

usually adequate. In this case duration can be estimated with sufficient accu-
racy from 6-hr rainfall data. An obJectlve rule is preferable, such as ‘‘the sum in
hours of those 6-hr periods with more than 5 mm (0.2 in) of rain plus one-half
the m_tervenmg periods with less than 5 mm (0.2-in).”” Although experimental
infiltration data indicate rates commonly in excess of 2.5 mm/hr (0.1 in/hr),
- relations such as Fig. 8-5 consistently show the effect of duration on storm
runoff to be of the order of 0.25 mm/hr (0.01 in/hr). The difference is largely
caused by intercorrelations and the inclusion of interflow with surface runoff; _

v8-6 Multlvarlate Relatlons for Total Storm Runoff

- If storm characteristics and basin condmons are to be represented adequately'
~ in a runoff relation, a number of independent variables must be included. The
relationship is not an additive one, and the usual multivariate linear correlation
is not satisfactory. The coaxial graphical methodt of correlation was first shown
to be particularly useful for this work [28]. Betson et al. [29] subsequently
"-‘dernonstrated an analytical correlatron technique.

ot Grabhical 'coi'relati:bﬁ methods weré pres"ente'd'ih Appendix A of previous editions. Increasing
availability of computers has resulted in resfricted use of graphical techniques, and the detailed
presentation of such methods is now considered unjustified.
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To illustrate the coaxial method assume that a relation for estimating storm -
runoff is desired, using antecedent precipitation, date (or week number), and
rainfall amount and duration as variables. Values of these variables are com-
piled for 50 or more storms. With the exception of rainfall amount, the variables
should be more closely related to the fraction of rainfall which does not run off
than to the runoff volume. It is therefore convenient to calculate an auxiliary .
variable equal to the storm rainfall minus the storm runoff. This variable is
called the recharge in the subsequent discussion. Once a satisfactory relation
for estimating recharge is completed, it is a simple matter to revise the precipi-
tation quadrant (chart C) so that the final answer is in terms of runoff since
rainfall minus recharge should equal runoff. Equations (8-10) and (8-11) show
that the correlation can be made to yield runoff, even though the season quad-
rant is unchanged from that based on recharge.

A three-variable relation is developed first (Fig. 8-5, chart A) by (1) plotting
antecedent precipitation versus recharge, (2) labeling the points with week

I PR
Yy S
© T © =
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8 . S :
/A - £ * 2
52%"7"7’4' i 17 LAY
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Figure 8-5 Basin-recharge relation for Monocacy River at Jug Bridge, Maryland. (U.S. Nananal
Weather Service.)
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number, and (3) fitting a smooth family of curves representing the various
weeks. Chart B is placed with its horizontal scale matching that of chart A to
facilitate plotting. Points are plotted in chart B with observed recharge as
ordinate and recharge computed from chart A as abscissa, and these points are
labeled with duration. A family of smooth curves is drawn to represent the
effect of duration on recharge. Charts A and B together are a graphical relation
for estimating recharge from antécedent index, week, and duration. Storm
precipitation is then introduced (chart C) by (1) plotting recharge computed
from charts A and B against observed recharge, (2) labeling the points with
rainfall amount, and (3) fitting a family of curves. Charts A, B, and C constitute
the first approximation to the desired relation. Chart D indicates the overall
accuracy of the derived charts.

.- Since the variables are intercorrelated and the first charts are developed : o
independently of factors subsequently introduced, revision of the charts may o
improve the overall relation. The process is one of successive approximations.
_ To check the week curves, the other curve families are assumed to be correct

and the adjusted abscissa for a point in chart A is determined by entering charts
B and C in reverse order with observed recharge, rainfall amount, and duration.
The ordinate for the adjusted point is the observed antecedent-precipitation
index. In other words, the week curves should be revised to fit this adjusted
point if the Telation is to yield a computed recharge equal to the observed'
recharge. The second (and subsequent) approximations for duration and rainfall
are made in the same manner. In each case the points are plotted by entering
the chart sequence from both ends with observed values to determine the
adjusted coordinates.

. Although the method presented in the previous paragraphs is general and :

~can be. used as described, certain. modifications simplify the procedure and
require fewer approximations. Since storm rainfall is extremely important, the
ﬁrst plottmg of chart A may show little correlation and the construction of the.
curves will be difficult. However, an important advantage in having the rainfall
parameter in the last chart is that the possibility of computing runoff in excess
of rainfall or of computing negative values of runoff is eliminated. Moreover,
the arrangement of Fig. 8-5 results in the determination of a unified index of
_ moisture conditions in the first chart, which is a decided advantage in river

: 'forecastmg If the plotting of chart A is limited to storms having rainfall within a
specified class interval (2 to 4 in, for example), the construction of the curves is
51mp]1ﬁed provided that there are sufficient data. Only limited data are requlred
since the general curvature and convergence are ‘always as shown in the exam-
ple: The relations are quite similar throughout a geographic region, and charts A-
and B for one basin may be used as a first approximation for another basin in the
area. . : o
One analytical technique [29] uses the equations

Iy=c+(a+de® I (8-10)
0= R (8-11)

3

(Pn +I" )1/11 - I R
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where I,; is a runoff index approximating the first quadrant of a coaxial plot, I,
is a fixed function of week number ranging between +1 and —1, I is the

" "antecedent-precipitation index, e is the base of napierian logarithms, P is storm
rainfall, Q is direct runoff, and a, b, ¢, d, and 1 are statistically derived coeffi-
cients. With only five constants the functions are quickly derived on a computer
but are more constrained in form than the graphical solution. In comparative
tests on catchments in the Tennessee River basin, the analytic method gave
results generally slightly better than the graphical method. McCallister (30]
describes another method of using the computer to develop a runoff relation
based on the variables used in the coaxial method.

Since it is impossible to segregate the water passing a gaging station accord-
ing to the portion of the basin in which it fell, statistical runoff relations must be
based on basin averages of the variables. Unfortunately, a relation based on
storms of uniform areal distribution will yield runoff values which are too low
when applied to storms with extremely uneven distributions. This can be dem-
onstrated by computing the runoff for 4, 6, and 8 in of rainfall, assuming all
other factors remain fixed. While 6 is the average of 4 and 8, the average
runoff from the 4- and 8-in rainfalls is not equal to that from a 6-in rain. An
uneven distribution of antecedent precipitation produces similar results. Runoff
relations based on uniform areal conditions can be used to compute the runoff in
-the vicinity of each rainfall station, and the average of these runoff values will,
in general, more nearly approach the observed runoff from the basin when
either the storm or the antecedent precipitation is quite variable.

8-7 Relations for Incremental Storm Runoff

In order to determine increments of runoff throughout a storm for application of

a unit hydrograph, Fig. 8-5 may be used with accumulated rainfall up to the end
of each period and the successive values of runoff subtracted to obtain incre-
ments. When applied to small catchments, however, there is a marked tendency"
to underestimate the peak flows, because the relation does not properly account
for the time distribution of rainfall. Some of the errors for larger basms are '
certainly caused by the same factor.

The principal problem in developing an incremental runoff relation lies in
our inability to determine short-period increments of runoff by hydrograph
analysis. A process of successive iterations has been proposed [31], and an-
other approach [32] modifies the relation for total storm runoff by introducing a - '
second (short-term) antecedent precipitation index as illustrated in Fig. 8-6.
Since duration is constant for an incremental relation (6-hr, for example), this .
factor can be eliminated by making suitable adjustments in one of the other’
quadrants. In comparing Fig. 8-6 with Fig. 8-5, it will be seen that the duration

" quadrant has been replaced by one for the short-term (retention) index, and that

recharge. It has been found that the: function for the retention quadrant can be
assumed as

-

Page 6 of 8

the precipitation quadrant has been converted to one yielding runoff instead of
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' Ipsr “'Ips(B)I’ R o Lo (812)

T where B 1s a constant less than umty, I, is ‘the runoff index from the season
' quadrant and I, is the integrated index reflecting also the retention index I,.

" Two coefficients must be evaliated for the retention index quadrant——the.
recession factor for computing I, [corresponding to k in Eq. (8-8)] and B in Eq.

(8-12). "This is accomplished by a trial-and-error procedure. Using assumed
values of B, incréemental runoff is computed and summed for each storm event

/ .

- Antecedent precipitation index, mm -

6-hr direct runoff, mrn )
40 60 .
T
. A /
Z

//( A

. ;Page‘7of'8":' =
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under study. Comparing computed and observed total storm runoﬁ' for seVeral
assumed values of B leads to a solution for any selected recession factor. Values
of the short-term recession factor (daily) are the order of 0.4 to 0.5 and B ranges
from 0.6 to 0.8 (0.98 to 0.99 with precipitation in millimeters). The z-hr reces-
sion factor is equal to the daily factor to the z/24 power :

8-8 Infiltration Approach to Runoff Estimates

The infiltration approach assumes that the surface runoff from a glven stormis
equal to that portion of the rainfall which is not disposed of through (1) mtercep- ,
tion and depression storage, (2) evaporation during the storm, and (3) infiltra- -
tion. If items 1 and 2 are invariable or insignificant or can be assigned reason--
able values, one need be concerned only with rainfall, infiltration, and runoff. In
the simplest case, where the supply rate i, is at or in excess of the infiltration:
capacity, surface runoff is equivalent to the storm rainfall less surface retentlon-
and the area under the capacity curve. ' Ny
‘The procedure appears to be simple and to offer a solutlon to the estimation

of short period increments of runoff. Experience has shown otherwise. If the
rainfall intensity is always above the infiltration-capacity curve (Fig. 8- 1) the
problem is merely one of defining the infiltration curve which is a function of the
antecedent moisture conditions. If rainfall intensities fluctuate above and below . -
_the infiltration curve, the matter is confused, since the curve mherently as- .
sumes that the infiltration capacity decreases because a fixed amount of water

- was added to the soil moisture during an interval. If i; < f,, the mcrement of .
soil moisture is less than assumed and the drop in the mﬁltratlon curve corre-_
spondmgly less, o

" The t1me-mten51ty pattern of ramfa]l is rarely umform over the: catchment -

and the applicable infiltration-capacity curve varies from point to point’ de- -
pending on soils, vegetation, and antecedent moisture. Finally, the mﬁltratwn L
approach ignores other storm-flow generation mechanisms (Sec. 8- 2) whlch in
‘addition to groundwater accretion, must be determined in some other way. For. -
these and other reasons the infiltration approach never proved satlsfactory as a .
tool for hydrograph predlctlon : L

8 9 Infiltration Indexes

leﬁculnes with the theoretlcal approach to lnﬁltratlon led to the use of mﬁltra-‘ e
tion indexes [33].- The simplest of these is the @ index, defined as that rate _of._ RS
rainfall above which the rainfall volume equals the runoff volume (Fig. 8-7).. ’
The W index is the average infiltration rate durmg the time ramfall mtensny'
exceeds the capacrty rate; i.e.,

%w'&-s S (Mn*“

where F is total mﬁltratlon { is time daring which ramfall mtens1ty exceeds- .
infiltration capacity, P is total precipitation corresponding to t, Qsis surface b




8000020080052 API and Rain Runoff Relationship for TN River Watershed- Attachment 20

VOL. §, NO, § WATER RESOQRCES RESEARCH OCTOBER 1969 .

Continuous Hydrograph Sr/ntheszs with an
API-T "ype Hy(lrolornc Model

WALTER T, SITTNER, CHABL]"S L. S(‘II_AUSS AND ]OHN G, MONRO
U.S. Weather Bureau, Silver Spring, Maryland 20910

Abstract. The U, 8. ESSA Weather Bureau Hydrologio Research and Develapment labora-
tory has developed a complete hydrologic model utilizing an antecedent precipitation index
(API) type rainfall-runoff relation to eompute surface runoff. With increasing demand for
continuous river forecasts a8 well as flood, forecasts, it is.neccssary to have a model that will
prediot-all components of flow as functions of observable indeperident paramseters on a con-
tintous basis, To formulnte the model, existing and proved techniques were used whers -
yossible nnd new techniques developed as necessary, The: modsl consists of four buasic parts:
& relation for eomputing ground-water recession, a method of computing the ground-water
flow bydrograph as a funection of the direct runoff hydlograph an API4yps rainfall-runoff
relnbwn, and a mnit hydrograph. The rainfall-runoff relation is of the incremental type, yield-
ing o runoff computntion for each 6-hour period rather than computing the total storm
runoff, This hns been accomplished through the inclusion of a new parameter, retention index.
Two important fentures of the model are the edse of adjusling parameters to observed flow

and the sequentinl development of the four basic parts with & minimum of internction.

INTRODUCTION

The U. 8. ESSA Weather Bureau has for
many years been engaged in a program of econ-
tinuous river forecasting, utilizing a wide variety
of hydrologic techniques to produce various
types of forecasts. In large rivers the instantane-
ous discharge hydrograph- is usually predicted
by routing-observed upstream flows and reser-
voir relea§es Torecnsts of total volumes of dis-
charge during extended periods are based on
-analyses of anticipated: precipitation and/or
snowmelt. The response of individual hendwater
‘basing to storm events ig predicted by the yse
of rainfall-runoff relntions and unit hydro-

graphs. Discharge of such basing during fair -

weather periods is arrived at by extension of
ground-water deplelion curves. What has been
" lncking is a purely objective means of predicting
the flow from individual basins during periods
rhen it consists of ground-water dischargs com-
bined with relatively small amounts of direct
runoff,

" The ‘demands for ‘river forecasts fre con-
tinually increasing, These demands are for ‘wider
areal coverage ns well as for improved: precision
in the low and medium flow ranges. T'o accom-
modate these demands the U:S. Weather Bureau
has been evaluating various teshniques for mal-

ing continuous forecasts of the response of in-
dividual basins. Such evaluation must include &
comparison of forecasts of storm events produced
by existing procedureg and by the continuous

‘type model under consideration. To facilitate

this comparison, the existing techuiques were
modlified - to embrace the concept of a continuous
strenmflow model. This madification, as effected,
includes a new method of expressing ground-
water discharge as a funetion of independent
parameters. This combinntion of old and new
techniques constitutes a complete hydrologic
model that is the subject of this paper.

The results of the test of the model have been
very encouraging. Although complete tests have

"been. run on only -two basins, the Monocney
- River near Frederick, Marylnnd, and the French
Broad River at Rosman, North Carcling, these

tests indicate that this model may become a
practical forecasting tool.

THEORY OF THE MODEL

General, All flow in any river channel ‘is
originglly derived from precipitation. Individual
particles” of water, however, fall in different
parts of the basin and reach the channel by a
great number of routes. The travel may be
above or below ground and may require months
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or years or no time at all, Consequently a de-
tailed effort to cntegorize flow components could
yield an almost unlimited number. The flow,

- however, is usually thought to consist of four
components: )

1, Channel precipitation: Rain falling di-
reotly on the surface of the stream.

2. Surface rusoff: Water that falls en the
basin surface and finds its way into the
stream channel - by means of overland
flow.

3. Subsurface runoff (also called subsurface
flow, interflow, or seepage into the
stream): Precipitation that infiltrates the
surface soil and moves laterally through
the upper soil layers toward the stream
channel. This may be pictured as a move-

ment of air and water (unsaturated flow)

above the ground-water level.

4. Ground-water runoff or ground-water
flow: That part of discharge eaused by
percolation into the ground-water aqulfer
. (saturated flow).

In runoff analysis there is no rational tech-
nique for completely and accurately delineating
the various flow components that together define
the hydrograph. Further, the decision as to Low,
many components to recognize is somewbat
arbitrary. It seems logical to define and treat

. a8 few as are necessary to obtain acceptable -

regults. The proeedurs used in this study is to
consider just two components, direct runoff and )
ground-water flow. Direct runcff consists of
items 1, 2, and 3 above. Ground-water flow is
defined in item 4.

. The direct runoff component of the hydro-
graph is computed from preeipitation by the use
of ‘an antecedent precipitation ndex (API)
type rainfall-runoff relation and a unit hydro-
graph. As will be pointed out later, the rainfall-
runoff relation has been modified somewhat, but
the model computes tliis coniponent of flow by
basically standard techniques. The ground-water -
discharge hydrograph is répresented as a fune-
tion of the direot runoff hydrograph., The re-
Intionship between the two deseribed below in-
volves the use of the ground-water recession
coeflicient for the basin. The complete model
then consists of four parta:

1. Rainfall-runoff relation.
2. Unit hydrograph.

SEASON
QUADRANY

ANTECEDENY PRECIPITATION ~>~
INDEX

DIRECT RUNOFF 3

~at— ANTECEDENY INDEX

T

DURAYION
QUADRANT

et FINAL INDEX

PRECIPITATION
QUADRANT

Trig. 1. Shmdard API type rainfall-runof relation.

3. Relation for expressing ground-water
hydrograph as a funetion of the direct
runoff hydrograph,

4, Relation for evaluating the ground-water
recession coefficient.

Ramjall—mnoﬁ relation. Direct runoff vol-
ume is determined within the model by using

an API type rainfall-runoff relation [Linsley

et al., 1049, pp. 418-424]. Tn thig relation (Figure
1) the API is used as an index to upper level
soil moisture. It is & decay function of pre-
cipitation and' reflests the presipitation regime
for about one month prior to the event. In the

_season quadrant the API is combined with 2

seasong! parameter, week number, to produce
an antecedent index (AI), which is intended. to
represent antecedent conditions completely. The
duration quadrant applies a small adjustment
based on storm durstion to the AI and resulis.
in a final index (FI). The duration quadrant is
usually assumed to be standard for all basins
and simply applies an adjustment of +0.01 per
hour- dufation. The precipitation quadrant ex-

‘prasses direst runoff as a function of FI and

storm precipitation,
.. As deserified the relation determines the total

. direct runoff for an event of amy duration in
terms of total precipitation. In operational
forecnsting, however, six-hourly increments of '

runoff are usually required. The most common
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method of obtaining these inercments is to de-
termine an initial AI for the event, using the
initinl API and the week number. At the end of
each six-hour period, the AI is used with the
duration nnd totat accumulated precipitation at
that time to compute the total accumulated run-
off. Successive figures of accumulated runoff ave
then subiracted to obtain runofl inmerements.
Although such use of a total storm relation is
quite consistent with the coneept and with the
fact that the relation is developed from total
event data, a_question occurs when an extended
storm period is interrupted by ome or more
periods of little or no precipitation. Should one
continue the computation ns described above or

break it and start over with new sntecedent’

conditions, considering the subseguent precipita-
tion periods ag a separate event? The two
nmethods will not give the same result, and there
may be a significant difference, Making the
choice always involves n high degree of sub-
jectivity.

In using the API type of relation as part of
a continnous model, this deficiency becomes of
paramount, importance. It is virtually necessary
to have an incremental type of relation, that is,
one in which the precipitation for each unit time
period (six hours in this study) is converted to
runoff on the basis of its own updated ante-
cedent conditions. The procedure for each six-
hour period must be identical to that for every
other period and result directly in a six-hour
rundff inerement. Although the need for sueh a
technique has long heen felt, there are two prob-
lems connected with it,

The first problem is that the type of relation

shown in Figure 1, regardless of the configura- ‘

tion of the curves, cannot be used incrementally
as described above, The reason is evident from
a discussion of Figure 2, which shows two pre-
cipitation regimes and the resultant AP pat-
terns. The direet runoff resulting from the one
inch of precipitation falling in the first period of
the fifth day is computed, In both cases the
API, based on g daily recession factor of 0.9,
is equal to 3.91 inches. Since all input parameters
to the relation are identical in both onses, the
relation must compute the same runoff in both
cases, In Figure 2a the precipifation in question
oeours after a continuous dry spell of 64 hours.
Consequently before runoff starts, interception

and depression storage losses must be satisfied. -
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Relatnon i f
In Figuve (%e

fifth period of & continuous storm which has
already deposited 3.70 inches on the basin, Ob-
viously basin retention eapacity is largely satis-
fied, and the runoff from this inch of precipita-
tion will e greater than from the corresponding
inch in the previous case. Since the relation has
no way of distinguishing between two such
situations, it eannot in this form be used incre-
mentally,

The second problem is one of development.
Fitting the velation to a particular basin con-
sists of correlating the independent variables for
& number of events with the dependent variable,
observed runoff, for each event, While the total
runoff resulting from a prepipitation event car
be ensily determined from the observed hydro-
graph, it is virtually impossible to apportion this
quantity among the individual periods of the

_event. Consequently the development of an in-

cremental relation would be expected to invelve
“torrelation with a dependent variable that is not
observable. .

The method which has been devised over-
comes both of these problems. It involves the
introduction of, a new input parameter, reten-
tion index (RI). This is similar to the AP but
has o much lower recession factor and.is there-
fore n short-term moisture index reflecting the
presence of water in interception and depression
storage. In Figure 2 the RI (dotted line), based
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on p daily recession factor of 0.4, has & value ab
the beginning of the fifth day of 0.36 in the
first example and 3.00 in the second. Conse-
quently the BRI ean reflect the difference between
these two situations, and if properly introduced
into the relation, should make .it possible to
compute the correct runoff in hoth enses. Figure
3 shows how the RI is used. Since all events
have been reduced to unit duration, the dura-
tion quadrant of Figure 1 is no longer needed
- and has been replaced by the RI quadrant. The
total storm relation (Figure 1) is presumably
capable of predicting the runoff from wny six-
hour event or from the first six hours of a longer
event. In either case the duration quadrant
would modify the AI by --0.06. The season
quadrant of Figure 3 is identical to that of
Figure 1 except that all of the curves have -
been shifted 0.06 to the left. The configuration
of the eurves in the precipitation quadrant has
not been changed. Thus the relation will cor-
rectly prediet the first runoff increment of the
event if the BRI quadrant equates the FI to the
AL 1f it is nssumed that the BI at the beginning
of any event is zero or close to it, then the zero
RI eurve must be a 46 degree ling throngh' the
origin as shown. Since all BI values greatar than
zero must act to produce an FF7 smaller than the
AT all of the cwrves must lie above the zero
ourve, Since small amounts of precipitation can
often satisfy retentive capacity and since further
rainfall has little additional effest, the curves
would be expected to exhibit decreased spacing
for higher RI values as shown. If the curves are
assumed to be straight lines, then the BI quad-
rant con be expressed by the formula

FI = AIRAY™ (1)

where R4 is a basin constant less than unity.
Since the season and precipitation quadrants
can he developed on the basis of storm total
parmmeters, all that is required to define the in-
oremental relation is evaluation of the basin
constant RA. The technique by which this is
accomplished is described in the following sec-
tion.

Al curve families in the rainfall-runoff rela-
tion: oan be expressed dnalytieally. A graup of -
formulas to.aceomplish tlis is presented in the
appendix. ]
Groundwater discharge  hydrograph.: As
noted earlier, this component of channel flow,

.CDQ00002008G052 API'and Rain Runoff Relationship for TN River Watershed- Attachinent 20
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which originates as infilirated - water, is repre-
sented as a funetion of the direct runcff hydro-

~ graph, The close relationship between direot

runcff: and infiltration suggests such & function.
If the ground-water flow hydrograph is con-
sidered to represent outflow from the ground-
water aquifer, then it is reasonable to think in
terms of an ‘inflow to. ground water’ hydro-
graph, a composite of the inflow taking place
throughout the basin. At any time when inflow
is zero, the outflow follows & simple depletion
pattern; that is

@ = (Kg)'(Gs) - &)
where G, and @, are the ground-water discharge
values at time zero and time £ and Kg is the
gromnd-wrter recession factor., As the direct
runoff approaches zero, the total discharge @
approaches the ground-water discharge G. If
it is assumed .that inflow to ground water [ is
a function of concurrent direet runoff discharge
and that the ground-water and surface water
divides coincide, then inflow must become zero
at this point and equation 2 will apply, An
expedient first assumption is that the relation
between inflow to ground-water and direct run-
off discharge may be represented by the simplest
possible function, & linear one

I=2Q@-® . 3
where Z is the ratio of the instantancous value
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instantaneous value of direct runoff discharge.
Whether or not Z is constant cannot be- de-
termined at this time, but the following deriva-

tion does not depend on ifs being so. Later &

functional relationship for Z will be determined
empirieally, If the value of Z is known, how-
ever, then the inflow to ground-water hydro-
graph may be computed with equation 3. This
hydrograph, if suitably routed (simulating the
movement. of water through porous medin}, will
yield the desired ground-water outflow hydro-
graph. If it is assumed that Muskingem routing
[Linsley et al, 1049, 502-503] with zero X
{reservoir routing) will accomplish this, then all
coefficients in the routing equation may  be
evaluated if the ground-watér recession faetor
is known, )

Referring to Figure 4 which shows a typical
storage depletion curve, the discharge at any

time ¢ may be expressed as a function of that at-

2 previous time o and the recession factor Kg

Q = QK" @

During the differential peried from time ¢
to time ¢ -f- df, the change in storage — dS is
equal to @,dt. From this and eguation 4

—d8 = QB &t . (B)

Conpsidering tbe change in storage from time o
to time &

[ —as-a

o
o[ ®puoa (o

DISCHARGE (D) wonm
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t=o URE i} — =i ) =6

Fig. 4, Ground-water depletion curve, -

‘For the routing problem at hand, Kg
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b (t—a) &
- XKg
8 ] % Wky L

Applying limits

Kﬂ(h—n) _ Kg(a—n)]
S — B Q“[ In Kyg In K¢

_ Q. (Kg o A
In K¢ In Kg

By applying equation 4 at time @ and sub-
stituting in equation §

)

®

+

— Qb Qa
S ™ Kg + 5 Kg

or
o=(s-5-%)nr ©

The Muskingum storage equation with zero X
equates storage with the product of ouiflow
and the storapge constant K. Since the outflow
in this ¢nse is Q. :

‘ 8 = K(Q) (10

Aa the routing involves ouly increments of
storage, absolute storage volumes are not needed
and are in fact indeferminate with this type
of analysis. All that is required is the value -
of storage in reference to some arbitrary but
constant level. Referring to equation §, the
quantity (— -8, — Q./ln Kg) is constant with

. respéct to time and, although indeterminate,

raay be considered the datum value. The quan-
tity (S, — S, — Q./tn Kg) then becomes the
difference between the storage at time b and
the datum value. This coiresponds to the
quantity S in equation 10. Equation 9 then
becomes :

_ @ = (8)(~ln Ky)
Substituting in equation 10

§ = (E)(8)(—n Kg)
Solving for K

an

1

K= e

I Ky (12)

. is the
ground-water recession factor for the basin.
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Having the storage constant K, the routing
cocfficients for a routing period of six houis
(one-fourth day) are computed as follows:

i
Ch=0C = '('8"_—_1( 1) (13)
(8K -1
6= 8D (9

The routing equation then becomes

G = (Z)Co}(@: — G+ G — @) _
+ (C)(@)  (1B)

This gives an ordinate on the ground-water
flow hydrograph @, in terms of the preceding
‘orclinate G; and the differential quantity (@-G),
which is an ordinate on the direat runoff hydro-
graph. Thus equation 15 may be used tfo
generate the ground-water flow hydrograph if
the direct runoff hydrograph is koown. The
equation may also be written

(7)(00)(Q1 + @) -+ (G)(C: — ZCn)

‘Equation 16 gives the ground-water hydrograph
ordinate in terms of the preceding ordivate
G, aud points €, and @, on the tfotal flow
hydrograph. Thus the equation can be used to
separate a hydrograph into its two domponents.
While it is not used in this form in the model
itgelf, it is used in the development -of both
the rainfall--runoff relation and the unit hydro—
graph.

The above hypothesis does niot recognize the

condition of depletion of ground-water supply

to & point below that corresponding -to zaro
chanzel inflow and is consequently applicable
only to continuous streams. To use this ap-
proach with intermittent or ephemeral streams
may well require some modification of the basic
theory,

Relation for evaluatmg ground-water reces-
sion coefficient. The nature of the computa-
tion deseribed above is such that the value
of the coefficient Kg is eritival. Consequently
no attempt is made to use a constant value.
Kyg is considered to be primarily & function of
discharge, having a value, of unity at zero dis- \
charge and decreasing for higher flows. Since
equal discharge values in different seasons

probably result from different ground-water
level configurations, provision is made.fér a
seasonal variation in Kg.

Figure 5 is a sehematic diagram of the com-
plete model. All- computations involved in the
model can be performed by electronic com-
puter.

PEVELOPAMENT OF THE MODEL

Development of the model incorporates
independent determination of its four basic re-
lations prior ta their combination into the com-
posite model for final verification and adjust-
ment. In this project all computations involved
in the development procedure and the opera-
tion of the complete model were performed by
o small seale electronic computer.

Ground-water recession coefficient. The first
part of the model to be evaluated is a relation
for expressing the ground-water recession cd-
efficient as a function of ground-water discharge
and week pwmiber. The daily coefficient is de-
fined by .

= ‘Qz/ & (17)
where §, and s, are the discharges at some
time on two successive days when there is no
direct runoff. To derive the relationship a
visual ingpection of several years of mean daily

hydrograph is made to selact ponods meeting

this eriterion.

Equation 17 is then solved for a very large
number of pairs of discharge values. In practice,
for the sake of expedience the imean daily
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Fig. 5. Schematic dlaglam of API type hydro-
logic model.
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values of dissharge are used. Results are vir-
tually identieal to thase which would be ob-
tained by using instantameous values. The
computed values of Ky are then grouped by dis-
charge and median values of XKg and Q, com-
puted for each group. Yor low values of dis-
charge, where Kg approaches wunity, group
mediang give results superior to group averages.
A curve-through the points so defined represents
the averapge relation between Kg and discharge.
The seasonal parnmeter jg then introduced by
vorrelating the deviations of the individual
events from the ourve with week number. The
resultant curve of week number versus devia-
tion is applied as a linear funetion of discharge
in such 2 way as to simulate a family of ourves
converging at zero discharge,

Ground-water flow hydrograph. Analyzing
several years of mean daily streamflow data and
applying equation 16, the ground-water flow
hydrograph for the pericd can be generated,
- based on any assumed value of or relation for
- 4. In this application the routing period is one
day, and the values of @ used in the equation
are inean daily rather than instantaneous, The
- procedure results directly in a mean daily
ground-water flow hydrograph whieh is virtually
_identical to.that which would be obtained by
working with instantaneous values of discharge.
The adequacy of the trial value of Z cannot
be fully evaluated since the actual ground-water
flow hydrograph is not known. However, the
menner in which it ties in with the recession
of the total flow hydrograph following a rige
is a good indieation, If the value of Z is too
small, the ground-water flow will consistently
"run below the total after it is obvious that
direet runcf has censed. If Z is too large,
. ground-water flow values exceeding fotal flow
will result. Although it was found necessary
in the study to make some minor revisions to
“the Z relation based on the output of the com-~
plete madel, the above technique yielded results
that, although tentative, closely approximated
the final value. .

As noted carlier, there is no theoretic renson
for Z to be ¢onstant. To obtain a proper ground-
water flow hydrograph, it was in fact necessary
to adopt a variable ratio. In the one used, %
is a function of total discharge of the form

7= ZA + ZB(Q) (18)°

is the total discharge. A third constant, ZC
is & limit which Z may not exceed. Some ex-
perimentation with other forms of relations
took place, but that deseribed gave the best
overall results.

Reinfall-runoff relation, The development of
the rainfall-runoff part of the model consists
of developing a conventional total storm rela-
tion and then converting it to the incremental
type by evaluating the coeffisient RA in equa-
tion 1. To accomplish this, several trial values
of RA are used. With each value all precipita-
tion events are run through the relation, and
the total of all computed inerements for each
ovent is compared to the observed total run-
off, The errors for individual events are as-
sembled into a2 summary eontaining average
error, bias, maximum error, or any other mean-

 ingful- parameter. The several values of RA
. are then plotted against each of the parameters

and the best value of R4 selested. It was found
that all error analysis parmmeters tended to
minimize at the same value of RA, lending

_oredence to the general approach.
Theory dictates only that the RI recession

factor be considerably less than that for the
API' (ususily 0.9). It seems logical to expect
that in practice the factor could be standardizéd,
at least geographically, as the API factor has
been. In this project, however; it was neces-
sary to optimize both the recession factor and
the constant R4, which is unique for & basin.
Values of the daily recession factor used were
0.38 for the French Broad basin and 050 for
the Monoeacy.

It was found that in one of the test basins, -

the Morocacy River near Frederick, Maryland,
results could bs improved by considering R4

" a funetion of week number rather than a con-

stant, To determine the relation for a seasonally
variable coefficient, & value of RA is determined
for each event such that the error for that
event will be zero. These are then correlatad
graphically with weck number, The application
of the resulting curve in actual computation is
rccomplished by table look-up, The determina-
tion of the optimum RA for an individual évent
involves an, iterative procedure that is complex
but Dot formidable. During the process a sen-
sitivity figure, the ratio of differential error to
differential R4, is computed for esch eovent.

Attachmfeﬁzo
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These are used as weights in the correlation
with week number.

As stated above, verifieation is based on the
comparison of observed direst runoff for an
event with the summation of the computed in-
crements for that event. Such a comparison
agsumes that if the relation will copsistently
compute increments adding to the correct total,
then the inerements therselves must be correct.
This assumption is quite logical. Binee the in-
cremental relation will compute the runoff from,
the first inorement of any event equal to that
resulting from application of the fotal storm
relation, then an aceeptably correct total for
any two-period storm verifies the second in-
crement. Similarly if the incremental relation
correctly predicts the runoff for the first two
poriods, then the third periocd of any thres-
period storm is verified if the correct total is
obtained. The reasoning may be extended in
this manner to events of any duration, This
logic assumes no bias in events of any partioular
duration category. Correlation of forecast error
with duration is one of the tests which should
be made in developing any rainfall—runoff rela-
tion. This procedure was followed with the re-
Iations for each of the test basms, and there
_-was in fact no bias.

- An interesting phenomenon was noted during
the development process. Because it is possible
~for an increment of rainfall oceurring late in
a storm to produce virtually 1009 runoff, the
precipitation quadrant must bs drawn in such
o way as to indicate 1009 runoff at zero FI.
Since 1009, runoff or any condition elosely
. approaching it is not usually possible on a
total storm basis, the season quadrant paired
with such o precipitation quadrant will not ba
eapable of producing an AT olose io zero. The
result is that the precipitation quadrant has
an area(low FI) not used by the total storm

ment, The area is used in the ineremental rele-
- tion, however. A -revision of the cuives in this
area, actually the definition of them, mus$ take
place during the conversion of the rélation to
the ineremental type. This revision is “easily
_ aceomplished once the need for it is recogmzed
and -understood. The jmportant aspect-of this
is-that the resulting relation more nearly ap-
_proaches the idenl condition of being defined

relation and hence ot defined in its develop-

in all arcas of all quadrants than g total storm

CDQ000020080052 AP1 and Rain Runoff Relationship for TN Ri\ier_ Wa-ter;‘,hed- Attachment 20
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. relation, For this reason such. s mlauon is
‘expected to forecast properly a future event

having initial conditions not encountered in the
development and test data,

In both basing for which incremental rela-
tions were developed, these computed total

_storm direct runoff at least as well ag the

total storm relations.

Unit ‘hydvograph.. The best fit unit hydro-
graph for & basin would be one derived from
all storms in the period of record. Such an
analysis has never been practical because of the
great’ amount of labor involved. In this study,
comparable resulte were achieved by the use
of a two-step process. A unit hydrograph was
derived in the conventional manner, using ‘sev-
eral selected events. This was considered a first
approximation., Once all model parts were de-
fined, the model itself was used as the tool
for adjusting the unit hiydrograph. Using either

. the trisl hydrograph referred to ahove or a

subsequent approximation, several years of
precipitation data were run through the com-
plete model, and the results compared with the
observed ‘streawnflow data. Sush a comparison
involves -qualitative inspeetion of hundreds of
storm ovents, large and small, and indicates
unit hydrograph revisions reflecting a truly
comprehensive sampling of the data.

- Such a trial is fast and easy and can :be
repeated ag many times ns necessary to obtain
the best fit. The authors do not know of any
other technique for unit hydrograph develop-

‘ment whieh permits as complete use of the

datn.

Sequential development. Yt will bs noted
from the foregoing discussion that. the four
basic parts of the model ean be developed in-
dividually for a basin in the order speeified.
In the process the independent and dependent
variables involved -with each part cen be
identified and evaluated from hydrometeoro-
logic records. Furthermore the development of
each part is dependent upon values assigned
to parts previously developed but not upon
those to be developed. This ‘permits a direot
and definite development procedure. While iter-
ativq or trial and error processes are used to
optimize some of the parts, there is no iteration
among parts.” This ‘sequential development’
oapability is ome of the model’s pronounced
advantages,
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One minor deviation from this concept is the
fact that the Z relation cannot be firmly de-

termined before the complete model has been

assembled. In the work so far, it has been
found- necessary tc¢ hase some revisions to this
formula on the final model output. Although
this is coincident with the final revisions to the
unit hydrograph, it is fairly easy to associate
output errors with one part or the'other. Re-
finements to the Z relation made at this time
ave small enough not to invalidate the rain-
fall-runoff relation already developed.

DISCUSSION AND RESULTS

The tests of the model involved two river
basins. One is the Monocacy River near Freder-
ick, Maryland.. This is an 817 square mile
basin located in the foothills of the Appalachinns
and In the North Central portion of the staie.
The elevation ranges from 230 to 1900 feet
ahove sen level. The area is largely agricultural,

~and land cover is principally pasturage and
deciduous trees. The mean annual precipitation
is 40 to 45 inches, and the mean annual runoff
14.5 inches,

The other basin is the French Broad River
at Rosman, North Carolina. The basin covers

68 square miles and is located in the southwest.

corner of the state, well up on the eastern slope
of the Blue Ridge Mountains. The elevation
ranges from 2200 to 6000 feet above sen level.
Most of the aren is wnused and covered with
stands of decicduous trees, The soil zone is
shallow and highly permeable, The mean annual
precipitation is 70 to 80 inches, and the mean
annual runoff is 43.9 inches. ‘

Instrwnentation in the test basins is some-
what better than that usually encountered in
,operational forecasting. It is felt that for pur-
poses of research and model testing, atypical
instrumentation is desirable, although the re-
sults of the tests are to some extent saperior
to those obtained operationally.

During the winter, snow is quite common in

the Monooaey basin and fails oceasionally in the-

French Broad basin. This projeet was not con-
cerned with the computation of snowmelt or
with methods of freating the resuitant water.

Whero snow existed, however, it-could not be-,
jgnored, and it was dealt with in a rational but

very rudimentary manner. The procedure was
to adjust the precipitation record on the basis

-1016

of temperature. Each period of plecnpxtatxon
was categorized as liquid or solid. If solid, it
was deleted from the record and added to
snow cover. This cover was melted on the basis
of temperature and the melt figures inserted
into the precipitation record. The result was a
record which carried solid precipitation at the
time it melted rather than at the time it fell.
This record was used as model input. The
Monocacy record was treated in this manner,
but that of the French Broad basin was not.
The object was not to reproduce sccurately all
winter rises but simply to keep the moisture
accounting ‘computations from getting badly
out of phasa.

As noted the model provides acceptable
output using only one input parameter, pre-
cipitation. This is important since other hydro-
meteoralogic data, such as potential evapotran-
spiration, are usually not available from sites
representative of basins being forecast.

Any hydrologio model contains a great many
coefficients and paramaters. The concept of the
model can be such that these ave actual meas-
wres of physieal quantities, or they may be
indices to those quantities. The API model is
of the latter type. The distinction involves a
rather important aspect. Any model, to serve a
useful purpose, must be fitted to a basin by
determining the values of the various coefli-
cients. There are two basic methods for doing
this. One involves use of measured values of
the basin inpub—odtput quantities and a proce-
dure for adjusting coeflicients to fit. The other
aonsists of a theoretis determination of the co-
efficients based on measurable physical charac-
teristics of the basin itself, With a highly ra-
tional model where the cocflicients are of the
actual measure type, the fitting process usually
involves parts of both methods. The .index .
type model, however, is restricted to the first
methed. The, ability to acquire mformation
about the coefficients of a rational model with-
out using hydrometeorologic records is a great
advantage in some applications. If significant
changes in the physical characteristics of a
basic have been made- recently or are being

_ antieipated, the manner in which these affect

the hydrologle characteristics can be quantita-
tively estimated. In certain types of planning

" cactivities, this capability is needed. The basin

changes being referred to are hydrologie (land
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In operational river forecasting, the abxhty
to zlter a model theoretically to reflect such
changes is seldom meeded. In natural basing
of the size commonly forecast, these changes
usually come about so slowly that their effect
can be gleaned from hydrologic records. The
- model’s ability to make use of existing forecast
procedure is a great advantage in adapting it
. 1o aveas of present forecast responsibility,

A .mecessary feature of any forecast model
is the ability to adjust model parameters at
any time to correspond to observed streamflow.
In this model, because of the -simplicity of its
concepts, this adjusiment can be made guite
easily.

A number of observations made during the
study are of interest. The concept of ground-
water discharge as o funetion of direet runoff
apparently gives adequate results.
evaluation of total discharge verifies the ac-
curacy of the two components of which it con-
sists, In addition, however, the computed
ground-water flow. hydrograph itself agrees
nicely with a 10g1cn1 concept of -how this com-
ponent should appear. Figure 6 shows a portion
of the French Broad instantaneous hydrograph
separated into the two components; Soales have

Correoct

been left off since what is of interest is the
relative shape of the two curves during a typical
rise.

The foregoing discussion discloses a number
of fentures of the model which, in a foreeasting
tool, are distinat advantages. One of the most
important qualities in: & foreeast model, how-
ever, is the ability to reproduce accurately an
observed hydrograph. In this, the model com-
pares very favorably with all other kmown
methods of stimulating streamflow. Figures 7-10
show one year of discharge record for each of
the test basins with both observed and simulated
discharge plotted. Here, as in the evaluation
data which follow, verification is based on mean
daily values of hoth observed dxscharge and
maodel output.

Visual examination of plotted hydrographs is
a highly reliable method of evaluating the ac-
curaoy of model output, although it is almost.
completely subjective. Consequently an attempt
was made to compute some meaningful statis-
tienl summaries. Unfortunately, there is no
single. statistical test or group of tests which is
truly comprehensive, Nor are there any stan-
dards with which statistical results might he
compared. The two tests described below are
thought to be informative, but no rigid inter-
pretation of the results can be made, :
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Tig. 7. ‘Snmiﬂe hydrograph simulation, French Broad River.
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Fig, 8. Sample hydrograph simulation, French Broand River.
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TFig. 10. Sample hydrograph

The first test involves computation of the
eryor in the computed mean daily discharge
figurs for each.day in the period of study. The
summary of the errors is presented in Figure 11
in the form of a frequency distribution graph.
This is a plotting of error as abseissas against
the percent of events having less than that
error as ordinates. o

The second test is designed to simulate actual

_forecast conditions: The change in discharge
from & given-date to some date in the future is
compared with the change forecast by the
model. The difference is the error. It is expressed

both in ofs and in percent of the true discharge,

All discharge figures are mean daily. The error
is computed for periods of 24, 48, and 72 hours,
The following example illustrates the method:

’ '

simulation; Monocney River.

Madel Output

. Date Observed discharge
10 ‘B0 69
11 46 _ 49
L1272 70
13 78 83 .
14 87 86

To simulrite forecasts made on the tenth for
24, 48, and 72 hour periods, the model forecasts
changes of —10 ofs, 411 cfs, and 424 efs. The
observed changes are —4 ofs, 422 cofs, and
+-28 ofs, resuliing in errors of —6 ofs, —11 efs,
and —4 cfs. Expressing .these errors as per-

centages of the observed discharge at the end of

each: foresast period results in —13%, —16%,
nnd —5%. In actual foreeasting as opposed to
continuous modeling, the discharge at the begin-
ning ‘of the forecast period would be known and
. the model output adjusted to agree with it. The

loo’— S :....-—-—L-,-—-"'"l"'"""
pretdeie ’
el .
. ’#
g g0}~ »
/
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§5 X ’I
- I / .
o f
1=
az ” L. . . : . .
E;. 40p / ¢-———e FRENCH BROAD RIVER-BASED ON WATER YEARS 1954.1964
% ,/ A ~==A MONQCACY RIVER-BASED ON WATER YEARS 1953-1961
; . .
' .
! 3 1 1 | S L ) 1
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40 0
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Fig..11 Freguency distsjbuiion of errors in model output. -

foreens
cisely
elevent
—5 efl
Com
made :
both t
sented
quency
Tigure
forecas
period
the si
about
runoff.
graph
a, Tevi
cast f;
compt
Thve
lated -
in the
was &
This +
such !
perint

TABI

Ru
{c
04
41-8
81-1
161-3
3214
above

Ra
(c

0~
41-§
81~
161
321~
abov-




forecasts therefore would be in error by pre-
-cisely the amounts shown. Starting on the
eleventh, the errors ave —5 efs, +2 cfs, and
—5 cfs, or ~7%, +8%, and —7%. .

Computations of the type deseribed have heen
made for every day in the period of record for
hoth basins. A summary of the results is pre-

~ sented in Tables 1 and 2, Figure 12 is a fre- .

quency distribution plot similar to that of
Figure 11 but based on the errors in the 24-hour
forecast. The graph is restricted to one forecast
period in the interest of clarity. Sines basing of
the size used in the study reach their crests
about one dny after the beginning of direct
rundff, the most important portion of the hydro-
graph is the first day following the forecast or
u, revision to it. Consequently, the 24-hour fore-
cast figures are the most meaningful of the three
computed. .
Twenty years of streamflow data were simu-
Iated in the study, nine in one basin and eleven
in the other. At selected times, the model output
wns adjusted to ‘tie’ it to observed streamflow.
This was done experimentally, and the effect of
such a ‘tie-in’ was found to extend for varying
periods into the future, depending on circum-

-+ Continuous Hydrograph Synthesis'
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stances, The results presented above were ob-
- tained by starting with the observed discharge:
on the first day of the period of record and thén
running for nine or eleven years with no tie-ing
and no input other than precipitation. Inter-
estingly, there was no tendeney toward long
term divergence from the observed hydrograph.
That is, the eleventh year was no better. or
worse than the fifth or the first, and the quality
of each year was not significantly different from
what it would have been had there been a tie-in
at the beginning of that year. Although it is the
neture of the computation to impose upper and

" lower limits on the output, it was still somewhat

surprising to see it faithfully following not only
storm peaks but also the long térm variation in
base flow after ten years of ‘free wheeling’

SUMMARY

- A hydrologic model has heen devised that
sinmdates basin response on a continuous basis,
The model eonsists of four basie parts: a ground-
water recession coefficient relation; a relation
for computing 7, which is s cosficient in.a
formula expressing ground-water flow as a fune-

French Broad River at Rosman, North Corolina. Statiséical Summary of Errors in Foreeast of

TABLE 1.
. Changs in Discharge (errors expressed in cfs)
Class Intevval Standard Error Average Brror Bias’
Range No.of Percent . : ‘ .
{cfs) Bvents of Total - 24-hr. 48hr. 72-hr, 24hr. 48-hr. 72-hr. 24-hr, 48-hr. 72-br.
0-40 42 1 1 1 2 .0 1 1.0 0 0
41-80 444 11 6 12 14 3 5 6 .0 —1 —1
81-160 1313 33 18 25 20 8 12 14 -1 -2 —3
101-320 1560 - 39 34 47 51 16 24 - 2T —1. -1 —1
321-640 550 14 . 69 80 90 ., 42 57 - 6 - 3. 418 413
above 840 108 2 Y 221 207 235 153 143 158 +-30 0 418
Errors Expressed in Percent of Observed Discharge nt End of Forecast Perio_d
Class Interval Standard Breor Average Frvor " Bias
Reange No.of Percent ' . :
(cfs) Livents of Total 24-hr. 48-hr.- 72-hr; 24-hr, 48-hr. 72-hr. 24-bv, 48-hv. 72-hr.
0-40 42 1 s Y4t v 2 3 5 0. 0 -1
41-80 444 11 10 -7 20 4 ;8 10 0. -2 -2
81-160 1313 33 16 2L 25 7 =10 11 ~1 -2 -2
161-320 1660 . 39 4.0 1. 20 -7 10 11 S0 0. 4@
321-640 550 14 15 19 20 g 13 14 0 +2 4-2
above 640 106 2 22 0 19 - 2¢ 18 14 16 +5b +2 +3
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TABLE 3 Monoeacy River near Frederick, Maryland. Statistical Swunmary of Errors in Forecast of
Change in Dnchargo {errors expressed in cfg)

Class Interval Standard Error Average Frror Bias
Range No. of  Percent
(cfs) Evenis of Total 24-hr, 48-hr. 72-hr. 24-hr. 48-hr. 72-hr. 24-hr. 48-hr, 72-hr,
0-100 113 . 83 24 4 34 8 17 18 2- -1 .0
101-200 766 23 59 ‘87 163 25 39 &8 1 -2 ~-12
201-400 812 25 120 220 208 61 10b 111 0 -0 +8
401-800 686 21 322 390 441 151 208 228 3 412 417
801-1800 510 18 420 711 044 242 300 4091 —64 -39 -3
1601-3200 2065 B 986 1392 1319 639 880 803 473 243 4233
3201-6400 97 3 2321 28056 2761 1791 2010 2102 499 —35 -—141
ahove 6400 36 1 2026 3199 3674 2320 2524 2830 25 —1177 —1486
Frrors Expréssed in Perceat of Observed Discharge at Tind of Forecast Period
Class Interval Standard Error Average Iyror Bias
Range No.of TPercent i :
(cfs) - Bvents of Total 24-hr. 48-hr. 72-hr. 24-hr. 48br. 72-hr. 24-he. 48-hr.. 72-hr.
0-100 113 3 .26 50 . 38 10 19 21 +3 0 0
101200 766 © 23 87 ~ 63 . 08 16 26 37 0 -1 —8
. 201400 812 25 44 76 72 21 36 39 -0 -2 +2
401-800 685 21 65 68 74 26 ab 38 1] +2 +3 .
801-1600 510 . 16 - 35 59 78 21 33 42 —b -3 -1
1601-3200 265 - 8 44 66 61 29 40 41 +1 10 <10
3201-6400 07 3 57 85 87 42 47 50 +4 +2 - 0
above 68400 - 38 1 32 34

38 26 28 3 -1 -—-13 -17

tion of direct runoff discharge; a rainfall-tunoff
relation; and a unit hydrograph.

The coeﬂicxent, 7 referred to above ‘enables the -

ground-water component of channel flow to be
computed as a function of the direct runoff
hydrograph, using & Jinear routing procedure
that simulates the natural lag characteristies of
ground-water movement., During perieds of

pure ground water, the computation yields a

recession ourve mathemancally 1dentwa1 to the
ground-water recession.

The antecedent precipitation index (API )
type rainfall-rurioff.relation as used by the U. S.
‘Weather Bureau in operational river forecasting

has bsen modified to operate on an ineremental

basis. A retention index RI has been addéd to
refléot the degree of satiration of juterception

and depression storage, It decays rapidly in -

comparison ‘to the antecedent preclpltatlon
index.

A unique method for unit hydrograph optum-
zation was used in the study: Using the model

itself as a tool, the computation of bundreds of

storms dn a continuous basis provided the data
for évaluation of the trial unit hydrographs.

The model genemtes two flow components,
ground-water flow and direct runoff discharge,
and uses only precipitation as an input param-
etor. Standard types of forecast procedure are
used for a portion of the analysis. Although the
mode} was devised for the purpose of compar-
ing this procedure with conceptual models, it
appears that it may be a practical foreeasting.
tool itself. Other applieations are likely.

The model is completely digital and all com-
putations can be performed by machine.

APPENDIX ,

- U, S Weather Bureau river forecast centers
have for a number of years been using electronic
computing equipment for solving API type
rainfall-runoff relations, and a number of digi-
“Yizing approaches have been devised. The for-
mulss presented - below compriss the method
which was used in this study.

To formulate the season quadrant, the two

-

- Paié 4 of16
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' boundary curves are defined by polynommls 1

-and 2, there being differing degree expressions

 for the segments above and below unity API.
If the API is equal to_or less than unity

1 — API
84, 4 SA(AT) + SA(AX)
SB, + SBAAX) + SBy(AX)’
(A1)
If API is greater than ﬁnity
AX = 6 — API,
but is equated to zero if negative.
8C, + SCAX) + SC(AX)
-+ SC(AX)® + 8C(AX)
8D, + SD(AX) + SD(AX)
+ SDJ(AX) + SDLAX)
(42)
AMX and AMN ave the maximun and mini-
mum Al values that may result from a particu-
lar value of APL
A twelve ordinate harmonic equation 3 is then
used to express the netual AI as a funetion of

the computed boundary values and ths date of
the event.

SE = 56, aos (WIO) + 50s oos (2IK)
+ 8¢, cos (3WEK) + 86, cos~ (AWEK)
+ 80, 008 (5WE) + SGs cos (8WK)
SF = SH, sin (WK) + SH, sin (2WK)
+ SH, sin (3WEK) + SH, sin (4WK)
+ SH, sin (BIK) '
SI = 8J 4+ 8B + SF

WK is the week number divided by (52/2x)
and is defined by equation 4 below.

(A3)

WE = 0.0172[30.38(M — 1) + D]  (A4) .
3 and D are the month and day corresponding
to the event. The adjustment (52/2r) causes
the parameter SI above to exhibit exactly one
cycle as the week number varies from 1 to 52
and expresses the position of the particular

week curve between the two boundary curves.

Alis compﬁted using equation 6 below

AI = AMN + SI(AMX — AMN) (A5)

The season quadrant is therefore represented by
98 basin constants, They are: SA, — 84,
8B, — 8B, 8C, — 8Cy, 8D, — 8Ds, 8G, —'8G,
SH, — SH,, and SJ. ’

The RI quadrant, as noted in the text, i3 ex-
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pressed by equation 6 ' The incremental runoff RO is. then given in
) : ’ " terms of the incremental precipitation P hy
FI = AIRAH™ (A8)  formula 8.
“involving one basin constant RA. : o IpPF 4 paPEFRE
In the precipitation quadrant, two inter- RO ~ ,[P + PG ] _ P& (A9
mediate parameters PP and PG are expressed ' REFERENCE
{7)-as funotions of the FI and five basin don- Linsley, . K., M. A; Kobl 431 . Paull
insley, ohler, an aulhus,
stants PA, PB, PC, PD, and PE. _ . Applied Hudralogy, McG1aw~H111 New York,
PF = PA + PB(FI) 1949a.
’ . A7) : (M&uuscupt received October 23,-1968 ;
PE@ = PC + PD(FI) revised May 10, 1069.)
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BASIC RIVER-FORECASTING PROCEDURES. 25-101

‘with basin topography and meteorological factors. Areas where precipitation
vemely spotty (e.g., where showery-type precipitation predominates) require a
ifer density than areas where the precipitation is of 8 more uniform nature.

ossible, rated gaging stations operated by the U.S. Geological Survey and others
Jected ae the forecast points. Occasionally, it is necessary to issue forecasts

The primary data required operationally are precipitation (rain or snow), snow on

ground (water equivalent, if possible), air temperature, and river stage or dis- -
filirge. The number of reporting stations depends upon hydrologic need and avail-
lility of observers and communications. Criteria for reporting are standardized
uch as possible, but may vary somewhat from one area to another. Sample
fliuctions to observers appear in Fig. 25-IV-1. , :
The frequency of reports is a function of basin characteristics. In some areas once-
reports of rainfall and river stages may be adequate. Forecasts for small basins
rapid concentration times may require reports at intervals of 6 hr, or even less,
g high-water situations. :
would be desirable to have observers report daily, but economis considerations
Wiblly dictate that the observer report only on certain predetermined criteria of
Eiiipitation amount or river stage.

recent years, there has been a significant advance in the hydrologic applications
#adar [4, 5]. Information obtained from the radar scope can be used to estimate
fin rainfall with a measure of success. Radar indicates the existence of centers of
intensity rainfall and aids in interpreting the time and areal distribution of rain-
ver the bagin. Such information is of particular value in dealing with floods over
‘small watersheds and analyzing thunderstorm-type rainfall. A radar-beacon
tation gage has been developed which makes it possible to obtain reports from
sssible areas where there is a lack of observers and communication facilities [6].

III. BASIC RIVER-FORECASTING PROCEDURES

Where adequate data are available and forecasts of the complete hydr(;gra.ph are
ired, a reasonably standardized approach to river forecasting has been developed.
fall-runoff relations (Fig. 25-IV-2) are used to estimate the amount of water

in. dura
h

o SR

\ precipitation, Sto;’_m 24 26/ | ag
41

0

Antecedent precipitation index, in.

Storm runoff, in.

IP1g. 25-1V-2. Rainfall-runoff relation,
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expected to appear in the st;rea,ms, while unit hydrogra.phs (F1g 25-1V-3) and stres Y
ﬂow—routmg procedures (Fig. 25-1V-4), in one form or another, are utilized to dete;j
mine the time distribution of this water at a forecast point. Stage-discharge rels
tions (¥ig. 25-1V-5) are then utilized to convert these flows to stages. The
foreoast procedures required are discussed only briefly since they have been descri

detall in other sections of the handbook. (See Sec. 25-11.) :

g smgs g,

Sl st

8

x. - )
i 8 18 SLAA
I ) 5. N\ o 00 VAU ’
;: “u_) -t-g— [e \‘_ / v
i 3 [=S Y/ \ Q‘A A A+ 4 L
Q66 X Area above o ~o 47y J Y7
g lsls \ (srulion A 0|2 10 A e
L Q ko - - o' 7y {9 e s
{ = { &l v Y T
! P [ \\ Qo 4.1
£ o gl O - T RAS
¥ o \ ta ; Ay 10
¢ <] i \ oY 7V AT
; g Local area] \ \ 6 LAt ‘
Qal a 7y
& ol between N o -.A./_'L e AV A/
J/ zfcligng "\ \ 1 f1 / ¥ 7
FA an < 2 a + +
| N o /] L S A / /| / :
0 24 48 T2 96 120 2 468101214161 20 2224
Time from beginning of runoff period, hr 0 1,000 cfs

* Fig.- 25-IV-3. Twelve-hour unit hydro- Fre. 25-IV-4. Muskingum routing dmgxi
graphs. K=18 hr; X = 0; routmg period A
. : 12 hr.

A. Rainfall-Runoff Relations (see Sec. 14)

The rainfall-runoff relation correlates storm rainfall, antecedent basin eonditi
storm duration, and the resulting storm runoff (usually expressed as an average depth
in inches, over the basin). The basic technique in use by the U.S. Weather Burea

: the coaxial graphical method [7-9) (see I8
Sec. 8-II). An example is shown in Fxg‘f”

45 25-IV-2. Such = relation is develop
40 : =T using data from one or more headw
35 P areas in the basin for which forecasts args
30 |~ Station B required. Studies must be limited to are
- 7/ for which the runoff can be evaluated (from}
25 - ; — the hydrograph) for each individual stormg
: gzo . . —1 event. In larger basing where more than
: ) 7 =T} '
. . o I =1 Station A one area can be analyzed (e.g., the drainage;
: 1] mpma -y ey gy areas above stations 4 and C in Fig)
1O i 25-1V-6), it is necessary to determine whig
‘ 5 /A A relation is applicable to the downstres
; i areas where detailed studies are usuall
: 0% 0B 26 2530 3640 a5 50 Dot practical. Storm runoff can be esf

Discharge, 1,000 cfs mated for the local inflow areas, such ag’

, to B and B and C to D, and tested in't
¥1a. 25-‘1‘{-5. Stage-discharge relations.  relation. Factors such as soil type, lai

" uge, ground cover, ete., are also considere

In this rainfall-runoff relation the antecedent basin cond1t10ns are represented b
two variables. The firgt is an anfecedent preczpztatwn index (API), which is essenti
the summation of the precipitation amounts occurrmg prior to the storm welghte
according to time of oceurrence. The API for today is equal to & times the API
yesterday plus the average basin precipitation observed for the mtervenmg day. * Thi
value of & used by most Weather Bureau River Forecast Centersis 0.90. An examp
of the computations is shown in Table 25-IV-1.  The second variable is week of
year in which the storm occurs (e.g., the first week in January being 1, ete.). Week:

AP —— [
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BASIC RIVER-FORECASTING PROCEDURES - 25-103

ithe yeer introduces the average interception and evapotranspiration characteristics of
ch seagon, which, when combined with the antecedent prec1p1tat10n index, provides
dex of antecedent soil conditions.

Table 25-IV-1, Computatlon of Antecedent Preclpltatlon Index

Datej 10 | 11 12} 13 |14 | 16| 16| 17| 18 119 | 20} 21

Yesterday's API
X 0.9 1.93]1.74{1.97(1.77|1.59|1.43|2.01|1.81(1.63(2.55{4.90

Average basin
precipitation 0.45 0.80 : 1.20(2.90

API = [(1) + (2)1|1.93]|2.19]1.97|1.77]1.59{2.23|2.01]1.81|2.83(5.45

LAY

Yesterday's API .
X 0.9 : 1.71|1.54{1.82(1.64(1.48(1.33(1.87{1.68|1.51{2.17|4.74

e

Average basin : .
precipitation 0.48 0.75 0.90/3.10

R<

-
e ARG

API = [(4) 4+ (6)]]1.71]2.02{1.82|1.64]1.48{2.08|1.87|1.68(2.41i5.27

e ey

he value of storm duration used in the runoff relation is not critical and can be
equately derived from 6-hourly precipitation records. One method defines the -
siiration as the sum of those 6-hourly periods with more then 0.2 in. of rain plus one-
f.the periods with less than 0.2 in. (e.g., four periods each with more than 0.2 in. and
4o’ periods with less than 0.2 in. would be considered a storm duration of 4X6+
BX 3, or 30 hr).

The storm precipitation is the average over the basin. If a sufficient aumber of
ecipitation stations are available, an arithmetic mean is usually sufficient, although
e, Thiessen weighting method or isohyetal maps can belused [7, 8].

he storm runoff in most river-forecasting relations is direct runoff, . Direct runoff
gssumed to be the water which reaches the stream by traveling over the soil surface

d through the upper soil horizons and has a rapid time of concentration. It is com-
ded of surface runoff, channel precipitation, and interflow. The groundwater flow
discharged to the stream over a much longer period of time. Any of several methods
‘hydrograph analysis may be employed but care must be taken to use the same

£ isthod operationally as was used in development.

cr

Unit Hydrographs (see Sec. 14) . f?,E

he rainfall-runoff relation provides an estimate of the volume of water which will
Hin off for a given storm situation. It is then necessary to determine the distribution
this water with respect to time at the forecast point. The unit hydrograph is a sim-
o and generally effective method for accomphshmg this [10). In order to deal effec-
fively with uneven distribution of runoff in time, unit hydrographs for short periods
o-uged, very often for 6- or 12-hr durations. The increment of runoff is estimated
r each time period, with the contributions from each interval superimposed upon the
svious contributions. -

AR

Streamflow Routing (see Sec. 25-II)

The next basic problem is to predict the movement and cha,nge in shape of a flood
Ve as it moves downstream. Specifically, the river forecagter is interested in deter~

g e TR
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26-104 § RIVER FORECASTING '

- !
mining the shape of the flodd wave from station A as it arrives at station B after bein}t%
modified by lag and storage in the reach from A4 to B (Fig. 25-1V-6). Numerous:
routing methods are available, ranging from very complex storage functions to simpléﬁ
lagging procedures (Sec. 25-II). The Muskingum type of routing was selected for the!
forecast example [11]. In prepsring a forecast for station B it is also necessa,ry"_ti‘;g ,
determine the contribution of flow from the local drainage area between A and’B;

Fig. 25-1V-6. River-basin map.

The procedure for handling the local drainage area is similar to that for a headwater
area, i.e., estimate the runoff from the local area and distribute by means of a unj
hydrograph. :

IV. RIVER-FORECASTING EXAMPLE
ﬁ‘f

An example of a basic river forecast will be described in detail. A hypothetical river
basin (Fig. 25-1V-6) has been selected in order to illustrate some of the special fore
casting problems (discussed under Subsee. V). The rainfall-runoff relation, unj
hydrographs, and routing method are the operational procedures for an actual rive
basin. However, because of use of a.hypothetical basin, the forecast points will he
designated as stations. 4 and B, . ' ’

It is assumed that the storm began about 7:00 ».M, on April 17, and a forecas
being made on the basis of rainfall reported up to 7:00 .M. on April 19.

A. Computation of Runoff

The computation of storm runoff is shown in Table 25-IV-2. The anteceden
precipitation index (API) selected is the value prior to the storm. The week of thegd
year is determined by the date of the beginning of the storm, April 17, which fallg:ing
the sixteenth calendar week. The average rainfall amounts above station 4 andd
between stations A and B for 12-hr increments are entered on lines 3 and 10.

Dashed lines on the runoff relation (Fig. 25-1V-2) indicate the computation of runoffs
for station A for 7:00 A.m. on April 18. Enter the relation with API, move left to thex
week of year, vertically to storm duration, left to storm precipitation, and down 13
obtain storm runoff. Iinter this value on line 6. This process is repeated at the end?
of each 12-hr period, using precipitation accumulated to that time. The 12-hr ineress
ments of runoff (line 7) are determined by subfracting each total storm-runoff val
from the previous one and are entered on lines 1 and 12 of the forecast computatic
sheet (Table 25-IV-3).
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Table 25-1IV-2. Computation of Storm Runoff
(Using runoff relation in Fig. 25-IV-2)

17 18 19
Mouth__ April Year '
TAaM|)Tem |7 AaMm|7eM |7 AMI7T P
1} Antecedent precipitation index 1.81
2| Week of year ) 16
8| 12-hr precipitation jncrement, in. 1.201 0.80 | 2.10
4! Total storm precipitation, in. 1.2012.00! 4.10
8| Duration of storm, hr 12 24 36
6| Total storm runoff, in. 0.30 | 0.70 | 2.25
7| 12-hr runoff increment, in. 0.30.1 0.40 | 1.55 !
8| Antecedent precipitation index 1.68 :NA
i
| 9| Week of year 16 5:;:%
&
.‘}-‘w
10] 12-hr precipitation increment, in. . 0.90 | 1.05 | 2.06 w5
11) Total storm precipitation, in. 0.90 [ 1.95 | 4.00
12| Duration of storm, hr : 12 24 | 36
13{ Total storm runoff, in. 0.161 0.656 { 2.10
14! 12-hr runoft inerement, in. 0.15}1 0.50 | 1.45
[ 1] 30/~ 2
o Observed discharge 29=1 1 - "dered"
Ity . o L 3
x l?rnthmehc forecast ,; \“: orecast . 5
Station A Station B | |, A &
! iFe
4= A L
I it d Ny g (1 ! \ E‘%
13- 24—\1—"Adjusted- i x- &
/1, Y forecast o X ke
r 2 \\ J P \‘ i
4 ‘\‘ . '5;?
o A [ A N 3
1) ‘1‘ , / N . N x r
i \ g__| Jo, Station A | %
/ " 7 0 routed
/ N . x| A L4
'Y N / 1% i
/ al 5
o ) 1 : PN - g -~ .';f
. | Az.{(
i7 18 EEEEE 7 i8 9 20 2 4
April - April i

Fra. 25-IV-7. Forecast hydrographs.

—
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25-106 " RIVER FORECASTING

Table 25-1V-3. Forecast Computation Sheet
(All discharge values in units of 1,000 gfs)

Month April 17 " 18 19 20 - 21 22

Year - oo vledlelelele 2|zl oir]| 2] 7
AM,|P.M.{AM, | P.M, |A.X. | P.M, |AM. | P.M.{ A.M.|P.M. [ A M. | P.M, | AM. |
: 1| Forecest 12-hr RO,
; in. ‘ 0.30!0.40{1.55
2| Distribution of RO 0.0 |1.0 | 2.3] 1.7] 1.6} 0.5 0.3 0.1
3 “ oo 1.2 | 2.5/ 8.0[ 2.2/ 1.3/ 0.7) 0.4{0.1
(| 4 “ “ 4.6/ 9.811.8/ 8.7 5.1{ 2.8{1.4]0.5{0.2
] -
.g 5 4% “
A— _
| gl Total 0.9 [3.1 | 9.4[14.5(15.0{10.5( 6.1 8.8]/1.5{0.6(0.2]
7| Base flow 1.0[1.0[0.9 Jo.9 | 0.8| 0.8 0.7{ 0.7{ 0.7| 0.7
8| Arithmetic forecast |1.0|1.0(1.8 [4.0 [10.2(15.3|15.7[11.2{ 6.8] 4.0
9| Adjusted forecast (1) | 1.01.0(1.5 |4.0 | 9.5{14.7|15.510.9] 6.8( 4.0
é"m I+ I 2.2|2.002.5 |5.5 13 5{24 2|30.2(20.4]17.7/10.8
=]
211[ 4 routed to B (0) [1.3]1.21.2 [2.0 4.4| 8.3|11.7(12.4/10.6] 8.0
12| Forecast 12-hr RO,
in. 0.15.0.50{1.45
13| Distribution of RO ' 0.6 1.0 1.0{ 0.6/ 0.3| 0.1
14 “ “ 2.0 | 3.4 3.8 1.8/ 0.8] 0.3} 0.1
":15 “ " 5.8 9.9 9.6| 5.4] 2.5/ 0.9} 0.1
o
;‘;10 . «@
17| Total 0.6 (3.0 |10.2}13.8{11.7| 6.3| 2.8] 1.0{ 0.1
18| Base flow . 0.8/0.8/0.7 0.7 | 0.6] 0.6 0.6/ 0.6| 0.6| 0.6
19! Arithmetic forecast [2.1]2.0[2.5 {5.7 [15.2|22.7/24.019.3[14.0| 9.6
20| Adjusted forecast | 2.1]2.0[2.3 |5.5 [13.5[21.0'23.3(18.7|13.6 9.6

B. Forecast for Headwater Point (Station A)

The 12-hr runoff increments are converted to discharge, using the 12-hr unit hyd
graph for station A (Fig. 25-IV-3). Each 12-hr ordinate of the unit hydrogra.ph
multiplied by the first runoff (RO) increment (0.30 in.) and entered in line 2 (Ta._
25-IV-3) with the first value in the same column as the runoff increment (this is
ending time of the 12-hr period when the runoff occurred). This process is repeated on’
lines 3 and 4 for the other increments of runoff, and the total for each time entere
line 6. Base flow (line 7) includes all flow from events preceding the storm.

The arithmetic forecast, the sum of total runoff (line 6) and base flow (line Ty
entered on line 8 and plottcd on the hydrograph (Fig. 25-IV-7). This arithmetiq
forecast is the unadjusted result of the forecasting procedures, and the forecaster must
then draw an adjusted forecast, reconciling the arithmetic forecast with availal
observed data. The adjusted forecast is shown as & solid line when baged on observ
data and as a dashed line in the forecast period. The adjusted values are entered .
line 9 for routing to station B. :

o
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R L S

COMPLICATING FACTORS 256107

e final step in preparing the forecast is the conversion of forecast discharge to
fage using the stage-discharge relation (Fig. 25-IV-5). The forecast for station A
nuuld be stated as ‘“‘crest of 13.5 ft at 2:00 a.M. on April 20" or as “crest of 13 to 14 ft
t5irly on April 20.” Quoting a specific ﬁgure, such as 18.5 ft, might give the impression
the recipient of the forecast that it is likely to verify within tenths of a foet, which
iy not be the case.

o
A R TR TR A

hisgram (Fig. 25-1V-4), Successive pairs of inflows (line 9) are added to obtain the
i1+ I; values (line 10). The computation of the routed value for 7:00 .. on the
h (8.3) is indicated by dashed lines on the routing diagram.

The forecast of flow from the local area is made in the same way as for station A.
iIhe arithmetic forecast is the sum of the routed value (line 11), the total runoff
diine 17), and the base flow (line 18). These values are plotted on the hydrograph -
itid adjusted on the basis of observed data.

The forecast for station B might be given as ‘‘crest of 29.5 ft at 4:00 AM. on April 20"
a8 “‘crest of 20-30 ft early on the morning of April 20, It is a good practice to -
er these forecasts on a tabulation sheet (Table 25-IV-4) as soon as completed to
imize the possibility of mistakes in trapsmitting the forecast to the user.

¥
3

&

i
i
i
R
bla

Lt

i

Remarks

A ‘It should be clearly understood that the above example demonstrates only one of
many ways for deriving forecasts for stations 4 and B. Different methods could be
“ nsed for estimating runoff, distributing runoff, and routing streamflow. The fore-
- caster might also prefer to perforgn all or part of these computations on the hydro-

gra.ph A variety of forecasting techniques are required to handle most effectively the _
»* dxfferent river conditions encountered in the Umted States. '

V. COMPLICATING FACTORS

The example given describes the basie techniques needed to handle most river-fore-
ting situations. Operationally there are often some complicating factors; a few
{ ‘of the most common ones will be discussed briefly.

Areas Where Unit Hydrographs Are Inadequate

1 The umt-hydrogra.ph theory assumes uniform areal distribution of runoff. This is
varely the case, but in a fan-gshaped basin, as above station A (Fig. 25-1V-6), it is
usually not critical. In long, narrow basing as that above station C, the distribution
E0f runoff may be very 1mporta.nt One solution ig the deve]opment of special unit
. fiydrographs based on various areal concentrations such as upstream, uniform, and
ownstream. Another solution is the division of the area into two zones, as indicated
5y & dotted line in Fig.-25-1V-6, and developing synthetic unit hydrographs for each
beof the subareas. The unit hydrograph for the upstream ares can be prerouted to the
forecast point C [7]. This approach provides flexibility in the handling of nonuniform
real distributions, but does appreciably increase the time required to prepare the
orecast. It is also possible to divide the basin into zones based on estimated travel
imes and develop a channel inflow which can be routed to the forecast point [8).

: In some basins it has been necessary to use a different unit hydrograph, usually
resting earlier and higher, for extreme floods from that for moderate floods [8, 12}
Another solution is to derive a unit hydrograph from moderaté floods and develop a
orrection graph relating the computed peak discharge, using this unit hydrograph
Biegainst observed peak flow for a number of storms of record [8]. The volume of the
hydrogra.ph should be maintained in adjusting the peak flow.
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ABSTRACT

PEAKFLOW PREDICTION USING AN ANTECEDENT PRECIPITATION INDEX
TN SMALL FORESTED WATERSHEDS OF THE NORTHERN CALIFORNIA
- COAST RANGE

- Gregg Bousfield

The vast majority of small watersheds in Northwest California lack stream gage
information. Understanding the high flow behavior of these watersheds is crucial for
guiding resource managers in project planning. The purpose of this thesis was to develop
a predictive relationship between precipitation and peakflow of streams draining small
forested watersheds of the Northern California Coast Range. An antecedent precipitation
‘index approach was developed for this purpose. |

The five selected watersheds are covered by coastal coniferous forests with
drainage areas ranging from 0.4 to 34 km”. Streamflow and precipitation data from the
South Fork of Caspar Creek was used to create the calibration model. Data from the

~ North Fork of Caspar Creek, Hennington Creek, Little Lost Man Creek, and Freshwater
. Creek were used for independent model testing.

The calibration linear regression model, predicting peakflow as a function of peak
antecedent precipitation index, resulted in a r* of 0.83 and a residual standard error of
1.20 L s'ha™. When peakflow was predicted, using precipitation data from test
watersheds, the results were fair to poor with average absolute prediction errors ranging
from 28.6 to 66.3 percent. When the ten largest peakflows were predicted separately, the

* average absolute prediction errors were significantly lower at 10.2 to 44.9 percent. The
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" model was positively biased at all teét watershveds except F reshwater Creek. The root
mean square error was within 15 perCeﬁt of the calibration fesidual standard error at all
test watersheds except Little Lost Man Creek.

The variability in prediction accuracy could be explained by éhanging unit-
discharge relationships, heterogeneous lithologies, different curﬁulative land management
effects, and spatial variation in precipitation intensity. Prediction errors were the greatest
for the smallest peakflows, which may be due to greater variation in interception rates
during small rainfall events. The antecedent precipitation index approach outlined in this '
study is best suited for predicting larger rather than smaller peakflow events tﬁat may be

influenced more by factors other than short-term rainfall history.
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INTRODUCTION

Thé prediction of streamflow in response to precipitation is a recurrjng theme in

watershed management. Methodologies used to create rainfall-rﬁnoff models differ in

. ‘both comple);ity and data requirements. Modg:ling. strategies rangé from physically based
to empirical. Physically l‘oase‘:d“models use theoretical equations to simulate all runoff
generation processes. Empirical models rely on statistical r_elationships beMeen
precipitation inputs and streamflow outputs. Most rainfall-runoff models are not purely
physically based or empirical but lie somewhere in-befween (Brooks et al. 1997).

Coefficients are required to adjust equations found in pilysical models due to the
stochastic nature of hydrologic processes (Haan 2002). The majority of coefficients are
derived using statistical techniques from experimental lab data. For example, inﬁltration.
rate coefficients are developed for different soil types by measuring dye wetting front
movement rates on soil blocks in a lab. Even cultivated soils will show extrem‘e
variability in infiltration rates across the wetting front (Beven 2001). For these reasons,
physically based models often have high costs and computational demands.

Empirical or black-box modeis rely on statistical relationships with little regard to
the inhereﬂt physical processes. Black-box models require recalibration when applied to
different climatic and geologic environments since they are strongly influenced by data.
Black-box models are good for re-sizing stream crossing culverts on vast parcels of
Federal lands where little data exists and economic incentives are low (Piehl et al. 1988,

Cafferata et al. 2004). Simplicity and low cost are the strengths of black-box models.
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Rainfall-runoff modeling remains an important tool in Wateréhed management,
although there continues to be a lack of simple modeling approaches to estimate
peakflows in small forested catchments. Peakflow prediction in these watersheds is
cfucial for desighing bridges, culverts, or channel habitat restoration structures;
Unfortunately, natural resource practitioners may only have precipitatibn data available.
Using an aﬁteéedent precipitation index (A_PI)Y as the key variable for strearflﬂow _
prediction has shown promise in environments with low. data availability (Fedora 1987,
Beschta 1990).
| - API was originally conceived to represent current soil moisture cqhditions in
models predicting storm volume (Betson et al 1969, Kohlef and Linsley 1951, Lee and
Bray 1969, Sittner et al 1969). The universal form of an API equation is as follows:

APLi= APl C + Py, | 1)
where API, is API at time t, Py, is the precipitation occurring between times t-1 and t, and
C is the recession coefficient. The theory of API is that earlier precipitation should have
less influence on present streamflow response than recent precipitation. The recession
coefficient represents the “memory” of a particular watershed by decaying the effect of
accumulated rainfall at each time step. |

A long-term API reflects seasonal moisture conditions while a short-term API
reflects the most recent rainfall intensity governing peakflow response. The
determination of the recession coefficient dictates whether a particular API decays
rapidly or slowly. Besides a priori estimates, recession coefficients have been

determined through optimization techniques (Moreda et al. 2006, Reid and Lewis 2007)
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| and physical parametérs (Beschta 1990, Fedora 1987, Smakhtin and Masse 2000, Ziemer
and Albright 1.98”7).

Fedora (1987) developed an API methodology to predict storfn 'hydrographs in
small forested catchments of the Oregon Coast'Range. His API was assumed to decay at
the average rate (I)f storm hydrograph recession. The relatively small watersheds used in
the study had steep recéssion limbs resultiﬁg ina short-term‘API. bFedora’s method
resulted in average absolute peakﬂm.rv and storm volume errors of 14.8 and 14.2 percent,
respectively.

Beschta (1990) tested Fedora’s methodology in tropical environments using data
from a small catchment and a large river basin.' Peakflow simulation of the four largest
storms from the small catchment resulted in an average absolute error of 14 percent
compared to 15.4 percent using a physically based model (Shade 1984). Peak stage of
the three largest flood events was predicted with an average absolute error of 14.8
percent. Fedora’s method may be widely appli&able when the model has be¢n locally re-
calibrated. However, Beschta's study is the only published independent test of the
methodology. |

An API model was recently developed to detect changes in peakflows following
expeﬁmental clearcut harvesting in the North Fork of Caspar Creek (Reid and Lewis
2007). Three different API components were used in a non-linear model (> = 0.84)
predicting daily peakflow. The components were assumed to represent quick, subsurface,
and groundwater flow. Each component had different recession coefficients derived

through optimization with quickflow having the fastest decay and groundwater flow the
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slowest. When compared with Fedora (1987) and Beschta (1990), the API approach
developed by Reid aﬁd Lewis (2007) was relatively complex.

The purpdse 6f this study was to develbp a simpie API approach for modeling
peakflow in small forested watersheds located on the Humboldt and Mendocino County
Coasts of California. The réc.ession coefficient used in this study was derived following
the methodology developed by Fedora (1987). The API model created in this study was

. solely for‘peakﬂ(.)w‘ pfediction, unlike Fedbra’s (1987) method (;f simulating continuous
hydrographs for both peakflow and stormflow volume prediction. The research qpestions _
were as follows:

1.  Can streamflow and precipitation data from the South.Fork of Caspar Creek

consistently and accurately predict peakflow as a linear function of peak
API?

2. Will an antecedent flow rate threshold improve model precision and

éccuracy?

3. Can the model consistently and accurately predict peakflow elsewhere in the

Northern California Coast Range?
4, Dées the model predict larger peakflows more accurately than smaller

peakflows?
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MATERIALS AND METHODS

Data Sources

The following criteria were used to select watersheds for API model
development: forestedkwatershed within 25 km of the Paciﬁc Ocean, rain-dominated,
drainage area less than 50 kt_nz, rain gag'e‘ locate'd.v.vithin 5 km _of the watershed centroid,
gaging stations maintained aﬁd calibrated dn a regular basis, streamﬂbw énd precipitation
data resolution of one houf or ﬁnér, énd five or more years of conéurrént streamflow and.
precipitation data.

The distance from the Pacific Ocean was important to keep the analysi's focused
on coastal watersheds. Rain-dominated watersheds were sought to minimize the
influence of snowmelt on streamflow generation. Small watersheds were necessary to
study systems with less groundwater and channel routing influences (Gomi et al. 2002).
Precipitation gages near the watershed centroid should better estimate average rainfall for
the entire watershed. Poor stage-discharge relationships can have an error of 20 percent
or more, which makes accurate gages a necessity (Rantz 1982). One hour or finer
precipitation data is required since runoff in small watersheds respondé rapidly to rainfall
inputs (Beven 2001).

Gaging stations on the North and South Forks of Caspar Creek, Little Lost Man
Creek, and Freshwater Creek met the criteria. There are other gaged watersheds in the
region, but they lack a nearby rain gage or the data are only available at a daily time step.

The South F ork of Caspar Creek was chosen as the calibration watershed due to its
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moderate size and accurate data set. There was also a lack of forest hawesting at the
South Fork of Casp}ar Creek during the period of concurrent streamflow and precipitation
data. Table 1 compares basic gaging station characteristics.

All watersheds are dominated by mixed redwood (Sequoia sempervz;rens) and
Douglas-fir (Pseudotsuga menziesii) forest. Soils are derived from the .F raﬁcisc’an
geologic formation. The Franciscan formation coritains a variety of litholegies, ereating
heterogeneous soils across the landscape (Woiska 1981). The Freshwatef Creek
watershed also contains the Yager and Wildcat formations, which are more consolidated
than the Franciscan (Glass 2003). Figure. 1 shows the relative locafion of the selected

watersheds. Individual watershed maps are located in Appendix A through C.

Data Quality

The stream gaging stations have similar equipment, but different control
structures. Unlike the other selected watersheds, Caspar Creek Experimental Watershed
uses flumes and weirs for artificial control. Artificial control structures have empirically
derived stage-discharge relationships that are relatively accurate (5 to 10 percent) and
stable. The Freshwater Creek and Little Lost Man Creek gage sites are natural channels
that aggrade and degrade though time.

Gage sites without artificial control require routine stage-discharge re-calibration.

~Randy Klein, the primary hydrologist at Redwood National Park, does not have
confidence in peakﬂoevs above 3.0 L s ha™' at the Little Lost Man Creek gage site after

the 1997 water year due to a lack of rating curve measurements and changes in control
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Table 1 Gaging station characteristics.

Calibration
Watershed Test Watersheds
South Fork ) North Fork Freshwater  Little Lost
of Caspar Hennington of Caspar
Creek Man Creek
Creek : Creek
Distance R -
- from Pacific 6 ~ T 6 S L 5
Ocean, km ' ' '
Elevation 55 335 130-320  85-320 25-850  60-650
Range, m _ _ , .
Drainage 42 0.4 47 34 91
Area, km ) ’ : . )
Rain Gage to .
Watershed 2 0.8% /2% 1.5%/1.5% 5 3
Centroid,
km
Years of
Concurrent : :
Streamflow 18 18 18 6 5
and
Precipitation

* North Fork Caspar Creek (N408) tipping bucket rain gage.
** North Fork Caspar Creek (N620) tipping bucket rain gage.
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0 25 50 100
e —— ;| ometers A

Figure 1 Watershed location map. The Hennington gage is a sub-watershed within
the North Fork of Caspar Creek.
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section geometry (Klein 2007, personal communication). Therefore, streamflow and
precipitation data recorded at the Little Lost Man Creek gage site after 1997 was not used
in-this study. |

Pressure transducers and tipping bucket rain gages have inherént error tolerances.
All of the selected watersheds use similar pressure transducers to measure stage with an
accuracy of 0.003 meters. Campbell Scientific tipping bucket gages are used at Little
Lost Man Creek, Freshwater Creek, and the South Fork of Caspar Creek. The North Fork
of Caspar Creek uses a Sierra Misco tipping bucket gage. Rain gage errors are five

percent for intensities less than 8.0 cm hr™' (Lewis 2007, personal communication).

API Model Development

The following steps were taken to develop the API model: frequency analysis,
hydrograph recession analysis, API calculation, storm event analysis, and least squares
regression modeling. Frequency analysis was undertaken to select events with peakflows
whose return periods exceed one-year. The analysis used the annual maximum
peakflows recorded at the South Fork of Caspar Creek from 1964 to 2004. The one-year
peakflow (Q) was determined using the Log Pearson IIT method (Haan 2002). Selective
harvesting that occurred during this period did not have a significant effect on annual
maximum peakflows (Ziemer 1998).

Corresponding discharge hydrographs and rainfall hyetographs from the South
Fork of Caspar Creek (1987 to 2004) were analyzed for their possible use in recession

analysis. Recession analysis refers to the systematic observation of hydrograph recession
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limbs in order to determine the average rate of discharge decline (Sujona et aﬂ. 2004).
This analysis used>recession limbs of peakflows exceeding Qi with data of fair or better
quality. Hydrographs were eliminated if additionai impulses of rainfall greater than 0.1
cm hr!' or secondary peakflows occurred during the recession limb. These measures
were taken tb select recession limbs that best represent the recession characteristics of the
South Fork of Caspar Creek to discrete rainfall events.

Recession limbs were defined as starting at the peak discharge and ending where
Hewlett and Hibbert's (1967) 0.0055 L s™ ha™ baseflow separation line intersected the
falling limb. Figure 2 provides an example of the recession limb selection process.
Discharge from the selected recession limbs was plotted against discharge lagged by one .
hour. Following the methodology of Fedora (1987), the slope of the linear regression line
was assigned to-the recession coefficient in Equation 1.

Hourly time series’ of API’s were calculated using data from the S620 rain gage
in South Fork of Caspar Creek (Equation 1). Calculations ran throughout the water year,
since the rapidly decaying API of a prior event should have an insignificant influence
after one or two days. For example, after rainfall ceases a recession coefficient of 0.90
will decay API to less than 10 percent of its peak value after 22 hours.

Matching hourly time series’ of streamflows and API’s from the South Fork of
Caspar Creek, (1987 to 2004) were closely investigated. The following storm event
attributes were investigated for peakflows exceeding Q;: peakflow discharge rate,
antecedent flow rate, peak API, data quality codes (Figure 3). Successive peakflows

occurring on the same hydrograph had to be greater than 24 hours apart and recede by
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Storm
Hydrograph

— - = Hewlett and
Hibberts
Separation Line

Discharge
(Ls'ha’) , |

*  Recession Data
Points

Hours past 3/4/2001 1:00

Figure 2 An example of a recession limb from a storm hydrograph recorded at the South
Fork of Caspar Creek. Recession limbs began at the peakflow discharge and ended at
the point where Hewlett and Hibbert’s (1967) baseflow separation line intersects the
hydrograph. '

Page 21 of 67



CDQ000020080052 API and Rain Runoff Relationship for TN River Watershed - Attachment 22

14 7 Discharge
12 A
A Peakflow
10 .
— - = API
- Discharge 8 - o
(Ls' hah
® API
or 6 P
API (cm)
4 - ¢ Antecedent
Flow
5 Rate
0 T~ T T T A 1

0 - 24 48 72 96 120
Hours past 3/13/95 0:00

Figure 3 Hourly time series of discharge and API were plotted together to select
corresponding peak API (APIp) values and peakflows exceeding Q. The previous
peaks in the hydrograph were not recorded since they did not recede to less than half
of their peak discharge and occurred within 24 hours of the largest peakflow.
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50 percent of their peak discharge. Peakflows must rise to double the antecedent ﬂow
rate when they occur during hydrograph recession. These restrictions ensure relatively
independent peak API values.

Data quality codes for.both discharge and rainfall were inveétigatéd for each
évent. Storm events were excluded from this study when the cod.es‘indicated poor
calibration, large gapé, or datg reconsfcruction of either rainfall or discharge. Data quality
codes for discharge were available dnly for Caspar Creek and Freshwater Creek. Caspar
Creek was the only watershed with rain gage quality codes.

Fedora’s (1987) API method revealed a different relationship for storm eveﬁts
occurring after extended periods without rain. It was thought that these “dry” events had
a lower peakflow response due to a low water table and unsaturated soils.‘ In this study,

. these conditions were investigated by recording a given storm event’s antecedent flow
rate. Scatterplots of peakflow as a function of peak API were studied to set an antecedent
flow rate threshold that separated “wet” versus “dry” events.

The goal of least squares regression was to create a simple model of peakflow asa -
function of peak API. A data set must meet a set of assumptions in order to use least
squares regression analysis for statistical inference. Since a best fit relationship for
peakflow predictions was the main goal of this study, these assumptions were not strictly
necessary, but were explored nonetheless. Outliers were first inspected using.residual
diagnostic techniques, since they can greatly influence the regression modeling results.
Outliers could express missing independent variables or multiple populations (Haan

2002). Tests of normality ensured that the residuals were normally distributed.
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Autocorrelation was tested using the Durbin-Watson statistic (Hintze 2004).

Independent Model Testing

- API calculation and storm event énalysis were répeated on the test watersheds.
The one-year peakflow, hydrogréph recession coefficient, and antecedent flow rate
threshold were the same in the test and ‘calibration. watersheds. This was necesséry to test
the methqd as if rain gages were the only source of data available at thé test Watersheds. '
All restrictions applied to the calibration data set Were also applied to data sets from the
test Wateréheds for consistent eyaluation of model performanceT
Bias, precision, and acburacy were used to measure model prediction

performance. Statistics used to calculate relative bias, precision, and accuracy were
éverage prediction error, standard deviation of the prediction error, and average absolute
prediction error, respectively (Walther and Moore 2005). The prediction error for each
observation was calculated using the following equation (Green and Stephenson 1986):

E=(Qp-Qo/Qo) * 100 (2)
where E is the prediction error, Q, is the predicted peakflow in L s ha" and Q, is the
observed peakflow in L s ha™'. The average and average absolute prediction error were
calculated using the following equations (Green and Stephenson 1986):

En=(YXE)/n .(3)

E.=(X|E|)/n 4
where E, is the average prediction error, E, is the average absolute prediction error, and n

is the sample size.
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15

An absolute measure. of model accuracy compared the residual standard error
(RSE) of the calibration model to the root mean square error (RMSE) of the predicted
.r‘eg‘ression line. The only difference between these two terms is that the suﬁ of the
squared residuals is divided by n-2 in the RSE compared- to n in the RMSE. The n-2 is
used for the calibration model to account for the information used up in estimaﬁng the
slope and iﬁtefcept. Model ﬁt was evaluated using the r* from the régreésion of observed
versﬁs predicted peakflows. Model fit 'Was also evaluated by te_sting \lzvhéthef the slope
was significantly different from oné and the intercept was significantly different from

zero (95 percent confidence). .
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RESULTS

API Model Development

Forty-one annual maximum peakﬂows were recorded for South Fork Casper
Creek with a mean and standard- deviation of 10.3 and 5.08 L s ha™, respectively. The
largest peakflow on record had a maximum discharge rate of 21.5 L s'ha!. All
peakflows exceeding Q; (2.0 L s™ ha™) were investigated for their use in hydrograph
recession and storm event analysis.

Ninefeen recession limbs over the 18 yeare of record (1987 to 2004) for South
Fork of Casper Creek met the stated requirements for hydrograph recession analysis. The
associated peakflows had a mean and standard deviatioﬁ of 6.35 and 5. 13 Ls'ha',
respectively. Segments exceeding 7.5 L s ha' were removed from five reeession limbs,
since they accounted for 2.5 percent of the discharge observations. This may be
explained by an unusually rapid recession following the largest peakﬂowe. Peakflow
generation with a greater proportion of saturation overland flow may explain the rapid
recession. A regression of discharge lagged by one-hour for 758 discharge obserQations
from the 19 recession limbs is shown in Figure 4. The slope of the linear regression line
(0.91) was assigned as the API recession coefficient.

With the estimated recession coefficient of 0.91, API decayed by 90 pereent in 26
hours. The time between peakflow events averaged 15 days, but varied from one to 135
days. Only one storm event occurred within 26 hours of a prior event. Peak API would

have been reduced by 14 percent if the API time series were reset to zero between these
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Figure 4 One-hour lag plot of hourly discharge from the South Fork of Caspar Creek.

Page 27 of 67



CDQ000020080052 API and Rain Runoff Relationship for TN River Watershed - Attachment 22

two events. All peak API’s were assumed to be independent since preceding
6bs¢rvations had little to no influence on subsequent observations.
A data set of 71 storm events was initially analyzed. A scatterplot of peakflow as

a function of peak API had a r* equal to 0.60 with a RSE of 2.13 L s ha™ (Figure 5). A

V sﬁbset of peakflows, with antecedent flow rates below 0.1 L s']_ ha!, was substantially
smaller for a given peak API. Therefore, an antecedent flow rate threshold was set to
remove these 12 “dry” events from the original data set. The remaining 59 events had an
average peakflow of 5.67 ‘L s ha™' and an average peak API of 3.14 cm (Table 2).

A visual iﬁspection of peakflow as a function of peak API reveals a positive
relationship. Residual diagnostics indicated that the largest peakflow, which occurred on
March 24, 1999, was an outlie; (Appendix D through H). Field notes on March 24, 1999

_indicate that the V-notch weir was submerged by 0.5 feet (Lewis 2007, personal
communication). Average event rainfall agreed to within 10 percent, and one-hour
maximum rainfall agreed to within 15 percent at the three Caspar Creek tipping bucket
gages. Yet the peakflow recorded at the North Fork of Caspar Creek had a 35 percent
lower unit-area discharge rate than that of the South Fork. The March 24 1999 event was
removed due to this large deviation in peakflow coupled with the residual diagnostic
results.

All residual tests indicated the assumptions of normality were reasonable
(alpha = 0.05). The Modified Levene test showed that the residual variance was not
constant. Least squares regression analysis was continued regardless of this failure since -

a best fit for peakflow prediction was the main goal of this study.  The Durbin-Watson
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Figure 5 Scatterplot of the 71 selected events with the twelve “dry” events labeled.
‘ Storm events were considered “dry” when their antecedent flow rate was below
0.1 L s'ha™'. The largest event was recorded on March 24 1999.
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Table 2 Summary statistics after twelve “dry” storms out of 71 selected events were
removed. Storm events were considered “dry” when their antecedent flow rate was
below 0.1 Ls" ha™.

Peakflow, Antecedent Flow .
1 -l Rate, L s ha™ APIy, cm
Ls ha >
Standard Standard - Standard
n -Mean Deviation .Meanv Deviation - Mean Deviation
59 5.67 3.56 0.54 046 3.14 1.02
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21

test for autocorrelation confirmed that peak API values were independent of oﬁe another..
All tests of regression assumptions are summarized in Appendix I. Summary of the final
storm event statistics are listed in Table 3.

The regression model usgd to predict peakflow as a function of peak APi is:

Qp=-3.52+2.90 * (APL,) - )

| where Q, is predicted peakflow iﬁ Ls'ha' and .APIVp is peak API in cm.‘ Th¢ 1> was
equal to 0.83 with a RSE 6f ‘1.20 L s'ha'. The slope term was highly significant
(p <0.0001). Figure 6 shows the least squares regression line along with the upper and
fower 95 percent Working-Hotelling simultaneous confidence bands (Hintze 2004).

" These are the confidence bands for all possible values of peak API along the regression
line. Additional regression statistics are located in Appendix J. The resulting model may

- only be applicable for peak API within a range of 1.71 to 5.25 cm. Peak API must be

greater than 1.21 cm since lower values will result in negative predicted peakflows.

Independent Model Testing

The results of the API Calculation and Storm Event Analysis on the test
watersheds are summarized in Table 4. The North Fork of Caspar Creek had the most
observations, while Freshwater Creek had the fewest. The North Fork of Caspar Creek
had the largest mean peakflow and peak API, while Freshwater Creek had the smallest.

Peakflow was initially predicied twice at the North Fork of Caspar Creek and

Hennington since two rain gages were available. The N408 tipping bucket rain gage was
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Table 3 Summary statistics after the March 24, 1999 outlier was removed.

Peakflow, Antecedent Flow APL. cm
Ls' ha’ Rate, L s ha’! P
Standard Standard Standard
n . Mean Deviation Mean Deviation Mean Deviation

58 5.40 2.90 0.54 0.47 ~3.08 - 091
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Figure 6 Linear regression line fitted to the 58 selected events along with the upper and
lower 95 percent Working-Hotelling confidence bands (bold lines). '
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Table 4 Summary statistics for selected storm events from the test watersheds.

Peakflow, Antecedent Flow API,;,
Rate,
Ls'ha! ' Ls'ha'! cm
Te‘st Standard Standard Standard
Gaging n Mean L Mean L Mean o
: Deviation Deviation Deviation
Station v
Hennington 39 5.09 2.72 122 1.01 3.24 0.98
North Fork
of Caspar 49 5.70 2.98 0.79 0.55 3.49 0.97
Creek \ :
Little Lost
Man Creek 35 4.82 4.95 0.74 0.59 3.46 1.44
Freshwater 5, 4 45 3.20 069 033 2.47 0.89
Creek _
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retained for analysis with Henningfon since it produced the best results. Similarly, the
N620 tipping bucket rain gagé was retained for analysis with the North Fork of Caspar
Creek. |
~ Figures 7 through 10 show the prediction error (Equation 2) for each storm event
at the test Watersheds. All test watefsheds showed a decrease in prediction error with
increase in peakflow. Unlike the other test watersheds, the majority of the péakﬂows
were under predicted at Freshwater Creek. Little Lost Man Creek had the largest over
prediction with almost a third of the errors exceeding 100 percent. Eighty percent of the
prediction errors ranged from -50 to 50 percent at all test watersheds, except Little Lost
Man Creek.
Bias, precision, and accuracy are summarized in Table 5. The model was
positively biased at all test watersheds except Freshwater Creek. Little Lost Man Creek
" had the lowest precision at 54.2 percent coinpared to Hennington at 31.5 percent. Little
Lost Man Creek had the lowest accuracy at 66.3 percent compared to Hennington at 28.6
percent.
Bias, precision, and accuracy for the ten largest peakflows are summarized in
Table 6. The model was positively biased for the ten largest peakflows at all test
watersheds except Freshwater Creek. Precision ranged from 12.7 perceﬂt at the North
Fork of Caspar Creek to 42.8 percent at Little Lost Man Creek. Accuracy ranged from

10.2 percent at the North Fork of Caspar Creek to 44.9 percent at Little Lost Man Creek.
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Figure 7 Model prediction errors at the Hennington test watershed show a decrease in
variability as peakflows increase in magnitude.
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Figure 8 Model prediction errors at the North Fork of Caspar Creek shows a decrease in
variability as peakflows increase in magnitude.
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Figure 9 Model prediction errors at Little Lost Man Creek show a decrease in variability
as peak flows increase in magnitude.
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Figure 10 Model prediction errors at Freshwater Creek show a decrease in variability as
peakflows increase in magnitude. '
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Table 5 Bias, precision and accuracy of predicted peakflows at the test watersheds.

Bias Precision  Accuracy
E
. Standard E,
Station n Average Deviation
(%)
Hennington 39 . 207 31.5 286
North Fork . ,
of Caspar 49 24.5 35.1 29.0
Creek
Little Lost '
Man Creek 35 62.4 54.2 66.3
Froshwater 5, 20.1 34.4 340
Creek
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Table 6 Bias, precision and accuracy for the ten largest peakflows at the test watersheds.

Bias Precision  Accuracy
Observed Peakflow E ,
'Mean Standard Average Standard ~ Ea
Deviation g Deviation
~ Station Ls'ha' Ls!'ha' - (%)
Hennington ‘ '10.2 138 4.79 20.2‘ 15.3
North Fork _ a
of Caspar 10.5 1.57 311 127 10.2
Creek
Little Lost » -
Man Creek 9.80 7.30 35.5 42.8 44,9
Freshwater ¢ 4 3.45 246 15.8 24.6
Creek
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Figure 11 through 14 show regressions of observed versus pfedicted peakflow at
the test Watefsheds. These contrast with Figures 7 through 10 by showing absolute rather
than percentage error. MoAst peaks were over predicted at the test watefsheds except
Freshwater Creek. Only the two largest péakﬂows were under bredicted at Little Lost

~ Man Creek. An exponential relationship was observed in Figure 13. This suggcsts a
ﬁon—li_neér relationship between péakﬂow and peak API at Litt}e Lost Man Creek.

Table 7 lists the least équares regressionv statistics of thé observed versus predicted
from the test watersheds. The slope terms were not different.from zero and the intercept
terms were not different from one (alpha = 0.05). The North Fork of Caspar Creek had
the strongest correlation (r* = 0.82). Hennington and the North Fork of Caspér Creek had
the lowest RMSE at 1.27 and 1.26, respectively. Little Lost Man Creek had the lowest r°

and highest RMSE due to a non-linear relationship.
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Figure 11 Observed versus predfcted peakflow of the 39 events selected from .
Hennington. The one to one line of perfect agreement is displayed to compare with
the linear regression line. :
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Figure 12 Observed versus predicted peakflow of the 49 events selected from the North
Fork Caspar Creek. The one to one line of perfect agreement is displayed to compare
with the linear regression line.
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'Figure 13 Observed versus predicted peakflow of the 35 events selected from Little Lost
Man Creek. The one to one line of perfect agreement is displayed to compare with
the linear regression line.
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Figure 14 Observed versus predicted peakflow of the 32 events selected from Freshwater
Creek. The one to one line of perfect agreement is displayed to compare with the
linear regression line.
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Table 7 Least squares regress1on statistics of the observed versus predlcted peakflow
from the test watersheds.

Station: n Slope | Intercept 1’ RMSE
Hennington 39 085 013 - 078 127
North Fork : . - - X

of Caspar 49 0.95 -0.58 082 1.26

Creek ‘ . ' ' -
Little Lost : . | - '
Man Croek 35 - 1.04 -1.92 0.76 2.38
Freshwater 32 1.11 0.73 080 1.42

Creek
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DISCUSSION

A positive correlation exists between peakflow and peak API at the calibration
\.vatershed. The intercept is negative making the model only valid for peak API’s above
_ 1.21 cm. _Varidbility in the relationship between peakflow and peak API was
' characterizéd by several measures. The r* value indicaﬁed that peak API explained 83
percent of the Qariébility in peakflow. The residual standard errbr was '2:1. pércént of the
average peakﬂow. Nineteen percent of the observations fell outside of the confidence
bands. Variébility can be attributed to a simple linear re'gressiAon model béing used to
predict cémplex non-linear rainfall-runoff processes. These processes, which include
rainfall intensity, interception, evapotranspiration, soil hydraulic conductivity, Apipeﬂow,
and local saturation overland flow, vary spatially and temporally o§er a Waters_hed
throughout a storm event (Beven 2001). |
The relationship between peakflow and peak API showed that “dry” events with
antecedent flow rates below 0.1 L s™ ha™ produced substantially smaller peakflows for a
given peak API. The calibration model had a 28 percent lower r* and a 44 percent higher .
RSE prior to the removal of the twelve “dry” events. The results are similar to those of
Fedora (1987) in that a recession coefficient based on hydrograph recession analysis
caused peak API to decay so quickly that long-term antecedent moisture conditions weré
not properly addressed. |
The muted streamflow response with low antecedent flow was most likely due to

soil moisture and shallow groundwater deficits occurring after prolonged periods of

Page 46 of 67



CDQ000020080052 APl and Rain Runoff Relationship for TN River Watershed - Attachment 22

drought. Greater antecedent flow indicates higher soﬂ rhoisture and an elevated water
table, creating a larger saturation overland flow response to rain. However, éxploratory
multiple regression analysis revealed that antecedent flow rate was not a reliéblé variable
‘throughout the range of peakﬂéws analyzed in this study.
Antecedent flow rate Wés not related to peakflow or peak API, but proved a
reliable threshold indicator of catchment Wetnessi Lynch and Corbe& (1982) explored |
- the relationship bétwéen antecedent flow rate, antecedent soil moisture and hydrograph
parameters. Antecedent soil moisture Wé.S a steep function of antecedent flow rate that
flattened to a slope of zero aBove 0.05Ls" ha', which is relatively close to' the threshold |
| set in this study. The small Watersheds in this study, like those studied by Lynch and
Corbett (1982), have relatively “flashy” and more ephemeral streamﬂow response than
larger watersheds due to less groundwater interaction in holding aﬂd reléasing flows.
Both consistent under or over prediction at the test watersheds may be due to
| variability in unit-area discharge relat_iohships. 'Unit-area discharge hadv leéé variability in
watersheds larger than 10 km? in drainage area (Robinson et al. 1995). Ziemer and Rice
(1990) found that mean flow path had a significant positive association with lag-time and
an insignificant negative association with unit-area disqharge of progressively larger sub-
watersheds within the North Fork of Caspar Creek. These results indicate that hillslope
processes strongly control streamflow response in tile North Fork of Caspar Creek.
Unlike the other test watersheds, the API model was negatively biased for
Freshwater Creek. One would expect the API model tb be biased to over predict, instead

of under predict at Freshwater Creek, since channel roughness and bank storage should
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increase lag-time and flatten peakﬂow response in larger watersheds (Gomi et al. 2002).
A combination of clearcut and selective harvesting from 1989 to 1999 removed roughly
82 percent of the timber volume above the‘stream gage (Glass 2003). Reid and Lewis
(2007) indicated a 29 percent increase in rainfall that reéches the forest floor after
clearcut timber harvesting. The under prediction of peakflows at Freshwater Creek is
most likely due to lower interception and evapotranspifation rates.
| The consistent over prediction at the other three watersheds could be due to skid
trails in the South Fork of Caspar Creek. Soil compaction due to legacy skid trails could
cause overland flow, which artiﬁcially extends the natural drainége systerh. An overland
flow component may not have been céptﬁred in this API methodology. This
phenomenon is less prominent in the North Fork of Caspar Creek since cable yarding
produced less soil compaction when compared to selective tractor yarding l(Ziemer 1998).
Fedora (1987) analyzed the largestAannuval events, which resulted in only six to 20
events from his study watersheds. Beschta’s (1990) test of Fedora’s methodology only
looked at four peakflows and three flood events. In contrast, my study looked at every
peakflow exceeding Q;, which resulted in 32 to 58 events from the selected watersheds.
Accuracy for peakflow prediction ranged from 10.4 to 30.4 percent in Fedora’s (1987)
study and 14 to 14.8 percent in Beschta’s (1990) study compared to 28.6 to 66.3 percent
" in my study. Higher variability was expected in my study because the data set represents
peakflow response over a wider range of rainfall intensities, amounts, and antecedent soil

moisture conditions.
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The API model predicted peakflows at Hennington.bétter than the other test
watersheds with 28.6 percent accuracy. The North Fork of Caspar Creek was equally
;'iccurate at 29.0 percent. Predicted pe;akﬂow at Freshwater Creek was 32 percent more
accurate than at Little Lost Man Creek. As expected, the RMSE for prediction in the test
watersheds exceeded the calibration RSE. Prediction at the North Fork of Caspar Creek
(RMSE = 1.26 L 5™ ha™') and Hennington (RMSE = 1.27L 5" ha™') was 6nly slightly less
accurate than in the calibration wateréhed, South Fork of Caspar Creek (RSE =

120Ls" ha™"). Little Lost Man Creeks RMSE was 98 percent greater than the
calibration RSE. Freshwater Creek had a RMSE 18 percent greater than the calibration
RSE, which was surprisingly better than Litfle Lost VMaI‘l Creek. o

| The regression of observed versus predicted peakflow at Little Lost Man Creek

revealed a positive exponential transition from lafger to smaller peaks. This éuggests that
the linear relationship used in this study was not adequate for peakflow érédiction at |
Little Lost Man Creek. An exbonential relationship between peakflow and péak API
should increase the predictive capability at Little Lost Man Creek. Although not
explored in this study, an exponential transformation of peak API may be useful to
increase prediction power in future applications of this rﬁethodology.

The South Fork of Caspar Creek may not truly represent the processes that control
streamflow generation at the test watersheds. Errors in peakflow prediction could be due
to localized geologic and pedologic variability. The South Fork of Caspar Creek may
have greater connectivity in soil macropores and pipes, creating a faster response and

generating larger peakflows. Even though the watersheds have relatively similar
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geology, heterogeneous lithology could restrict preferential flow paths. The geological
formations in the Oregon Coast Range watersheds used by Fedora (1987) may not have
as much variability in localiéed lithology as in the Northern California Coast Range.

Rainfall variability over a given watershed is very hérd to quantify unless a dense
network of rain gages is present. Rain gages are sparse throughout the Northern

- California Coast Range, although Caspar Creek Experimental Watershed is an exception.
rRalinfall intensity can vary significantly within one km (Singh 1997). Individual storms
could have errors in rainfall measurements up to 75 percent due to the effects of wind and
location (Dingman 200 2). Due to orograﬁhic influences on rainfall amounts and
intensities, rain gages misrepresent a watershed’s actual mean rainfall. ‘Erroneous rainfall
data may have been used to calculate peak API at the other test Watersheds, since only
Caspar Creek had rain gage error codes.

The different gaging station control structures could have also influenced model
performance. Without artificial control, the location of a gaging station can greatly affect
the accuracy and consistency of streamflow measurements. None of the stream gages in
this study met all of the criteria for optimal stream gage location (Rantz 1982). It is very
hard to find a location in these small watersheds where the stream course is straight for
100 m upstream and downstream. Stage data quality was not available to remove
erroneous data at Little Lost Man Creek.

When the ten largest peakflows were analyzed separately, the API model had a
higher accuracy of 10.2 to 44.9 percent. The average accuracy of the predicted

peakflows at the test watersheds was increased by 40 percent. The test of the API
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41
methodology, like the findings of Fedora (1987) and Beschta (1990), revealed that the
‘largest peakflows on record had the lowest errors. These are promising results for flood
prediction since the largest peakflows in this study had return periods Which ranged from
a 4-yéar to a 10-year event. |
Better ﬁrediction of these large events was most likely due to a simplification of
“physical processes 6nce the soils afe saturated and macropores reach their maximum flow
réte (Ziemer and Lisle 1998). This may also be explained by decreased variability of
interception rates as peakflows increased in magnitude (Link et al. 2004, Pypker et al.
2005, Reid and Lewis 2007). Smaller ev_ehts could have greater Variability in the
interactions between the processes that control streamﬂow generation. Thése interactions

were not addressed in this study.
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'LIST OF VARIABLES AND ACRONYMS

API = Antecedent precipitation index, cm -
APIp = Peak APL, cm
C = Recessiqn coefficient, dimensionless‘
E = Prediction error for each dbsewation, (%)
E, = Average absolute prediction error, (%) |
En= Average predictioﬁ eﬁor, (%)
» Pm = Precipitation occurring betwéen times t-1 and t, crh
RMSE = Root mean square error, L sl'1 ‘ha'1 E
RSE = Residual standard error, L s™! ha'lA
Qi = Peakflow with a return period of one-year equal to 2.0 L s ha™
Q, = Observed peékﬂow, Ls! ha"1

" Qp= Predicted peakflow, L s ha™
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Appendix B. Little Lost Man Creek watershed boundary and gage site location.
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Appendix C. Freshwater Creek watershed boundary and gage site location.
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Appendix D. Outlier detection statistics from residual diagnostics before and after the
March 24, 1999 event was removed. The March 24, 1999 event failed all four tests.
The three remaining observations passed the DFFITS and Cook’s D tests. Two out of
the three were considered high leverage outliers based on Rstudent and Hat Diagonal,
the other failed the Rstudent test. All statistics were calculated using NCSS (Hintze
2004). :

Initial Outlier Detection Statistics

| . Cook's Hat
* k%
API, Residual Rstudent DFFITS D #* Diagonal****
- 4.13 -3.3886 -2.5746 -0.476 0.1016 0.0331
6.72 ©3.8943 3.5637 2.1085 1.7944 0.2593

Outlier Detection Statistics

after March 24, 1999 event removal

API, Residual Rstudent DFFITS Cook's D Hat Diagonal .
5.05 2.7111 2.3672 0.8255 0.3109 10.1084
3.63 2.684 2.2259 0.3476 0.0558 0.0238
4.13 -2.987 -2.5342 -0.5235 0.1231 0.0409

* An observation is considered an outlier if the absolute value of Rstudent (also known as
the studentized deleted residuals) is greater than two (Hintze 2004).

** An observation is considered influential concerning prediction if the absolute value of
DFFITS is greater than one. DFFITS measures the influence of a single observation on
its fitted value (Velleman and Welsch 1981).

*** Cook’s D values greater than one indicate that the observations have a large
influence. It measures the influence of each observation on all fitted values

(Velleman and Welsch 1981).

**** Hat Diagonal measures the remoteness of the observations in the X-space. Hat
Diagonals greater than 2*degrees of freedom / n (2*2/59 = 0.068) are considered high-
leverage observations. Leverage refers to the amount of influence a given observation
has on the trend of the least squares regression estimate (Velleman and Welsch 1981).
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- Appendix E. Rstudent as a function of peak APIshows the March 24, 1999 event as an

outlier.
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Appendix F. Rstudent as a function of peak API with the March 24, 1999 event removed.
‘Two observations with an absolute value of Rstudent greater than two remain. These
observations were retained because they did not deviate significantly from the cloud.
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Appendlx G. Rstudent as a function of Hat diagonal indicates that the March 24, 1999
event was a high leverage observation.
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Appendix H. Rstudent as a function of Hat diagonal with the March 24, 1999 event
removed. One of the observations remaining was considered an outlier, four were
considered high leverage, and one was considered a high leverage outlier. However,
they all passed the DFFITS and Cook’s D test unlike the March 24, 1999 event.
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Appendix I. Tests of regression assumptions after the March 24, 1999 outlier was
removed. The Modified Levene Test indicates a lack of constant residual variance.
The other null hypotheses were not rejected at the 0.05 alpha level. The Durbin-
Watson test indicated a lack of positive and negative autocorrelation (alpha = 0.05).
All statistics were calculated using NCSS (Hintze 2004).

Do the residuals . Assumption
follow a normal  Test Value Pr(}}):\zilty Reasonable
distribution? (6¢=10.05)
Shapiro Wik~ 09736 0.235103 Yes
Anderson Darling 0.6689 0.080721 Yes °
Daagnostino 08441 0398635 Yes
Skewness
D'agnostino
Kurtosis 0.572 0.5673 Yes
Dagnostino 10397 0.594621 Yes
Omnibus ,

Constant residual
variance?

Modified Levene 10.7631 0.001785 No

Durbin-Watson
test for lack of
autocorrelation

Positive ' 1.60 0.0626 Yes
Negative 1.60 0.9378 Yes
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Appendix J. API model coefficients and related statistics. -

Parameter Intercept B(0) Slope B(1)
Coefficients 35222 2.8963
Lower 95%

Confidence Limit -4.6398 _2'5482 _
Upper 95% |
Confidence Limit -2.4046 3.2444
Standard Error 0.5579 ©0.1738
Standardized
Coefficient 0.0000 0.9123
T statistic -6.3134* 16.6668*

* Significant at 0.05 alpha (p <0.0001)
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Research Needs and Applications to Reduce Erosion and Sedimentation in Tropleal Steeplands (Proccedings
of the Fiji Symposium, June 1990): JAHS-AISH Publ. No.192, 1990.

" Peakflow estimation using an antecedent precipitation index
. (API) model in tropical environments

R.L. BESCHTA '
Oregon State University, Corvallis, Oregon
97330, USA .

ABSTRACT An antecedent precipitation index
(API) model is presented which utilizes a
hydrograph recession coefficient in conjunction
with precipitation amounts and timing to
simulate streamflow during large storm events,
Application of the methodology is illustrated
for estimating peakflows on a 865 ha watershed
in Hawaii, USA, and simulating stream levels of
" the Wainganga River in India.

INTRODUCTION

The prediction of peakflows associated with tropical
catchments represents an important problem in applied
hydrology. Historical rainfall and runoff data often
forms the basis for undertaking empirical frequency
analyses or to develop and calibrate hydrologic models
which may be used for flow simulations and predictions.
In most countries, precipitation data is generally more
commonly available (both the number of stations and
length of record) than is streamflow data. Thus, there
is a need for methodologies that utilize existing
precipitation-runoff information as a basis for
estimating peakflows and associated return periods.

A variety of hydrologic models exist for simulating
catchment hydrology and streamflow. These models range
from complex physically-based process models to simple
regression models that require little hydrologic ’
understanding of processes. Three general categories of
rainfall-runoff models are often identified (Wood & .
O'Connell, 1985): (1) distributed physically-based models
which attempt to simulate the vast array of hydrologic
process and physical laws that govern runoff on natural
and disturbed watersheds (e.g., Beven, 1985), (2) lumped
parameter models which are quasi-physical in nature and
offer a simplified conceptual representation of the
various hydrologic processes {(e.g., Blackie & Eeles,
1985), and (3) input-output or "black-box" models which
focus on relationships between rainfall and runoff
without necessarily identifying any of the internal
mechanisms whereby this transformation takes place.

A linear regression of total storm runoff as a
function of rainfall amount would represent a black-box
model in perhaps its simplest form. Incorporating
hydrologic concepts into an input-output model might
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allow one to characterize such a formulation as a "grey-
box" model. For example, a unit hydrograph approach
which postulates a linear relationship between effective
rainfall and storm runoff fits this category. A
rainfall-runoff model that utilizes antecedent
precipitation to adjust runoff responses could similarly
be categorized as a grey-box model. In comparison to
other modeling strategies for rainfall-runoff
simulations, input-output models are of simple
construction and tend to have minimal data and
computational requirements.

The purpose of this paper is to present an input-
output model for peakflow simulation that -is based on
antecedent precipitation concepts. Application of the
methodology in the coastal mountains of the Pacific
Northwest, USA, indicated the methodology provided
reasonable estimates of peakflows (Fedora & Beschta, In
press). Similarly, Ziemer & Albright (1987) found that
an API approach was useful for evaluating pipe-flow
hydrology in steep mountainous terrain of the Pacific
Northwest, USA. :

THE ANTECEDENT PRECIPITATION INDEX METHODOLOGY

High flows at the mouth of a catchment are primarily
dependent upon the occurrence of large amounts of
rainfall over a relatively short period of time. The API
model presented in this paper can be used to simulate
storm runoff and requires essentially three steps: (1)
recession analysis of storm hydrographs, (2) calculation
of API values, and (3) correlation of API values with
stream discharge.

Recession analysis

An underlying assumption of an API modeling approach is
that antecedent precipitation influences the runoff
efficiency from precipitation occurring at time t.
Precipitation that occurs several days prior to time t
has less effect on rainfall-runoff relationships than
precipitation that has occurred more recently. Thus, the
capability of antecedent precipitation to influence
rainfall-runoff relationships decreases or decays with
time.

For the API model presented herein, the temporal
decay of antecedent precipitation amounts is indexed by a
storm hydrograph recession coefficient C. The recession
coefficient integrates various effects of a catchment's
soils, geology, topography, vegetation, etc. In general,
catchments that are relatively small, and which have
steep topography and shallow soils, tend to have larger
recession coefficients than catchments which are large or
have gentle terrain and deep soils.

Page 2 of 10



CDQ000020080052 API and Rain Runoff Relationship for TN River Watershed Attachment 23

130

Rainfall hyetographs and storm hydrographs are
required to undertake recession analysis. After peak
discharge occurs during a given storm, and flows continue
to recede, the recession coefficient is determined. This
coefficient is obtained by deriving the slope of the line
formed from plotting stream discharge at time t against
the discharge at time t-~At (Figure 1). Information
regarding rainfall patterns is also needed because the
recession analysis is only undertaken for those periods
during which no rainfall was occurring. The recession
coefficient can also be approximated by the slope of the
recession hydrograph when plotted on semilogarithmic
paper (Linsley et al., 1982).

If the time interval for precipitation observations
and the time interval used to derive the recession
coefficient are not they same, the recession coefficient
needs to be adjusted to a time interval that is
consistent with that of the precipitation data. The
coefficient derived from recession analysis can be easily
adjusted to the time interval of precipitation
observations by the following relation:

c = ¢ (At/AEY) (1)

where C = recession coefficient for time interval At
(0<C<1), C' = recession coefficient derived from time

- interval At' (0<C'<1l), At = time interval of
precipitation observations (in hours), and At'= time
interval used to derive recession coefficient C' (in
hours) .

Calculation of the antecedent precipitation index (API)

The API model is mathematically formulated as follows:
APIy = (APIgp_pe X C) + Py (2)

where‘APIt = antecedent precipitation index at time ¢
(mm), At = time interval of precipitation observations
(h), € = storm hydrograph recession coefficient
(dimensionless), and P¢ = precipitation that occurs from
t-Dt to t (mm). Although calculated values of APIy are
theoretically dependent upon all precipitation occurring
prior to‘time t, precipitation that occurs during the
most recent time interval has a greater effect on API
than an equivalent amount of rainfall that fell during
any previous period. Precipitation during the time
interval immediately prior to time t contributes fully to
API,, while the effect of previously fallen precipitation
(i.e., prior to t-At) is decayed through time. A simple
computer program can be used to calculate API; values;
spreadsheet programs can also be used.

For a particular gaging station, several of the
largest runoff events of record are selected.
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FIG.1 Comparison of flows at time t and t-2 houfs for
an Oregon Coast Range stream, USA. The slope of
the regression line is 0.929 for data collected

at 2-hour intervals, hence C = 0.96 on an hourly
basis. : :

Corresponding precipitation data for the catchment are
also needed for each period of high flow and for several
days prior to each event. Hopefully, the precipitation
records will provide reasonably accurate indications of
catchment amounts and temporal distributions. Runoff
events used for analysis can be defined to begin and end
using the baseflow separation technique described by
Hewlett & Hibbert (1967). Precipitation amounts
associated with these runoff events are then used in
conjunction with Equation (2) to calculate API¢ values
during the period of high flow. _
Even though peakflow may be of primary interest,
simulations need to begin several days prior to the
occurrence of peak discharge. This is because the
effects of antecedent precipitation amounts upon API
decay through time and generally become insignificant
after a period of several days. For example, the effect
of precipitation which occurred 4 days prior to the time
t upon APIy will have decreased by 99%, assuming an
hourly recession coefficient of 0.95. 1In this manner,
the cumulative effectiveness of previous precipitation
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amounts for influencing API, is decayed through time.
Determining the length of time prior to the occurrence of
peak discharge that API¢ calculations should be
undertaken is somewhat arbitrary, but it should be
sufficiently long so that at least 90% of the relative
effectiveness of the earliest precipitation amount has
"decayed".

Correlation of API with stream discharge

Once API values have been calculated for each storm,
corresponding values of the antecedent precipitation
index API, and stream discharge Qi are thgn correlated.
The coefficient of determination (i.e., r4) for this line
will provide an initial indication of the goodness-of-fit
between the two variables. It may be desirable to
transform either variable to obtain a straight-line
relationship. For example, in western Oregon, USA,
Fedora & Beschta (In press) found that the square root of
.discharge provided a linear relationship with APIy
(Figure 2).

The slope S of the regression line in Figure 2
represents the rate of change in discharge with a unit
change in precipitation. The y-axis intercept I
represents the average base flow immediately before and
after high flow events.

For large catchments, precipitation that falls on a
distant portion of the catchment may require a
significant period of time for it to be routed to.the
catchment outlet, even during high flow conditions. The
API methodology, as currently formulated, does not
specifically adjust for time-of-travel. Thus, rising
limbs of storm hydrographs tend to be over-predicted by
the model and recession limbs under-predicted. Although’
visually disconcerting, this effect may not greatly
influence peakflow estimates. A relatively simple
approach for overcoming this problem is to undertake
cross-correlation analyses of API. and Qi values to
.determine an appropriate timing o%fset for precipitation
amounts to account for time-of-travel effects.

Regionalization of coefficients

To use the API methodology for a specific catchment,
three coefficients (C, S8, and I) need to be established.
Because storm hydrographs are generally less "flashy" as’
catchment size increases, recession coefficients tend to
increase with catchment size. Thus, it may be possible
to develop a relation between C and catchment area (e.g.,
Fedora & Beschta, In press). Similarly, 8 and I may be
associated with watershed characteristics such as soil
depth, geologic rock type or depth of weathering, terrain
steepness, drainage density, etc. If regional estimates
of recession coefficients can be developed (or predicted
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FIG.2 Relationship of stream discharge and API. during
high flow conditions for an Oregon Coast Range
stream, USA.

from regression analysis with other factors), the API
methodology could be used for predicting peakflows from
ungaged watersheds where precipitation records are
available. Furthermore, if regionalized
characterizations of large rainfall events (i.e., storm
amounts and temporal distributions) were developed from
historical precipitation records, peakflows could be
estimated using an API model for ungaged catchments.
Although initial results in western Oregon indicate that
the APTI coefficients can be regionalized (Fedora &
Beschta, In press), the API methodology has not been
widely applied or tested. : . .

APPLICATION AND DISCUSSION

Peak flow estimation in tropical areas

A preliminary analysis of rainfall-runoff data was
undertaken for an 865 ha catchment in the Moanalua
valley, on the Hawaiian island of Oahu, to evaluate the
potential applicability of the API procedure for tropical
catchments which experience high intensity rainfall
events. The four largest flow events within an eight-
year period of record were analyzed. APIy values were
calculated at five-minute intervals for each of three’
precipitation gages on the catchment. Based on
hydrograph analysis, an hourly recession coefficient of
0.24 (i.e., C'= 0.888 for five-minute intervals) was used
for all APIy calculations. To account for time-of-
travel, the calculated values of APIy for each
precipitation gage were delayed in relation to distance
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from the streamgage (e.g., a 30-minute delay was used for
the farthestmost precipitation gage) and an aerially
weighted API, was calculateg gt each time t. A
relationship between the Q¢"°° and API was then
established by regression. The resulting C, S, and I
coefficients were then used as a basis to simulate
peakflow hydrographs.

The average absolute error of the four largest
storms was 14 percent (Table 1). In a more comprehensive
analysis of rainfall-runoff patterns on this catchment,
Shade (1984) obtained an average absolute error of 15.4%
for these same five events using the distributed routing
rainfall-runoff model of Dawdy, Schaake, and Alley (DSA).

Flood hazard foreéasting in real time

The potential usefulness of API as a flood-stage
forecasting methodology is illustrated with stage data
for the Wainganga River in India. Data for three periods
of flooding (Chander et al., 1981) provide the basis for
this example. Recession curve analysis of stage
hydrographs indicated a hourly recession coefficient of
approximately 0.87. Regression analysis of stage versus
API; was then undertaken to find the line of best fit.
The plotting of stage vs. APIy values indicated a
pronounced hysteresis effect whereby API,. greatly
overpredicted stage on the rising limb o% the flood-stage
hydrograph and similarly underpredicted stage on the
recession limb of the flood-stage hydrograph. Cross-
correlation analysis between stage and API, values
indicated that "delaying"” the occurrence o% precipitation
by 9 hours would tend to minimize this effect. Thus,
precipitation amounts were lagged by 9 hours and APIS

er

- values calculated .for the floods illustrated by Chan

TABLE 1 Observed and. simulated peak discharges for the
four largest events, 1968-75, Moanalua Valley, Hawaii

Storm Date of Observed Simulated Error?
No. storm peak peak
m3 s71) (@3 sy (%)
1 2/1/69 84.4 79.3 -6
2 7/25-26/70 77.6 70.8 -9
3 11/25-26/70 61.7 42.8 =31
4 4/5-6/71 51.5 56.6 10
@ Error = ((Simulated - Observed) / Observed) x 100%
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et al. (1981). The following relationship betwsen stage
(m) and API, was then obtained by regression (r4¢ = 0.83):

Stagey = 2.04 + (0.219 x APIy)

In this example, river stage is linearly related to API,
so that each additional five millimeters of rainfall
causes, on average, a one-meter increase in the stage of
the Wainganga River.

Hydrographs of the observed and synthesized stages
for three storms are shown in Figure 3. Even though
precipitation was lagged 9 hours for these examples, the
predicted stage overpredicts the rising limb stages for
the 1st flood. This overprediction could be the result
of significant storm precipitation going into retention
storage. For the remaining floods, the API methodology
replicates the general shape and magnitude of the flood-
stage hydrographs reasonably well. Absolute errors in
peak discharges for the three floods illustrated in
Figure 3 averaged 0.4 meters. With each incremental
amount of precipitation, predicted flood-stage
hydrographs can be simulated up to 9 hours in advance.
Thus, API provides a relatively simple technique for
flood prediction that can be easily used in real time.

General comments

The API methodology implicitly assumes that abstractions
from rainfall amounts, such as increased soil moisture
storage, and evaporation or transpiration, are relatively
insignificant for large rainfall events. Perhaps the
inclusion of a long-term or seasonal antecedent factor
might be useful in areas where seasonal changes in soil
moisture levels have an important effect on storm
discharges.

The API model is based on the concept that the
relative efficiency of precipitation for generating storm
runoff depends on both the amount and the time
distribution of storm precipitation. Because the model
attempts to account for antecedent precipitation effects
on rainfall-runoff relationships, the method does not
require a priori assumptions about the temporal
distribution of storm precipitation. The utilization of
a storm hydrograph recession coefficient provides the
basis for "decaying" the hydrologic significance of
antecedent precipitation amounts through time. This
feature of the model provides a mechanism for linking the
model against a 31ngle, integrative catchment
characteristic that is easily and systematically derlved.

The widely used SCS runoff curve model (e.g., US
Department of Agriculture, 1972) assumes a systematic
increase in runoff efficiency as a storm progresses. 1In
contrast, the basic premise of the API model and the
results of API simulations indicate that the relative
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efficiency of a catchment to produce streamflow from a
given unit of precipitation continuously varies. Hence,
the API method appears to have potential application for
geographical areas where the temporal distribution of
storm precipitation amounts is highly variable.
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FIG.3 Comparison of observed and simulated flood-stage
hydrographs for the Wainganga River in India:
(a) 30 July to 6 August 1969, (b) 28 August 1972,
and (c) 28 August 1973.

Although the slope S and intercept I of the relation
between Q; and API, may have a hydrologic interpretation,
little is known about how these parameters vary with
different catchments, or how they are affected by
topography or catchment characteristics. )

Because of its relative simplicity and reasonably
accurate simulations, the API methodology may have
widespread application in tropical regions for simulating .
storm discharges from large rainfall events. Once
calculated API¢ values have been developed from existing
rainfall-runof% records, theoretically storms of any
temporal distribution can then be used to synthesize
storm ‘discharge. However, additional simulations over a
wide range of hydrologic conditions in tropical
catchments are needed to further evaluate the potential
applicability and accuracy of the API method.
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II.3-API-SLC SALT LAKE CITY (CBRFC) API-RUNOFF OPERATION

Introduction

This Chapter describes the Antecedent Precipitation Index (API) runoff
Operation (API-SLC) developed by the Colorado Basin River Forecast
Center (CBRFC) River Forecast Center. :

API procedures were first defined in the 1940's by M. A. Kohler
(Reference 1). During this period of hydrology, scientists were
seeking techniques which would simplify the relationships of rainfall
and runoff. Various techniques which tried to conceptualize soil
characteristics, through the application of infiltration theory and
other models, were too complex especially when trying to apply them to
a very large basin. A more important consideration in forecasting is
the time required to produce the product. Without computers alternate
less time-consuming methods were needed (References 5 and 6).

Availability of input parameters was another consideration in model
selection. Generally storm characteristics can be determined from an
adequate network of precipitation stations but determining soil
moisture conditions throughout the basin is difficult. Variations in
soill and surface characteristics, vegetation differences and land use
add to the complexity. Many factors have been used to index the
moisture conditions such as:

o days since last rain
o discharge at the beginning of the storm
0 antecedent precipitation

The first index is obviously insensitive because it only accounts for
the duration of the drought and does not take into effect recharge to
the basin. The second is seasonally sensitive and does not reflect
changes by previous rains. Antecedent precipitation generally
provides good results, provided it is properly derived and uses a
seasonal index or temperature.

The variable API, for which the procedure is named, is a rough

representation of the initial soil-moisture condition and can also be
easily determined. It tries to utilize the accumulated precipitation
and, at the same time, take into account evaporation and infiltration.

By using API, week of the year and storm precipitation and duration as
parameters, Kohler and Linsley (Reference 2) developed a relationship
between storm runoff and precipitation by a graphical method of
coaxial relations. It is based on the premise that if any important
factor is omitted from a relation, then the scatter of points in a
plotting of observed values of the dependent variable versus those
computed by the relation will be at least partially explained. The
API procedure is really a set of three-variable relations arranged .
with common axes to facilitate computation.

The Colorado Basin River Forecast Center (CBRFC) has adapted these
procedures and applied them to basins in Arizona. Modifications were

06/10/2003 II.3-API-SLC-1 rfs:23apislc.wpd
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made to alter the lower limit of the API index, adjust the API
recession based on simulated percent areal snow cover and allow
duration to be affected by differing 6 hour significant precipitation
levels. ‘ - ‘

API Model (Reference 3)

The API model consists of 3 three-variable relations (Figure 1),
relating basin recharge as the dependent variable to the antecedent
precipitation (API), date (week number), the rainfall amount and the
rainfall duration as the independent variables. Basin recharge is
defined as the loss due to interception, infiltration and depression
storage or basically the difference between precipitation and runoff.

Chart A in Figure 1 is the API versus basin recharge, with the points
labeled with the week numbers. A family of curves is fitted to the
points with one curve for each week. Chart B is the observed recharge
versus the computed recharge with the points labeled for rainfall
storm duration (hours). Again a family of curves is drawn defining
the effect of duration on recharge. Chart C is observed basin
recharge versus computed recharge with the points labeled with
rainfall amounts. Chart D displays the accuracy of the procedure of
the other three charts. It is a plot of observed recharge versus
computed recharge.

The calibration process is successive approximations of curve
selection to converge to the best graphical solution. The methods for
adjusting the relationships are made by alternating the entrance into
the procedure from Chart A through D and then D through A.

The API as used in the CBRFC model (Reference 4) is slightly modified
to facilitate its usage in computer applications (Figure 2). The
precipitation curves have been swapped with duration curves. The
duration quadrant has re-introduced the antecedent precipitation and
season indices as a parameter for effective duration. Also the output
has been changed to display runoff directly reducing the need to
subtract basin recharge from precipitation.

First Quadrant (Season) (Reference 4)

The first quadrant is a relation of API versus basin recharge. The
points are labeled with the week number and a family of curves drawn
to represent the date or seasonal effect on basin recharge. The
following equation defines these curves:

RI1 = (A + B*Y) * (C)**API
B = (I-A)/2
Gl = (E2 - E1)/2

G2 = (E1 - E2)/2

For weeks between WN and WX: ,
Y =1 - (COS((W-WN) (P1/ (WX-WN))))**CP

06/10/2003 II.3-API-SLC-2 rfs:23apislc.wpd
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C = E1l + GL*(((W-WN)/ (WX-WN))/2)

For weeks between WX and 52:

Y =1+ )))
C =E2 + G2 * (((W-WX)/ (52 + WN-WX))/2)

(COS ((W-WX) (Pi/ (52 + WN-WX) **CP

For weeks between 52 and WN:

Y =1 + (COS(W+52 - WX) (Pi/ (52 + WN-WX))))**CP
C =E2 + G2 * (((52 + W-WX)/(52 + WN-WX))/2)
where A is the intercept of WN in the RI axis

I is the intercept of WX in the RI axis
WN 1is the wettest week number
WX 1is the driest week number
W is the week number of the current storm
El is the curvature constant for WN
E2 is the curvature constant for WX
Gl determines the rate at which El approaches E2
G2 determines the rate at which E2 approaches El
CP determines the distribution of week curves
API is the Antecedent Precipitation. Index’

A CP value of

1.0 distributes the week curves evenly between WX and

WN. As CP approaches zero, the week curves tend to pack around WX and
WN. When CP increases above 1, the week curves cluster - midway between
WX and WN. See Figures 3 and 4 for relationship of parameters.

The antecedent precipitation index is generally defined by the

equation:

API = b,P, + b,P, + b,P, +...+ b,P

where P
b

i

i

iti

is the amount of precipitation i day prior to storm
is a constant as functlon of time 1/1

For this model the decrease with time has been assumed to follow a
logarithmic decay rather than a reciprocal. Thus during periods of no

precipitation:

API, = k * API,,

For periods with precipitation:

API, = (API,, + Precip) * k

The API index
multiplied by
index (Figure

for any day is equal to that of the previous day
the factor K. If any rain occurs it is added to the
5). The value k varies with physiographic basin

characteristics, evaporation, temperature and humidity. However
through the use of other factors, such as the week or seasonal term,
most variation has been accounted. Through experimentation  (Reference
3), k is important, though not critical and ranges in value from 0.85
to 0.90 over most of the eastern and central portions of the United

States.

06/10/2003
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The antecedent precipitation index is computed from mean areal
precipitation (MAP) provided as output from the snow accumulation and
ablation model. 1In areas of snowfall, the precipitation is applied to
the model on days it melts rather than when it falls. This prevents
over forecasting of events by applying water-equivalent of the snow at
occurrence.

Snow cover provides for a modification to the API calculation. As
percent areal snow cover approaches 100 percent, moisture loss is
reduced. The term k is modified by a snow term to reduce the API
reduction from day to day:

API, = API, - API, * (l.-k)*(l.-fraction of snow cover)

For areas in Arizona with long periods of drought, API is allowed to
decease below zero to minimum of -0.99 inches. If the lower limit of
API is selected to be negative, the method of reducing API changes.
Once API reaches .05 inches, a constant increment of .01 inches per
day is subtracted until the API value reaches the lower limit. The
value of API used in the model is set at .01 until API reaches a
positive value. This process simulates an increased soil moisture
capacity which must be satisfied before API is allowed to increase.

Second Quadrant (Storm Precipitation) (Reference 4)

This quadrant gives the relation of observed basin recharge versus
computed recharge. Points are labeled with precipitation in inches
and a family of curves of storm totals is drawn. This represents the
effect of precipitation on recharge under the conditions calculated
in the first quadrant. The following equation defines this curve:

RI2 = P * (P/(P+1))**RIl

where P is observed precipitation
Precipitation is obtained from mean areal precipitation calculated
directly from one of the precipitation models. The MAP could be

modified by the snow accumulation and ablation model before being used
as input to the API model.

Third Quadrant (Storm Duration) (Reference 4)

This relation is observed basin recharge versus runoff with points
labeled on the basis of storm duration. Basin recharge as explained
through the first quadrant relationship is re-introduced as a
parameter of effective duration. The equation of the curves is
defined as follows: :

RO = RI2 * (K)**FD

FD = (DUR*(RI1 + 1))/(6 + M * (RI1l)**POW
where  DUR is storm duration in hours
06/10/2003 II.3-API-SLC-4 ’ rfs:23apislc.wpd
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M, POW and K are constants (K is less than 1)

Average duration over the entire basin is difficult to determine but
it is not critical when limited to 6 hourly rainfall data. This model
keeps track of duration based on 6 hourly significant rainfall.
Results from experimental infiltration data show a value of 0.10
inches is a good default for significant rainfall level but the
significant level can be altered to take into account variations
across the United States.

Runoff

Runoff is produced through a series of equations approximating the
curves of the API coaxial graphical method. This runoff represents
surface flow for a specific period. For this operation, the period is
fixed at 24 hours in the 127 to 127 time frame.

In order to provide an output, runoff time series with a 6 hour data
time interval, 24 hour runoff is distributed in the same percentage as
precipitation for the same 24 hour period. Thus it is assumed that
each 6 hour period of precipitation is an antecedent precipitation
index.

An alternative to this method would be computing runoff depths from
accumulated precipitation up to the end of a 6 hour period and
subtracting successive values of runoff.

The relative accuracies of the two technigques are dependent upon the
adequacy of the assumed weights for antecedent precipitation. The
first method is preferred because it gives more significance to time
variations of rainfall intensity and may, therefore, provide for more
accurate computations.

Conclusions

The effect amount and distribution of antecedent precipitation has
upon storm runoff depends upon the extent to which it has been
dissipated through evaporation, transpiration, etc. Through the API
coaxial relationships, a generally high correlating procedure can
provide a simple method of computing runoff.

There are some limitations which directly effect reliability or use of
such models. Most problems can be overcome utilizing input from the
professional hydrologist. The following difficulties are considered
to be some of the major deficiencies:

o a relation based on storms of uniform areal distribution will
yield runoff values which are too low when applied to storms of
extremely uneven distribution :

o rainfall intensity is omitted or is generally smoothed into 6
hour periods o . '

o the procedure does not model frozen ground
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Figure 1. Coaxial relationship - Antecedent Precipitation Index
(Chart A, Chart B, Chart C and Chart D)
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Figure 3. First quadrant (seasonal relation)
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Figure 4. First quadrant intercept function
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Figure 5. API relation
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IT.3-API-CONT CONTINUOUS API MODEL

Introduction

Antecedent Precipitation Index (API) based procedures have been used
for many years by River Forecast Centers (RFCs) for producing flood
forecasts (Linsley et al, 1949). The API procedures developed by the
RFCs are applied on a storm basis. The API value at the beginning of
the storm is typically related to time of the year, storm duration and
storm rainfall to compute storm runoff (see Figure la). Incremental
runoff is computed by subtracting the total storm runoff at the end of
a period from that at the beginning. A unit hydrograph is then
applied to the incremental runoff values to produce a discharge
hydrograph. Since storm or event API procedures only compute surface
or storm runoff, baseflow needs to be added to the surface runoff
hydrograph to produce the total discharge. For short-term river or
flood forecasts (hours or days into the future) satisfactory estimates
of baseflow can usually be determined. During floods, errors in
baseflow estimates have a minimal impact. During recessions it is
relatively easy to make a several day projection of discharge. Many
RFCs have continued to use API based rainfall-runoff models because
they are simple to understand, easy to update when observed values
differ from computed estimates and generally do a good job forecasting .
floods when properly applied. ’

In recent years two problems have arisen related to the use of API
based rainfall-runoff models by the RFCs.

First, the need for water management forecasts is increasing
dramatically. For water management purposes predictions are often
needed for weeks or months into the future, plus in many cases low
flow values are of interest. Within NWSRFS, the Extended Streamflow
Prediction (ESP) System is used to generate such forecasts. For
general ESP purposes, a model must be able to accurately simulate all
flow levels for extended periods. Event API models cannot do this,
thus the RFC is faced with switching to a different type of model or
using one model for flood forecasting and another for ESP '
applications. Neither of these options is appealing to some of the
RFCs.

Second, it is very difficult to calibrate event API models in
conjunction with other hydrologic models for a watershed. The data
used for calibration of an event API model typically includes the API
value at the beginning of the event and the storm rainfall, both
computed from precipitation data; the date and duration of the storm;
and the total surface runoff for the event. Total runoff is computed
by separating surface runoff from baseflow using one of the standard
techniques for baseflow separation. ‘The calibration is then done by
either manually deriving the coaxial graphical relationship between
the variables (see Figure la) and/or using computer techniques to
minimize the error between computed and observed storm runoff. A unit
hydrograph to be used in conjunction with an event API model can be
derived based on events when all surface runoff is generated in a
single time period or when uniform runoff can be assumed for several
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periods. Unit hydrographs derived from other storms are not directly
compatible with the event API model because the distribution of runoff
used to derive the unit hydrograph is not the same as would be - ‘
produced by the API model if it was applied to the same event. For
other hydrologic models, such as a snowmelt model, that might be used
in conjunction with an API model, the output variables of the model
rarely can be isolated by analyzing a hydrograph. Thus, these other
models cannot be calibrated for the watershed. Currently when a snow
model is used with an event API model by the RFCs, the snow model
parameters are based on calibrations done somewhere in the area in
conjunction with a conceptual rainfall-runoff model or on point
calibrations of the snow model using observed water-equivalent data.
The calibration procedures provided within NWSRFS generally cannot be
used for an event API model.

Since several RFCs prefer to use an API based rainfall-runoff model
for flood forecasting, the Continuous API Model was developed so that
an API based model that could be used with the ESP and calibration
systems would be available within NWSRFS. The Continuous API Model
computes runoff on an incremental, not on a storm, basis and generates
both surface and baseflow runoff amounts. :

Background

In the 1960's a continuous API-type model was developed for use within
the Office of Hydrology in order to compare emerging conceptual models
with API based rainfall-runoff procedures (Sittner et al, 1969). The
original model has since been revised to simplify some of the
equations and reduce the number of parameters (Nemec and Sittner,
1982). This continuous API model was developed on the premise that an -
event API rainfall-runoff relationship could be converted to an
incremental relationship by replacing the duration quadrant with a
retention index (RI) quadrant. RI reflects whether surface conditions
are dry (typical state at the beginning of an event) or wet (condition
during an event when interception, depression and upper zone moisture
storages have been satisfied). The difference between surface runoff
computations in an event API model and Sittner's continuous model can
be described by using Figure 1lb. An event API model basically uses
one curve for the entire event based on antecedent conditions at the
beginning of the event. Sittner's model moves from curve to curve as
the API and retention index change during the event (typically moves
to curves reflecting wetter conditions as the event progresses).
However, incremental rather than storm precipitation is used to enter
the relationship so that only the beginning portion of the curves,
where the most curvature exists, are typically used. It is not clear
whether this curvature should exist for every time period during an
event. This creates some doubt as to whether the same precipitation-
runoff relationship or even the same form of equations, should be used
for an incremental API-type model as is used for an event model.

Rather than using the Sittner continuous API model the model this
model was developed because of:

o Doubt that the same equational form of the precipitation-runoff
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relationship can be used in both an incremental and event API
model.

o The belief that some of the model components could be simplified
and thus required fewer parameters and be more easily visualized
by the user.

o Personal preference.

Description of the Model

The Continuous API Model consists of 4 quadrants (see Figure 2),
equations to compute baseflow runoff and a few additional features
including an option to account for the effect of frozen ground on
runoff. The four quadrants perform the following functions:

o The first quadrant accounts for the seasonal relationship between
API and current soil-moisture conditions,

o The second quadrant accounts for surface moisture conditions,

o The third gquadrant computes the incremental surface runoff based
on surface and overall soil—moisture conditions and

o The fourth gquadrant computes what portion of the precipitation
that does not become surface runocff enters groundwater storage.

Baseflow runoff is computed based on the total water in groundwater
storage and the amount that has entered the storage in the recent
past. The model also allows for impervious area runoff and riparian
vegetation losses.

lst quadrant

The first quadrant serves the same function in all API based models.
This quadrant accounts for the seasonal variations between API and an
index to soil-moisture conditions. The index is usually referred to
as the Antecedent Index (AI).

Computation of AI: The equations used to compute AI from API are
basically the same as used in the West Gulf RFC API model
(McCallister, 1963) and are the same as currently used by Sittner for
his continuous API model. The only differences are: 1) the variation
between wet and dry curves is represented differently and 2) optional
ways to express the seasonal variation are included. The equations
are: ’

= API -
AI_ = AIXW*CW E (1)
AI_ = AIXD*CD ™! : (2)
AI = AI_ + y*(AI,-AIL ) (3)
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where AI is the Antecedent Index (inches) o
ATIXW is the intercept of wet curve (i.e. AI value when API
= 0 and y = 0) (inches)
CW is the wet curve curvature constant (0.0 < CW < 1.0)
AIXD is the intercept of dry curve (i.e. AI value when API
: = 0 and y = 1) (inches)

CD is the dry curve curvature constant (0.0 < CD < 1.0)
y is the fractional distance between wet and dry
conditions :

(y = 0 is wet, v = 1 1is dry)

Computation of API: The.equations use to compute API are:

API, = Kp * API, + P . (4)
K, = APIK (at/24) : , (5)
API, < APIX : (6)
where API is the Antecedent Precipitation Index (inches),
(subscripts refer to beginning and end of the time
) period)
P is the precipitation or rain + melt (inches)

APIK is the daily API recession rate (0 < APIK < 1.0-
normally assumed to be 0.9)

At is the length of the time period (hours)

K, is the API recession rate for the time period

APIX is the Maximum value that API can attain.

An upper limit is provided for API because with sufficient rainfall or
rain + melt, the soil will become saturated and any additional water
goes to runoff, not to increasing the level of soil saturation. The
maximum API value is only attained during major flood events.

When a snow cover exists, the API recession rate may need to be
reduced. The reduction in API and the subsequent increase in AI is
due to both evaporation from the soil and drainage of water in excess
of field capacity. AI is an index to the total wetness of the soil.
Since a snow cover will inhibit evaporation, the APIK recessicn rate
should be reduced. The amount of reduction is a function of the
typical climate conditions of the basin to which the model is being
applied. For example, in the upper Midwest a snow cover may exist for
most of the winter. If fall soll-moisture conditions are to influence
spring runoff, the API recession rate must be reduced to 1.0 or nearly
that amount to retain a memory of fall conditions. On the other hand,
in a more temperate area where periodic rain or melt periods may occur
when a snow cover exists, the snow cover may reduce evaporation, but
does not affect water draining through the soil. 1In such an area, a
much smaller reduction in the API recession rate is warranted when
snow ‘exists. If the API recession rate were set to 1.0, very large
API values could build up during rain-on-snow or melt periods and
cause even small amounts of rain + melt to produce a large percent
surface runoff.

When the areal extent of the snow cover is known, APIK becomes:
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APIK_ = APIK + (APIKS-APIK)*S_ o . (7)

where APIK, 1is the daily API recession rate when snow exists
Se is the areal extent of snow cover (decimal fraction)
APIKS 1is the daily API recession rate with 100 percent snow
cover (APIK < APIKS < 1.0)

When only the water-equivalent and not the areal extent of the snow
cover is known, S, is set to 1.0 whenever the water-equivalent exceeds
0.1 inches (S, = 0.0 otherwise). :

Seasonal variation: The most common method to account for seasonal
variation is to use time of the year. Time of the year is specified
by week number which is computed as:

W, =D;/7.0 v : (8)
where W, is the week number
Dy -is the Julian day (January 1 = 1, December 31 = 365;

February 29 and March 1 have same value)

In order to use week number in the lst quadrant, the week numbers when
the wettest and driest conditions typically exist need to be
specified. The seasonal variation between wet and dry conditions is

expressed as:

cs

y =]0.5 + cos[m * (1-f)] (9)
2
where f is the fractional distance between WKD and WKW (f = 1
when W,= WKD and £ = 0 when W, = WKW)
WKW is the week number when the wettest conditions
typically exist
WKD is the week number when the driest conditions
typically exist
CS is the seasonal curvature exponent (CS > 0.0)

When going from wet to dry conditions (typically early spring to late
summer), the value of CS is fixed at 1.0, thus resulting in a
sinusoidal variation. When going from dry to wet conditions, the
parameter CS controls the shape of the seasonal variation. ' A value of
CS considerably greater than 1.0 is typically needed in areas where
there is a rapid transition from dry to wet conditions in the fall.
Rapid transitions from dry to wet conditions occur in basins where a
large soil moisture deficit typically develops over the summer due to
evapotranspiration significantly exceeding rainfall and the deficit is
reduced to zero over a relatively short period in the fall due to
increased rainfall and decreased evapotranspiration. In areas where
the trees lose their leaves over a relatively short period in the
fall, the decrease in evapotranspiration is accentuated. The seasonal
variation in y is shown in Figure 3.

One alternative method of accounting for the seasonal variation is the

use of an Antecedent Evaporation Index (AEI). This method has been
used by the Middle Atlantic RFC. AEI is computed on a daily basis as:
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AEI, = AEIK * AEI, + PE (10)
where AEI is the Antecedent Evaporation Index (inches)

AEIK is the daily AEI recession rate (0.0 < AEIK < 1.0)

PE is the daily potential evaporation or ET-demand

(inches); when snow exists PE is adjusted using
Equation 18 ’

The minimum AEI value typically occurs a month or so after the time
when minimum PE values occur and the maximum AEI a month or so after
when maximum PE values occur. When using AEI, the seasonal variation
is expressed as:

AET-AEIN

Y 7 AEIX-AEIN (1)

where AEIN is the minimum allowed AEI value (inches)-corresponds
to wettest time of year (if AEI < AEIN, AEI = AEIN)
AEIX is the maximum allowed AEI value (inches) -
corresponds to driest time of year (if AEI > AEIX,
AEI = AFEIX).

The sinusoidal variation explicitly built into Equation 9 (CS = 1.0)
occurs naturally in Equation 11 because PE and thus AEI exhibits a
sinusoidal pattern.

The second alternative method of accounting for the seasonal variation
is through the use of an Antecedent Temperature Index (ATI). The ATI
is a weighted mean temperature and is computed as:

ATI2 = ATI1 + ATIR=* (Tm—ATIl) (12)
where ATI is the Antecedent Temperature Index_(DEGF)
ATIR is the temperature weighing factor (0.0 < ATIR < 1.0)
Tm is the mean daily air temperature (DEGF)

When using ATI the seasonal variation is expressed as:

y = ATI-ATIN (13
ATIX-ATIN )
where ATIN is the minimum allowed ATI value (DEGF) - corresponds
to wettest time of year (if ATI < ATIN, ATI = ATIN)

ATIX is the maximum allowed ATI value (DEGF) - corresponds

to driest time of year (if ATI > ATIX, ATI = ATIX)
Similarly to AEI, ATI naturally exhibits a sinusoidal variation.
The possible advantage of using AEI or ATI rather than week number is
to better account for abnermal conditions. AEI or ATI should indicate
a abnormally cold spring or an abnormally warm fall which should cause

a shift in the API vs AI relationship for that time of year.

2nd quadrant
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The 2nd quadrant of the Continuous API Model adjusts the AI value
computed in the 1lst quadrant for the effect of surface moisture. The
result is an adjusted or final AI value (AI,). It is assumed that when
surface moisture conditions are wet that AI, = AI. When surface
moisture is dry, AI; needs to be increased. This causes surface runoff
to be decreased in the 3rd quadrant to reflect interception,

depression storage and upper zone moisture losses that occur when the
surface is dry. The 2nd quadrant accounts for the initial abstraction
loss that occurs at the beginning of an event.

Computation of AI,: The form of the equation used to compute AI; as a
function of AI and the surface moisture conditions is similar to the
form of the equations used in the 1lst quadrant except that the
curvature constant is fixed. The equation is expressed as:

{Mf ] .
SMI _ , olm@ ! . _ (14)
SMIX
where SMI is the Surface Moisture Index (inches)
SMIX is the maximum value of SMI (inches)
AT, is the Final Antecedent Index (inches)

When the ratio SMI/SMIX = 1, the surface is saturated (i.é.
interception, depression and surface moisture storages are full).

Solving Equation 14 for AI; gives:

SMI

SMIX (15)
* | o 4] .

£ 1n(0.9)

Equation 15 plots as a straight line for each SMI/SMIX ratio (see
Figure 2) The constant 0.9 causes the 2nd quadrant to act almost as a
threshold storage (i.e. very little surface runoff can be generated
until SMI = SMIX).

Computation of SMI: Surface moisture conditions dry out much faster
in the summer than in the winter because evaporation rates are much
higher in the summer. This needs to be reflected in the computation
of SMI. SMI is computed by the equation:

SMI, = SMI, - E*(SMIl/SMIX). + P (16)
where E is the evaporation (inches)
If the AEI option is used in the first quadrant, then actual
evaporation values are used in Equation 16. When week number or ATI

are used to express seasonal variation, daily evaporation is computed
as:

(17)

2*n* (D, -105)
E, = 0.5% (PEX+PEN) + 0.5%(PEX-PEN) #*sin J

365
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where E4 is the daily evaporation estimate (inches)
PEX is the maximum daily evaporation rate, assumed to
, occur on July 15th (inches)
PEN is the minimum daily evaporation rate, assumed to

occur on January 15th (inches)

E is obtained from E; by assuming uniform evaporation during the day.
Values for PEX and PEN can be obtained from an evaporation atlas such
as those produced by Farnsworth et al, 1982. 1In some cases the values
derived from the atlas should be adjusted for the effect of vegetation -
(e.g. January values should be reduced in areas with deciduous forests

or cold climates). When a snow cover exists, the evaporation is
reduced by: :
E, = Ex(1-5_) + E*SC*EFC : (18)
where E, is the evaporation when a snow cover exists (inches)

EFC is the effective forest cover (decimal fraction)

The effective forest cover can be estimated by taking the portion of
the area covered by conifers times the average canopy density.

When actual evaporation data are used (i.e., AEI defines seasonal
variation), the values in Equation 17 take on a different meaning.

PEX and PEN become adjustment factors for July and January 15th and E,
becomes the vegetation adjustment for the current day.

It should be noted that Equation 16 has the same form as the equation
used to compute upper zone tension water contents in the Sacramento

soil-moisture accounting model (Burnash et al, 1973). Also Equation
16 gives the same results as if it was written in the form of Equation
4 with the daily recession rate equal to 1.0 minus (E; /SMIX). Thus,

SMI could be calculated in the same way that API is computed only with
a seasonally varying recession rate. The form of Equation 16 and the
use of evaporation data makes it easier for the user to estimate the
parameter values. : :

3rd Quadrant

The 3rd quadrant of the Continuous API Model computes surface runoff
knowing AI, and the amount of precipitation. Earlier it was indicated
that some doubt exists as to whether the same relationship can be used
for this quadrant in a continuous API model as is used in an event
model. Also the typical equations used for this quadrant in previous
API models involve 4 or 5 parameters which are not easy to visualize.
Thus in this model a much simpler approach was taken.

Computation of Surface Runofff The model assumes that the fraction of
the precipitation that becomes surface runoff increases as AI;

decreases and reaches a maximum when AI; = 0. This is expressed as:
F_ = FRSX+0.7 ¢ ' (19)
where F, is the fraction of precipitation that becomes surface

runoff (decimal fraction)
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FRSX is the maximum percent runoff (decimal fraction)

The curvature constant in Equation 19 has been fixed at 0.7. Because
of the common functional form of equations in the model (Equations 1,
2, 19 and 23) and because the second quadrant is linear, a curvature
parameter is not needed in Equation 19. If a different curvature
constant is selected, new values of AIXW, AIXD, AICR, CG and RVAI can
be computed such that the model will produce exactly the same results.
The value of 0.7 was selected so that F, does not vary too quickly or
too slowly as a function of AI,.

The amount of surface runoff is then computed as:
R, = F_*P _ v (20)

where R, is the surface runoff (inches)

Some would think that the maximum fraction of surface runoff should be
1.0 (i.e. F; should equal 1.0 when AI; = 0.0). While this is the case
for many watersheds there are also many watersheds that never reach
100 percent surface runcff. Watersheds with high saturated soil
permeability never reach 100 percent runoff even near the end of a
very large event. For example, at the French Broad River at Rosman,
North Carolina from September 28 to 30, 1964 the remnants of a
hurricane dropped over 12 inches of rain on the watershed. An
additional 1.5 inches occurred over the next 3 days. On October 4th
and 5th, 9.8 inches of rain from another hurricane produced the flood
of record. The percent surface runoff for this record event was only
32 percent. For this reason the parameter FRSX is needed.

4th Quadrant

The 4th quadrant is used to compute what portion of the precipitation
that does not become surface runoff (i.e. P-R,) enters groundwater
storage and eventually becomes baseflow runoff. The water that does
not become surface runoff or groundwater inflow enters soil-moisture
storage or becomes recharge to deep aqulfers No accounting of this
water is made in an API model.

Computation of Groundwater Inflow: Based on soil-moisture conditions
either none, some or all of the P-R, quantity enters groundwater
storage. It is first assumed that when SMI is less than SMIX (i.e.
surface storages not full), that groundwater inflow (G,) is zero.
Second it is assumed that when SMI = SMIX and the soil is wet enough,
that G; = P-R,. Since AI, is the available index to soil conditions,
there is a value of AI, below which all of the remaining water enters
groundwater storage. This value is referred to as the critical AI;

value (AICR). When AI, is greater than AICR, the fraction of P-R,
entering groundwater storage is reduced and approaches zero as AL,
approaches infinity (see Figure 2). The equations used to compute G;
are:

When SMI < SMIX:

F =0.0 _ (21)
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where Fj is the fraction of P-R, that enters‘groundwater
storage (decimal fraction)

When SMI = SMIX and AI; < AICR:

Fg =1.0 ‘ (22)
where AICR is the critical AI, value (i.e. AI, value below which
F, = 1.0) (inches)

g9

When SMI = SMIX and AI, > AICR:

Fg = CG (AII'AICR) . .. (23)
where CG is the curvature constant for groundwater inflow (0.0
< CG < 1.0) ' '

The actual amount of groundwater inflow is then:

1

Gy = F *(P-R) : ' (24)
where Gi is the groundwater inflow (inches)
Baseflow Runoff

The baseflow runoff equations of the Stanford Watershed Model
(Crawford and Linsley, 1966) are used to compute runoff from
groundwater storage in the Continuous API Model. The Stanford Model
baseflow component is simple, but yet has proven to adequately
represent baseflow runoff in a wide variety of basins. The Stanford
and Sacramento Models represent baseflow runoff in a very similar
manner. Both models assume that there are two baseflow runoff
components. First, there are the aquifers that feed the stream during
long periods with no groundwater recharge. In the Sacramento Model
this is termed primary baseflow runcff. Second, there are aquifers
that drain more rapidly and only feed the stream for weeks or months
after a period of recharge. The Sacramento Model refers to this
drainage as supplemental baseflow runoff. When both sets of aquifers
are contributing, the resulting baseflow recession rate is a weighted
average of the individual recession rates for each aquifer.

Baseflow Runoff Computations: A baseflow index (which is analogous to
API) is used to indicate the amount of groundwater inflow that has
occurred in the recent past. This index is computed as:

BFI, = K *BFI, + G, ' (25)
K, = BFIK (At/24) (26)
where BFI is the Baseflow Index (inches)

K is the BFI recession rate for the time period.

g
BFIK is the daily BFI recession rate
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BFIK is similar to the supplemental baseflow recession rate in the
Sacramento Model (i.e. BFIK = 1.0 - LZSK where LZSK is the daily lower
zone supplemental withdrawal rate in the Sacramento Model).

Baseflow runoff is then computed as:

R, = (1.0-K,) *(1.0+BFIM*BFI) *G, - : (27)
K, = BFPK (2t/24) (28)
where R is the baseflow or groundwater runoff (inches)
K, is the primary baseflow recession rate for the time
period :

BEFPK is the daily primary baseflow recession rate
BFIM is the weighing factor (BFIM > 0.0)
G, is the groundwater storage contents (inches)

BFPK is the same as the primary baseflow recession rate in the
Sacramento Model (i.e. BFPK = 1.0 - LZPK where LZPK is the daily lower
zone primary withdrawal rate in the Sacramento Model). BFIM
determines the relative magnitude of supplemental versus primary
baseflow runoff. If BFIM = 0.0 only primary runoff occurs.

The change in the groundwater storage contents are then computed as:
G52 = GSl + G, - Ry , (29)
Additional Features
The Continuous API Model can account for constant impervious area
runoff and riparian vegetation losses. Also the computational method

used by the model needs to be described.

Impervious Runoff: The model computes impervious runoff as:

R, = PIMPV*P . ' (30)

where R; - is the impervious area runoff (inches)
PIMPV is the fraction of the watershed that acts as an
impervious area {(decimal fraction)

Riparian Vegetation Loss: When the soil is quite dry, riparian
vegetation will withdraw water from groundwater seeping into the
stream. The antecedent index (AI) is used to reflect moisture
conditions. Riparian losses can occur when AI exceeds a specified
value (RVAI). Riparian losses are computed as:

When AI < RVAI:
L =0.0 : (31)

where RVAI is the AI value above which riparian vegetation losses
can occur (inches)
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L, " is the amount of riparian vegetation loss (inches)

When AI > RVAIL:

(32)
SMI

SMIX

* AT-RVAI
ATX-RVAI

L, = RIVA*E *( 1.0-

where RIVA .is the fraction of the watershed covered by riparian
vegetation (decimal fraction)
ATX is the maximum AI value for the current day
[AIX = AIXW + y* (AIXD-AIXW)] (inches)

The term E*(1.0-SMI/SMIX) represents the residual evaporation demand
from the surface layers and ((AI-RVAI)/(AIX-RVAI)) crudely represents
that the residual evaporation demand from the rest of the soil
increases as Al increases.

Computation Method: The Continuous API Model uses an explicit
solution to the equations where the value of the variables at the
start of the time interval represent the conditions during the
interval. To avoid significant errors during periods with large
amounts of precipitation, no time interval is allowed to contain more
than 0.2 inches of precipitation. Thus, during periods with large
amounts of precipitation, the model increments along the curves by
subdividing the period into shorter intervals.

Total Runoff: The total runoff generated by the Continuous API Model
is computed as:

R =R, + (R+R_ ) *(L-PIMPV) - L_ (33)

where R is the total runoff (inches)

Frozen Ground Effects

Frozen ground can have a significant effect on the amount of runoff
that results from rain or snowmelt. When the ground freezes, the
water that is in the soil pores will freeze causing a blockage and
thus a reduction in the infiltration rate. ©Unless the soil is quite
saturated when freezing occurs, there is initially very little
reduction in the rate of infiltration. This is because there is not
enough water in the pore spaces, especially in the larger spaces. The
infiltration rate is not reduced significantly until enough rain or
snowmelt enters the soil and freezes to restrict the entry of water
into the ground. As thawing occurs, the water frozen in the pores
melts allowing for water to again infiltrate at a rate unrestricted by
ice. The Continuous API Model attempts to account for the effect of
frozen ground by using a frost index and a frost efficiency index.

The frost index indicates the extent of frost in the soil (Anderson
and Neuman, 1984). The frost efficiency index indicates the degree to
which the soil pores have been filled with ice.

The frost index and frost efficiency index are intended to be
representative of the portion of the basin that can exhibit
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significant frozen ground effects on runoff. 1In general, open
agricultural areas experience much more significant frozen ground
effects than conifer forests with a thick litter layer. If a
watershed contains a mixture of open and forested areas, the indices
should be used to estimate frozen ground conditions in the open areas.
The overall effect of frozen ground on runoff for the basin is
computed using an effective frost area parameter.

1

Frost Index
The empirical frost index is computed as:

FI

, = FI, + AFI ‘ (34)

where FI is the frost index (DEGF), (subscripts refer to the
’ beginning and end of the time period)

FI is always < 32 DEGF. The change .in FI is computed differently
depending on whether the air temperature is above or below freezing.
When the air temperature is below freezing (i.e. frost is typically
growing) : '

| AFT = -C»[(T,-32)%+(F1,-32)% - C*(FI,-32) + GHC*(24/At) (35)
where C is the frost coefficient for the time interval
T, is the air temperature (DEGF)

GHC is the daily thaw rate due to ground heat (DEGE)

When the air temperature is above freezing (i.e. the frost is
thawing) :

AFI = C*(T,-32) + GHC*(24/At) : - (36)

Thawing can also occur due to heat transfer from rainwater, however,
since the amount of heat transferred is generally much less than from
the atmosphere, this factor is neglected.

Figure 4 depicts the change in the frost index when GHC is zero. The
frost index grows most rapidly when the air temperature is
considerably below the current FI value. The frost index will
continue to grow whenever the temperature is below freezing unless the
change due to temperature is less than GHC.

The frost coefficient that primarily controls the change in the frost
index is dependant on the heat transfer characteristics of the upper
soil layers. Frost will develop faster in an area with bare ground
than in an area covered by litter. When snow is on the ground, the
frost coefficient needs to be reduced due to the insulating effect of
the snow cover. The frost coefficient is computed as:

c = CSOIL*(At/G)*(l—SC)+CSOIL*(At/G)*SC*(l—CSNOW)We (37)

where CSOIL 1is the frost coefficient for non-snow covered soil (6
HR™) b
CSNOW is the reduction in CSOIL per inch of snow water-
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equivalent (decimal fraction)

W is the snow water-equivalent (inches)

e

Figure 5 shows the reduction in the frost coefficient as a function of
snow water-equivalent for typical values of the CSNOW parameter.

Frost Efficiency Index
The frost efficiency index varies between zero (frost has no effect on
runoff) and 1.0 (concrete frost exists over the entire area, thus
there is a 100 percent runoff rate). When there is insufficient frost
in the soil to freeze the water in the pore spaces, the frost
efficiency index becomes zero. .
The frost efficiency index is computed as:

FEI, = FEI, + AFEI : o " (38) .

where FEI is the frost efficiency index (subscripts refer to the
beginning and end of the time period)

Frozen ground has no effect on runoff when FI is greater than or equal
to a specified value, thus:

When FI > FICR:
FEI = 0.0 N (39)
where FICR is the critical frost index (DEGF) .
FEI can change due to water within the soil freezing when the frost
index grows, rain or melt water freezing when it enters frozen soil

and thawing when the air temperature is above freezing.

The change in FEI due to water in the soil freezing as frost develops
is computed as:-

When FI ZYFICR or FI, > FI;:
AFEI, = 0.0 , S (40)

When FI < FICR and FI, < FI;:

= 2
AFEI, = (1-FEI,) *CF*(1-AI )“*(FI,-FI,) (41)
where AFEI, 1is the change in FEI due to freezing

CF is the FEI freezing coefficient (DEGF™!)
AT, is - the ratio of current AI to AIX, the maximum value

for the date

The value of AI, is an indicator to the soil-moisture conditions.
Equation 40 indicates that the soil must be quite wet (i.e. most pore
spaces filled with water) before freezing temperatures will
significantly reduce infiltration and that the rate of water freezing
is reduced as more pores are filled with ice. The insulating effect
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of a snow cover is built into the computation of the FI values.

The change in FEI due to rain or meltwater freezing when it enters
frozen soil is computed as: . ) :

When FI > FICR or P = 0.0:

AFEI, = 0.0 ' ' (42)

When FI < FICR and P > 0.0:

AFEI. = —L «R*(1-AI_) *P o ' (43)
P CP r

COS [m* (1-FI )]
-+

R =0.5 (44)
2
where AFEIp is the change in FEI due to precipitation freezing in
the soil :
CpP is the FEI precipitation coefficient (inches)
FI, is the frost index ratio ((FICR-FI)/70.0); when (FICR-

FI) > 70, FI, = 1.0

CP is the amount of precipitation needed to raise FEI from 0.0 to 1.0
with wet so0il and maximum frost conditions. Equation 43 indicates
that more of the precipitation will freeze and clog the pores when the
soill is wet (precipitation is held in the soil and allowed to freeze)
and when there is significant frost (more chance of freezing before
water percolates below the frost level).
The change in FEI due to thawing is computed as: .

When T, < 32:

AFEI, = 0.0 : _ (45)

When T, > 32:

AFEI, = -Ct*(Ta—32) (46) -

C, = CT*(At/6) *(1-S_) + CT*(At/6)*S_* (1-CSNOW)"* (47)

where AFEI, is the chaﬁge in FEI due to thawing
CT is the FEI thaw coefficient for non-snow covered
ground (DEGF!'*6HR™)

Just as with the frost coefficient used in FI computations, the FEI
thaw coefficient is reduced when snow covers the ground.

The total change in the frost efficiency index is:

AFEI = AFEI, + AFEIp + AFET| ' (48)
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The frost efficiency index is used to compute the additional surface
runoff that occurs due to ice filled soil peres. It is assumed that
the rate of increase of additional surface runoff increases as FEI
increases (i.e. the relationship between FEI and additional surface
runoff is not linear). The frost efficiency, as noted earlier, is
only applied to the portion of the watershed where frozen ground has a
significant effect on runoff. The fraction of surface runoff when

frozen ground exists is computed as:

F_ ' =F_+ (1-F_)*FEI **EFA - (49)
where F.' is the fraction of precipitation that becomes surface
runoff when frozen ground exists (decimal fraction

EFA is the effective frost area (decimal fraction)

F,' is then used in place of F, in Equation 20. Figure 6 shows what
the 3rd quadrant of the model looks like for an effective frost area
of 1.0.

Additional Frozen Ground Modifications

In addition to modifying the fraction of the precipitation that
becomes surface runoff, the computation of API and SMI need to be
modified when frozen ground exists. The API recession rate is assumed
to be 1.0 and the evaporation amount used to compute SMI is assumed to
be zero over the EFA when frozen ground is present. When significant
frozen ground exists (FI < FICR), the API recession rate becomes:

APIKf = 1.0*EFA + (1—EFA)*APIKs (50)
where APIK; = daily API recession rate when frozen ground exists

When frozen ground exists, the evaporation value used in SMI
computations (Equation 16) becomes:

E, = (1.0-EFA) *E_ : , . (51)

where E; is the evaporation when frozen ground exists (inches)

In addition to reducing the API recession rate, the precipitation
value used in computing API (Equation 4) is modified when frozen
ground exists. As the soil pores fill with ice (i.e. FEI increases),
more of the subsequent precipitation becomes surface runoff and less
goes to increasing soil moisture. Thus, the API value should not

increase by the full amount of new precipitation. If no reduction is
applied to the precipitation amount used to compute the change in API,
the soil will be too wet after the frost is gone. Thus, when frozen

ground exists, Equation 4 becomes:
'API, = K *API, + (1-(FEI*EFA))*P , (52)

The recession rate, K,, is computed from APIK; using Equation 5.

p/

Parameter Summary
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The parameters of the basic Continuous API Model and the parameters
associated with the frozen ground option are summarlzed in this
section.

Basic Model Parameters

The parameters of the ba31c Continuous API Model can be d1v1ded into 3
categories.

Category 1: This category contains the parameters that need to be
determined through trial-an-error and automatic calibration
procedures. These parameters typically can't be determined based on a
hydrograph analysis or physiographic factors. The category 1
parameters are:

o AIXW, CW, AIXD, CD - These lst quadrant parameters define the wet
and dry curves relating API to AI and are probably the most crltlcal
parameters to be determined by the calibration process.

o CS - Seasonal curvature exponent used to control the transition from
dry to wet curves in the 1lst quadrant. A value of 1.0 results in a
sinusoidal transition from late summer to winter conditions. Values
considerably greater than 1.0 (e.g. 2.5-4) cause a rapid change in
the fall and are indicative of watersheds where the soil-moisture
deficit built-up during the summer is reduced to zero over a
relatively short period of a month or so in the fall.

0 AICR and CG - These 4th quadrant parameters control how much of the
precipitation that does not become surface runoff enters groundwater
storage. The parameters control the magnitude of baseflow. Changes
to lst quadrant parameters will affect groundwater inflow because
the AI values will change, however, changes to AICR and CG will not
affect surface runoff computations. :

0o BFIM - This weighing factor controls the magnitude of faster
responding or supplemental baseflow relative to slowér responding or
primary baseflow. BFIM thus controls the timing of baseflow runoff
assuming the two recession rates are reasonably correct.

Category 2: This category contains the parameters that can generally
be derived from a hydrograph analysis or from physiographic
information about the watersheds. These parameters should require
little if any adjustment as part of the calibration process.

0 WKW and WKD - The week number of the wettest and driest times of the
year can usually be obtained from a general knowledge of the area.
WKW generally occurs from late February through early May with the
later dates being associated with northern or mountain basins with
considerable snowmelt runoff. WKD usually occurs in August or early
September.

0 APIKS - The daily API recession rate when the ground is completely
" covered by snow. In areas with long periods of snow cover with

little rain or melt, use an APIKS of 1.0 so that soil moisture
conditions prior to the snow cover are remembered when snowmelt
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occurs in the sprihg. In temperate zones where significant rain or
melt can occur when a snow cover exists, APIKS should only be
slightly greater than APIK. C e

0 SMIX - The maximum value of the surface moisture index represents,
the size of interception, depression and surface moisture storage.
In general, significant surface runoff does not occur until SMI =
SMIX. The correct general magnitude of this parameter is important,
but the results do not appear to be sensitive to small changes in

. the value of SMIX. A reasonable estimate of SMIX can usually be

determined by finding the amount of precipitation needed to cause
surface runoff after a dry period in the summer.

o FRSX - This parameter represents the maximum percent surface runoff
that can ever occur. In many watersheds a good approximation of
FRSX can be derived by computing the percent surface runoff for a
very large event that occurs when the soil is wet. The value of
FRSX is somewhat greater than the percent runoff for the event since
the percent runoff at the end of the event is greater than for the
event as a whole. 1In the case of basins where the maximum percent
runoff occurs near the end of extended snowmelt periods, an initial
estimate of FRSX is much more difficult to derive.

o PEX and PEN - These are the maximum and minimum daily evaporation
rates and are assumed to occur on July 15th and January 15th,
respectively. These values are obtained from historical evaporation
data. Sometimes the values should be adjusted for the effect of
vegetation (e.g. in areas with deciduous forests, the value of PEN
should be adjusted downward or even set to zero in northern
climates). :

o EFC - The effective forest cover is used to adjust evaporation rates
when snow exists. It is equal to the fraction of the area covered
by conifer forests times the average cover density.

o BFIK and BFPK - These are the daily recession rates for short-term
or supplemental baseflow and for long-term or primary baseflow.
These values can usually be derived from historical streamflow data.

o PIMPV - The percent impervious area also can usually be estimated
from historical data. Streamflow and concurrent precipitation data
are required.

o RVAI and RIVA - The values of these riparian vegetation parameters
can not be derived in advance, but the presence of riparian losses
can be detected. Sharp baseflow recessions during dry summer months
indicate that riparian losses exist. Sometimes the flow will go to
zero during these periods, but then recover in the fall without the
occurrence of significant recharge. When these losses exist, the
calibration is normally done with RVAI and RIVA set to zero and then
as a final step the riparian loss is included. At this point
estimates of RVAI and RIVA can be made by comparing the simulated
hydrograph without riparian losses with the observed hydrograph.

Category 3: This category contains the parameters that generally have
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the same or a similar value'for all watersheds. Very seldom are
different values required.

o APIK - The daily API recession is normally set to 0.9.

0 APIX - The maximum allowed API value is generally 1n the range of 8-
10 inches.

The parameters for the special seasonal_variation options involving
AEI and ATI are not included in the parameter summary.

Frozen Ground Parameters

The Continuous API Model parameters involved in frozen ground
computations can be divided into those used to compute the frost index
and those used in calculating the frost efficiency index and its
effect on runoff. :

Frost Index: There are 3 parameters used to compute the frost index.
These parameters are:

o CSOIL - The frost ccefficient for bare ground conditions controls
both the growth of the frost index (freezing) and the decay of the
frost index (thawing). This is the most important parameter in the
calculation of the frost index. Open areas with bare soils should
exhibit the greatest amount of frost and the highest CSOIL values,
while areas with a litter layer will have less frost and the lower
values of the parameter.

o CSNOW - Accounts for the insulating effect of a snow cover. Even a
few inches of snow depth can reduce the frost coefficient by 80-90
percent.

0 GHC - This parameter controls how the frost index is affected by
heat transfer from below the frost layer. Ground heat provides a
small, but steady reduction in the frost index. The primary need
for GHC is to reproduce the thaw1ng of frozen ground that occurs
under a deep snow cover.

Frost Efficiency Index: There are 5 parameters used in computing the
frost efficiency index and its effect on runoff. 1In addition, the
CSOIL parameter is also used during FEI calculations. The parameters
are: :

o0 FICR - The value of the frost index above which soil frost has no
effect on infiltration and the generation of runoff. A small amount
of soil frost will essentially have no effect.

o CP - The amount of precipitation that must freeze in order to fill
the soil pores with ice. Even when there is deep frost penetration,
there will not be much effect on runoff until there is sufficient
rain or snowmelt to fill the soil pores and freeze.

o CF - The FEI freezing coefficient controls the increase in FET
during cold periods. Rain or snowmelt does not occur during these
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periods. The frost efficiency index will increase slowly due to

- freezing of existing water in the soil pores. CF has a minor effect
on the increase in FEI unless there are very high soil-moisture
conditions when frost is formed.

o CT - The FEI thaw coefficient controls the decrease in FEI when
thawing of the soil occurs. CT will determine how long it will
take, once warm weather occurs and the snow melts, for the effect of
soil frost on runoff to disappear.

o EFA - The effective frost area controls the portion of the watershed
that runoff generation can be significantly affected by frozen
ground. The frost index and frost efficiency index values are
intended to be representative of this portion of the basin.
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' Figure la. Typical event API Rainfall-runoff relationship:
" graphical coaxial relationship
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 Figure 1b. Typical event API rainfall-runoff relationship:
precipitation versus runoff as a function of
antecedent conditions
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Figure 2. Graph of the 4 gquadrants of the Continuous API Model
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Figure 3. Seasonal variation of y for typical values of WKW and WKD
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Figure 4. Graphical depiction of the change in the frost index (AFI)
versus air temperature (T,) with no ground heat
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Figure 5. The reduction in the frost coefficient as a function of
‘the amount of snow for typical values of CSNOW
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Figure 6. 3rd quadrant of the model when frozen ground is included
(assumes an effective frost area of 1.0)
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Antecedent Precipitation Index (APl) Regions
With Drainage Basins Above Guntersville Dam
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for different §,I.C. categories. _An accuracy of ¥10 to *20 percent should easily
be attainable, The accuracy requirements will depend on the ratio of the mass
rate of flow of a constitﬁeﬁt in the source to its mass flow in the receiving
waters, |

The spatial and temporal resolution of a constituént'depends on the half-
lifeybf the constituent, variability of the source, response time of the

‘'stream, and the averaging period, For D,0. it has been suggested that (13)

diurnal variation #0.5 mg/1
seasonal variation *1-2

mean annual change %1

The samé reference gives the ability of a network to detect fhe long-term
trend as +20 percent. ' . | _ '

The desired precision of estimate is alsé related to the extrapolation
desired. The longer the extrapolation period used in predictive'mbdels, the Sk
more stringent are the accuracy réquirements'of the rate of change. | )

The adequaéy'of error is also related to the desired confidence level for

defining the instream water quality. ' i

3.8 Sample Size

In monitoring design, a decision must be made as to the sizebof the sample.*
Too large a sample results in wasteful use of resources, and too small a samplé - .§
diminishes the utility of results, The uncertainty inherent in an estimate is
related to the sample size. The larger the sample éize, the more closely would
the sample statistics agree with population values, However, the standard
error does not decrease proportionately with the increase in sample size, One"
has to balance the conflicting demands of cost and aécuracy.

If the sample size is increased, a more precise estimate of the population
mean will be obtained for the same confidence level or the same précision will

be achieved with increased confidence,

B S R F IS SRS K S

Often the population variance is not knéwn; this must somehow be estimated.
One cannot say for sure how good the selected sample size is.
The sample size will depend on the water quality parameter to be sampled.

In a multi-parameter monitoring network some method for reconciling these

values must be found, The chosen sample sizé should be evaluated to see i
whether it is consistent with the resources available for the monitoring
program.

44
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The sample size for a specified degree of confidence and allowable error
is given by ‘
t282 - tz(CV)2
2

w-xn® e
where
is the'Student's"value for the desired confidence level,
P is the allowable departure from true mean expressed as a
fraction, | |
H-x is the allowable error, v
is an estimate of the standard deviation of the population, and

CV is the coefficient of .variation of the parameter,

The coefficient of variation can be estimated if the sample population distribu-
tion is known, For a normal distribution, CV = % where m is the mean. For a

log-normal probability distribution
CV = Antilog Sg - 1

where Sg is the geometric standard deviation.

3.9 Seasonal Variation of Parameters

The first requirement for the validity of any statistical analysis is that
the data being analyzed come from a.homogeneous population; An analysis of
Weiss' data (6) for Haw and New Hope_Riﬁers shows that there are significant
seasonal differences in the concentration values of different parameters,

The mean and standard deviation of concentration values for winter season at
station HAW-5 are given in Table 15 and those for summer months in Table 16.
The t-test for the difference between sample means was used for significance.
The t-values show that there are significant differences for flow, tempera-
ture, pH, D,0,, total carbon, total soluble carbon, ammonia-nitrogen, nitrite-
nitrate nitrogen, The difference was not significant at 5 percent level for
turbidity, suspended solids, conductivity, BOD; inorganic carbon, chlorophyll,
orthophosphate, total phosphorﬁs, and kjeldahl nitrogen, .

The variance-ratio test to investigate whether the summer and winter
sample variances are sufficiently alike showed that there were significant
differences for flow, temperature, conductivity, D,0., inorganic carbon,
chlorophyll, ammonia-nitrogen, nitrite-nitrate nitrogen, 6rth0phoSphoruS, and

total phosphorus. So the only parameters for which there is no significant

45
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10133 Sherrill Boulevard, Suite 200 " BARGE
Knoxville, TN 37932 : B ‘ N 75‘ ShmeONeR
(865) 637-2810 : CANNDN, ING.

(865) 673-8554 Fax

MEETING NOTES

Date of Meeting: 02/11/09 ,

Project: . TVA Hydrology, BLN Units 3&4, API Calculation CDQ000020080052
Location of Meeting: TVA .

Subject: RI values below 20

BWSC File No.: 3410702

PARTICIPANTS:

cc: Gary Hauser (TVA Retired), Ramon Lee (contractor), Greg Lowe (contractor),
David Hunt (NSAI), Stu Henry (BWSC)

ITEMS DISCUSSED:

1. RI values below 20 are included in the FLDHYDRO code, but no values in the API lookup
tables reference these values. In searching for the genesis of these values, a copy of tables
showing RI values below 20 was found in TVA files dated 10-7-76 and marked ‘preliminary’
(see attachment). The 1n1t1als of the author indicated that Gary Hauser, a TVA retiree, had
produced this document.

Discussions during a meeting with Mr. Hauser at the TVA Knoxville offices indicated that
he remembered extrapolating the tables down to RI = 16 based on the délta surface runoff
factor (SRF) between RI = 20 and RI = 21. Mr. Hauser was able to retrieve a copy of
extrapolated tables from his personal files (see attachment). He also had a sheet labeled 10-
27-76 that showed that the SRO = f(RI,SRF) curves had subsequently been curve fit using a
polynomial regression equation. '

2. Mr. Hauser could not remember the specific reasons for extending the curves down to
RI = 16, but believed it was done to incorporate the extension of the RI and runoff values
through equations instead of the look up tables into a computer code (NARFE) which was
the predecessor to FLDHYDRO.

3. A review of the values in Mr. Hauser’s preliminary table and the FLDHYDRO lookup table
showed that the values in FLDHYDRO did not match those in the preliminary table.
Apparently the values were adjusted or re-extrapolated prior to inclusion in the FLDHYDRO
code.

Page 1 of 9
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Meeting Notes
TVA Hydrology
02/18/09

Page 2

4. Mr. Hauser did not assist in writing the FLDHYDRO code and had no knowledge about the-
preliminary Rl extrapolation below 20 being subsequently used or adjusted.

After the meeting, a review of tables used currently by TVA River Operations showed a maximum
API of 5 and minimum RI of 20 confirming that RI values below 20 are not currently in use.

{ .
Signed: W Date: 02/18/09

on 'Lee )
Signed: }5/@2“/ Date: 02/18/09
Greg Iﬂwe P.E. »
Signed: 0J G/\»\/Q 8 N M | Date: 02/18/09
David B. Hunt. ' ‘ ,

Signed: % 1. %é\ ___Date: 02/18/09

Stuart N. Henry, P.E.

cc: Gary Hauser (via e-mail)
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CDQ000020080052 APl and Rain Runoff Relationship for TN River Watershed - Attachment 36

| . L58 0803825 g0¢
Bellefonte Units 3 and 4
Hydrology Project
Request For Information (RFI)
Response Information Continuation Sheet

RFi Number: | BE21146056B028 | Rev. 0 | Page1 of 2

This provides initial PMP data for the 5 subbasins (French Broad River at Asheville, unit area
1; Nolichucky River at Embreeville, unit area 4; Norris Dam, unit area 26; South
Chickamaunga Creek near Chattanooga, unit area 46; and Sequatchie River at Whitwell, unit
area 48) used in the comparison of different rainfall runoff methods. This initial PMP data
was used in the original BLN study and was manually determined by planimetering. For the
current BLN study the PMP is bemg determined using GIS procedures and minor differences
are expected

The PMP rainfall defined in HMR-41 is a nine-day event consisting of a 3-day antecedent
storm, a three-day dry period, and a 3-day main storm. The 3-day antecedent storm is 40
percent’ of the main storm and is postulated to occur evenly over the watershed above
Gunter sville.

The attached table provides.thé antecedent and main storm rainfall for the 5 subbasins
together with the adopted time distribution.

References: | TVA calcilation CDQ000020080052

| Data Source - TVA file book 254-10 2, Book I, Bellefonte Design Floods,
March 21,400 Square Mile PMF located in Chattanooga, Nuclear Power Group.
(NPG}) - Document Control Records Management (DCRM), :

, Ex:epa!jedBy / Date: : Giges { “‘f %& 3 /Z«/ [ 0O éf

s

Checked By / Date: ‘
wo«*},m fk&, a&/‘(@ J/o?‘?/é Vd

Approved For Use /
TVA Project Engineer @// / / A5 /.2 o0 ?
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CDQ000020080052 AP! and Rain Runoff Relationship for TN River Watershed - Attachment 36

Bellefonte Units 3 and 4
Hydrology Project
Request For Information (RFI) ,
Response Information Continuation Sheet

RFI Number: | BE21146056B028 | Rev. 0 | Page 2 of 2
Rainfall, Inches :
| 6-Hour Antecedent | Unit Area | Unit Area | Unit Area | Unit Area | Unit Area
Period Storm 1 4 26 46 48

1 16

2 A8

3 21

4 22

5 1.05 _

6 2.02 Antecedent rainfall distributed evenly over the

7 69 total watershed above Guntersville

8 - 56

9 A3

10 36

11 29

12 27 _
't 13-24. | 3-day dry period -

25 40 .40 A0 40 .30
26 .40 40 40, 40 30
27 .60 .50 . .50 40 40
28 Main Storm .60 60 .50 50 40
29 R '2.80 2.60 2.40: 2.20 1.70
30 5.40 4.20 380 | 300 1.80
31 1.90 1.70 1.60 L50 1.30
32 1.50 1.30 1.20 1.10 1.00
33 1.20 1.10 1.00 90 .80
34 1.00 80 80 80 70
35 .80 .80 .60 60 .50
36 .80 70 .60. 30 60

Page 2 of 3




CDQO000020080052 API and Rain Runoff Relationship for TN River Watershed - Attachment 36

WA REQUEST FOR INFORMATION (RF1)

BLN Hydrology Support
RFI NUMBER: BE21146056B028 DATE: 19 March 2009
PREPARED BY: Stuart Henry/BWSC PHONE/FAX: |
TO: Perry Maddux, TVA cc: Greg Lowe. Ramon Lee l
REFERENCE DRAWING(S): ' : | REV.:

PROJECT DOCUMENTS: ’ ) _ REV:

INFORMATION REQUESTED:

Please provfde the following for development of the AP! and Rain Runoff Retationship for the Tennessee
River Watershed (CDQ00020080052):

=  Preliminary PMP rainfall data for use in rainfall runoff calculation comparison. Data is not for use in
final controlling calculations Data shall include time step and rainfall in inches for the HMR-41 O-

day event.
RESPONSE REQUIRED BY: 25 March 2009
ASSUMPTIONS:
IMPACTS: ) Information is input to AP! catc Cannot release revised caic until
resolved. :
WORK STATUS: _ CONTINUING: [X ' ' sTOP:[]

APPROVED FOR ISSUANCE TO TVA:

C@_g\s\;_DCj %N\G.PO DATE: 03-19-2009
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. CDQ000020080052 API and Rain Runoff Relationship for TN River Watershed - Attachment 37

gieswm " Dart 630 Hydrology
herenie National Engineering Handbook

Natural
Resources )
Conservation
Service

Estimation of Direct Runoff

“Chapter 10
| | from Storm Rainfall

Rain clouds

"Precipitation

—_— T
v

;\
v Urace funoge

) Ny,
AXRARAA A4 AV )
. Perco!at[o;l.' e " '?

-----

4

\4

K vé
VROC v

Deep percolation

(210-VI-NEH, July 2004)
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CDQ000020080052 API and Rain Runoff Relationship fqr TN River Watershed - Attachment 37

Chapter 10 Estimation of Direct Runoff Part 630 .
from Storm Rainfall National Engineering Handbook
Table 10-1 Cuve numbers (CN) and constants for the case I, = 028
L] .
1 2 3 4 5 1 2 3 4 5
. CNfor --CNfor ARC-- S valueg* Curve* starts CNfor --CNfor ARC-- Svalues* Curve* staits
ARCHI B ¢ m whereP= ARCH 1 . where P =
(in) * (im) () (in)

100 100 100 0. 0 60 40 78 667 133
99 97 100 101 02 59 39 77 695 139
98 94 99 204 04 58 38 76 - 724 145
97 91 . 99 309 06 - b7 37 75 754 151
96 89 99 417 - .08 b6 36 75 786 157
95 87 98 526 A1 55 35 74 8.18 164
94 85 98 638 .13 54 34 . 73 8.562 170
93 83 98 753 15 53 ‘33 72 8.87 177
92 81 97 870 A7 52 32 71 923 185
91 80 97 989 20 51 31 70 961 192
90 78 96 111 22 50 .3‘1 70 100 200
89 - 76 96 124 25 49 30 69 104 208
88 (L) 95 136 27 48 29 68 108 216
87 73 95 149 30 47 28 67 113 226
86 T2 - 94 163 33 46 27 66 117 234
85 70 94 176 35 45 26 65 122 244
84 68 93 190 38 44 25 64 127 254
83 67 93 205 41 43 25 63 132 264
82 66 92 220 44 42 24 62 138 - 276
81 64 92 234 47 41 23 61 144 288
80 63 - 91 250 - 50 40 22 60 150 - 300
79 62 91 266 b3 39 21 59 156 312
78 60 90 282 b6 38 21 58 163. 326
77 - 59 . 89 298 60 37 20 57 170 - 340
76 58 - 89 316 63 36 19 56 | 178 356
75 57 88 3.,33 67 35 18 . 55 186 372
74 65 88 3561 70 34 18 54 194 388
73 54 87 370 .74 . 33 17 B3 203 406
72 b3 86 389 .78 32 16 52 212 - 424
71 52 86 408 82 31 16 51 222 444
70 51 85 428 86 30 15 b0 233 4866
69 50 84 4.49 90 25 12 43 300. 6 00
68 48 84 470 94 20 9 37 40.0 8.00
67 47 83 4.92 98 16 6 30 567 11.34
66 46 82 515 1.03 10 4 22 90.0 18.00
66 45 - 82 5.38 1.08 -5 2 13 190.0 - 38.00
64 44 81 562 1.12 0 0 0 infinity infinity
63 43 80 5.87 117 ' S
62 42 79 6.13 1.23

61 41 78 6.39 128

# For CNin column 1

10-6

(210-VI-NEH, July 2004)
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