
PART 5

REVIEWS AND COMMENTS DURING
PREPARATION OF DRAFT OF MANUAL

Reviewers

In late 1988, drafts of the three major sections of the manual relating
to rainfall-runoff modeling; that is, rainfall criteria, rainfall losses, and
unit hydrographs, were available. In December 1988, copies of these drafts
were sent out to various professionals for the purpose of receiving critical
review. A letter to the Flood Control District dated 30 December 1988 (Appen
dix 5-A) lists the individuals that were solicited to perform such a review,
and that letter indicates which draft section(s) each individual was asked to
review. A copy of the letter that was sent to each reviewer is contained ill
Appendix 5-A.

Comments

Either written or verbal review comments were received from reviewers.
Dr. Herman Bouwer forwarded the draft review copy to Dr. Kenneth Renard and
Dr. Bouwer requested that Dr. Renard provide a review. Subsequently, review
comments were received from Dr. Renard.

The written review comments that were received and the subsequent corre
spondence with several of the reviews is contained in the following appen
dices:

A?PrNVIX
5-B
5-C
5-0

5-E

5-F
5-G

Dr. Walter Rawls
Dr. Leonard Lane
Dr. Kenneth Rennard

(for Dr. Herman Bouwer)
Mr. Harry Millsaps

(for Mr. Robin McArthur)
Dr. Herb Osborn
Mr. C.O. Clark

Written review comments and suggestions were carefully considered, and
when appropriate, comments and suggestions were incorporated into subsequent
drafts of the manual.

Verbal review comments were received from the following:
Mr. John Pedersen
Mr. Art Cudworth
Dr. David Woolhiser
Mr. V. Ottozawa-Chatupron.



These verbal review comments were received in office visits with these indi
viduals and records of such comments are not available. Mr. Pedersen had
several questions, comments, and suggestions that were either resolved in our
discussions or were incorporated in revisions to the manual. Mr. Cudworth had
been instrumental in supplying data and serving as an advisor in the prepara
tion of the S-Graph Report (Sabol, 1987) and his review comments were minimal.
Dr. Woolhiser's comments were of a more conceptual nature relating to the
general procedure that was being proposed in the manual. No significant con
cerns were reported by those three reviewers. Mr. Ottozawa-Chatupron's
responses were more in regard to the use of those techniques in an ADOT
Highway Drainage Design Manual that was being prepared at that time. His
comments, being related to another project, are not contained, herein.
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G EOIWE V. SABOl. I'h.Il., I'f.

CONStJI.TIN(: EN(~INf.f.R

I:]" I EAST I1lst AVf. NliE

BRIGHTON, COLORAIlO H0601

(:]o:1l 1"7·()!lA9

30 Dp.cernbp.r 1988

~~r. Joe Rumann
Hydrologist
Flood Control Districi of Maricop~ Counly
3335 West Durango
Phoenix, Arizona 85009

Dear Joe:

F n c los <'! din '111 8 d r n flo fill P. n '" I IIf ,11 I L () <:; C; p. <; C; P. eli 0 fl (l f I h e
M<:l ric 0 paC 0 u n I' y II Yd ,. 0 I () ~ Y Ma fl U n I. [ v (J ,- Y I i III e I hat ,- eel d -I his I
h a v e a des Ire loa d d, del e'l 8, 0 r c han yes 0 met h i n 9 • I l h ink t h a -t
I w I I I qui t read i n g i" a II d I 81 other sl ak e 0 vel" • As Ive
discussed, I sent copies of the drafis of the various sections 10
qualified individuals fOI- iheir review and comment. I have asked
reviewers to concen1rate on certain sections and I have provided
other sections to some reviewers for their general information
only. This is slImmi'trizp.r1:

Reviewer

( 1 )

John Pedersen, Corps of Eng.,
Art Cudworth, USBR, Denver
Robin McArthur, SCS, Phoenix
Dave Woolhlser, ARS, Tucson
Leonard Lane, ARS, Tucson
Herb Osborn, ARS (relired)
Walter Rawls, ARS, Beltsville
Herman Bouwer, U.S. Water

Cons. Lab., Phoenix
V. ottozawa-Chatupron, ATRC

Phoenix
C.O. Clark (retired), Oklahoma

na i n f a I Rainfall Unit
Losses Hydrographs

( 2 ) (3) ( 4 )

LA R I R
R R

r, R n
I I I
I R I
R

R

R

I
R

R - Review is requested
I - For information of revle~ler.

requested
Review and comments are noi



Mr. J. Rumann
30 December 1988
Page 2

I wi II be returning on 3 Februar-y 1989 and will contact yOll the
week of 6 February. Hopefully all reviews can be completed
during my absence, and we can finish the manual early next year.

The signed contracts are also enclosed. Thanks for taking care
of this. I do appreciate and enjoy having the opportunity to
continue to work with you and oihers a1 the Flood Control
District.

Best wishes for 1989.

Sin c ere I y you r" 5 ,

George V. Sabol

.....

Enclosures: 1 •
2.
3.

Copy ot review package
Copies of letters to reviewers
Signed copies of contract (5)



GEORGE V. SABOL Ph.D., P.K

CONSULTING ENGINEER

1351 EAST 141At AVENUE

BRIGHTON, COLORADO 80601

(30:1) 4fi7 -09119

30 December 1988

Mr. John Pedersen, P.E.
U.S. Army Corps of Engineers
Los Angeles District
P.O. Box 2711
Los Angeles, California 90053-2325

Dear John:

The flood Control District of Maricopa County Is presently
preparing a Hydrology Manual for use In Maricopa County, Arizona.
As this Is a major undertaking with significant technical,
social, and economic Implications for Maricopa County, we would
appreciate your review of some sections of the draft of that
manua I.

Your assistance by reviewing the Ralnfal I and Unit Hydrograph
Procedures section would be greatly appreciated. I have also
enclosed the Ralnfal I Losses section for your general
Information, and your review of this section Is also encouraged
but not requested

I wII I ca I I you I n February to rece I ve any comments' and
suggestions that you may have, or you may mal I them to me and Mr.
Joe Rumann at your convenience.

Thank you In advance for your cooperation.

Sincerely yours,

~~
George V. Sabol

Enclosures:

Copy:

Copy of draft sections of Hydrology Manual as
noted.

Mr. Joe Rumann, Hydrologist, Flood Control District
of Maricopa County



GROnGE V. SABOL Ph.D., P.E.

CONSULTING ENGINRER

1351 EAST 141st AVENUE

BRIGHTON, COLORADO 80601

(303) 457·0989

30 December 1988

Mr. Art Cudworth
Hydrology Branch
U.S. Bureau of Reclamation
Engineering and Research Center
P.O. Box 25007
Denver, Colorado 80225

Dear Art:

The Flood Control District of Maricopa County is presently
preparing a Hydrology Manual for use In Maricopa County, Arizona.
As this Is a major undertaking with significant technical,
social, and economic Implications for Maricopa County, we would
appreciate your review of some sections of the draft of that
manual.

Your assistance by reviewing the Rainfal I Losses and Unit
Hydrograph Procedures sections would be greatly appreciated.

I wi II call you I n February to receive any comments and
suggestions that you may have, or you may mai I them to me at your
convenience.

Thank you in advance for your cooperation.

Sincerely yours,

George V. Sabol

Enclosures:

Copy:

Copy of draft sections of Hydrology Manual as
noted.

Mr. Joe Rumann, Hydrologist, Flood Control District
of Maricopa County



GEORGE V. SARO" Ph.D., P.E.

CONSULTING ENGINEER

1351 EAST 141st AVENUE

BRIGHTON, COLOHADO 80601

(303) 457·()98!l

30 December 1988

Mr. Robin McArthur
Soi I Conservation Service
201 E. Indianola Ave.
Suite 200
Phoenix, Arizona 85012

Dear Mr. McArthur:

The Flood Control Disirlct of Maricopa County Is presently
preparlng a Hydrology Manual for use In Maricopa County, Arizona.
As this is a major undertaking with significant technical,
,social, and economic implications for Maricopa County, we would
appreciate your review of some sections of the draft of that
manua I.

Your assistance by reviewing the Rainfall, Rainfall Losses, and
Unit Hydrograph Procedures sections would be greatly appreciated.

I will call you I n February to receive any comments and
suggestions that you may have, or you may mal I them to me and Mr.
Joe Rumann at your convenience.

Thank you In advance for your cooperation.

Sincerely yours,

George V. Sabol

Enclosures:

Copy:

Copy of draft sections of Hydrology Manual as
noted.

Mr. Joe Rumann, Hydrologist, Flood Control District
of Maricopa County



GEORHE V. SABOL Ph.D., P.E.

CONSULTING F.NGlNEF.R

1351 EAST 1418t AVENUE

BRIGHTON, COLORADO 80601

(303) 457·0989

30 December 1988

Dr. David Woolhlser
Arid Lands Watershed Management Research Unit
200 E. Allen Road
Tucson, Arizona 85719

Dear Dave:

'The Flood Control District of Maricopa County Is presently
preparing a Hydrology Manual for use In Maricopa County, Arizona.
As this Is a major undertaking with significant technical,
social, and economic Implications for Maricopa County, we would
appreciate your review of some sections of the draft of that
manual.

As we discussed I n your of f I ce on 7 December, whatever I eve I of
review that you can provide of this material wi I I be greatly
appreciated, but do not feel under any obligation to undertake
this task. I have enclosed the Ralnfal I, Rainfal I Losses, and
Unit Hydrograph Procedures sections for your information and
possible review.

I will call you I n February to recel ve any comments' and
suggestions that you may have, or you may mai I them to me and Mr.
Joe Rumann at your convenience.

Thank you in advance for your cooperation.

Sincerely yours,

George V. Sabol

....

Enclosures:

Copy:

Copy of draft sections of Hydrology Manual as
noted.

Mr. Joe Rumann, Hydrologist, Flood Control District
of Maricopa County



GEORGE V. SA80l. Ph.f)., P.K

CONSULTING ENGINEER

1351 EAST 141st AVENUF.:

BRIGHTON, COLORADO A0601

(:103) 4n7·09R9

30 December 1988

Dr. Leonard Lane
Arid Lands Watershed Management Research Unit
200 E. Allen Road
Tucson, Arizona 85719

Dear Leonard:

The Flood Control Disirlc~ of Maricopa Counly Is presently
pre par I n9 a Hy dr 0 log Y Man ua I for- use I n Mar Icop a Co u nt y, 1\ r i Z 0 n Cl •

As this is a major undertaking with significant technical,
social, and economic Implications for Maricopa County, we would
appreciate your review of some sections of the draft of that
manual.

As we discussed on 7 December, your assistance by reviewing the
Ralnfal I Losses section would be greatly appreciated. I have
also enclosed the Ralnfal I and Unit Hydrograph Procedures
sections for your general Information, and your review of these
sections Is also encouraged but not requested.

I will call you In February to receive any comments and
suggestions that you may have, or you may mal I them'to me and Mr.
Joe Rumann at your convenience.

Thank you In advance for your cooperation.

Sincerely yours,

George V. Sabol

Enclosures:

Copy:

Copy of draft sections of Hydrology Manual as
noted.

Mr. Joe Rumann, Hydrologist, Flood Control District
of Maricopa County



GEORGE V. SABOL Ph.D., P.E.

CONSULTING ENGINEER

1351 EAST 141st AVENUE

BRIGHTON, COLORADO 80601

(303) 457-()989

30 December 1988

Dr. Herb Osborn
2341 South Lazy A Place
Tucson, Arizona 85713

Subject: Maricopa County Hydrology Manual and
ADOT Highway Drainage Design Manual

Dear Herb:

As you may be aware, the Flood Control District of Maricopa
County Is preparing a Hydrology Manual for use In Maricopa
County, and the Arizona Department of Transportation is preparing
a Highway Drainage Design Manual for use throughout the state of
Arizona. I have talked to you on several occasions about data
from Walnut Gulch and about ralnfal I criteria for use within
Maricopa County and Arizona. The Ralnfal I section of the
Maricopa County Hydrology Manual has been drafted, and I would
appreciate it if you could review this and provide comments to
me. Keep In mind that this Is for Maricopa County but I would
also I Ike your comments In regard to using the same, or simi lar
type of rainfall criteria for use throughout Arizona In the ADOT
Highway Drainage Design Manual.

I apologize for not talking to you about this in advance of this
letter, but I have not been successful In contacting you by phone
during the hoi Idays. I visited Dave Woolhlser and Leonard Lane
In Tucson on 7 December. I had planned to cal I you that day but
I was unexpected Iy ca I Ied away from Tucson on other matters and I
couldn't talk to you. I am sending the Rainfall, Rainfall
Losses, and Unit Hydrograph Procedures sections to Dave for his
Information and possible review, contingent on his time for such
a rev I ew. Leonard has agreed to rev I ew the Ra I nf a I I Losses
section. Your review of the Ralnfar I section would be very
valuable because of your faml I larlty with the subject and your
expertise In this area. I real ize that you have retired from the
ARS, and 11 m sure that I could provide some amount of consulting
fee to you for this review.

I will be out of the country from 1 January through 5 February.



Mr. H. Osborn
30 December 1988
Page 2

When I return I wi I I contact you regarding this. Thank you In
advance for your cooperation.

Sincerely yours,

George V. Sabol

Enclosure: Ralnfal I section of Maricopa County Hydrology Manual

Copy: Mr. Joe Rumann, Flood Control District of Maricopa County
Mr. V. Ottozawa-Chatupron, Arizona Transportation Research

Center



GEORGE V. SAROL Ph.D., P.F..

CONSULTING RNGINREH

1351 EAST 141st AVENUE

BHIGHTON, COLORADO 80601

(303) 457·()989

30 December 1988

Mr. Walter Rawls
ARS, U.S. Dept. of Agriculture
Agr i. Research Center - West
Bldg. 007, Rm. 137
Beltsville, MD 20705

Dear Walter:

The Flood Con1rol District of Maricopa County Is presently
preparing a Hydrology Manual for use In Maricopa County, Arizona.
As this is a major undertaking with significant technical,
social, and economic implications for Maricopa County, we would
appreciate your review of a section of the draft of that manual.

As we previously discussed, your assistance by reviewing the
Rainfall Losses section would be greatly appreciated.

I will call you I n February to receive any comments and
suggestions that you may have, or you may mall them to me at your
convenience.

Thank you In advance for your cooperation.

Sincerely yours,

George V. Sabol

Enclosures:

Copy:

Copy of draft section of Hydrology Manual as
noted.

Mr. Joe Rumann, Hydrologist, Flood C6ntrol District
of Maricopa County



GEORGE V. SAROL Ph.D., P.E.

CONSULTING ENGINEER

1351 EAST I4IAt AVENUE

BRIGHTON, COLORADO A0601

(30:l) 4!)7-()!lR9

30 December 1988

Dr. Herman Bouwer
u.s. Water Conservation Lab.
4331 E. Broadway
Phoenix, Arizona 85040

Dear Herman:

The Flood Control District of Maricopa County Is presently
preparing a Hydrology Manual for use In Maricopa County, Arizona.
As this Is a major undertaking with significant technical,
social, and economic Implications for Maricopa County, we would
appreciate your review, If possible.

You or your staff may be Interested In the Ralnfal I Losses
section and I would appreciate any review and comment that you
would wish to make. However, do not feel under any obligation to
undertake this task.

I will call you In February to receive any comments and
suggestions that you may have, or you may mal I them to me at your
convenience.

Thank you In advance for your cooperation.

Sincerely yours,

George V. Sabol

Enclosures: Copy of draft section of Hydrology Manual as
noted.

Copy: Mr. Joe Rumann, Hydrologist, Flood Control District
of Maricopa County



GEORGE V. SAROI, Ph.D., P.E.

CONSULTING ENGINEER

1351 EAST 141st AVENUE

BRIGHTON, COLORADO 80601

(303) 457'()989

30 December 1988

Mr. V. Ottozawa-Chatupron
Senior Research Engineer
Arizona Transportation Research Center
Col lege of Engineering
Arizona State University
Tempe, Arizona 85287

Subject: Maricopa County Hydrology Manual and
ADOT Highway Drainage Design Manual

Dear ott:

The Flood Control District of Maricopa County Is presently
preparing a Hydrology Manual for use in Maricopa County, Arizona.
As this Is a major undertaking with significant technical,
social, and economic impl icatlons for Maricopa County, we would
appreciate your review of some sections of the draft of that
manua I.

I am enclosing the Rainfall, Rainfall Losses, and Unit Hydrograph
Procedures sections for your information and review. You may
wish to consider your review In regard to the ADOT Highway
Drainage Design Manual and these are submitted to you as a
supp I ement to the Task 1 I nter Im Report.

I wi II call you In February to receive any comments and
suggestions that you may have, or you may mal I them to me and Mr.
Joe Rumann at your convenience.

Thank you In advance for your cooperation.

Sincerely yours,

George V. Sabol

Enclosures: Copy of draft section of Hydrology Manual as
noted.

Copy: Mr. Joe Rumann, Hydrologist, Flood Control District
of Maricopa County
Mr. Richard Perry, NBS/Lowry
Mr. Doug Sovern, MWE
Mr. Robert Ward



GEORGF. V. SABOL Ph.D.• P.F..

CONRlILTIN<l ENGINEER

13111 EARl' I4IAt AV«iNUE

BRIGIITON, COLORADO 80601

(303) 457-0989

30 December 1988

Mr. C.O. Clark
Consulting Engineer
2121 E. 22nd Place
Tulsa, OK 74114

Dear Mr. CI ark:

I haven't taken the opportunity to communlcaie with you since
you r let t era f 14Ma y 198 8 • 1'1 Ism y pr I v I leg eta a nc e m0 r e
write to you and to make both a personal and professional request
to review the enclosed. The Flood Conirol Dls1rlct of Maricopa
County, Arizona Is presently preparing a Hydrology Manual. As
you wi I~ notice from the enclosed, the Flood Control District Is
recommending two unlthydrograph procedures, one of which is the
Clark Unit Hydrograph. As this Is a major undertaking with
significant technical, social, and economic Implications for
Maricopa County, we would appreciate your review of the Unit
Hydrograph Procedures section of that manual. You can s~your

comments and suggestions to me. I will be unavailable until
after 6 February so there is no urgency for this.

Thank you In advance for your cooperation and assisTance.

<

I hope all Is well with you, and
opportunity to meet you someday.

look forward to the

Sincerely yours,

George V. Sabol

Enclosures:

Copy:

As noted.

Mr. Joe Rumann, Hydrologist, Flood Control District
of Maricopa County



APPENDIX 5-B

Review Comments and Correspondence with Dr. Walter Rawls



United States
Department of
Agriculture

March 23, 1989

Agricu Itu ra I
Research
Service

Beltsville Area
Beltsville Agricultural
Research Center

Beltsville, Maryland
20705

:q

SUBJECT: Review of Rainfall Losses Section of Hydrology Manual

TO: George Sabol
1351 E 141 st. Ave.
Brighton, CO 80601

FROM: Walter J. Rawls 'lJtlJttz::? ~a~
Hydrologist

The above section is well put together and I only have a few comments which you
might want to consider. First you might want to add the effect of rocks in the
soil on hydraulic conductivity (see attached publication). Second, you might
want to add a table grouping soil textures into hydrologic soil groups, see
attached. Finally, since curve numbers are still majorly used, you might want
to use fig. 2 relating curve number hydrologic condition saturated hydraulic
conductivity.
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PAPER NO. PNR-84-203

MODIFYING SCS HYDROLOGIC SOIL GROUPS AND CURVE NUMBERS FOR
RANGELAND SOILS

D. L. Brakensiek
Res. Hydraulic Eng.

USDA-ARS
NW Watershed Res. Center

Boise, ID

W. J. Rawls
Hydrologist

USDA-ARS
Hydrology Lab.
Beltsville, MD

G. R. Stephenson
Geologist

USDA-ARS
NW Watershed Res. Center

Boise, ID

For presentation at the 1984 Annual Meeting
AMERICAN SOCIETY OF AGRICULTURAL ENGINEERS

PACIFIC NORTHWEST REGION

Cavanaugh's Motor Inn
Kennewick, WA

September 26-28, 1984

SUMMARY:

Procedures are proposed for determining SCS hydrologic
soil groups and curve numbers for rangeland soils. The
procedures utilize the SCS Soils-5 data base and previ
ously developed infiltration research results. An
example for the USDA-ARS Reynolds Creek research water
shed in Idaho is presented.

Papers presented before ASAE meetings are considered to be the property of the
Society. In general, the Society reserves the right of first publication of such papers,
In complete form. However, It has no objection to publication, In condensed form,
with credit to the Society and the author. Permission to publish a paper in full may be
requested from ASAE, 2950 Niles Road, St. Joseph, Michigan 49085.

The Society is not responsible for statements or opinions advanced in papers or dis·
cussions at its meetings. Papers have not been subjected to the review process by
ASAE editorial committees; therefore, are not to be considered as refereed.



Modifying SCS Hydrologic Soil Groups and Curve Numbers

for Rangeland Soils1

2D. L. Brakensiek, W. J. Rawls, and G. R. Stephenson

Alternative determinationsofSCS hydrologic soil groups (HSG) and runoff curve
numbers (CN) procedures are presented along with examples. The procedure
utilizes the SCS Soils-5 data base. Use of this data base is facilitated by
SIRS (Soils Information Retrieval Systems) facilites use of this data base.

SOILS DATA

The SCS Soils-5 file represents the largest and most available U.S. soils data
bank. SIRS has now greatly facilitated access to Soils-5. Since the Soi18-5
data file does not include certain soil water properties such as percent sand,
R. B. Grossman of the National Soils Survey Laboratory, SCS, Lincoln, Nebraska,
developed expressions for calculating these quantities from the Soi18-5 data.
He cautions that the exactness of the approximations may vary and that they
should only be used if measurements for particular properties are unavailable.

Table 1 presents Soils-5 property entries from SIRS for the Searla soil series
(found on the Reynolds Creek watershed in Idaho). We have added a letter code
for reference to the following calculations. Necessary soil properties which
we require but are not available on SOILS 5 are: Z1, the percent of fragments
< 250 mm, > 2 mm by weight, and Z5, the percent sand.

These can be calculated from the Grossman expressions as,

E
Z1 = E + [(1 - ---) (100 - G)],

100

where

E = percent fraction greater than 3 inches (E),
G percent material less than 3 inches passing sieve #10 (G),

and

1Contribution from the USDA, Agricultural Research Service; Northwest
Watershed Research Center, 270 South Orchard, Boise, ID 83705, and Hydrology
Laboratory, Room 139, Building 007, BARC-West, Beltsville, MD 20705.

2Research Hydraulic Engineer, Northwest Watershed Research Center, Boise, ID
83705, Hydrologist, Hydrology Laboratory, Beltsville, MD 20705, and Geologist,
Northwest Watershed Research Center, Boise, ID 83705.
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TABLE 1. SOILS-5 FILE FOR SEARLA SOIL SERIES

e
.-.-.-.-.-.-.-.-.-.-.

le;lrla ( id0929 Icool

mlra(s): :25
rev. th.ghl , 12-82
calcic argirerolls. loamy-slteletal, mixed, fri!lid

the searla series consists of very deep well drained soils that formed in colluvium from sedimentary rocks on mountains.
'devation is 5500 to 6900 feet . .lap is 14 to 16 ihes. mast is 42 t'o 45 f. fl's is 50 to 70 days. vegetation is mountain
big sagebrush and bluebunch wheatgras5. typically the surface lager is brown gravelly loam 15 inche' thick. the subsoil
is yellowish brown very gr;lvelly clay loam to 32 inches. the substratum is white very gravelly loam and very pale brown
very gravellv sandy loam to 60 inches. Ilopes are 30 to 60 percent•

.-.-.-.-.-.-.-.-.-*-.
N

f\lMI(JIHGFEDcid0929 Icool

B
searl,]

A
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(in. )

fract I percent of material lUll I lio.uid I plast'll I c:Iall I moist bulk
texture : unined I aashto I) 3in I than 3 in passing sieve no. I limit I index I i.G!mm I densit'l

I I I I ( pet) I 4 I 10 I 40 I 200 I I I : ( !1 Ii: m:J I I

---------------------------------------------------------------------~-----------------------------------------------------------\
0-15 I gr-l I sm-sc, gm-gc \ a-4 I 5-10 I 65-85 bO-BO 4S-l,0 35-50 I 2:1-30 I 5-10 \ 12-::!0 I 1. 4()-1. 50 I
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---------------------------------------------------------------------------------------------------------------------------------1o P Q R 51=- U V W
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bil it~ I water I reaction 1 rnmhos/cm I sl~ell I factors I erod. I matter 1
(in/hr) : (in/in) I (phI I 1 I kIt I gruup I (pet) I

-------------------------------------------------------------------------------------1
O. 6-2. 0 1 O. 13-0, 16 I b. 6-7. 3 1 - I low I. 1512 I 6 1 2-4 I
0.2-0.6 \ 0, 10-0.13 I 6.6-7.3 I - I 1uw I. W\ I I \
O. 6-2. 0 : 0, 05-0. 07 I 7. 4-8. 4 I < 2 I 1uw I. 05 I \ I I

-------------------------------------------------------------------------------------1



Z5

where

100 -
100 I

G

I percent material less than 3 inches passing sieve #200 (I).

PROPOSED HYDROLOGIC SOIL GROUP (HSG) PROCEDURES

Our procedure for determining the HSG is based on knowing the percent sand and
clay, and soil porosity. If Soils-5 data are used, then the percent sand (Z5)
is calculated by equation (2).

Calculation of the soil porosity from the moist bulk density (N), if not given
in Soils-5, is computed as follows:

1 - Enter Fig. 1 with the percent sand (Z5) and clay (M) and read the mineral
bulk density.

2 - Use the equation in Fig. 1 to calculate the Soil Bulk Density (SBD) with an
appropriate percent of organic matter (OM) (W).

3 - Calculate the total porosity as,

Porosity = 1 - SBD/2.65.

If the Soils-5 data contains bulk density, then calculate the porosity from
that value. With the inputs of percent sand and clay and porosity, enter the
computer program shown in Table 2 to determine the fine earth fabric saturated
conductivity, KS. Table 3 presents a sample output. For our purposes, only
the KS from the output is needed.

With the saturated hydraulic conductivity (KS) known, determine the hydrologic
soil group (HSG) from Table 4. Rangeland soils may require a modification due
to conditions, such as stone or coarse fragment content, soil compaction, or
frozen soils. These modifications are considered in the next section. The
saturated conductivity limits for A, B, C, and D were taken from Musgrave
(1955).

Wood and Blackburn (1984) indicated that the hydrologic soil groupings should
be "greatly modified" for use in arid and semiarid rangelands, especially to
make more use of surface soil properties.

RANGELAND SOIL MODIFICATIONS

Coarse Materials

Rangeland soils, such as those on the Reynolds Creek Watershed, contain
significant amounts of coarse fragments. From work by Bouwer and Rice (1983)
and unpublished SCS Soils-5 based equations, developed by Grossman (1983), a
relationship was developed for calculating the soil porosity for the bulk soil
containing coarse fragments,

3
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TABLE 2. PROGRAM TO FIND SOIL PARAMETERS

POR = POROSITY PS = PERCENT SAND = % SAND PC = PERCENT CLAY

REAL*4 Ks,Yf,Qe,Qr,Yb,LAM
CHARACTER*1 ANS

10 WRITE(6,20)
20 FORMAT(/,/ ,5X,'$ ENTER THE POROSITY: I , $)

ACCEPT*, POR
IF(POR .LT. 0.0 .OR. paR .GT. 1. 0) GO TO 150

30 WRITE(6,40)
40 FORMAT(!,5X,'$ ENTER THE % OF SAND: ' , $ )

ACCEPT*, SAND
IF(SAND .LT. 5.0 .OR. SAND .GT. 70.0) GO TO 170

50 WRITE(6,60)
60 FORr1AT(!,5X, '$ ENTER THE % OF CLAY: ' , $)

ACCEPT*, CLAY
IF(CLAY .LT. 5.0 .OR. CLAY .GT. 60.0) GO TO 190
PS=SAND
PC=CLAY

EQUATIONS DESCRIBING GREEN-AMPT PARAMETER CHARTS

% CLAY

Qe=0.01162-0.001473*PS-0.002236*PC+0.98402*POR+0.0000987*PC**2
1+0.003616*PS*POR-0.010859*PC*POR-0.000096*PC**2*POR-0.002437*
2POR**2*PS+0.0115395*POR**2*PC

Yf=6.5309-7.32561*POR+0.001583*PC**2+3.809479*POR**2+0.000344*
1PS*PC-0.049837*PS*POR+0.001608*PS**2*POR**2+0.001602*PC**2*
2POR**2-0.0000136*PS**2*PC-0.003479*PC**2*POR-0.000799*PS**2*POR

Yf = EXP(Yf)

Ks=19.52348*POR-8.96847-0.028212*PC+0.00018107*PS**2-0.0094125*
1PC**2-8.395215*POR**2+0.077718*PS*POR-0.00298*PS**2*POR**2
20.019492*PC**2*POR**2+0.0000173*PS**2*PC+0.02733*PC**2*POR+
30.001434*PS**2*POR-O.0000035*PC**2*PS

Ks = EXP(Ks)

Qr=-0.0182482+0.00087269*PS+O.00513488*PC+0.02939286*POR
1-0.00015395*PC**2-0.0010827*PS*POR-0.00018233*(PC**2)*
2(POR**2)+O.00030703*(PC**2)*POR-0.0023584*(POR**2)*PC

LAM=-0.784 2831+0.0177544*PS-1.06249S*POR-0.00005304*PS**2
1-0.00273493*PC**2+1.11134946*POR**2-0.03088295*PS*POR
2+0.00026587*(PS**2)*(POR**2)-0.00610522*(PC**2)*(POR**2)
3-0.00000235*(PS**2)*PC+0.00798746*(PC**2)*POR_O.00674491
4*(POR**2)*PC

LAM = EXP(LAM)
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TABLE 2. PROGRAM TO FIND SOIL PARAMETERS (CaNT.)

Yb=5.339673 8 +O. 1845038*PC-2.48394546*POR-0.00213853*
1PC**2-0.04356349*PS*POR-0.61745089*PC*POR+0.00143598
2*(PS**2)*(POR**2)-0.00855375*(PC**2)*(POR**2)-0.00001282*
3(PS**2)*PC+0.00895359*(PC**2)*POR-0.00072472*(PS**2)*POR
4+0.0000054*(PC**2)*PS+0.50028060*(POR**2)*PC

Yb = EXP(Yb)

BARTHD=.1535~.0018*PS+.0039*PC+.1943*POR

BAR15 =.0370~.0004*PS+.0044*PC+.0482*POR

OUTPUT SECTION

WRITE(6,70) POR,SAND,CLAY
FORMAT(/,/,/,12X, 'POROSITY',5X,'% SAND',5X,'% CLAY' ,I,
l12X,F7.5,6X,F6.2,5X,F6.2)
WRITE(6,80) Qe
FORMAT(/,/,5X, 'EFFECTIVE POROSITY = ',F7.4)
WRITE(6,85). LAM
FORMAT(/,5X,'POROSITY INDEX = ',F7.4)
WRITE(6,90) Yf
FORMAT(/,5X,'WETTING FRONT CAPILLARY PRESSURE = • ,Fl0.4,' em')
WRITE(6,100) Ks
FORMAT(/,5X,'SATURATED HYDRAULIC CONDUCTIVITY = ·,Fl0.5,' em/hr')
WRITE(6,ll0) BARTHD
FORMAT(/,5X,'ONE THIRD BAR WATER CONTENT = ',F10.4)
WRITE(6,120) BAR15
FORMAT(/,5X,'15 BAR WATER CONTENT = ·,Fl0.4)
WRITE(6,125) Qr
FORMAT(/,5X, 'RESIDUAL WATER CONTENT = ',Fl0.4)
WRITE(6,126) Yb
FORMAT(/,5X, 'BUBBLING PRESURE • ,F10.4,· em')
WRITE(6,130)
FORMAT(/,I,/,5X, '$ WOULD YOU LIKE TO CALCULATE ANY MORE?(y/n) ',$)
READ(5,140) ANS
FORr~AT(Al )
IF(ANS .EQ. 'Y' .OR. ANS .EQ. 'y') GO TO 10
STOP

ERROR CHECKING

WRITE(6,160)
FOIUHT (I, I, 5X, 'ERROR IN POROSITY, value mus t be > 0 and < 1')
GO TO 10
WRITE(6,180)
FOR~AT(/,I,5X, 'ERROR IN PERCENTAGE OF SAND, value must be > 5 and
1 < 70')
GO 'ro 30
WRITE(6,200)
FORMAT(/,1,5X, 'ERROR IN PERCENTAGE OF CLAY, value must be > 5 and
1 < 60')
GO TO 50

6



TABLE 3. SAMPLE OUTPUT

RUN SOILS

$ ENTER THE POROSITY: 0.45

$ ENTER THE % OF SAND: 39

$ ENTER THE % OF CLAY: 16

POROSITY
0.45000

% SAND
39.00

% CLAY
16.00

EFFECTIVE POROSITY

POROSITY INDEX

0.3788

= 0.3460 (GREEN AND AMPT A)

SATURATED HYDRAULIC CONDUCTIVITY =

WETTING FRONT CAPILLARY PRESSURE =

O~E THIRD BAR WATER CONTENT =

15 BAR WATER CONTENT

RESIDUAL WATER CONTENT

BUBBLING PRESURE

=

21.1312 em (GREEN AND AMPT 1JJ
f

)

0.59637 em/hr

0.2331

0.1135

0.0710 (GREEN AND AMPT Or)

27.4790 em

$ WOULD YOU LIKE TO CALCULATE ANY MORE?(y/n) N

FORTRAN STOP

7



Table 4.--SCS hydrologic soil groups for saturated conductivity (KS)
classes.

HSG
(KS cm/hr)

A 1
(0.76-1.14)

B
(0.38-0.76)

c
(0.13-0.38)

D
(0.0-0.13)

Description

(Low runoff potential). Soils having high
infiltration rates even when thoroughly wetted and
consisting chiefly of deep, well to excessively
drained sands or gravels. These soils have a high
rate of water transmission.

Soils having moderate infiltration rates when
thoroughly wetted and consisting chiefly of
moderately deep to deep, moderately well to well
drained soils with moderately fine to moderately
coarse textures. These soils have a moderate rate
of water transmission.

Soils having slow infiltration rates when
thoroughly wetted and consisting chiefly of soils
with a layer than impedes downward movement of
water, or soils with moderately fine to fine
texture. These soils have a slow rate of water
transmission.

(High runoff potential). Soils having very slow
infiltration rates when thoroughly wetted and
consisting chiefly of clay soils with a high
swelling potential, soils with a permanent high
water table, soils with a claypan or clay layer at
or near the surface, and shallow soils over nearly
impervious material. These soils have a very slow
rate of water transmission.

1It is assumed that a KS greater than 1.14 cm/hr is an "A" soil.
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Z1 1
~ = (1 - -) / (-
c 100 ~

where

Z1
-)
100

~c = the bulk soil porosity (with coarse fragments),
~ = fine earth fabric, < 2 mm, porosity, and

Z1 percent by weight of the soil material > 2 mm and < 250 mm,

where Z1 is calculated from Soils-5 data by equation (3). The value of ~ is
the porosity determined from Fig. 1 by the procedure described in the text or
taken from the Soils-5 data file.

Equation (4) was also derived from the results of Bouwer and Rice (1983). The
saturated conductivity can be calculated for the soil containing coarse
fragments, K , from the conductivity of the fine earth fraction, KS, and the
percent by w~ight of coarse fragments, Z1. If Z1 is not known it is
calculated by equation (1).

K
c

Z1
(1 - -) KS

100

The value of K is entered in Table 4 and a hydrologic soil group is determined
for the bulk sgi1. The computer program in Table 2 can be entered with ~ to
determine bulk soil properties other than the saturated hydraulic conductrvity,
which is determined by equ~tion (4). Equation (4) is also similar to one
derived by Peck and Watson. Additional research on gravels in soils is
presented by Dunn and Mehuys (1984).

Compacted Soils

Soil bulk densities can change as a function of land use which induce
compaction. As the bulk density increases the bulk soil porosity will
decrease, which may change the HSG. Our procedure is simply to change the
original bulk density by the percent change and compute a new porosity. The
program in Table 2 is entered with a new porosity, and the calculated KS value
is used in Table 4 to determine the HSG.

FROZEN SOILS

Frozen soil conditions frequently occur on rangelands. The following procedure
was developed by Lee (1983) from his study of a frozen soil. He related the
ratio of the frozen soil saturated conductivity (KS)£ to the unfrozen soil KS
as a function of antecedent soil water content. We nave expressed his

3Peck, A. J., and J. D. Watson. 1979. Hydraulic conductivity and flow in
non-uniform soil. Unpublished paper, presented at the Workshop on Soil
Physics and Field Heterogeneity, Canberra, Australia, p. 31-36.
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antecedent soil water factor as a percent of field capacity. One-third bar
water contents are also estimated in our computer program. Equations (5a,b)
present Lee's relationships,

1.89 - 0.023 (% of FC), %FC < 78 (5a)

= 0.1 %F > 78. (5b)

For example, if it is estimated that the antecedent soil water content when the
ground is frozen was 50 percent of field capacity, then by equation (5a)

Thus, if the original hydrologic soil group was "B", KS

(KS)f = 0.33 cm/hr

0.45 cm/hr, then

and the HSG determined from Table 4 would be reduced to a "c" soil. Equations
(5a,b) should be used very cautiously, since they are based on laboratory tests
of only one soil texture. However, they do indicate the hydrologic importance
of frozen soils.

SURFACE ROCK COVER

A thesis study by Dadkhah (1979) indicated that rock cover on the soil
surface, from 0 percent to 20 percent, decreased the SCS curve number by nearly
10 percent. Apparently surface rock cover is a signficant factor to consider
on rangeland cu~ve number hydrology, but more research is needed to quantify
its effect. The same thesis study also investigated the interactions of rock
cover, vegetation cover, and soil compaction.

RANGELAND RUNOFF CURVE NUMBERS

Standard SCS procedures for determining rangeland CN's are given in Tables 8.1,
8.2, and 9.1 of their Hydrology Guide (SCS 1972). Inputs are land use
treatment or practice, hydrologic condition, and hydrologic soil group (HSG).
The HSG can be estimated by our procedure.

We propose an alternative procedure which uses the KS parameter directly,
rather than the hydrologic soil group. We developed Fig. 2 by combining Tables
8.1,8.2, and 9.1, and our Table 4. Fig. 2 would be entered with the estimated
KS value and with an estimated hydrologic condition (HC), i.e., cover class.
We are suggesting that HC can be estimated from percent cover. Based on SCS
Table 8.2, the cover classes were defined as shown in Fig. 2 for bare, poor,
fair, and good cover. The lines in Fig. 2 were oriented with the four points
in their Table 9.1 representing the curve numbers for a bare, poor, fair and
good HC plotted versus the mid-point KS for each HSG. For interpretation
between classes, we developed the following equation assuming the average cover
percent shown in Fig. 2 for each class.

CN

where

96.38 - 0.158C - 19.84K - 0.397KC

10
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CN Curve Number,
C = total cover in percent, and
K saturated conductivity, em/hr.

EXAMPLES

Given: Reynolds Creek Soils-5 data for Searla (id0929) cool

(1) Find - percent sand

Sand (%) = Z5 = 100 - 100 r/G

r = percent material < 3" passing #200 sieve = 35 - 50 percent
G = percent material < 3" passing #10 sieve = 60 - 80 percent.

Using the midpoint value for rand G

Sand (%) = 100 - 100 (42.5/70)
39 percent.

(2) Find - percent by weight of material> 2 mm and < 250 mm Z1

E
Z1 = E + [(1 - ---) (100-G)]

100

E percent fraction > 3 inches
G percent material < 3 inches

passing the #10 sieve.

From Soils-5

E = 5 - 10 percent
G 60 - 80 percent

7.5
Z1 7.5 + [(1 - ---) (100 - 70)]

100

Z1 35 percent.

(3) Find - Hydrologic Soil Group

From the Soils-5, the percent clay (M) is 12 - 20 with the mid-value of
16 percent and the percent of sand (Z5) is 39 percent.

The measured moist bulk density (N) is 1.4 - 1.5 with a mid-value of
1.45.

12



From our computer program

KS = 0.60 em/hr.

Referring to Table 4, this soil is Hydrologic Soil Group B.

If we assume a total cover of 30 percent cover, the calculated curve
number is

eN = 72.
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GEORGE V. SABOL Ph.D., P.E.

CONSULTING ENGINEER

1351 EAST 141st AVENUE

BRIGHTON, COLORADO 80601

(303) 457-0989

3 April 1989

Mr. Walter Rawls
ARS, u.s. Dept. of Agriculture
Agri. Research Center-West
Bldg. 007, Rm. 137
Beltsville, MD 20705

Subject: FCDMC Hydrology Manual

Dear Walter:

Thank you for your review comments of 23 March 1989. I will incorporate your
suggestions into the manual. I have one question for which I would like your
response. This is in regard to the values of the Green and Ampt parameters
for loam and silt loam in Table 2 of Green-Ampt Infiltration Parameters from
Soils Data by Rawls, Brakensiek, and Miller (ASCE, Hyd. Engineering, Vol. 109,
No.1). Specifically, on the table the value of hydraulic conductivity for
loam is 0.34 em/hour and for silt loam is 0.65 em/hour, and the capillary
pressures are 8.89 em and 16.68 em, respectively. Since loam generally has a
higher sand content than silt loam I would think that these values should be
reversed, and that loam would have a greater hydraulic conductivity than silt
loam. Is there some reason for this anomaly, or is there a possible error in
this table?

Sincerely yours,

George V. Sabol

Enclosure: Copy of Table 2

Copy: Mr. Joe Rumann, Flood Control District of maricopa County
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in which 9 = soil water content. in cubic centimete~ per cubic centi
meter; A. = residual saturation. in cubic centimeters per cubic centimeter;
eb = total porosity. in cubic centimeters per cubic centimeter; iii. = bub
bling pressure. in centimeters; III = capillary pressure. in centimeters;
and ~ = the pore-size distribution index.

The Green and Ampt parameters can be calculated trom the estimated
Brooks and Corey constants as follows: The welling front capillary pres
sure tenn. iii,. is calculated by (2)

IlI,=~::~(~) (4)

The effective porosity. 9,. is calculated a5
~_ eb _ ~ (5)

in which eb _ the total porosity. in cubic centimeters per cubic centi
meter. and is calculated from bulk density and particle density; and 9,
= the residual soil-water content. in cubic centimeters per cubic centi
meter. The Green and Ampt hydraulic conductivity. K, based on Bou
weI's (4) findings that it is one-half the saturated hydraulic conductivity.

is calculated as

K,K - 2' (6)

in which the saturated conductivity. K•• is calculated by an equation
(Ref. 5) derived by substituting the Brooks and Corey equation into the
Childs. Collis-George pemleability integral (6) given by

K. = a~ L~ + 1~;~ + 2J (7)
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A Note on Determining Soil Properties for Soils Containing
ock Fragments

D.L. BRAKENSI~K,W.J. RAWLS, AND G.R. STEPHENSON

Many rangeland soils contain a significant rock fraction which
may modify soil properties, whereas most published soil and soil
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water data are for the fine earth fraction. A listing of equations is
presented which calculates soil water properties for soils contain
ing a rock fraction. It is seen that'standardization is badly needed
to describe properties ofthese soils. Especially needed is standardi
zation to distinguish between bulk densities and.particle densities
as well as properties on a mass or volume basis, The classification
of these soils is discussed by Miller and Guthrie (1984).

Table 1 presents published or derived equations for some com
mon soil and water properties. Most of these relationships. were

Table 1. Soli aDd water properties.

Expression Reference

R., wet or dry sieving Flint and
and weighing Childs (1984)

R. =(BO.I BO>2) e R. Flint and
Childs (1984)

f. = (PT/pJ ef.. Russo (1983)

R. = 1- BO<2/BD, Derived
I - BO<21BO>2

R.=
BO,- BO<2 Flint and

BO>2 - BO<2
Childs (1984)

R. R.
Derived=

1 - R. (p.1 pJ (l-R.)

(I - f..)
Russo ( 1983)Ph =PT (I - f.)

BO<2 =BO, (1 - R.)
(1 - R.)

[
(1 - f.) ]- I

P
T

= f.lp., + __p_\_

Note: All quantities in decimal form.

Reference

Brakensiek and
Rawls (1985)

Hillel (1971)

Durin and
Mehuys (1984)

Expression

2+a

W.= W.- BD/~~

8. =(I - R.)8h + R.8. Reinhart (1961)
Flint and
Childs (1984)

K./K. ="'-._2(_I_-_a_)_

W.. =(1 - R,)W'<2 + (R,)W'>2 Flint and Childs
... (1984)

Water Content:

Soil Property

a, f•• R. = Coa..e fraction (>2 mm) by volume

dCIJ • Alo Pr BO. = Bulk dcnsity of field bulk soil

d... p. BO>2 = Bulk density of coarse fraction (>2 mm)

(I - Wl, X•• f.. R. = Coarse fraction by weight

do, p., BO<2 = Bulk dcnsity of fine fraction (<:2 mm)

P>2 = Total porosity of coarse fraction

PO>2 = Particle density of coarse fraction

W... II. = Total field water content by volume

Wv<2' lib = Water content of fine fraction by volume

W.>2' II. = Water content of coarse fraction by volume

Wm<2 = Water content of fine fraction by weiaht

K .. K. = Saturated conductivity of bulk soil

K.. K\ = Saturated condutivity of fine fraction

p. = Density of water

Saturated
Conductivity:

Russo (1983)

Mehuys et al.

(1975)

Flint and
Childs (1984)

.Berger (1976)

--'!!-] -1
P\

X.]-I
dA

[

1- W

PT = P.

[ I-X.
d(s, Al =

ds

Bulk Density:

Bulk Density:

Coarse Fraction:

Soil Property

.Russo (1983)

BO, = BO<2 + R. (BO>2 - BD<2) Flint and Childs
(1984)

Flint and Childs
(1984)

P,·BD, Irregular Hole Bulk
Density Sampler

Flint and Childs
(1984)

Russo (1983)
Cunningham and
Matelski (1968)
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/nner during a rainstorm having excessive
,ntensities.

Four groups, A, B, C, and D, were defined by SCS
soil scientists, with numerical limits established
by Musgrave (1955). We have assumed that the
conductivity parameter. K. of the Green and Ampt
infiltration equation, which is approached after
proloD6ed wetting, corresponds to the minimum
infiltration rate used in the SCS classification
of soils. The Green and Ampt equation is

~fn
f 2 K(I + -)

F

where K • conductivity parameter,

~f - wetting front suction parameter,

n • available soil porosity,

f • rate •.

and F· accumulated amout.

~ is one-half of the saturated conductivity, Ks •

Figure 1 is a soil texture triangle upon which the
numerical limits for K have been used to delineate
the hydrologic soil groups. This chart is adapted
from our work on predicting Green and Ampt
parameters from soil texture, organic matter
content, and tillage practice factors (Rawls et
al. 1983). The zero percent porosity change
applies to the initial soil state.

An earlier report of our work presented the
following tabulation of soil groups based on
average soil texture conductivities:

groups is entirely consistent with the way that
~hey were originally derived, th"t is, from small
",atersh~d or plot data.

Figure 1 can be used in curve number hydrology to
group soils from available SCS soil survey
information. Application of figure 1 to a soil
profile containing seyersl horizons of different
texture can be handled by using the harmonic mean
of the horizon conductivities. This requires
definition of an effective or wetted soil depth~

GREEN-M<Pr PARAMETERS

Figure 2 presents the Green and Ampt effective
porosity parameter. The hydrologic soil groups do
not line up with a partiCUlar effective porosity
value. Figure' presents estimates of the Creen
and Ampt wetting front capillary potential
parameter. There is a tendency for hydrologic
soil groups to be characterized by a particular'
wetting front potential, that is, A • 10 em; B 
20 em; C - 40 car and D 2 50 em.

Even though figures '. 2, and 3 indicate the SCS
hydrologic soil groupings are not uniquely related
to soil hydraulic and hydrologic properties, they
do show tha~ the Green and Ampt parameters' can be
estimated from readily available soil properties_

INITIAL ABSTRACTION

An advantage of the infiltration approach is that
infiltration prior to runoff can be calculated

"(Mein and Larson 1911). The component of curve
number hydrology. initial abstraction term I , is
thus calculated rather than assumed to be a fixed
percentage ot total soil storage.

This grouping was compared with soil groupings
found in the SCS SOIL 5 File and is consistent
with their A, E, C, and D classification.

Comparing the tabulation with figure 1 clearly
shows the lumping involved in classifying soils
enly according to a soil texture class. For
exa~ple using texture class, only, places a silt
loam in a B group, whereas using particle size
F~rcenteges (and organic matter) can place it in
any of the four groups. The A and D soil groups
are most nearly invariant with respect ~o soil
texture. This lumping would infer inconsistencies
in using curve number hydrology as part of a more
physical based and distributed watershed model.
However, the lumping of soil textures in soil

ydrologio
sou.....roup1ag

A
B
C
D

Sandt~loamy sand, and sandy loam
.. -Silt loaiJi"and 'loam

Sandy clay loam
Clay l~am, silty'clay loam,
sandy·cla~,.siity clay, and clay

LAND USE AND TREATMEWf

The cover component of the hydrologic soil-cover
complex includes land use, land treatment, and
land use and treatment class (hydrologic
condition). The las~ appears to reter to the
quality of the agronomic condition. We have
developed a procedure to incorporate a change in
soil porosity, which ~ay result from agronomic
practices. into estimating Green and Ampt
infiltration parameters. From this result. it can·
be shown that the hydrologic soil grouping is not
a fixed soil parameter but is significantly
changed by 80il poro~ity changes.

The physical condition of soil is significantly
influenced by practices such as tillage,
co~paction, consolidation, crusting, incorporation
of oreanic amendments. soil surface roughness, and
veeetation cover. These can primarily influence
the hydraulic properties of soils through changes
in soil porosity. At present, our assumption is
that the principal influence of agronomic practice
is to change the total soil porosity. The
pore-size distribution cay also change, but there
is little data on this aspect. Rawls et al.
(1983), from a search of research data, were able
to relate an initial increase in porosity to

110
; '-.: -
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were developed by assuming that the soil and rock fraction are each
ade up of porosity and solids on a mass or volume basis. An

xcellent discussion for the soil fraction alone is presented by Hillel
(1971). At the end of Table I, the symbols are defined correspond
ing to the key publications referenced since they are not standard.
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Relation between Ecological-Range Condition and Propor
.tion of Soil-Surface Types

RICHARD E. ECKERT, JR., FREDERICK F. PETERSON, AND J. TIM BELTON

Table •• Surface soli morphological types and their mlcrotopognphlc
polidons.

southern Idaho, and western Utah.
Four distinctive soil-surface morphological types of A horizons

are found on fan piedmonts and basin floors in the Wyoming big
sagebrush [Artemisia tridentata wyomingensis Beetle}-grass vege
tation types in the H umbolt Loess Belt (Eckert et aI., 1977) (Fig. I).
These soil-surface types are closely related to their microtopo
grapic position. A schematic cross-sectional diagram and descrip
tion ofthese microtopographic positions are presented in Figure 2
and Table I, respectively. Similar surfaces have been recognized by
Hugie and Passey (1964), Schlatterer (1968), and Stuart et al.
(1971, 1973). Postulated genesis ofthese surface horizons and their
morphological attributes such as polygon' shape, morphology,
vesicularity, polygon microrelief, and surface cracks between
polygons have been described (Eckert et al. 1977). Texture, organic
matter, bulk density, modulus of rupture, and porosity characteris
tics of these soil surfaces were described by Wood cl al. (1978).
Eckert et al. (1978), Stephens (1980), and Wood et al. (1982) have
shown that these morphological and physical properties can affecl
plant and hydrologic responses to rangeland improvement and
management practices.

Abstract

Different kinds of A-homon IOU-surface types occur on loess
mantled xerollic Orthldl and Arpds in the Intermountain area.
Four101l-surface types were Identified on lites with potential YeCe
tatlon of WyomlnC blC uCebrush [ArtmUsi4 trldmttlta wyomln
KetUis Beetle] and Thurber needle&J'U1 [StipG thurba-Uuuz Piper].

hese lurfaces occupy different mlcrotopocraphlc posltioDi and
ave different morpholoCles and chemical and physical properties.

Thll study relates differences In the cover of these IOII-sureace types
to ecoloclc:ai-rance condition on sites ofIIm1Iar potential. Propor
tion of the lurface type found under Ihrub or bunchCr&SS cover
varies with rance condition. More of the surface auoclated with
Ihrub cover Is found on~w condition sites because of creater
sagebrush cover. Mpre' cif the lureace usoclated witb bunchcrus
cover Is found on blp condition lites becaUse of creater cr'"
coyer. Proportion of the lurface types found in the Intenpace
between Ihrubs allO varies with rancc condition. HICb condition
lites have a creater cover of the 101lIUrface auoclated with bunch·
grus cover and of the loll lurface with cryptogam-stabllized
microrelief. Conversely, low condition lites have essentially none
of the soli lurface usoclated with bunchpus cover but a larce
amount of the IOU lurface with little microrelief. Results are inter·
preted'in terms of watershed ltablllty and natural reYecetation
potential.

Various ecological sites in the Intermountain area occur on
xerollic Orthids and Argids. The A horizons of many of these soils
have formed in a thin loess mantle and have distinctive morpholo
gies determin-:d by their parent material, their microtopographic
position, and recent vegeta~ion. This loess originated from sedi
ments deposited in large :Pleistocene 'lakes and subsequently
exposed to wind' transport -as the lakes dried (Young and Evans
1986). In Nevada, the area leeward of these former lakes have soils
that commonly a're capped withloam, very fine sandy loam, or silt
loam textured surface soils. This arca is informally called the
Humboldt Loess Belt and comprises about 8 million ha in central
and northern Nevada and extends into southeastern Oregon,

Authors are range scientilt, USDA/ ARS, 920 Valley Road, Reno, Nev. 89512; loil
ientist, Dcp. of Plant Science, Univ. of Nevada, Reno 89SS7; and former graduate

student, Dcp. of Range, Wildlife, and Forestry, Univ. of Nevada, Reno 89S12. Belton
is currently a range conservationist, USDA/ FS, SaUI\lS Ranger District, Saugus,
Calif. 913S0. '

This research is the result of coo~rative investigations of the USDA·ARS and the
Nevada Agr. Exp. St". and was funded in part by the USDI·BLM.

Manuscript aa:epted 26 Dcccmbe,r 1985.
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Surface soil
morphological
type

II

III

IV

Micro
topographic

position

Coppice

Coppice bench

Inlercoppice
microplain

Playette

Description of microtopographic
position

A semi-conical fonn, the'highest
microtopographic elevation.

A flattish or gently sloping area next
highest to the coppice, and higher
than any adjacent intercoppice or
playette, if the latter occur.

A gently sloping or nearly flattish
area next lower than the coppice
bench. (Absent in some situations).

A slightly depressed or nat area at the
lowest microtopographic elevation
and surrounded ,by coppices, coppice
benches, or intercoppice microplains,
Absent in some situations).
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APPENDIX 5-C

Review Comments and Correspondence with Dr. Leonard Lane



L. J. Lane, Ph.D.
H)"drol og i '3t
411 E. SuffolK Dr.
Tuc'S:.c,n, AZ 8570"1
1..1 an U ar')' 4, 1':;'8'7'

Dr. George V. Sabol
Consulting Engineer
1351 East 141 st Avenue
Brighton, CO 80601

De a.r· Ge or' ge :

ThanK you for sending me the sections of the Hydrology
Manual for Maricopa County. Obviously you have done a great
deal of worK and at first glance it looks qui te professional.

As we discussed in December, my current assignment is in
erosion model ing so that review of the Hydrology Manual will
need to be done outside work hours. Even though the job would
be done outside work hours, I will need to get permission
from our Area Administrator.

I estimate that a professional review of the material
will take approximately 2.5 days. For publ ic worK such as
this, a reasonable r~te for my time and that of a technical
assistant is $350. per day for a total of $875. If you will
writ.e me a let.ter proposing t.his agreement, I will at.tach it
to the "Request. for Out.side Work" form and submit it for
approva 1 •

Finally, I commend you for trying to upgrade the
technology used in Maricopa County and wish you success with
the Manual.

Si ncerel :~',

S.$;V

~~6-70 '-I16::L



BRIEF RESUME FOR LEONARD J. LANE

NAME: Leonard J. Lane

EDUCATION: 1970 B.S.
1972 M.S.
1975 Ph.D.

BORN: Tucson, AZ, April 25, 1945

With Distinction, Engineering Math., Univ. Of AZ
Systems & Industrial Engineering, Univ. of AZ
Hydrology & Water Resources, Colorado State Univ.

PROFESSIONAL EXPERIENCE:

1970-72

1975-81

1981-82

1982-83

1983-84

1984-

Hydrologist, USDA-ARS, Tucson, AZ. Hydrologic research, and rain
fall-runoff modeling

Hydrologist, USDA-ARS, Tucson, AZ. Hydrologic research, erosion/
sedimentation research, participated in development of CR~~S

model

Staff Member, Los Alamos. Erosion/sedimentation research, con
taminant transport and waste management studies

Hydrologist, USDA-ARS, Tucson, AZ. Hydrologic modeling, soil
water-plant relationships, infiltration and erosion studies

Staff Member, Los Alamos. Waste management studies, USLE and
CREAMS erosion studies/modeling, unsaturated flow and transport
modeling

Hydrologist, USDA-ARS, Tucson, AZ. Hydrologic/erosion modeling,
member of Core Team for USDA Water Erosion Prediction Project
(WEPP), Project Leader for WEPP

PROFESSIONAL ACTIVITIES, CONSULTING, AND TEACHING:

Memberships: AGU, ASAE, ASCE, AWRA, BGRG, SRM

Consulting: City of Tucson, Universities (Arizona, San Diego State,
Griffith), Los Alamos National Laboratory, Washington State
Dept. of Ecology

Teaching: Ph.D. Students: 6 former, 4 current; M.S. Students: 1 former, 2
current; Adjunct Assoc. Professor at University of Arizona

HONORS AND AWARDS:

1. Outstanding performance awards: '1970, 1977, 1987, 1988
2. Tau Beta Pi Engineering Honorary, .1970, Sigma Xi, 1975
3. USDA Superior Service Team Award, 1981
4. Arthur S. Flemming Award, 1982
5. Nominated as Guest Fellow of Royal Society, 1984
6. Mountain States Area Scientist of the Year, 1986

PUBLICATIONS:

Author or coauthor of over 110 publications, 1969-88.
request)

REFERENCES: Available on request.

(List available on



G f.:ORGF: V. SAnOI, Ph,D" PF..

CONSULTING F:NGlNF:lm

1351 EAST 141Rt AV~~NUE

BRIGHTON, COLORADO AOflOI

FlO;) 4fi7,O!lA9

Dr. Leonard J.Lane
411 E. Suffolk Dr.
Tucson, Arizona 85704

Dear Leonard:

E
1

gX~, gU s e 'In e for n? I' r' e spa Il din 9 soon e ,-I 0 your letter' of t1 J a IlU a I' y
o. • was 0 1I I () f I'll P (' () II 'I 'f' " f' 'I I 'd' '. .... y torn ,anIJary ulllilS F I' "

an for 'f he I asf' 3 weeks I havefr- i ed to ca'lchup. . e)t uar y

The Flood Control District f M ' ,
Raj n f a I I sec I' ion and 'I wi I I a ~ I' ,', cop a C~ u n I' y I S I' e WI' i I' i ng I' he
available. It wi I s~n Ihe revised draft when it is
there are some er~or~e i estsehnt I a II y the same a I though I th i nk tha'"
distr'b 1" n e current 2-hr and 24-hr

I u Ions. They are also I .The 6-hr distributi ' , p.annlng on expanding the text.
okey Use th ' on IS tne primary distribution and this looks
idea'of what ~ ptresent draft of the Rainfal I section to get an

IS a come but don't d h'you get the new draft. spen muc time on this unti I

The letter that you requested is enclosed.
and you c~n consider this my authorization
kee~ ~ou I n!ormed and Iet me know if I can
additional Information that you may need.

I agree to your terms
I' 0 pro c ee d . I wi I I
provide any

Sincerely yours,

George V. Sabol

J), 5, - :% nf"''',q( t"o ~.,//,.-,.- ./"'£,,.H?t?'~o4 Or? r;t/t?'#"1!"" /

-I""'H'§H?/5S/l?~;' hS$t"'.5 "'I'" &. nf"'h~""/. .:r
v",k.r.s';"'~,L #,~ Yt>tt- ~i?'ye ",,/;yt?~ ~t!""l""tI'?

I), rt?/nhfl/d/"'I?~d"'? w/# ~ ~~d t'd~t""'o/

p/sly/r'£ ~n ~.5. c;,v/~ yo,,", $"dd ~t::.. ~

("'q,tI!' '!'/.f.. r~~;t,,... /,- d l AlE/1- ¢ ? ::r // r"~/~

10 Y~d,.. d~tf'!"',L y.,wr ""''''i&'",/n/~~;?~4 ~kr:
We ~,..,..d ~t!)~ .,Itt'r?..1 M'd,L ....."H ..Ie /'/$".d IN/~~
U~ AH?/,/q~~~$ 0/ PEt"-/ (RL ~"'r'"d)~

.f /;;vn/ -/::J".w6;",d .rfJ y'o(~r 4'$~/5;/P;?~e w//;1{ 4$ ~#~¢~



GEORGI': V. SAROL ph.IJ., I'.K

CONSULTING F:N(lINF:F:H

)::15) F:AST )41Rt AV~~NUF:

BRIGHTON, COLORAIJO ROllOI

(:10:) 4!i7·()!lR!l

2 B Feb r' IJ a r' y 19 8 9

Dr. Leonard Lane
411 E. Suffolk Dr.
fucson, Arizona 85704

Dear Dr. Lane:

The Flood COn-fT()I Dis-tr-ic-l of Maricopa County is pr-eserdly
pr-eparing a lIydr'oloqy M811lJ81 for' liSP in ~1rlt'iCOpn Counly, !\,i7onil.
!\ s I his i s a major u n de r t akin S:l w i I h s i gil i f i calli tee h n i cal ,
social, and economic implications for Mar'icopa Couni"y, we would
a p p r- e cia t e you r' r- e vie w 0 f S 0 III e S e cf ion c; 0 f the d t- a f I' () f that
III a n u a I.

As we discussed on 7 December 1988, your assistance by reviewing
the Rainfal I Losses section would be greatly appreciated.
have also e n c los e dthe Rainfall and Unit Hy drag rap h Procedures
sections for your general-infor'mation, and your review of these
sections is also encouraged bui not requested.

e Your letter of 4 January 1989 indicated an estimated time of 2.5
days at $350 per day for your time plus a technical -assistant-.
These terms are agreed to.

Let me know when you have received approval for this service.
look forward to receiving your review comments.

Sincerely yours,

George V. Sabol

Copy: Mr. Joe Rurnann, Hydrologist, Flood Control District
of Maricopa Count-y



L. ,j. L..:::r.nc'
·H 1 E. Su f f 0 1 k [T.

Tuc'~cln ~ f~Z :=:570'-1
302-575-800'7'
f~P r' i 1 :3 ~ 1 '7'8'7'

Dr'. Gec'f'ge f;abcd
1351 East 141st Avenue
Brighton, CO 80601

Dec..f· Geof'gE':

Sorry I missed you on the telephone at work today. But,
it is Just as well as you were calling about the Maricopa
County HYdrology Manual and I have agreed to do that work out
of the office and on my own time. In the futur~, I requ~st

yOU call or write me at home about the work I am doing
outside of the regular work for ARS. This is to make sure I
don 0 t u 'E. e 0 f f i c i ·a 1 time 0 f' f a c i 1 i tie -:;. f 0 f' P f' i ',.',;:, t e ......1c. r'!':: •
Please understand I am not trying to be uncooperative but to
I ive by the letter and spirit of the rules for outside
.ac t i ',I i tie s •

Now, I understand yoU will be in Tucson on Apri 1 11,
1989 and would 1 ike to discuss the Hydrology Manual. Very
good. Please let me know where you will be staying and what
time would be best for you. We can also meet in my home if
this is convenient. As for the reuiew, everything should be
ready by that date and we can go over the comments in case
you have questions.

Ple.ase feel free to call me Cl.t home in thE- e·.....ening Clf' on
weekends to let me know where we can get together and if
there are any other preparations I need to mak~ in the
me c..n time.

Sincer'ely,



Leonard J. Lane, Ph.D.
Hydr' 0 1og i ~' t
111 E~ Suffolk Dr.
Tucson, fU 85704
602-575-8009

Apr i 1 11, 1989

Dr. George V. Sabol
Consulting Engineer
1351 East 141st Avenue
Brighton, CO 80601

Dear Gecfrge:

Enclosed are my review comments and the draft of the Rainfal I
Losses section of the proposed Hydrology Manual for Maricop~

County. Please notice that I went through the draft document and
1 isted my comments by section, page, and paragraph. The most
important comments and suggestions are summarized on page 9 at the
end of my review comments.

Although my comments are quite critical, they are intended to
be constructive and hence I have included suggestions to overcome
specific problems identified in the review and suggestion~ for
overall improvement of the Manual. Please do not think I am
critical of your effort or the need for an improved technology to
predict runoff in the Southwest. Your draft document reflects ~

high degree of professional effort and your project is in our best
professional interest and in the publ ic intere':;:'t, Therefor'e, I
hope my comments are helpful.

Thank yOU for the opportunity to review the material and best
wishes in your efforts to develop a "new hydrology" for Maricopa
County.

enclosures



RE'·) I HoJ COfvlfvlEt'HS

RAINFALL LOSSES SECTION OF THE
PROPOSED HYDROLOGY MANUAL FOR MARICOPA COUNTY

(Prel iminary Draft Dated 29 Dec. 1988)

Comments by: Leonard J. Lane, Ph.D.
H>'drol ogi st
411 E. Suffolk Drive
Tucson, AZ 85704
602-575-8009

Comments are by Section, Page, and Paragraph.

Rt~ n·IFALL LOSSES

Theor)-'
Gene'r'a 1

1. p. 1, para 1. Good discussion and introduction of the
importance of the chapter. Provides a brief, but good justification of
the importance of the section.

2. p. 1, para 2. This discussion is not very clear. Sub~equent

discussions in the text clear up the uncertainties, but there is no
need to start out with uncertainty. Suggest you rewri te thi~ paragraph
and include a figure showing rainfall hyetograph, infiltration r·;:·de,
initial abstractions, etc. A good model i~· the figur'e in the SCS
Section 4, Hydrology in the National Engine~ring Handbook.

Surface Retention Loss

1. pp. 1-2, para 1. Interception is not alway~ a " relatively
minor contribution". In some cases it can be quite significant.
Suggest you qual ify this 'E.tatement by ~.omething 1 ike "For' pur·pose!::. elf
flood studies and for situations normally encountered in Maricopa
County, interception is usually small compared with other factors
making up the surface retention losses." It is a small point, but you
want the Manual to be able to stand up to ~cientific review.

On the top of p. 2 the text states that the surface retention loss
estimates contained in the Manual were obtained from rainfall simulator
studies and from the 1 iterature. Again, this is not a journal article
but it is a professional paper so I suggest citing the key source
documents for the specific surface retention loss estimates used in the
Manual. Only by citing your sources can you provide permanent and
retrievable documentation of the technical basis of the Manual.
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Infiltration

1. pp. 2-3. This material appears to be inconcistent wi th the
remainder of the material in the section. For example, why introduce
the Horton equation for illustration purposes then abandon it in favor
of the Green-Ampt equation later? This is not a 1 iterature review, so
I suggest you exclude the Horton equation if you do not intend to
recommend it. Please talk about infiltration in gen~ral and then us~

the recommended procedures (IL+ULR and Green-Ampt as recommended on p.
5) as approximations to the infiltration process. Limi ting discussion
only to r&commended procedures will help the reader focus on
recommended methodology and prevent the perception that the Horton
equation is also recommended. Again, the hyetograph-infiltration
figure suggested earl ier would be of real help h~re.

2. p. 4 is missing in my coPY. Comments will be made when p.4 is
received.

3. p. 5, discussion of SCS procedure. My coPy is incomplete
(no p. 4) but the material on top of p. 5 is good. Except, again
please remove reference to Horton equation. Also, a statement that new
technology is available and should be util ized might be appropriate
here.

4. p. 5, last para. The two recommended procedures just jump out
without introductory material. Suggest you include a specific section
entitled something 1 ike "Recommended Rainfall-Runoff Estimation Methods
for Maricopa County". An entry such as this in the table of contents
would help the reader.

Green and Ampt Infiltration Equation

1. p. 6, first para. This presentation of the Green-Ampt equation
and the way it is solved (eqs. 3 & 4) is not the best way to present
the model. I prefer something 1 ike the following:

The Green-Ampt infiltration equation is

f ~ Ks + Ks*Ns/F

where:

f -
Ks -
Ns ~-

F -

infiltration rate (L/T) ,
saturated hydraul ic conductivity (L/T) ,
capillary drive term (L), and
cumulative infiltration depth (L).

In this notation, the capillary drive term, Ns, is a function of the
average capillary suction at the wetting front, the effective porosity,
and the available porosity at the initial water content of the soil.
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In equation form,

v..there:
PHI - average capillary suction at the wetting front (L),
Ne - effective porosity, and
Se - relative saturation term equal to 1.0 at saturation of the

effective porosity and equal to 0.0 in the oven dry
cond it i on.

To be consistent with your eq. 2, we can wri teo (Sf-Si )/Ne which is I-Se
if we assume relative saturation as the final soi 1 s~turation in th~

soil profile above the wetting front.

This formulation of the Green-Ampt equation is includ~d not to sugg~st

you change your description (I recognize you want to stay with the
formulation and notation used in HEC-l) but to allow you to compar~

subsequent calculations made with the above notation with corresponding
calculations using your eqs. 1,2 and 3.

References to the solutic.n clf the Gr'een-Ampt equation ar'e:' a'!:. follO\....I~.:

Chu, S. T. 1978. Infiltration during an unsteady rain. Water
Resources Research, 14(3):461-466.

Mein, R. G., and Larson, C. L. 1973. Model ing infiltration during
a steady rain. Water Resources Research, 9(2):384-394.

Example Calculations You Can Use to Verify Your Green-Ampt C~lculations

Following are example calculations you can convert to Engl ish
units and then compare to corresponding calculations using th~ HEC-l
type s.ol ut i on to the Green-Ampt equat ion. I strongl y suggest you m<:d<e:'
the calculations and comparisons. If you do, do not expect the results
to be exactly the same because we use different algori thms. However
the rates and amounts ought to be comparable to a f~w percent. The
t est cal c u 1at i on s ar e f or a var i ab 1era i nf ~\ 1lin t to n!:, i t>' pat t ~ r n tot c'~' t
the solution for unsteady rain and are for a bare sand>' loa.m '-".oil in an
initially dry condition. You may wish to plot the data from this
example (or one 1 ike it) and include the results as a worked example in
the Manual. In fact, such a test would be good to show that
practitioners are using a correct and current calculation routine in
material theY submit to the County for review.

Finally, the example calculations show the variable tp which is
the time to ponding and the point at which the Green-Ampt equation is
used to compute rainfall excess. The calculations do not include an>'
interception or other initial abstraction losses not directly resulting
from the infiltration calculations.
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Test calculations for Rainfal I Losses S~ction

Sandy Loam Soil, Bare, Wilting Point Initial Water Content

Infiltration Parameters:

saturated conductivity, Ks 
effective matric potential, N~...
effective porosity, Ne ~

relative saturation, Se =

Rainfall Intensity Data:

11.0000
28.7820

.4100
22.0000

(mm/hr' )
(mm)
(mm/mm)
(~~ )

index time rate
(min) (mm/hr' )

-------------------------
1 .000 25.400 from time 0.0 to tim€:' 10.0 i .. 25. tJ
2 10.000 50.800 " 10.0 to time 20.0 i .,- 50.8
3 20.000 2.540 " 20.0 to time 45.0 i ... 2.54
'1 45.000 50.800 " 45.0 to time 60.0 i -. 50.8
5 60.000 . 000 for' time;. > 60.0 i .. 0.0

Infiltration and

i nde>: time

Rainfall Excess Results:
r· a i n f a Ilinf i I t rat i on

rate depth rate depth
(mm/h) (mm) (mm/h) (mm)

e>:ce-.:·~

rate
<mm./h)

----------------------------------------------------------------------
1 .00 25.4000 .0000 25.4000 .0000 .0000 6

2 5.00 25.4000 2.1167 25.'1000 2.1167 .0000 0

3 10.00 50.8000 4.2333 50.8000 4.2333 .0000 0

4tp 14.40 50.8000 -~ 49.5914 7.95<18 1 .2085 , (}t? 0'3

5 15.00 50.8000 8.4667 42.0940 8.4545 8.7060 ,('171
6 20.00 2.5400 12.7000 2.5400 11.9623 .0000 ()

7 25.00 2.5400 12.9117 2.5400 12.1740 .0000 0

8 30.00 2.5400 13.1233 2.5400 12.3857 .0000 ()

9 35.00 2.5400 13.3350 2.5400 12.5973 .0000 ()

10 10.00 2.5400 13.5'167 2.5400 12.8090 .0000 (l

11 tp 45.00 50.8000 13.7583 33.0143 13.0207 17.7857 ({J -rP: 4-

12 50.00 50.8000 17.9917 29.6288 15.7718 21.1712 IOb'lj

13 55.00 50.8000 22.2250 27.3<139 18.2409 23.4561 .0-170
14 60.00 .0000 26.<1583 .0000 20.5196 .0000

----------------------------------------------------------------------

Summar>' :
total rainfall ",..
duration '=

infiltration volume 
rainfall excess volume -

26.46
60.00
20.52

5.9<1

(mm)
<min)
(mm)
(mm)
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By my calculations with your ~qu~tion 3 ~ppl ied to the period from
t - 45 min ~ 0.75 h to t ~60 min ~ 1.0 h, the results are

Equat i on 3 Chu(1978) Sol uti on
t (i -1) t(i) F( i -1 ) F( j ) F( i-1) F( i )
45.0 50.0 13.0207 15.7701 13.0207 15.7718
50.0 55.0 15.7701 18.2384 15.7718 18.2<109
55.0 60.0 18.238.:1 20.5166 18.2409 20.5196

so that the percent difference after 10 min i~

e = «20.5195-20.5166)/20.5196)*100 ~ 0.015 ,

a surprisingly close resul t. Again, I don/t know how you comput~ tim~

to ponding and infiltration for an unste3dy rain so I sugg~st you
compare results for the entire storm.

2. p. 6, eq. 4. Equation 4 should read f ~ delF/delT not
delf ~ delF/delT and f is the average infiltration rate over the time
interval T to T + delT.

3. p. 7, para 1. No scientific evidence is presented for the
assertion that IA can be ~s large as 0.35 in (8.9 mm) in fl~t .~rea!:· of
Maricopa County. The same for the other entries in Table 1 •. I
strongly suggest that the par~ at top of p. 7 be expanded to includ~

reference to key source documents supporting IA choices and to the
actual data on lA, if practical. The value of 0.35 in corresponds to a
runoff CN of 85. Coincidence? Or were CN/s used to derive the IA
values? The Manual should be very expl icit on the source of th~ values
in Table 1 or the County will need to defend them later when the
procedures in the Manual are challenged.

4. p. 7, para 2. It is not clear from the paragraph if you are
saying that time to ponding, tp, and the time when IA is satisfied 3re
synonymous. A good ref~rence for an explanation of the Green-Ampt
equation, tp, etc. is:

SKaggs, R. W. and Khaleel R. 1982. Infiltration, Ch. 4 In:
Hydrologic Model ing of Small Watersheds, Eds. Haan, C. T., Johnson, H.
P., and Brakensiek, D. L., ASAE Monograph No.5, ASAE, St. Joseph, HI,
pp.121-166.

Following SKaggs and Khaleel, the infiltrated volume, Fp, at the time
of ponding is:

Fp ~ Ns/(i/Ks-l)

where i is the r'a i nfa 11 in ten,",. i ty rate when pond i ng is ach i e'ved ':;.0 that
f~i for t < tp. In the example above,

Fp -- 28.782/(50.8/11 -1) "= 7.9548 mm ~ 0.31 in

is the amount of rain to reach a ponded condition on the surface and
thus reach the time when the infiltration equation can be properly
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appl ied. Before this time when t~tp, the infiltrntion rate f·· and
f = Ks + KsNs/F does not apply. Are you suggesting that:

-/t$' ~IA is si\tis.fied fir·':!.t then the time to ponding is:. satisfied
.1;5 ott as show~ abc·ve? If. so, then the amoun t of ra i n r~ql~ ired befor'e
~, runoff IS produced IS IA + Fp ~ 0.35 + 0~31 = 0.66 In.
or

2. IA is satisfied and at the time IA i~ satisfied ponding occurs
so that f ~ Ks + KsNs/F appl ies at exactly the time when th~

cumulative r'i~infall equals IA. If F~O.O, then you have
division by zero. To be mathematically correct it must be that
F}O.O. How can this be if you assume no infiltration a~ IA is
being satisfied? If this is the assumption, somehow tp i~

reached without infiltration and then runoff starts after IA
0.35 in of rain has fallen.

If I read the material on p. 7 correctly, there is a logical
i ncons i stency here. If th isis the case, i t shou 1d be correc ted. If
there is no incon~istency, then I suggest you rewrite the material so
it is easier to follow.

5. p. 7, para 3. The silt textural class is left out of Table 2.
I suggest you add aline between silt loam and sandy clay loam as
f 0 1 low,;;.:

s i 1 t

xksat

0.10 7.5

dry

.33

norma 1

.14

satur.~ted

o

Also, change silty loam in Table 2 to silt loam to be con~istent.

6. pp. 8-9, No comments.

7. pp. 10-11, Equations 5-11 and 1 ist of variables. The notation
and units are confusing, i.e. fraction <0.0 to 1.0) for CAN, 80, etc.
but percent for sand. To test the adjustments to Ks provided by eq. 5,
i . e., KsAD ....T "'" KE ,.., CAN*KEc + OP*KEo, I e'Ja 1ua. ted them for 1oa.m>' ~.and,

,::. i 1 t loam, an d ~. i 1 t y clay f or a ran ge i n CAI'·!, BC, an d BO. 1fthe
evaluations are correct given the confusing nature of the variables (by
the way a diagram or figure would sure help in explaining the terms
1 isted on p. 11), then the results of applying eq. 5 are summarized in
Table Rl belov".

Values of canopy cover in Table Rl vary from 0.1 to 1.0, bare soi 1
under the canopy from 0 to .125, and ratio of bare soi 1 outside the
canopy from 0 to .90. If I interpret the explanation of variable,:::. on
pp. 10-11 correctly, then these are reasonable values. Given that
these are reasonable values and assuming I evaluated the equations
correctly, then the last column of Table Rl shows that the adjusted Ks
values, KE, are illogical and unreasonable. For example, in the loamy
sand texture class, the KE values decrease with increasing canopy cover
and go negative for the other two soils. The negative value~ result
when eO/CAN is much larger than 1, A*<1-80/CAN) is negative with
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absolute value gr~ater than CRC*BO/C~N, and finally when OP*KEo is
negative and larger in absolute value than CAN*KEc. If my
interpretations and calculations are correct, then this can happen with
reasonable parameter values.

I strongly suggest that you construct a table such as Table Rl for
all textural classes and for various values of canopy cover and bare
=:.oi1. If Table Rl is indicative, then >'ou cannot use eq 5 to adJu~:;.t

the parameter values. Even if there were typographical errors in your
eqs 5-11 or if I miscalculated, you should carefully check these
equations in their 1 imits to make sure the results are reasonable.
Compl icated regression equations often "blow up" in the I imits and
should be avoided if possible.

Tabl e Rl . Evaluation of KE from eq. 5 for' 'v'ar' i ous ~.Ialues of Ct')t··! , BC,
and BO for three textural classes.

Tex tur'e Ks Canopy Bare Area RE'd. ./
S~nd BO KE.'.

Class (in/h) Cover 80 i 1 Outside Fa.c tor (X) (in/h)
CAN LInder Canop>' SC SA

Canopy BO
BC

-----------------------------------------------------------------------
Loamy
Sand 1 .2 0.0 -----0 i 'v' i ~. i on by in eq ';.• 6 8" -zero /-----.

1.2 O. 1 .045 .90 .89 80. 1 .46 5.19
1 .2 0.5 .125 .50 .89 80. 1 .46 0.58
1 .2 0.9 .045 .10 .89 80. 1 .46 0.28
1 .2 1 .0 0.0 0.0 .89 80. 1 .46 o.2 f l

S i 1 t
LO~.m 0.25 O. 1 .045 .90 .81 25. 1 • 15 -22.71

0.25 0.5 .125 .50 .81 25. 1.15 1 .89
0.25 0.9 .045 .10 .81 25. 1 • 15 5.5<1
0.25 1 .0 0.0 0.0 .81 25. 1.15 6.44

8 i 1 ty
Cl a>' 0.02 o•1 .045 .90 .73 10. 1 .33 -11 .70

0.02 0.5 .125 .50 .73 10. 1 .33 0.92
0.02 0.9 .045 • 10 .73 10 • 1 .33 ? -'7or- • { I

0.02 1.0 0.0 0.0 • 73 10 • 1 .33 3.23
-----------------------------------------------------------------------

A general suggestion her~ is to try to simpl ify the equations used
to adjust Ks. The user will not often have data for the amount of
bare soil under and outside the canopy. More 1 ikely, he will have
estimates of total canopy cover and total ground cover. You should
probably 1 imit your Ks adjustment ~quations to only total canopy cover
and total ground cover. You should also carefully definE' these cover
terms using diagrams and examples so that there is no ambiguit/'. If I
have trouble understanding this material when taking time to review and
study it, the infrequent user is sure to have trouble and produc0
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inconsistent results. This section must be rewritten to make it of
practical value and to reduce the probabil ity of misinterpretation of
the Manual. Would it be possible to derive simple parameter adJu~tmQnt

equations using the original data base and not the interpret~tions

embodied in eqs. 5-12? Tim Ward (Prof. Civil Engineering, Box 3CE,
New Mexico State University, Las Cruces, NM 88003 505-6~6-3232) has
collected infiltration data appropriate for these analyses and I
suggest you contact him to obtain reprints and reports describing his
data and findings. In any event, without real istic methods to adjust
the Green-Ampt parameters to reflect land use and management, the
Manual will not be ready for practical, everyday use.

Initial Loss Plus Uniform Loss Rate (IL + ULR)

1. p. 12, paras 2-3. Clear description of the procedure. How~v~r,

the initial loss (STRTL) and the' constant r'ate (CNSTL) ar'e both
dependent upon and derived from the Green-Ampt parameters. The above
discussion of the need to maKe Green-Ampt parameters reasonable and
related to land use and management also apply to this method.

2. p. 13. Same comments, good d i ~·c us~· i on but depe-nden ton hot.'.} >"OU

estimate XKSAT.

Procedure for Estimating Loss Rates

Green and Ampt Method

1. pp. 13-14, steps 1-6 in applying the method. Good outl ine of
how to apply the Green-Ampt method. After the uncertainty in eqs 5-12
is dealt with, I suggest yoU also include a worKed example so the user
of the Manual can go through a step by step example to verify that the
procedures are being appl ied correctly.

Initial Loss Plus Uniform Loss Rate Method

1. pp. 14-15. Same comment as above.

SUMMARY OF MOST IMPORTANT COMMENTS & SUGGESTIONS BY REVIEWER

1. Include ·a defini tion SKetch or figure ~.ho\"rjng r~inf~.ll h)'etogr·Q.ph,
surface retention losses, time to ponding, and infi ltration rate to
orient the user and supplement the written descriptions.

2. Include source documents and data, if possible and practical, to
Justify the values of surface retention loss mentioned on pp. 1-2
and shown in Table 1.

3. Remove reference to Horton eq. and include only descriptions of
recommended methods. Include a section in the chapter entitled
something liKe "Recommended Rainfall-Runoff Estimation t1ethod~. fClr
Maricopa County".
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4. Verify your Green-Ampt infiltration calculations using the ex~mple

storm and calculations given on p. 4 of this r~view. Carefully
examine the time to ponding calculations to make sure they match
those shown in my example.

5. Please rewrite the material on p. 7 of the chapt~r deal ing with the
initial abstraction, lA, and its relationship with the tim~ to
ponding, tp. Review comment No.4 on pp. 5-6 of this review d~als

with the uncertainty in your presentation.

6. You should verify and val idate the re~ults of u~ing eqs. 5-12 for
all soi 1 textural cla~·'::·es and for a ',.'ar·iety e,f CiHIC'P:~' and ground
cover folloWing the example calculations giv~n in Table Rl of th~

review comments. If the Ks adjustment equations do not reproduce
reasonable and consi~tent re~ults, then you should abandon them and
derive simpler, and consistent adjustment relationships utilizing
estimates of total canopy cover and total ground cover. These steps
are e~.sential if the Manual is to be of pr<:\ctical value and if it i!::.
to pr'oduce cons i sten t r'esu 1 ts in the 1 im its of its app 1 i c~ t i on.



f~PPENDIX-- BASIC PROGRAMS USED IN REVIEW

PROGRAM NO. 1-- TO COMPUTE INFILTRATION

PROGRAM NO. 2-- TO ADJUST Ks



PROGRAM TO EVALUATE LI ET AL., 1976 GREEN-AMPT
APPROXIl'"lATE SOLUTION
DELF = ~.5(2F~KS*DELT)+.5[(2F~KS*DELT)A2

+8KS*DELT(A + F:>]A1/2

Program No. 1-- To Compute Infiltration

5 REM
6 REI'"1
7 REt1
8 REM
9 REM
10 DIM F( 100) , T( 100) ,RATE (1 00)
20 REI'"1
30 INPUT "ENTER KS ,f'>" FO, TO, Tt1AX, DELT ", KS ,A, FO, TO, TI'"1{)X, DELT
40 T(l) = TO/60.0
50 F(1) "" FO
55 DELT ~ DELT/60.0
60 N; ~ «TMAX-TO)/60.0)/DELT + 1
70 FOR 1=1 TO N
80 Dl = -0.5*<2.0*F(I)-KS*DELT)
90 D2 = 0.5*«2.0*F(I)-KS*DELT)A2 + 8.0*KS*DELT*(A+F(I»)/.5
100 DELF ".,. Dl+D2
110 F(I+l) ~ F(I) + DELF
120 T(I+l) = T(I) + DELT
130 RATE(I+l) = DELF/DELT
140 PR INT" 1+1 ,T ( 1+1 ) ,F ( i +1) ,RATE ( 1+1 ) " , 1+1 , T( 1+1 ) *60 .0 , F( 1+1 :> ,R(,~TE ( 1+1 )
150 NEXT I
160 END



Program No. 2-- To Adjust Ks

5 REM PROGRAM TO ADJUST Ks A LA RAWLS, ET AL. 1988
10 REM KsADJ=KE = CAN*KEc + OP*KEo
15 REM KEc=Ks*CF*<BC*CRC/CAN + A*<l-BC/CAN»
20 REM KEo ~ Ks*<BO*CRC/CAN + A*<l-BO/CAN»
25 REM CF = le;#"96*CAN ~-t!J-K e-w L/lle /00
30 REM CRC = 6/(5.5/SC + 0.5/B)
35 REM A ~ EXP<2.82-0.099*SA + 1.94*BD)
40 REM B = 0.0000173*SAA2 - 0.0001575*SA + 0.04595
50 REM
60 PRINT"ENTER FRACTIONS:CANOPY CO'v'ER,BARE SOIL UNDER C{~NOPY/TOT{)L f\REf')"
65 INPUT "CAN,BCII,CAN,BC
70 OP :: 1.0-CAN
75 INPUT II ENTER BARE SO I L OUTS I DE CANOPY/TOTAL f~REA 80", BO
80 INPUT" Ks, SC, SA:{, BD ", KS, SC, SA, BD
81 REM CONVERT KS IN/HR TO CM/HR
82 KS = KS*2.54
85 REM CALCULATE THE SUBFACTORS
90 B = 0.0000173*SAA2 - 0.0001575*SA +0.04595
95 A == EXP<2.82 - 0.099*SA + 1.94*BO)
100 CF ~ 1.0 + 0.96*CAN
105 CRC :: 6.0/(5.5/SC + 0.5/B)
110 KO -- KS*( BO*CRC/CAN + A*( 1 . O-BO/C(~N»
115 KC = KS*CF*<BC*CRC/CAN + A*(1.0-BC/CAN»
120 KE = CAN*KC + OP*KO
121 REM CONVERT BACK TO IN/HR
125 KS - KS/2.54
126 KC == KC/2.54
127 KO = KO/2.54
128 KE =' KE/2.54
130 PRINT "KS,KC,KO,KE",KS,KC,KO,KE
140 PRINT
150 REM
160 END
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PRELI~fINARY

For Review Only
General

Rainfall excess is that portion of the toial rainfall depth that

drains directly from the land surface by overland flow. By a mass

b a I an c e , raj n f a I I excess p I us r a I n f a I I losses e q II a I s pre c i pit a t ion.

When performing a flood analysis using a rainfall-runoff model, the

determination of rainfall excess is of utmost importance. Rainfall

excess integrated over the entire watershed results In runoff volume,

and the temporal distribution of i her a i n f a I I excess wi I I , along w if h

the hydraulics of'runoff, determine the peak discllarge. Ther-efore,

the estimation of the magnitude and time distribution of rainfal I

losses should be performed with the best practical technology,

considering the objective of the analysis, economics of the project,

and consequences of Inaccurate estimates.

Rainfall losses are generally considered to be the result- of

Interception of rainfall by vegetal cover, depression storage on the

land surface (paved or unpaved), evaporation of water from the land

surface, and infiltration of water into the soil matrix. For the

purposes of this Hydrology Manual rainfall losses are classified as

either surface retention loss or- infiltration. Losses are also often

separated Into accumulated losses prior to the Initiation of surface

runoff (Initial abstraction), and losses during surface runoff;

however, Initial abstraction Is not Identical to surface retention

loss because initial abstraction includes some amount of infiltration

losses prlo~ to the start of surface runoff.

Surface Retention loss

Surface retention loss, as used herein, is the summat-ion of all

rainfall losses other than infi Itration. The major component of this

loss is depression storage consisting of rainfal I that is captured In

puddles, small surface depressions, road gutters, ditches, roofs, and

o the r non - d r a i n i n 9 5 U r f ace f eat u res • A ~_~.~_~J I vel y III I nor con iT i but ion

by _il1_tI3..L~JULtJOJJ._ i s a I so cons ide red as a p a ,- t of the tot a I sur f ace



retention I 055 • Estimates of surface retention I 055 a r- e d iff i cui tt 0

obtain and are a function of the physiography and land-use of the

_ f~' jar ea. Est I mate s a f sur f ace ret e n t Ion I a sseant a i ned i nth Ism a n u a I

!,,.fl'l( have been obtained from the analysis of rainfall-runoff data, results
(f

of rainfal I simulator studies conducted on rangelands and turf, and

pub I I shed est i mates for such losses.

Infiltration

Infiltration Is the movemerli- of water fTom the land surface into the

soil. Infiltration is distinguished from percolation in that

percolation is the movement of water through the soi I subsequent to

infiltration. Infiltration can be controlled by percolation if the

soil does not have R sustained dr"ainage capacIty to provide access for

more i nf i I trated wafer. However, the extent by wh i eh perea I at i on can

restrict infiltration of rainfall should be carefully evaluated before

percolation can be assumed to restrict infiltration for the design

rainfalls that are being considered In Maricopa County. For example,

hydrologic soi I group 0 has been defined by SCS soi I scientists as:

"Soils having very slow infiltration rates when thoroughly

wetted and consisting chiefly of clay soils wi;th a high

swelling potential, soils with a permanent high water table,

soils with a claypan or clay layer at or near the surface,

and shallow soils over nearly impervious material."

This definition indicates that soils In hydrologic soil groups A, B,

or C could be classified as 0 if they are underlain by an impervious

strata of clay, caliche, or rock. When these soi Is are considered in

regard to long-duration rainfalls that are the design events for many

parts of t~e United States this definition may be valid. However,

when considered for short-duration and relatively smal I design

rainfal I depths in Maricopa County this definition could result in

under estimation of the rainfall losses for these storms. This is

because even a relatively shallow horizon of soil overlaying an

Impervious layer sti I I has the abl I ity to store a significant amouni

of infiltrated rainfall. For example, consider the situation where

only 4 inches of soi I covers an impervious layer. If the effective

2



porosli"y is 0.30 i"hen 1.2 inches (4 inches i"imes 0.30) of water can be

Infiltrated and stor-ed In lhe shallow soil horizon. For a design

rainfall of 6 hours and a rainfall depth of about 4 inches this

represents a significant sforage volume for inflltrafed rainfall.

Therefore, for drainage studies in Maricopa County fhai" contain major

areas of soil that are classified as hydrologic soil group 0, the

reason for the sol I survey classification as 0 should be determined.

Hydrologic soil group 0 should be retained for clay soils, salls with

a permanent high water table, and rock outcrop. Hydrologic sol I group

o should probably not be retained in al I situations where the

c I ass I f i cat I on i 5 based on s h a I 1ow so i I s over near I y Imp e r v i a us

I aye r- 5 , and site specific studies and 5 ens II- I v I t y analyses should b P.

per f () r In e d to estimate the I 0 5 5 r al e51 hat s h() U I d be 1I 5 e d f () r s 1I C h

so I Is.

Infiltration of water ·into i"he soil is generally believed to follow an

exponential decay function as proposed by Horton (1939):

f = f + (f - f )e- kt
c a c ( 1 )

where f Is the infiltration rate at time t,

f c Is the minimum <equi Ilbrlum) Infiltration rate,

fa I s the in I t I a I infiltration rate,

t Is the time from start of rainfall,

k Is a constant that is dependent upon the sol I-vegetation

camp I ex, and

e Is the base of the Naperlan logarithms.

This Infiltration function is illustrated In Figure 1. In Figure 1,

the infllt~atlon rate is shown to be a continually decreasing function

of time and the surface retention loss is shown to be a loss that is

Independent of and separate from the Infiltration of rainfall Into the

soil. This represents the physical process that is to be simulated in

rna del I n g r a i n f a I I los 5 •

The driving force for infiltration Is gravity and capillary forces

drawing water into and through the pore spaces of the soi I matrix.

3



agencies, consulting engineering firms, and individuals throughout the

commu n i ty. However, the method is I jill i ted because of bed h theoret i eEl I

and practical deficiencies of the method. Several of the deficiencies

of the SCS CN method are:

1. H a i n f a I I los s e 5 fJ rei n d e pen den t 0 f the d lJ r- fJ t ion 0 f r' a i n f a I I. Thai

is, for a given depth of rainfall lhe same rainfall loss results

regardless of the dur-ation of rainfall, and the same rainfall

excess would be estimated for a given rainfal depth occ~rring in,

for example, either 1 hour or 24 hours.

2. The estimated rainfall loss rate is a function of rainfall

intensity. Short periods of high intensity rainfal I would often

result in large estimates of rainfall losses. This is contrary

to the Horton type infiltration relation as illusi-r-atecl in Figur-e

1 •

3. The infi Itration rate approaches zero rather than a minimum

infiltration rate, f c '

4. The initial abstraction of 0.2S is not justified nor is it based

on data for hydrologic conditions that are representative of

Maricopa County.

5. The selection of CN is too subjective and is based more on

traditional acceptance of CN values rather than scientifically

substantiated findings.

6. At low rainfalls (less than 4 inches), the estimate of rainfall

loss is very sensitive to the selection of CN.

For these reasons the SCS CN method is not recommended for general use

1,11 pP(~' Mar i cop a Co u n t y •

I"ltf, f' 1~j.""·"-'-'
, ., (f)" '/,() ,/',>.

J ' 1 '
"J I I ~ Two met hod s are r e com men de d for use i n Mar I cop a Co u nt y; thesearet h e

initial loss plus uniform loss rate (IL+ULR), and the Green and Ampt

infiltration equation. Other methods should be used only if there is

technical justification for a variance from this recommendation and if

adequate information is available to estimate the necessary parameter

values. Use of rainfal I loss methods other than those recommended

should not be undertaken unless previously approved by the Flood

Control District and the local regulatory agency.

5



Green and Ampt Infiltration Equation

This ml?td e I, fir s t d eve lop e din 19 1 1 b Y
f?)e t!"t1r/t 19T(Is

s I nee ~ rece i ved increased i nler'est

W.H. Green and G.A. Ampt,

for estimating rainfal I

has

infiltration losses. The model has the form:

J-=~ (/+ (I)

where f = i n f i I t rat ion rat e ( '-Ir ) J

K = hydraul ic conductivity in the wetted zone (the ultimate

steady state rate) ( '-IT) J

</I = average capi Ilary suction in the wetted zone(L))

'5;(" fin a I Ii 0 i I 9 f:' t ttNYH-orr-t-vut·lJTTT-et·r-+e+.

S/ I nit i a I ~O++'-~e-t"tlraTi,:m---(-vutumeTric)i-

1J-..·.".,~·-soi I----I'lef'osit y , an d-

F = depth of rainfall '~hat has infiltrated into the soil

since the beginning of rainfal I.

It is important to note that as rain continues, F increases and f

approaches K, and therefore, f is inversely related to time. Equation

2 is implicit with respect to f which causes computational,
difficulties. Eggert (1976) simplified Equation 1 by expanding the

equation in a power series and truncating al I but the first two terms

of the expansion. The simplified solution (Li and others, 1976) is:

A F = -. 5 ( 2F - K~ t )+ • 5 ( ( 2F - Kid) 2 + 8 KA t (~ + F» 1 /2 (3)

where t is the computation interval and F is accumulated depth of

infiltration at the start of 1". The average infiltration rate is:

Use of the Green and Ampt equation as coded in HEC-1

simulation of rainfall loss as a two phase process.

( 4 )

involves the

The first phase

is the simulation of the surface retention loss as previously

described, and this loss is called the init'ial loss (IA) in HEC-l.

6
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During this first phase all rainfall is lost (zero rainfall excess

generated) during the period from the start of rainfall up to the time

that the accumulated rainfall equals the value of IA. It is assumed

for modeling purposes, that no infiltration of rainfall occurs during

this first phase. Initial loss (IA) is primarily a function of land

use and surface cover, and recommended values of IA for use with the

Green and Ampt equation are presented in Table 1. For example, as

shown in Table 1 about 0.35 inches of rainfall will be lost to runoff

due to surface retention for desert and rangelands on relatively flat

slopes in Maricopa County.

T he 5 e con d p has e of the r a i n f a I I os s pro c e s sis the i n f i I t r at i on 0 f

rainfall into the soi I matrix. For model ing purposes, the

infiltration begins immediately after the surface retention loss (IA)

is completely satisfied. The three Green and Ampt equation

Infiltration parameters as coded in HEC-1 are hydraulic conductivity

at natural saturation (XKSAT), wetting front capillary suction (PSIF),

and volumetric soi I moisture deficit at the start of rainfal I

(DTHETA). The three infiltration parameters are functions of soi I

characteristics, ground surface characteristics, and land management

practices. The soi I characteristics of interest are particle size

distribution (soi I texture), organic matter, and bulk density. The

primary soi I surface characteristics are vegetation cover, rock cover,

and soi I crusting. The land management practices are Identified as

various tillages as they result in changes to soi I porosity.

Values of Green and Ampt equation parameters as a function of sol I

characteristics alone (bare ground condition) have been obtained from

pub I i shed reports (Rawl s and others, 1983; Rawl sand Brakens i ek,

1983). Av~rage values of XKSAT and PSIF for each of the soi I texture

classes are shown in Columns (2) and (3) of Table 2 (Rawls and others,

1983). Values of XKSAT and PSIF as a function of percent of sand and

percent of clay for soi 1 with 0.5 percent organic matter and base

value (unaltered) soi I porosity are shown in Figures 2 and 3,

respectively (Rawls and Brakensiek, 1983). The values of XKSAT and

PS I F from Tab I e 2 shou I d be used if genera I soi I texture

classification of the drainage area is available. The values of XKSAT

7



and PSIF from Figures 2 and 3 can be used if more specific sol I

texture classification is available from a detailed soil sur"vey for

which the percentage of sand and clay has been determined by an

appropriate field sol I survey. The use of the Information in Figures

2 and 3 wi I I require an extensive study of the sol I for the drainage

area and for most drainage studies only general sol I texture

classification wi I I be known and the values from Table 2 should be

used.

The soil moisture deficit (DTHETA) Is a volumetric measure of the soil

moisture storage capacity that is available at the start of the

rainfall. DTHETA Is a function of the effective porosity of the soil.

If the 5011 is saturated at the start of rainfall then UHIETI\ equals

0.0. If the soi I is devoid of moisture at the start of rainfall the

DTHETA equals the effective porosity of the soi I. Therefore the range

of DTHETA Is 0.0 to the effective porosity. The porosity of sol I as a

function of sol I texture (percent of sand and percent of clay) is

shown in Figure 4 (Brakensiek and others, 1984).

Under natural conditions, soil seldom reaches a state of soil moisture

less than the wi Iting point of vegetation, and a graph of volumetric
f

soi I moisture at wi Itlng point as a function of 5011 texture is shown

In Figure 5. Due to the rapid drainage capacity of most salls In

Maricopa County the soil would not be expected to be In a state of

sol I moisture greater than the field capacity at the start of a design

storm. A graph of volumetric sol I moisture at field capacity as a

function of sol I texture is shown in Figure 6. However, Maricopa

County also has a large segment of Its land area under Irrigated

agriculture and It Is reasonable to assume that the design frequency

storm could occur during or shortly after certain lands had been

Irrigated. Therefore, for Irrigated lands It would be reasonable to

assume that sol I moisture could be at or near effective saturation

during the start of the design rainfall.

Three conditions for DTHETA have been defined for use In Maricopa

County based on the antecedent sol I moisture condition that could be

expected to exist at the start of the design rainfall. These three

8



conditions are "Dry" for antecedent sol I moisture near the vegetation

wilting point; "Normal" for antecedent soil moisture condition near

field capacity due to previous rainfall or irrigation applications on

nonagricultural lands; and "Saturated" for antecedent soi I moisture

near effective saturation due to recent irrigation of agricultural

lands. Values of DTHETA have been estimated by subtracting the

initial volumetric soi I moisture for each of the three conditions from

the soil porosity. The value of DTHETA "Dry" as a function of soil

texture is shown in Figure 7. This figure was prepared by subtracting

the wilting point soil moisture on Figure 5 from the soi I porosity on

Figure 4. The value of DTHETA "Normal" as a function of soil texture

is shown In Figure B. This figure was prepared by subtracting the

field capacity sol I moisture on Figure 6 from the sol I porosity on

Figure 4. The value of DTHETA "Saturated" is always equal to 0.0

because for this condition there is no available pore space in the

soi I matrix at the start of rainfal I. Values of DTHETA for the three

antecedent soil moisture conditions are shown in Table 2. DTHETA

"Dry" should be used for soi I that is usually in a state of low soil

moisture such as would occur in the desert and rangelands of Maricopa

County. DTHETA "Normal" should be used for soil that is usually in a

state of moderate soi I moisture such as would occur in irrigated

lawns, golf courses, parks, and irrigated pastures. DTHETA

"Saturated" should be used for soi I that is usually in a state of high

soi I moisture such as Irrigated agricultural land.

The hydraul ic conductivity (XKSAT) can be affected by several factors

besides soi I texture. For example, hydraul ic conductivity is reduced

by soil crusting, it is increased by tillage, and it is increased by

the influence of ground cover and canopy cover. The values of XKSAT

that have ~een presented for bare ground as a function of soi I texture

alone should be adjusted under certain conditions.

Ground cover, such as grass, I itter, and rock wi II generally increase

the Infiltration rate over that of bare ground conditions. Similarly,

canopy cover, such as from trees, brush, and tall grasses can also

increase the bare ground infi Itration rate. The procedures and data

that have been presented are for estimating the Green and Ampt

9
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parameters based solely on soil texture and would be applicable for

bare ground conditions. Procedures have been developed (Rawls and

others, 1988) for incorporating the effects of ground cover and canopy

cover Into the estimation of the parameters for the Green and Ampt

equation. Past research has shown that the wetting front capi I lary

suction parameter (PSIF) Is relatively Insensitive In comparison with

the hydraulic conductivity parameter (XKSAT); therefore only the

hydraulic conductivity parameter is adjusted for the influences of

ground cover and canopy cover.

The set of equations that have been developed to adjust the bare soi I

hydraullc conductivity for the Influence of sol I ground cover and

- KE o (K{( BO )(CRC) + A ( 1 ~~N~4: ~c
::: -

CAN

t\ ~()
~~~ CF ::: 1 + 0.96 CAN,(,

'\0
L

CRC :::

L - TC + TC
SC -B-

KE c ::: (K) (CF)[( BC )(CRC) + A(l
CAN

A ::: eU· 82 - 0.099(SA) + 1.94(BOil

BC )1
CAN J

( 5 )

( 8 )

( 9 )

( 10 )

B ::: 0.0099 + 0.0721 <TC) + 0.0000068(SA 2 ) +

0.000021(SA 2 )(TC) - 0.000315(SA)(TC) ( 1 1 )

where KE::: hydraul ic conductivity adjusted for ground cover and

canopy cover, and KE I s the adj usted va I ue of XKSAT In

the Green and Ampt equation,
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L =
TC

SC =

KE c =

KE o =

K =

CF =

CRC =

A =

CAN =

OP =

BC =

BO =

hydraul ic conductivity of soi I under canopy cover,

hydraul ic conductivity of soi I outside of canopy cover,

bare ground hydraulic conductivity, equal to XKSAT,

canopy factor,

soil crust factor,

macroporoslty factor,

ratio of area under canopy cover to total area,

ratio of area outside of canopy cover to total area,

ratio of bare 5011 (no vegetation, litter, or rock

cover) that Is under canopy cover to total area,

ratio of bare soi I that is outside of canopy cover to

total area,

wetting front depth (assume 6 cm),

sol I crust thickness (assume 0.5 em),

correction factor for partial saturation of the

subcrust soil (see Table 3),

SA = percent sand In the sol I,

BO = soi I bulk density (see Figure 9).

These equations have been developed for the SI system of units and

they should be solved In this system and the resulting hydraul ic
1

conducti v i ty (KE) in cm/hr shou I d be converted to XKSAT in i nches/hr.

Equations 5 through 7 can be simpl ified for use in estimating the

hydraul ic conductivity of turf by the following equation:

KE = (K)(A)

where A Is defined by Equation 10.

( 1 2 )

The influence of tillage results In a change in total porosity and

therefore a need to modify the three Green and Ampt equation

Infiltration parameters. The effect of tillage systems on soi

porosity and the corresponding changes to hydraulic conductivity,

wetting front capillary suction, and water retention is available

(Rawls and Brakensiek, 1983). Although this information is available

It is not presented in this manual, nor is it recommended that these

1 1



adjustments be made to the three inti Itratlon· parameters for design

purpose use In Maricopa County. This is because tor most tlood

prediction purposes It cannot be assumed that the soi I wi I I be in any

particular state of ti I lage at the time of storm occurrence and

therefore the base condi tion i nf i I tration parameters, as presented,

should be used for f load prediction purposes. However, appropriate

adjustments to the infi Itration parameters can be made as necessary

for special flood studies such as reconstitution of storm events.

Initial Loss Plus Uniform Loss Rate <IL + ULR)
This is a simplified rainfall loss method that is often used, and

generally accepted, for flood hydrology. In using this simplified

meihod it is assumed 1'hat the rainfall loss process can be simulated

as a two-step procedure, as illustrated in Figure 10. First, all

rainfall Is lost to runoff until the accumulated rainfall is equal to

the initial loss; and second, after the initial loss is satisfied, a

portion of all future rainfall is lost at a uniform rate. Two

parameters are needed to use this method, the initial loss and the

uniform loss rate (STRTL and CNSTL), respectively, according to HEC-1

nomenclature).

The initial loss (STRTL) is the sum of all losses prior to the onset

of runoff and is made up of surface retention loss and some amount of

infiltration. This Is also called initial abs1'raction. Values of the

infi Itration part of STRTL for bare ground according to soi I texture

classification are shown in Columns (3) through (5) in Table 4. These

values have been derived from the Green and Ampt infi Itration equation

and parameter values that are shown in Table 2. The value of STRTL

"Dry" should be used for soi I that is usually in a state of low soi I

moisture a~ or near the wilting point for vegetation. This is a

reasonable assumption for most nonirrigated lands in Maricopa County

because of the infrequency of rainfal I and because of the rapid

drainage of these soi Is after rainfall. The value of STRTL "Normal"

should be used for soi I that is usually in a state of moderate soi

moisture such as occurs for irrigated lawns, turf, and permanent

pastures. The value of STRTL "Saturated" should be used for soi I that

is maintained in a state of high soi I moisture such as occurs in

12



irrigated agricultural lands.

Values of STRTL for bare ground i-hat have been classif ied according to

hydrologic soi I group are shown in Table 5. These values within each

hydrologic soi I group have been derived from the data in Table 4 for

the various soi I texture classifications.

The values of STRTL from Table 4 and 5 represent that portion of the

initial loss that is attributable to infiltration and these should be

increased to account for the surface retention loss that is a function

of land~use and vegetation. These additive STRTL values are shown in

Table 1. The value of STRTL that is used is the sum of the por-tloll

due to Infiltration (Table 4 or 5) plus the portioll that is due to

surface retention (Table 1).

The uniform loss rate (CNSTL) represents the long-term, equilibrium

inti Itration capacity of the soi I. The values of CNSTL shown in

Column (2) of Table 4 for soils according to soil texture

classification are equivalent to the hydraul ic conductivity at natural

saturation (XKSAT) as determined for the Green and Ampt equation

(Table 2). The values of CNSTL for soils classified according to,
hydrologic soi I groups are shown in Table 5. These values within each

hydrologic soi I group have been selected from inspection of XKSAT

values in Table 2 for the various soi I texture classifications. These

values of CNSTL shown in Table 5 are consistent with general

information that is available for estimating CNSTL as shown in Table

6.

Procedure for Estimating loss Rates

Green and Ampt Method

1. Determine the soil texture classification. Soils reports such as

those of the Soil Conservation Service can be used if available,

or laboratory analysis of appropriate soi I samples from the

drainage area can be used I f adequate documentation on the

sampl ing and laboratory procedure is provided and approved.

2. Estimate the hydraul ic conductivity (XKSAT) for bare ground from

13



Tab Ie 2 i f general so i I texture c I ass i f Icat ion I 5 a va i I a b I e or

from Figure 2 If adequate sol I texture data is available from an

approved samp ling program.

3. If desired, adjust the value of XKSAT for the inf luences of ground

cover and canopy cover using Equations 5 through 11 or Equation 12

for turf.

4. Estimate the wetting front capillary suction parameter (PSIF) from

Table 2 if general soil texture classification is available or

from Figure 3 if adequate 5011 texture data is available from an

approved samp ling program.

5. Estimate the value of DTHETA from Table 2 if general soi I texture

c I ass I f I cat Ion Is available or fro me i the r Figure 7 or 8 If

a de qua i- e s 0 i I t ext ured a t a I s a val I a b I e f t- 0 fIl a nap pro ve d 5 amp lin 9

program. The value of DTHETA must be selected based on the

appropriate antecedent soil moisture condition; "Dry" for

nonirrlgated lands such as desert and rangeland; "Normal" for soi

that would be expected to be near soi I moisture field capacity

such as irrigated lawn, turf, and permanent pasture; and,

"Saturated" for Irrigated agricultural land.

6. Determine the land-use and/or soi I cover for the drainage area and

use Table 1 to estimate the surface retention loss (IA).,
7. As an alternative to the above procedure, Green and Ampt loss rate

parameters can be estimated by reconstitution of recorded

rainfall-runoff events on the drainage area or hydrologically

simi lar watersheds, or parameters can be estimated by use of

rainfal I simulators in field experiments. Plans and procedures

for estimating Green and Ampt loss rate parameters by either of

these procedures should be approved by the Flood Control District

of Maricopa County and the local agency before Initiating these
proced~res.

Initial Loss Plus Uniform Loss Rate Method

1. Determine the sol I texture classification and/or the hydrologic

soi I group. Soi Is reports such as those of the Soi I Conservation

Service can be used if available, or laboratory analysis of

appropriate soi I samples from the drainage area can be used to

c Iass If Y the so I I I f adequate documentat I on on the samp ling and

14
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•

laboratory procedure is provided and approved.

2. Use values of CNSTL and STRTL from Table 4 if the losses are to be

based on soi I texture classification.

3. Use value~ of CNSTL and STRTL from Table 5 If the losses are to be

based on hydrologic soi I group.

4. Determine the land-use and/or sol I cover and use Table 1 to

estimate the surface retention loss to be added to STRTL from

either Table 4 or 5 •
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TABLE 1

Surface retention loss for various land surfaces in Maricopa County

( add i t ion t 0 STRTL for IL+ULH rn e t h() dan d I 1\ for Gr e e nan d /\ In Pt In et hod )

Land-Use and/or Surface Cover

( 1)

Natural
Desert and rangeland, flat slope
Hillslopes, Sonoran desert
Mountai n, brush

Deve loped (Res i denl i a I and Cornrnerc i a I)
Lawn and turf
Desert landscape
Pavement

Agricultural
Ti lied
frrigated pasture

Surface
Retention Loss

inches

( 2 )

.35

.15

.25

.20

.10

.05

;00
.50



TABLE 2

Green and Amp"\- loss ra-r(~ parame-rer values for bare ground

So i I Texture XKSAf PSIF OHIETA 1
C Iass if i ca-t i on in / hr inches Dry Normal Saturated

( 1 ) ( 2 ) (3) (4 ) ( 5 ) (6 )

sand 4.6 1 .9 .35 .30 0
loamy sand 1 . /' 2.1\ .35 .30 0
sandy loam .1\0 1\ .) .3') · /' 5 0
loam • 1 ') 3. ') 3'- i" 0. ) • :J

1,/1 sil"t'loam .25 _/(1 6.6 7',5- .40 __13 .25 . /4· 0
>s an 'y c I a y loam .06 8.6 .25 • 1 5 0

clay loam .04 8.2 .25 · 1 5 0
sri t y clay loam .04 10.8 .30 .15 0
sandy clay .02 9.4 .20 .10 0
s i I ty clay .02 1 1 • 5 .20 .10 0
clay .01 12.4 • 1 5 .05 0

Selection of DTHETA:
Dry - for nonirriga-red lands such as desert and rangeland

Normal for irrigated lawn, turf, and permanent pasture
Saturated - for irrigated agricultural land



TABLE 3

Soi I crusting reduction factor for the Green and Ampt
infiltration equation hydraulic conductivi"t-y parameter.

Soi I Texture
Classification

( 1 )

Sand
Loamy sand
Sandy loam
Loam
Silt loam
Sandy clay loam
Clay loam
Si I t Y c I a y loam
Sandy clay
Silty"clay
Clay

Reduction Factor
for Subcrust Conductivity

SC

( 2 )

0.91
0.89
0.86
0.82
o. 81
0.85
0.82
0.76
o.81
0.73
0.75



TABLE 4

Initial Loss plus Uniform Loss Rate parameter values
tor bare ground according to soi I texture classification

Initial Loss'l In Inches
Soil texture Un I form Loss Rate STRTL

Classification CNSTL Dry Normal Saturated

( 1 ) (2) (3) ( 4 ) ( 5 )

sand 4.6 1 .3 1 .3 0
loamy sand 1 .2 .8 .8 0
sandy loam .4 .7 .6 0
loam • 1 5 .6 .5 0
s i I ty loam .25 .8 • 7 0
sandy clay loam .06 .6 • 5 0
clay loam .04 • 5 .4 0
s I I ty clay loam .04 .6 .5 0
sandy clay .02 .4 .3 0
s i I ty clay .02 .4 .3 0
clay .01 .3 • 2 0

Selection of STRTL:
Dry - for nonlrrlgated lands such as desert and rangeland

Normal - for Irrigated lawn, turf, and permanent pasture
Saturated - for irrigated agricultural land



TABLE 5

Initial Loss plus Uniform Loss Rate parameter values
for bare ground according to hydrologic s~i I group

Initial Loss, I n
1

Inches
Hydrologic Un I form Loss Rate STRTL
Soil Group CNSTL Dry Normal Saturated

(1) ( 2 ) (3) ( 4 ) ( 5 )

A .40 .6 • 5 0
B .25 • 5 .3 0
C • 1 5 .5 .3 0
D .05 .4 .2 0

Selection of STRTL:
Dry - for nonlrrigated lands such as desert and rangeland

Normal - for irrigated lawn, turf, and permanent pasture
Saturated - for I rr I gated agr I cu I tura I I and



TABLE 6

Published values of uniform loss t-a-lf~s

Hydrologic Uni form Loss Rate. in inches/hour

Soi I Group

( 1 )

A
[-1

C

Musgrave (1955)

(2 )

.30 - .45

.1 5 - .)()

.05 - .15

USBR (1975)1

(3)

.40
• ?4
.1:;

USBR (1988)2

(4 )

.30 - .50

.15 - .50
() _ .()Jj

Design of Small Dams, Second Edition, 1975, /\ppendix A

2 Design of Small Dams, Third Edition, 1988



y
n

O
H

Y
3

d
S

3
H

::>
H

I
H

I
'3

,lV
Y

S
S

O
·,

E:JEc CD
+oLCo+oL+-....c

CD>L:JuCD
....oLc:o+oL....O
f

c:CIl
Q

.
>

.
+c:O

f
'

....Lo:J:\\\\,

I
I

I
(0

I
r:---

J
)
a
~
O
J

u
o
q
O
J
~
I
!
J
U
!

I
D
q
!
U
I
.
-
'
-
~



e -~e e
· :.. '

··i
-

o 10 20 30 40 50 60 70 . g", -r
o I ,.~ "7 I' J< I '7' , ' ~ '~;r\ s 7

('J. r ~ ."'~.""e ",,,lilt

FIGVKE' :l..

q,-.e#'JII ~"J~.,f -4ss K..1e

II'IJI'WI/IJ~ C_~#6~~ ,III"I"IIWI
S~,.*-I,-~ ,it ;1I,1I~/~,,,,,.er!/~

XJ(SAT

10

40-L- ::> <l > 1
-t
>- 50i-----7''---~
< '
.J
o

-.,J



e -e e

FIt$vItG .... 3

ps.rJ:

8(;1.0)
1~(30)

/,(#)

:J.4-( ~ () )
~

3 '(/00)

~".~~" "'Hili 4.,1 kss Jl4le

W,#/~! ;:-~1I1- 5U~f,;" of. ,,;,,~~s (el'l)

51

o! ' ! , > ' ! , , , ., , , ! r' " , :>o ( < 7" "

90

100

-~->- 50
< r= ~

..J
<.:I

-.~



e

-1ft-
>«
...J
U

80

90

100

siD (%)
___ 50-

....

p'/t;ilHe

0.5% ORGANIC MATTER

0.0 % POROSITY CHANGE

POROSITY

e

4-



e

5-'

"...,.-..
:J"r..'FIt;VRE

SCl.

sc

(i".,,, t/I,,~ ./I.,i k$~ R,k
/sa-II.. $.,1 .iI/SA!".. ~ ".,/.,.~

( tI$S"",t-~ ,,"II;,,~ p".t)

c

40~ ,.*?'- 1

301 r' cL 1

-~-,... 50

<....
(J

e e
•

~.
0.

0
t / L51 • SL
I

10 - -
SIL

.. I / L,..
20



e

100

e

<;I"t!'fJA t#ht:T ,1.,1 kss K'*
q J,,1"t s.~t _IUSI.,,., Jy y~/,,-e

(#I$S"'''''~ /,("Itt¥' ew,~e,~y )

e



t

O
........................-

-
.
.
~

......~
r
-
-
-
~
I
.
t
-
-
~
!
!
I
'
-
-
.
-...............-poo...........-

-
.
........._

~
o

-~-

e.
-
_

.
•
•
.
.

.
~
.

_
_

••••.•
"
.

~...
~

..-..
.

''''.



o
.
e
~
U
)

<
.

(0

••~
....

4
.

..
_

•
•

,
~
--

,..
...w._."

~....:,.....
.

.
.
~
.

0

~
,

I
"

,
,

,
I

II
1\

0

\



e - •

MINERAL BULK
DENSITY

100_%ORGANIC
MATTER

100

60

% ORGANIC
MATTER

ORGANIC MATTER +
BULK DENSITY

40

SOIL _
BULK DENSITY -

AVERAGE O·RGANIC MATTER BULK DENSITY = 0.22~ gm/cm 3

2010

SIL

-t _5 0

o

10

20-.. ..• --- 1·_ •.-.

30

70

80

90

100

?F- 40
>-

~ 50J CjY ~// I \ I \ ;(C7 F/~V/(.r
.t:-

60 . CLAY

MINERAL BULf<. DENSITY (gm/cm 3
) ~

ri~ J OeSgrmipatiop of Bell bgl1t deRling?



,-Horton type infitration rate curve
....,,

= CdS TL.)
I
r-c---Minimum infiltration rate \fc
I
I

Loss Rate

.... _-Inlt 101

I
I ~__
I \'UniformI

a::
~

0
:I:

a::
ILl ,--~

I
en I
ILl .-:I:

~oU

z -- QI..
Z 0- L..
ILl c:.- 0
< +-a:: 0

L.en +-
en -
0 ....
..J c:.-

-
0.--c:

i
I

-1_-
TIM E

F/Gt/J?£ 10

SIMULATION OF RAINFALL LOSSES BY THE INITIAL LOSS
PLUS UNIFORM LOSS RATE METHOD



lOU'

"

t!'''d''''~ _"'~'" , __", ......'
:r ""I/,IIY!:- ...~,,-, &-, C(J1~"nt?~'ye, .. /e-sl!...~,5 y,",

rel"t:>"'H'..,~L "d"Y(J1V~ .~Y"If#w'...,,..~~ ,.",~ ~-S~&

ore. ,~"r/t:JS~~, ",..r .wo¥/L s,/ .61!,/"~ ....n-S" /~,

v.J$"~6~~e. .._~E~.~_ .. //,c~/ ~rN;",.""tS'"l .. ~--.($~I!"H.~A"J",,,r

~i1~ ,.-'t"$ 4'a~,,/..£~ .&. .":,;£:/zt:,.'~~_&~-Jt:'t:ev.,,.~

r,/?'" 7& ~ ;6.;,,~ ,~, ",,,~~ . W/~~ ,,:"",y~~~ ,¥:S
.,~.s S'~~~:/ ~r/.,d"J', 'AI'-, ,.:,,~J?'/4'~S'~.r&~"

!&/"J' ~ .. #&~~ ...~r,s,~", d'~..t:?",~~- 4~,I5-/we.It??"

~,,~/ ~"sv"kC'e,._n!'~~"'" hS'S ('4"J .~.k;,~,.:,

-Wt?HV4!'/ ,~~, 'S'~;"I~"',, ~~k /) .ry,,.,.~,,

.:r*"~,,,";'nI~,~~M)'t:1~K!_.~YI;"#,~~~i!#'rs~;~~

rrJI.;Lf)4""L.._..#,~H .._/~, /$ ~",~,,_.z;.-<.w,YL...S'~~.~

~H~. t/,-q/,L- ,tb·YD",. :r ~re .,.~~,k~ ~~f

e.w-~,f- ~ ~C1~'hhl~b~ ;&,,- e'"q~?/ e?"~ ,rrw~

&e1I/t'rS. .r Wtr#~ ".~ ~..".",,~, .~. /'P~ ,,,d 7;;"" IJ,rlIf!'
w ~'/N'I/".JI~....&/.r~~/ ~sr we~~ ~4~~".T

~~~, ~.,.r tt'"vV A~~ 16. "KS'e SD~~;'f

~;..",~ ..s.v:cL.. c.4!s ~,_ .. S.i'V,.e 74-. ,.*,tIfIr, ..tII'~~~~IJ't!:..

~f .T..~r._.~ .. )1'''' ..~"... #Its "~~n,~/)ff,, T·wt1~/.tJt

1/4.", ~~~ ~ ..~4'~~~-' h,.. ..M~rij/1J'- 4-.,h,v.h'c
~e' ~",,~. ,"",. '.~"9/q,,~ .?""VH~ e,JI'I""S"



e f .6~ .. ~.,/s~ .~ /,~~e6b" Z'b ~

"I'/.,,/rr//,,4,u ~e:1?J:1~ q",,e' f d~ ,/~~' h.pw"",..s

q",{' 4- (t-"e~s".~).. h.;vre J!l /..5 ~

///r/s6---,h: ..~,., ~sS'~$ . .,.~ (;tfI'/&~/'k~ ~ ~ 6"~-

~,#'r ",,~v,~

,Pk"se ~,/ "",e 4'/k,. y~ ...~;e. ,.,y~"w~.~ ..
d...,.,~ .,. )6~~~ 'd ~.s,

~~~Vn'S : I. ~~W,.,~" S"A'et!"~ t:JH O~'''/S'A'

Po. Hec-/ t/1v/;,~r.

J, ... .~'/~,t //eC-/. M'6"~/ tfJd 17"""-"- #~~r

~. ""w ,f A~W ~"n-'S I r :2. .~/" M~""'/

,
•

.. e



GJ#,Pt?JA!'SD J?

WI 'M r;.{c~e

~ f lice -I (:;'r{'t"rl - /trip'; pr, h. ''YS p//s
~ ~eb#d~ ./erne /;? ,4;':S ,rrv/rw' /-e'po/~r

Ks :=. //,0 n1~/;?

A's '= ;a, 71? 2. mn?

lie - , 4-1 M~/A?n?

~ == ,,:J-.:J.t%

54 -41"'1:'kd ("1'-I1'Ar-,::" i'/'.,p / ;/)<

A-.,.h-Ye /'#e?'6-/ 'c... //f!Jkd~;;'//

t';:;;'~6ve. ,ut?rt?.f/~

rek/"Ye 5'"4'-h/r"qhb4 (-;../hO'/:)

, -</-33/ /',;/?

PSIF .:tB, 78%~4-.

, -1-1 ( / -, :;.. :;.)

3 . .5""4·33

DT#ET.4 = ~ (I-~) -== , ~/(I-,~.1-J = ,3/98

(~,~ , m.fe ~~I'.s ~r~ ,.--.,'-';-/ c,4;.se /0 /~se dW/:J /~7 7~~k ,1!

oj... /~ h?t?nN'/) 'X~.5';I}T-::: ,4-) P5/P::; -I.; 3) DTJlET;4 ~ , 3.5"')

Rq/~h//

7Il?1e) h'Uhl-tb.5 /!«V"1, R,,/";, ) h1w1 &t""vAf. RQ/':'j /A";/.S

0 0 0

~ :J...//67 ,0833

/0 4-.:1-33 '3 ,/~"7

/j- 8. 4-667 ,3333

.:20 /:J..,7000 ,51/

:'I-j- I~. 9/17 ,,fl?B 3

30 /3./.:J-33 ,.F/~7

3r /3, 33..rtJ •..1~..F"O

-iO /3 ,.r4-~7 ,.5333

-1-5"" /3,7.F83 ,5""~/7

3-0 /7, 9'';/7 ,71/93

~f' ~ :;., ,:J..,fJrCl ,87~O

6(/ .:t6. 4-5"83 I, tJ4-/7



~$"'//-S
#EC:-/

~e~ss .Iy 4He.- i y

7lme) n?/#v/~.5 f?de..I-~ .Po/hi; nor? ~~~/~ p.tP~ ,""'P,

0 0 0 (J CJ

~ 0 0 I) t)

/0 (/ 0 0 CJ
15""- 0 0 0 0
?-o B, 7t)~ (/ ,7::ZS-.r ,Cl.2.9b ,03
:r-~ 0 I) tJ 0

30 tJ a t:1 0

3S- 0 0 () 0

-I-?J 0 0 0 0
-1-5"" 0 0 0 CJ
ro /7, 7tJ~7 1,1-8:1-/ , t>5"tJ4- ,tJ6
Ff :J-I. 17/::z. /,7~1-5 ,~6~r ,tJ7
~CJ :J-3• .j..r~ / /'PF47 ,t/77{) , ()8

• !J331 .~3

un~/v$/bJ? :

I~ nfe,.. I'?'$~/h'y kJle ~Ye t!'~5~4~~4 ,1w.-d~tt-t:?'/~ ~fe

/nth? #ec-/.

:t. ~ /I£c-/ 'pn7.?rl!?~ t:2tt'~o~n/s ~r' ~/4k//hf.s-"..-S V,I/o

&.. ~h/t::.. /0 ~#~~.J q",d he/ C7'#P'.s-z"H?t"'H,L /$ n<"~4//~
~ dCc#vn,4- ~r ~dh;/~hd4 ,l'r"i?r #0 &- -4h?e t:'~

/t1n~;,g,



111***"****,**,,.*.11*.***.****••***'******'*
* *
* fLOOD HVDROGRRPH PACKRGE (HEC-1) *
* f£BRURIIV 19B1 *
* REVISED 01 Jun BB *

*
II RUM DATE 05/0211989 'lIME 09:38:39 *

*
lI*lIlI***,,*****lIlIlI******lIl1l1************lIl1*lI

x X XXXXXXX XXXXX X
X X X X X XX
X X X X X

XXXXXXX XXXX X XXXXX X
X X X X X
X X X X X X
X X XXXXXXX XXXXX XXX

1I U.S. RlmV CORPS Of ENGINEERS
* rHE HYDROLOGIC ENGINEERING CENTER 11

* 609 SECOND STREr.r II

* DRUIS, CRlIfORNIR 95616 11

* (916) 551-1748

*
*lIlfl1******lIlI******lI*********lIU*lI*****·.

THIS PROGRR/1 REPLRCES All PREVIOUS VERSIONS Of HEC~l KNWN AS HECI (JRN 73>, HEClGS, HmOB, RNO HECIK1J.

THE DEfINITIONS Of VRRIABLES ·RTIMp· RNO -RlIOR- HRUE CHR"G£O fRlH'I THOSE USED IJITH THE 1973-STYlE INPur STRUCTURE.
THE DEfINITION Of -A!1SkK·· ON RIHRRD UAS CH8NGED UITH REUISIONS ORTro 29 SEP 81. THIS IS THE fORTRAN77 VERSION
NEU OPTIONSI DflI1BRERK OUTflmJ SUBMERGENCE , SINGLE EVEHT ORMRGE CALCULATION, DSSIURIT£ STAGE fREQU£I!CY,
USS:READ TItlE SERIES AT DESIRED CALCULATION INTERVAl lOSS RRfE=GREEH RHO RMPT INfIlTRRTION
KIHEtlRTIC \JAUEI HEll fINITE OIff£RENC[ ALGORITHM

H[(-1 INPUT

lINE IO 1.. 2.. 3 L 5 6 7 8 9 .10

PAGE 1

M** fRH ***
1
2
3

10 TEST G~R EQH USIH6 l. lRHE'S ORm
IT 5 2S
10

i
5
6
7
B
9

10

KK TEST
gR 1
PC 0
PC .7083
I.G 0
UC .25
lZ

.0B33 .1666
.875 1.0~17

.32 3.5133

.25

.3333

.1331

.5 .5093 .5167

o

.525 .5333 .5117

lI*****lIlfl1l1l1******II***lIl1l1l1l1l1l1lH1M********** 1I11111111**lIl1************n**** II *



l! flOOD HVUROGRAPH PACKAGE (HEC-1) "

l! fEBRURRY 1981 l!

" R£UIS£O 01 JUN 88 *

" Rutl DATE 05/0211989 TIME 09:38139 *

* U.S. ARMY CORPS or ENGINEERS "
* THE HYDROLOGIC ENGINEERING CENTER *
* &09 SECOND STR[[T "
" ORUI5, CAlIfORHIA 95&16 "
" (916) 551-1718 "

* " *
*"********""*****"*****"****"****""*****

T[ST 6-A EQN USING l. LANE'S DArn

3 10 OUTPUT CONTROL UARIABLES
IPRNT 0 PRIIH CONI ROL
IPLOI 0 PLOT CONTROL
QSCRL O. HVDROGRAPH PLOT SCALE

IT HVOROGRAPH TIME DATA
HNIH 5 MINUTES IN COHPUTATION INTERVAL

rom 1 0 STARTING ORT[
mME 0000 STARTING TIME

HQ 25 HlflBER Of HVDR06RAPH ORDINATES
HODATE 1 ° ENDING OAT[
MDTINE 0200 ENOING TIME
I(ENT 19 CENTURY MARK

*********"*****************************

ClltlPUTRTIOH INTERVAL
Tor AL TIME BASE

.08 HOURS
2.00 HOURS

EHGLISH UNITS
DRAINAGE RREA
PRECIPITATION DEPTH
LENGTH! mUATION
rUIlJ
STORAGE UOLlJtl£
SURfACE ARER
W1PERATURE

SQUARE MILES
INCHES
fm
CUBIC fm PER SECOND
RCRE-fm
RCRES
DEGREES fAHRENHEIT

nil *"* II*" ,,** *** *"* **" **I! ,,** **" """ """ """ ' *M* """ M"" ""I! """ lin *** *** *"" *"" *M!! ,,*" "*" l!lf" """ """ """ ***



******ll****ll**
* *

~ KK * TEST *
* II

***********ll**

SUBBASIN RUtlOrf DRTR

5 BR SUBBASIN CHRRReT £RISHC5
TR~[A 1.00 SUBBRSItI AREA

PRECIPITATION DRTR

SPB STORM 1.0~ BRSIN TOTRl PRECIPIlAlIOIl

HI IHmMEHTRL PRECIPITRTIOH PRTT£RtI
.OB .08 .17 .17
.17 .17

.01 .01 .01 .01 .01 .1'l

8 LG GREEH RHO AMPT LOSS RATE
STRTL .00 STARTIHG l.OSS

OTH .32 MOISTURE OEflCIT
PSIf 3.51 UETlING fRO"T sumo"

XKSRT .13 HYDRRUlIC CONDUClIUIlV
RlIMP .00 PERCEHT IMPERUIOUS RRER

9 llC CLRRK UHIlGRAPH
iC
R

.25 TIME or COHC£HiRATlOH

.25 STORAGE COEffICIENT

SYHTHETIC RCClR1ULRTED-RRER US. TIME CURUE UILl BE USEO

***

UNIT HVOR06RRPH PRRI1l1ElERS
CLRRK TC= .25 HR, R= .25 HR

SHVOER TP= .23 HR, Cpo .57

301.
m.

1020. 1531.
95. 6B.

UHIT HYDROGRAPH
18 EHO-Of -PERIOD OROIHATES

1397. 99B. 713. 509.
1B . 31. 25 . 1B.

361.
13.

260. 186.



HYOROGRAPH AT STATION TEST

U**************************lI***lI***lIl1**********lI**lI***********II*********II*********II******lIlIlI********II*****U****"**********II*****lI
*

OA MON HRMH ORO RAIN lOSS m£ss COI1P q II OA MON HRMN ORO RAIN lOSS EXCESS COOP q
*

1 0000 1 .00 .00 .00 O. * 0105 11 .00 .00 .00 272 .
1 0005 2 .00 .08 .00 O. II 0110 15 .00 .00 .00 m.
1 0010 3 .08 .09 .00 O. II 0115 1.6 .00 .00 .00 221.
1 0015 1 .17 .17 .00 O. II 0120 17 .00 .00 .00 159.
1 0020 5 .11 .11 .03 9. * 0125 18 .00 .00 .00 113.
1 0025 6 .01 .01 .00 30. * 0130 19 .00 .00 .00 81.
1 0030 1 .01 .01 .00 11. * 0135 20 .00 .00 .00 58 .
1 0035 8 .01 .01 .00 10. * 0110 21 .00 .00 .00 11.
1 0010 9 .01 .01 .00 29. 1I 0115 22 .00 .00 .00 29 .
1 0045 10 .01 .01 .00 21. * 0150 23 .00 .00 .00 21.
1 0050 11 .17 .11 .06 32. * 0155 21 .00 .00 .00 15 .
1 0055 12 .17 .10 .07 91. * 0200 25 .00 .00 .00 11 .
1 0100 13 .17 .09 .08 191. *

1I

*********lI*****lfll:1l***l!lllIlI-~******lIl1******lIl1******lI***lI****lI************************************************************11************

TOTAL RAINfAll = 1.01, TOTAL lOSS c .81, TOTAL EXCESS • .23

PEAK flOU TIME MRXIMlJ1 RUERAGE flW
6-HR 21-HR 72-HR 2.00-HR

+ (em (HR)
<em

277. 1.17 71- 74- 71. 71.
<INCHES) .229 .229 .229 .229
(AC-fT) 12. 12. 12. 12.

CUMUlATIlI£ RRm = 1.00 s~ MI

RUNOff SI.V11RRV
flOU IN WBIC fm PER SECOND

TIME IN HOURS, AREA IN S~URRE MIlES

PERK TIME Of RUERAGE fUll fOP. MAXIMlJI P£RIOO BASIN MAXIMUM TIME Of
OPERRTION STATION flOU P£AK RRER STAGE MAX STA6E

6-HOUR 21-HOUR 72-HOUR

INDR06RRPH AT
TEST m. 1.17 71. 71. 71. 1.00

*"*M NORMAL ENO Of HEC -1 M*"*



L. J. Lco.ne
H>"dr 0 1og i s t
411 E. Suffolk Dr.
Tucson, AZ 85704
602-575-8009

DATE: Sept. 17, 1989

TO: Dr. George V. Sabol
1351 East 141st Ave.
Brighton, CO 80601
303-457-0989

SUBJECT: 1. Comments on "Rainfall Losses Section"
2. Invoice for June, July, August, and September
3. Suggestfons for Additional Research on Infiltration
4. ASCE San Diego Conference

1. Comments on "Rainfall Losses Section"

The document is much improved and will provide the basis for
a much improved hydrology manual.

a. General and Surface Retention Loss, pp. 1-5

Good discussion and introduction and Table 1 is a good
summary of IJsefu 1 i nforma. t i on.

b. Infiltration, pp. 5-15

Again a good discussion and specific recommendations, j .e.
the recommendation against sole use of SCS CN proccdur'e,
make this a useful section. Table 2j. gives ver'Y useful
information. Suggest you cite main reference for material
in a footnote so the reader knows source of information.
Table 3, footnote. Suggest you change to recently, within
24 hr, irrigated land.

c. Discussion of adjusting hydraul ic conductivi ty pp. 16-19
and Figs. 10 and 11.

The discussion is good, but Fig. 10 is prel iminary and
should be clearly indicated as such. I am disappoint~d in
our inabil ity to accurately reflect the influence of
vegetation canopy cover and all types of ground cover on
infiltration (Green-Ampt or any other eq.). We, as a
profession, need to address this lack of information. I
~.\Iill discuss a specific proposal in a follQl>.,ing section.

In any event, if this is the best we can do at present we
should say so in the discussion of Fig. 10.

Figure 11 is a clever way to get around part of the
problem.



• 2.

P ~.gf? 2

Invoice for June - September, 1989

4.4 days at $350/day = $1540. (See attached detailed invoice)

3. Suggestions for Additional Research on Infiltration

Clearly, as our analyses show, there is an urgent need for
research to determine influences of vegetation canopy cover,
ground cover, and management practices on Green-Ampt infiltration
parameters. Currently reported procedures in the 1 iterature can
lead to inconsistent results under semiarid, desert, and urban
conditions. Some of the reported regression-based procedures for
adjusting saturated hydraul ic conductivity yield inconsistent
results when soil properties used in them deviate from normal
ranges for agricultural soi Is.

Apparently, collecting infiltration data from the literature
and analyzing it by regression methods is inadequate because of
varying procedures and measuring techniques used in reported
experiments. For example, it is not always clear if the
infiltrometer data reported in the 1 iterature represented steady
state infiltration so that final infiltration rate is a good
estimator for hydraul ic conductivity.

I suggest that you and the appropriate officials in MaricopQ
County prepare and publ ish a White Paper stating the need for
information of the above type for desert, semidesert, ~nd

urbanizing areas in Arizona. The report should emphasize th~ need
for robust and simple procedures with practical value to the
practicing engineer. Moreover, I suggest you distribute this
report to research organizations and Universities in Arizona.
Because of a possible confl ict of interest, I should not
participate in development of the White Paper but I could
officially respond to it once it was publ ished.

4. ASCE San Diego Conference

It would be a pleasure to participate in the San Diego
Conference if we can agree on an appropriate topic and if it does
not confl ict with previous commitments. Please send me the
brochure for the meeting showing dates and sessions and the
outl ine/thoughts you have for your session on alluvial fans.

ThanK you very much for the opportunity to participate in the
conference and I~m sure we can worK something out to our mutual
sa t i sfac t i on •

~incorelY, I
~

attachment



APPENDIX 5-D

Review Comments and Correspondence with Dr. Kenneth Renard
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United States
Department of
Agriculture

Agricultural
Research
Service

Pacific West Area

"t,

e

e

USDA-AGRICULTURAL RESEARCH SERVICE
ARIDLAND WATERSHED MANAGEMENT RESEARCH
2000 EAST ALLEN ROAD
TUCSON, ARIZONA 85719
January 26, 1989

George V. Sabol, PhD, PE
Consulting Engineer
1351 East 141st. Avenue
Brighton, CO 80601

Dear George:

Dr. Herman Bouwer sent me a copy of the R~~ r::'_~.Cl! !_~.9._!??e?

section of the Maricopa County Hydrology Manual and asked 1t
I would make some comments to you.

My comments are lew because it is hard to treat a section
~jithout seeing Int:,,"e o·f what you are proposing. For example.
the success of u~lng • time-based infiltration model 1S very
much conditioned upon dccess to hyetograph precipItatIon OF

at least to a method for disaggregating daily raInfall.
Furthermore, if you are proposing that the manual apply to
areas larger than tens of acres In size, then a depth-area
method must be applied. AgaIn, if the larger areas are to
be simulated, then it is essential to adequately route the
flows from individual source areas~on~~a~~~g-~rans~tssion

~p~~in the ephemeral streambeds which dominate hydrologAc
responses in arid and semiarid areas.

As a final comment, I presume that Dr. W. Rawls ana/or O.
Brakensiek have or will see this material because of the
liberal use of the technology they have developed on the
Green-Ampt infiltration model.

, PhD, PE
Engineer

Attachment: manual with margin notes

cc: H. BOLlwer
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Theory

HAINFALL LOSSES

General

Rainfall excess is that portion of ~he -'-oial rainfall depth that

drains directly from the land surface by overland flow. By a mass

balance, rainfall excess plus rainfall losses equals precipitation.

When performing a flood a n i'l I y sis using a r- a i n f i'l I I - run 0 f f rn 0 del ,t h e

determination of rainfall excess is of utmost irnpor-iance. Rainfi'lll

e x c e s sin t e 9 rat e d 0 v P. r I h e e wi ire wate r she d res u I t- sin ,- uno f f v ('\ I u III e ,

and the temporal dislribuiion of Ihe rPlinfail excess will, alon9 \~ilh

the h y d r a u I i c s 0 f r' uno f f, u e -I e,- III i n e ~ h e pea k u i s c h a,- g e • The ref 0 r e ,

the estimation of tile magni-t-ude '3nd time disl-ribution of '-ainfal

losses should be performed wif-h the best praciical technology,

con sid e r i n g the 0 b j e c t i v e 0 f the a n a I y sis, e con 0 mi c s 0 f i h e pro j e c -I ,

and consequences of inaccurate esi"imates.

e

e Rainfall losses are generally considered to be the resuli- of

interception of rainfal I by vegetal cover, depression sf-orage on the

land surface (paved or unpaved), evaporation of water from tile lanu

surface, and infi Itration of water into -Ihe soi I matrix. For the

purposes of this Hydrology Manual rainfall losses are classified as

e i the r sur f ace ret e n t ion los s 0 r i n f i I t r- a -t- ion • Los s e s are a Iso 0 f -I e n

separated into accumulated losses prior to ihe initiation of surface

runoff (initial abstraction), and losses during surface runoff;

however, initial abstraction is not identical to surface retention

los s b e c a use i n i i- i a I a b s t r act ion inc Iud e s s 0 mea m0 u n t 0 fin f i I t r at ion

losses prior to the siart of surface runoff.

Surface Retention loss

Surface retention loss, as used herein, is the summation of all

rainfall losses other than infiltration. The major component of this

loss is depression storage consisiing of '-ainfall thai Is capt-ured in

puddles, small surface depressions, road gutters, ditches, roofs, ande other non-draining surface featur-es. A relatively minor contribulion

by interception is also considered '3S a part of the tot-al surface



r e len t ion I 0 5 5 • t 5 1 i rn at e S 0 f 5 LJ r rae e r- e 1 e It till n I 0 5 5 are d i r ric u I -J- I 0

obtain and are a function of the physiography and land-use of the

earea. Est i mat e S 0 f 5 U r f ace ref e n ~ ion I 0 5 5 con i- a i ned i nth i 5 rn a n u a I

h a v e bee nob t a i ned fro rn the a 11 a I y sis a f r a i n f a I I - run 0 f fda t a, res u Its

of rainfall simulator sl-udies conducted on ral1yelal1us al1d t-ur-f, anu

published estimates for such losses.

Infiltration

I nf i I-~rat i on is the rnovemen-I of water- frorn i he I and surf ace i n ~o the

s 0 i I. I n f i I t rat ion i s dis tin 9 u ish e u fro m p e r- col a -I ion i nth a -t

per col a t ion i s the 111 0 V e 111 e n tor wate r ~ h r 0 u y h the s 0 i I s LJ b seq LJ e n t -I a

-infiltration. Illfilira-lion can be cOl1irolled by percolation if the

s 0 i I doe s n 0 i- h a v e a 5 u s -, a i 11 e d d r- a ina gee a pac i t Y top r- () v ide ace e 5 S for

more infi Itrated water. However, the extent by which per-colation can

res t ric tin f i I i- rat ion 0 f r a i n f a I Ish 0 u I d bee are f u I lyeval u a 1- e d b e for e

per col a t ion can b e ass ume u tor est ric tin f iii rat ion f 0 r- the et e 5 i 9 n

rainfalls that are being considered in Maricopa County. For exarnple,

hydrologic soi I group 0 has been defined by SCS soi I scientists as:

e

e

"Soils having very slow infiltration raies when thoroughly

wetted and consisting chiefly of clay soi Is with a high
,

s wei ling pot e n i i a I, s 0 i Is with ape r man e n -~ high watert a b Ie,

soils with a claypan or clay layer at or near the surface,

and shallow soils over nearly impervious material."

This definition indicates that soi Is in hydrologic soi I groups A, B,

or C could be classified as 0 if they are underlain by an impp.rvious

strata of clay, cal iche, or rock. When these soi Is are considereel in

regard to long-duration rainfalls thai are the design events for many

parts of the United States this definition may be valid. However,

when considered for short-duraiion and relatively smal I design

rainfal I depths in Maricopa County this definition could result in

under estimation of the rainfall losses for these storms. This is

because even a relatively shallow horizon of soil overlaying ?tn

impervious layer still has tile ability to s10re a significant amount

of infiltrated rainfall. For example, consider the situation where

only 4 inches of soil covers nn impervious layer. If Ihe effeciive
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times 0.30) of water canporosity is 0.30 then 1.2 inches (11 inches

infi Itrated and si"or-ed in the sllallow soi I horizon. For a design

be

e rainfall of 6 hours and a rainfall depth of about 4 inches this

represen1s a siynificanl slornge volume fOI- infiltra-l-ed rainfall

The r- e for e, for- d r a ina 9 est u diesin Mar i r (> paC 0 u n I- y -I hat con I Cl i II mn j 0 r

are a s 0 f s 0 i I -I h a 1 are c I ass i fie d ash y d r 0 log i c s 0 i I g r a u p D, -t h e

reason for the soil survey classification as [) should be de-f-er-mined.

Hydrologic soil group D should be retained for clay soils, soils with

a permanent high waler- table, alld r-ock out-crop. Hydr-ologic soil group

D should probably not be retained in all si~ua-t-ions where the

classification is based on shallow soils over nearly impervious

layers, and si-Ie 5pAcific srudiAs and sensi-t-ivil-y analyses should bp

performed t-o estimrde -lhA loss rClfps thi'll should be Usp.d for- such

so i Is.

Infiltration of water ini"o the soil is gener-ally believed 1"0 follow all

exponential decay function as proposed by Horton (1939):

where f is the inti Ii"ration rai"e ai" i"ime t,

f c is the minimum (equilibrium) infiltration rate,

fa is the initial infiltr-ation rate,

t is the time from start of rainfall,

k is a constani" that is dependent upon the soi I-vegetation

complex, and

e is the base of the Naperian logarii"hms.

e
f f c + (f - f )e- kt

o c ( 1 )

This infiltration func-t-ion is illustrated in figure 1. In figur-e 1,

i" h e i n f iii" rat ion rate is s how nl 0 be a con till u a I I y decreasing fUll C t- i 0 Il

of time and the surface retention loss is shown -jo be a loss -fhat is

independent of and separate from -t-he infiltration of rainfall into the

soil. This represents the physical process that is to be simulated in

rna del i n g r a i n f a I I los s •

The driving force for infiltrai"ion is gravity and capillary forcese drawing water into and through -the pore spaces of the soi I matrix.

3



I n f i I t r;cd i 0 11 i s COil I r () I I p d IJ y s () i I P,- 0 P f'>"- 1 ips, v e gel i'l I i 011 i,If I 1.I P fl <: P s

o nih e s 0 i I s -~ rue t u r e, sur- f i'l C e co v e ,- b y roc I< i'l fl d v e gel ali 0 n, a 11 d b ye tillage practices.

Methods for Estimating Rainfal I Losses

Holtan infiltration equation, and

Gr e e nan dAm ptin f i I t ,- n t ion e (I u a t ion .

loss rate,uni forrn

los s ,-;) -I e ,

loss plus

loss rate,

I nit i a I

SCS CN

F.:xponential

Numerous methods have been developed for est imati ng rai nfall losses.

Five methods are avai lable as options in the HEC-l Flood Hydrology

Package:

1 •

2.

3 .

4 .

5.

e

The Hoi tan i n f i I t rat ion e qua t ion iss i mil a r -I 0 -I h e fI 0 ,- ion e qua t ion i n

that it is an exponential decay type of equation for which the

rainfall loss rate asymptotically diminishes to the minimum

infiltration rate, f c ' The Holtan equation is not extensively used

and data and procedures to estimate the pararneters for use in Maricopa

County are not avai lable. The Holtan equation is not recornmended for

general use in Maricopa Coun'~y,

The Exponential loss rate method is a four parameter method that is

not extensively used, but it is a preferred method of the U.S. Army

Corps of Engineers. Data and procedures are not avai lable to estimate

i-he parameters for -Ihis loss rate rnetholl for all physiographic areas

in Maricopa County, but Exponential loss rate parameters have been

developed from the reconstitution of flood events for a flood

hydrology study in a portion of Maricopa County (U.S. Army Corps of

Engineers, 1982). However, adequate data is not avai lable to estimate

the necessary parameters and this method is not recommended for

general use in Maricopa Coull~Y.

The SCS CN method is the most extensively used rainfal I loss ratee method in Mar i copa County and it has wide acceptance among many

il



agencies, consulli'l~ en~Jinep.rilllj firms, ilnd inuiviuunls Ihlouljhoul Ihe

Howe v e r", -III p rn e tho dis I i rn i "j e d bee a use 0 f b 01 h t" h eo f" P. I" i c a I

e
community.

and pr"actical deficiencies of Ihe me-thod.

of ihe SCS CN meihod are:

Several of -the def iciencies

1 • R a i n f a I I losses " r" e i n d e pen den t" 0 fl he d u r (j t ion of raj n f a I I • fhal

is, for a given d"lplh uf rai/lfall the same rainf<'ll loss results

regarule5S of -1I,e dlllaiioll of I""infall, alld 1118 5arne rainfall

ex c e SSW 0 u I d bee 5 lim a 1" e U f () rag i v e /1 r- a i fl f a I d e p t" hoc CUI r i n gin ,

for example, eiiher h our 0 r 7- 4 h 0 u r" 5 •

~. The e5-lilfla"led raildnll loss 1";'Jle is i1 funclion of ,-ainfnll

intensii"y. Short reriods uf high inlensi-ty rairdall would often

res u I tin I a r gee s i i III a"1 e S 0 f r a i II f a I I I () sse s . T his i 5 c 0 11"1 r- a I- y

e

e

i () the H() r I" () n "I y Pe i n f i I "' I ill ion rei a i ion <'I sill u s tr a I p din r i lj u r- e

1 •

3 • Tile i n f iii rat i (1 n r a I e a p p 1- 0 a c h e 5 Z e r 0 r" a I tie r t h Cl n a III i n i III 1I rn

inti Itration r-a"le, t c
4 • The i n it i a I a b s"1 r" a c"1 ion 0 f O. 2 Sis not jus I i fie uno 1- i 5 i l b i1 sed

on data for hydrologic condi-tions that are representative of

Maricopa County.

5. The selection of CN is 1-00 subjective and is based more on

traditional acceptance ot CN values rather than scientifically

substantiated findings.

6 • At low raj n f a I I s (I E' sst han 4 inc h e s ), t 11 e est i mat e 0 f raj n t a I I

loss is very sensiiive to the selection of CN.

For these reasons the SCS CN method is not recommended for general use

in Maricopa County.

Two methods are recommended for use in Maricopa County; rhese are the

initial loss plus uniform loss rate (IL+LJLR), anu the Green alld Ampt

infiltration equation. Other methods should be used only if there is

technical justification for a variClnce from t-his recommendation and if

adequate i nformati on is ava i I ab I e to est i mate the necessary parameter

values. Use of rainfall loss methods other than those recommenderl

s h 0 u I d n 01 b e u n de r t a ken u n I e ssp r (> v i 0 U 5 I yap II r a v e d b Y "l II e F I () 0 d

Con t ,- a I Dis iT jet a nut h e I 0 c a I ,- e 9 u I a tor y age n c y •
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Green and Ampt Inti Itration Equation

This model, firs1 developed in 1911 by W.H. Gr-een and G.A. Ampt, hase since 1973 received increased in-~eresi- for es-t-ima-t-ing rainfall

infiltration losses. The model has the form:

f~j«(/J- ;)

q::: f ¢ ( 5, - ~ 0 )

(:n

where f = i n f i I t r- a t ion ro a -I e ,

K = hydraulic conductivity in ihe wetted zone (the uitilllale

steady s~ate rate),

<f = average capi Ilary suction in the wetted zone,

S,.. = fin Cl Iso i I 5 a t- u rat ion (v 0 I urn e t ric) ,

S; = initial 5 0 i I 5 a t u r a -t- ion (v 0 I ume i ric ) ,

¢J = soil porosity, and

F = dep-t-h ot rainfall t-ha-t- has infil-tr-ated into the soi

since ihe beginning of rainfall.

It is import-ant t-o note t-hat as rain continues, F increases and fe approaches K, and therefore, f is inversely related to t-ime. Equation

2 is implicit with respect to f which causes computational

difficulties. Eggert (1976) simplified Equation 1 by expanding the

equation in a power series and truncating al I but the first two ierms

of the expansion. The simplified solution (Li and others, 1976) is:

L1 F - • 5 ( 2F - K~ t ) + • 5 ( ( ?- F - K.1 t ) 2 + 8 K~ t (c? + F» 1 / 2 (3)

where t is the computation interval and F is accumulated depth of

infiltration at the start of t. The average infiltration rate is:

~f
AF

At
( 4 )

Use of the Green and I\mpt equation as coded in HEC-1 involves the

simulation of rainfall loss as a two phase process. The first phase

is the simulation of the surface retention loss as previouslye described, and this loss is calleu the initial loss (IA) in IIEC-1

6



e

e

e

During this first phase all rainfall is losi (zero rainfall excess

generated) during the period from the start of rainfal I up to the time

that the accumulated rainfall equals the value of IA. It is assumed

for modeling purposes, that no infiliration of rainfall occurs during

t his fir s t ph a s e • I nit i a I los s (I A) i s p r i III a r i I Y a fUll C t ion a f I and

use and surface cover, and recommended values of IA tor use wiih the

Green and Ampt equation are presented in Table 1. For example, as

shown in Table 1 abou-t- 0.35 inches of rainfall wi II be lost to I-unoff

due to surface retention for desert and rangelands on relatively flat

slopes in Maricopa County.

The second phase of the rainfall loss process is the infi Itt-ation of

r a i n f a I lin t a the s a i I mal r i x . For mode lin g purposes , the

infiltration begins immediately afier the surface retention loss (\A)

is completely satisfied. The three Green and Ampt equation

infiltration parameters as coded in HEC-1 are hydraulic conductivity

at natural saturation (XKSAT), wetting front capi Ilary suction (PSIF),

and volumetric soi I moisture deficit at the start of rainfal I

(DTHETA). The three infi Itration parameters are functions of soi I

characteristics, ground surface characteristics, and land management

practices. The soi I characteristics of interest are particle size

distribution (soil texture), organic matter, and bulk density. The

primary soi I surface characteristics are vegetation cover, rock cover,

and soil crusting. The land management practices are identified as

various tillages as i-hey result in changes to soil porosity.

Values of Green and Ampt equation parameters as a function of soi I

characteristics alone (bare ground condition) have been obtained from

publ ished reports (Rawls and others, 1983; Rawls and Brakensiek,

1983). Average values of XKSAT and PSIF for each of the soi I texture

classes are shown in Columns (2) and (3) of Table 2 (Rawls and others,

1983). Values of XKSAT and PSIF as a function of percent of sand and

percent of clay for soi I with 0.5 percent organic matter and base

value (unaltered) soi I porosity are shown in Figures 2 and 3,

respectively (Rawls and Brakensiek, 1983). The values of XKSAT and

PSIF from Table 2 should be used if general soil texture

classification of the drainage area is avai lable. The values of XKSAT

7



and PSIF from Figures 2 and 3 can be used if more specific sol I

texture classification is available from a detailed soil survey fore which the perceni-age of sand and clay has been determined by an

appropriate field soil survey. The use of the information in Figures

2 and 3 wi I I require an extensive study of the soi I for the drainage

area and for most drainage studies only general soi I texture

classification wi I I be known and the values from Table 2 should be

used.

The soil moisture deficit (DTHETA) Is a volumetric measure of the soil

moisture storage capacity that is avai lable a1- the stari of the

rainfall. DTHETA is a function of -Ihe effective porosity of the soil

1ft he s a I I Iss at u r· ate d ft -I -\ h P. s·1 n ,_., () f r a i 11 f a I I ·1 hell UTII E r f\ e qua I s

0.0. If the soli is devoid of moisture at the start of rainfall the

DTHETA equals the effective porosity of the sol I. Therefore the range

of DTHETA is 0.0 to the effective porosity. The porosity of soi I as a

function of soi I texture (percent of sand and percent of clay) is

show n i n Fig u r e 4 (B r a ken s i e k and at her s, 1984 ) •

e Under natural condItions, soi I seldom reaches a state of soi I moisture

less than the wilting point of vegetation, and a graph of volumetric.
soil moisture at wilting point as a function of soil texture is shown

in Figure 5. Due to the rapid drainage capacity of most soils in

Maricopa County the soi I would not be expected to be in a state of

sol I moisture greater than the field capacity at the start of a design

storm. A graph of volumetric soi I moisture at field capacity as a

function of sol I texture Is shown In Figure 6. However, Maricopa

County also has a large segment of Its land area under irrigated

agriculture and it is reasonable to assume that the design frequency

storm could occur during or shortly after certain lands had been

irrigated. Therefore, for irrigated lands it would be reasonable to

assume that soi I moisture could be at or near effective saturation

during the start of the design rainfall.

Three conditions for DTHETA have been defined for use in Maricopa

County based on the antecedent soi I moisture condition that could bee expected to exist at the start of the design rainfall. These three

8



e
conditions are "Dry" for Bldecedelll 5011 lllols1ure near- -the vege-'"dloll

wilting point; "Normal" for antecedent soil moisture c:ondi-I-Ion near

field capacity due to previous rainfall or irrigation applications on

nonagr i cu I tura I I ands; and "Saturated" for an-! ecedent soi I mo i sture

near effective saturation due to rAcent Irrigation of agricultural

I and s. Val u e 5 (l f U-( II ETA h a v e bee n est i I1l ate d b Y 5 U b t r- a c 1 i n 9 the

Initial volumetric 5011 moisture for each of the three conditions from

the soi I porosity. The value of DTHETA "Dry" as a function of soi I

texture is shown in Figure 7. This figure was prepared by subtracting

the wilting point soil moisture on Figure 5 from the soil porosity on

Figure 4. The value of DTHETA "Normal" as a function of soil texture

iss h ow n i n Fig u r e 8. T his fig u r e was pre par e d by sub t r act i n 9 the

fie I d cap acit y s 0 i I ma i 5 t u reo n Fig u r e 6 fro I1l the 5 a i I P0 r a s i -, Y a rI

Figure 4. The value of DTHETA "Saturated" is always equal to 0.0

because for this condition there is no available pore space in the

sol I matrix at the start of rainfal I. Values of DTHETA for the three

antecedent sol I moisture conditions are shown in Table 2. DTHETA

"Dry" shou I d be used for sol I

moisture such as would occur

that is usually in a state of low soil

in the desert and rangelands of Maricopae County. DTHETA "Normal" should be used for soil that is usually in a

state of moderate soi I moisture such as would occur in irrigated

lawns, golf courses, parks, and irrigated pastures. DTHETA

"Saturated" should be used for soil that is usually in a state of high

soi I moisture such as irrigated agricultural land.

The hydraul ic conductivity (XKSATl can be affected by several factors

besides soil texture. For example, hydraulic conductivity is reduced

by soil crusting, it is increased by tillage, and it is increased by

the influence of ground cover and canopy cover. The values of XKSAT

that have been presented for bare ground as a function of soi I texture
, - )

alone should be adjusted under certain conditions. - - ilvl.J It<. I{~~:-}
'~ ( \ -',Aft/"'1/'<...' 1 l' /1 • ; t·

C _/ 0 / I ' "
~ I ,

Ground cover, such as grass, litter, and rock will generally increClse

the infiltration rate over that of bare ground conditions. Similarly,

canopy cover, such as from trees, brush, and tal I grasses can also

increase the bare ground infi Itration rate. The procedures and datae that have been presented are for estlmati ng the Green and Ampt

9



e
parameters based solely on soil -texiur"e arId would be npplicable for"

bare ground conditions. Procedures have been developed (Rawls and

others, 1988) for incorporating the effects of ground cover and canopy

cover i nio the estimation of the parameters for the Green and AOlpt

equat i on. Past research has shown that the wett i ng front cap i I I ary

suction par-ameter (PSIF) is relai"ively insensitive in comparison with

the hydraul ic conductivity parameter (XKSAT); therefore only the

hydraulic conductivity par-aOleter is adjusted for- the influences of

ground cover and canopy cover.

The set of equations that have been developed to adjust the bare soi

hydraulic conductivity for the influence of soil ground cover and

canopy cover are:

KE = (CAN) (KE
c

) + ( OP ) (KE
o

)

KE c = (K) (CF)[e BC ) ( CR C) + A (1
BC )]-

CAN CAN

e
KE = (K {( 80 ) (CRC) + f\ ( 1 80 ]-

0
CAN CAN

CF = 1 + 0.96 CAN

CRC = L

L - TC + TC
SC B

A = e8·82 - 0.099(SA) + 1.94(BDi]

B = 0.0099 + 0.0721 (TC) + 0.0000068(SA 2 ) +

0.000021(SA 2 )(TC) - 0.000315(SA)(TC)

(5 )

( 6 )

(7 )

( 8 )

(9 )

( 10)

( 11 )

e
where KE hydraul ic conductivity adjusted for ground cover and

canopy cover, and KE is the adjusted value of XKSAT in

the Green and Ampt equation,

10



percent sand in i-he soi I,

bare ground hydraul ic conductivity, equal to XKSAT,

canopy factor,

soi I crust factor,

macroporosity fac10r,

ratio of area under canopy cover to total area,

ratio of area outside of canopy cover to total area,

ratio of bare soil (no vegetation, litter, or rock

cover) -that is under canopy cover io fatal areCl,

ratio of bare soi I that is outside of canopy cover to

fatal area,

wefting front depth (assume 6 cm),

soi I crust fhickness (assume 0.5 cm),

correction factor for partial saturation of the

hydraulic conduciivily of soi

hydraulic conductivity of soi

KE :::
C

e
KE a

K

CF

CRC

A :::

CAN :::

OP :::

BC

BO

L

TC :::

SC

SA

subcrust soi (see Table 3),

under canopy cover,

outside of canopy cover,

BO ::: soi I bulk density (see Figure 9).

e These equations have been developed for the SI system of units and

they should be solved in this system and the resulting hydraul ic,
conductivity (KE) in cm/hr should be converted to XKSAT in inches/hr.

Equations 5 through 7 can be simplified for use in estimating the

hydraulic conductivity of turf by the following equation:

KE::: (K)(A)

where A is defined by Equation 10.

( 1 2 )

The influence of tillage results in a change in total porosity and

therefore a need to modify the three Green and Ampt equation

infiltration parameters. The effect of tillage systems on sol

porosity and the corresponding changes to hydraul ic conductivity,

wetting front capillary suction, and water retention is available

(Rawls and Brakensiek, 1983). Although this information is availablee it is not presented in this manual, nor is it recommended that these

11
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e

e

a d jus -r men -r s b e III a d e i a -r h e ·f h r e e i n f I I t rat ion par am e t e r s for des I g n

purpose use in Maricopa County. fhis is because tor most flood

prediction purposes it cannot be assumed ihai lile soi I lVi II be in any

particular state of tillage a-I tile ilme of siurlll occurrence and

the ref are the bas e can tf i t i u n i n f i I t· rat ion p 8 r a In P. i e r s, asp r- P. sen t P. d ,

should be used for flood prediciion purposes. However, appropriate

adjustmen-rs -ro -I he i nt i I trai ion pnrameters can be made as necessary

for special flood s-rudles such as reconstitution of storm events.

Initial Loss Plus Uniform Loss Rate elL + ULR)

This is a simplified raintall loss method tha-r is of-ren used, and

generally accepted, for flood hydrology. In using this simplified

me i hod i tis ass ume tf t h a ·1 the r a I n f a I I los s p r- ace sse a n b e s i mu I ate d

as a two-step procedure, as illustrated in Figure 10. Firsi·, all

rainfall is lost to runoff until ihe accumulated rainfall is equal to

the initial loss; and second, after the initial loss is satisfied, a

portion of all future rainfall is lost ai- a uniform rate. Two

parameters are needed to use this method, the initial loss and the

uniform loss rate (STRTL and CNSTL), respectively, according to HEC-l

nomenclature) •

The initial loss (STRTL) is the sum of all losses prior to the onset

of runoff and is made up at surtace retention loss and some amount of

infiltration. This is also called initial abstraction. Values of tile

infi Itration part of STRTL for bare ground according to soi I texture

classification are shown in Columns (3) through (S) in Table 4. These

values have been derived from the Green and Ampt infi Itration equation

and parameter values that are shown In Table 2. The value of STR1L

"Dr y" s h a u I d be used f or so i I that i s u sua I I yin a state at I ow so i

moisture at or near the wilting point for vegetation. This is a

reasonable assumption for most nonirrigated lands in Maricopa County

because of the infrequency at rainfal I and because at the rapid

drainage of these soils after rainfall. The value at STRTL "Normal"

s h a u I d b e use d for s a i I t hat i sus U a I I yin a s tat eat rn ode rat e s a i

moisture such as occurs for irrigated lawns, turf, and permanent

pastures. The value of STRTL "Saturated" should be used for soi I that

is maintained in a state of high soi I moisture such as occurs in

12



irrigated agricultural lands.
/0,/"-"-~ ~lt, 1)1\ .- <j(-,?

e (Values of STRTL for bare ground tha-t have been classif ied according to

(\ hydrologic soi I group are shown in Table 5. These values within each

hydrologic soi I group have been derived from the data in Table 11 for

the various soi texture classifications.

The values of STRTL from Table 11 and 5 represent that portion of the

initial loss that is a-t-tributable to infiltration and these should be

increased to account for the surface retention loss that is a function

of I and-use and vegetation. These additive STRTL values are shown in

Table 1. The va I ue of STRTL that is used is the sum of i he port i on

due i a i n f iii rat ion (T 11 b I e 11 a r" '» P Ius I It (! P0 f- I i () 11 -j It ,-] tis d u p t (J

surface retention (Table 1).

The uniform loss rate (CNSTL) repr-esents the long-term, equi I ibrium

infi Itration capacity of the soi I. The values of CNSTL shown in

Column (2) at Table 4 for soils according to soil texture

classification are equivalent to the hydraul ic conductivity at naturale saturation (XKSAT) as determined for the Green and Ampt equation

(Table 2). The values of CNSTL for soi Is classified according io

group have been selected from inspection of XKSAT

2 for the various soi I texture classifications. These

hydrologic soi

hydrologic sol

values in Table

groups are shown in Table 5. These values within each

values of CNSTL shown in Table 5 are consistent with general

information that is avai lable for estimating CNSTL as shown in Table

6 •

Procedure for Estimating Loss Rates

Green and Ampt Method

1 • Determine the soi texture classification. So i I s reports such as

e 2.

those of the Soil Conservation Service can be used if available,

or laboratory analysis of appropriate sol I samples from the

drainage area can be used if adequate documentation on the

samp ling and I aboratory procedure is prov i ded and approved.

Estimate the hydraulic conductivity (XKSAT) for bare ground from

13



Tn b I A /' i f ~J en e r 8 Iso i I I P. X t II r- P. c I "s s i ( i Crt -, i a Jl i 5 n v nil a hie 0 r

from Figure 2 it auequat-e soil -text-ure dala is available fr-olll ane approved sampl ing program.

3. I f des i red, adjust i lie va I ue of XI<SI\T for the i nf I uences of ground

c a v era n d can 0 p yeo v e r u sin 9 Equa t ion s 5 -t- 11 r- 0 ugh 1 lor Equa -I ion 12

for -ruri.

4. Estimate the wetting front capi Ilary suction pararneter (PSIF) from

Tab I e 2 i f g e n era Iso i I t ext u r eel ass i fie a -t- ion i s a v a i I a b leo r-

from Figure 3 if adequate soil texture data is available from an

arproved samp ling program.

5. Estimate the value of DTHETA from Table 2 if general soi I texture

classification is available or from either Figure 7 or 8 if

adequate soil texture data is available (r-om arl approved sampling

program. The value of- UTHETA must be selecteu based on the

a p pro pria tea n tee e den t s 0 i I 1110 i stu r e con d i t ion; " lJ r y " for

nonirrigated lands such as desert and rangeland; "Normal" f-or soi

that would be expected to be near soi I moisture field capacity

such as irrigated lawn, turf, and permanent pasture; and,

"Saturated" for ir-rigated agricul-rural land.e 6. Determine the land-use and/or soi I cover for the drainage ar-ea and

use Table 1 to estimate the surf-ace retention loss (IA).

7. As an alternative to ihe above procedure, Green and Ampt loss rate

parameters can be estimated by reconstitution of recorded

rainfall-runoff events on the drainage area or hydrologically

simi lar watersheds, or parameters can be estimated by use of

rainfall simulators in field experiments. Plans and procedures

for estimating Green and Ampt loss rate parameters by either of

these procedures should be approved by the Flood Control District

of Maricopa County and the local agency before initiating these

procedures.

Initial Loss Plus Uniform Loss Rate Method

1. Determine the soi I texture classification and/or the hydrologic

soi I group. Soi Is reports such as those of the Soi I Conservation

Service can be used if available, or laboratory analysis of

appropriate soi I samples from the drainage area can be used toe classify the soil if adequate documentation on the sampling and

1 t1



cover and use rau leI to4 •

laboratory procedure is provided and approved.

2. Use values of CNSTL and STRTL from Table ~ if the losses are to be

based on soil texture classifica-tion.

3. Use values of CNSTL and STR1L from Table 5 if the losses are to be

bi3sed on hydrologic soil group.

De -1- e r III I net 11 e I and - use and / 0 r s () I

e

estimate the surface retention loss 10 be added to STRTL from

either Table 4 or 5.

e

e
1 5
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e
Tl\f~LE 1

Sur f ace ret e n t ion los s f 01- va r i () U s I an cJ sur f ace s i il tJl a ric 0 paC 0 u n 1- y

( add i -r ion to ST R T L for I L + UL R mer II 0 cI a nul 1\ for' Gr e en and 1\ III P r met h 0 cJ )

Land-Use and/or Surface Cover Surface
Retention Loss

inches
-----------_._---- ---- -------------------

e

e

( 1 )

Natural
Desert ;~I1c1 r;:lngeland, fl81 slope
II i I I s lop e s, So 11 0 r a 11 des (~I' I
Mountain, brush

Developed (Residential ClllU Commercial)
LeH/n and turf
Desert landscape
Pavement

Agricultural
Til led
Irrigated pasture

J ~,(
lv'~/V

(,Jt\ ;/1\'\ ;{ ,(..

j J J/\/A"- -:)

('J! L(:~l vt;1 'c

~J

( 7 )

3 '-• _J

• 1 5
.25

.20

.10

.05

1 .00
.50

t)9(''1/ {If 1 ~-

(""1'1



e
TI\BLE 2

Gr e e nan cI 1\ mp 1- I 0 5 5 ,- a 1- I ~ P <l r n I!I P. I e ,- val 1I 0 S for b (} r € <J r 0 u 11 d

Soi I Texture XKSI\T PSIr- DTIIETl\l
C Ins s i fie a -t ion in/ltr i nelt es Ur y Normal Salurnted

( I ) (2 ) (3 ) (/I ) (5 ) (G)

sand I1.G 1 • q • S I) · ~ () ()

I 021111 Y c; "1 n rI I . ') ) . 11 · ~ ') · ~ () ()

5 i-H1 d Y I () ,) III · 11 () 11 . ~ ~ ,- .)1) ()· )

loam • 1 5 -5 • ') .35 2'- 0• - ->
s i I ty loam .~5 G.G .110 .25 0
sandy clay loam .06 8.6 .25 .1 5 0
clay loam .011 B.2 .25 .15 0
s i I ty clay loam .04 10.3 .30 • 1 5 0
sandy clay .02 (] .£1 .20 .10 0
s i I ty clay • lJ 2 1 1 .5 .20 .10 ()

clay .01 12. £1 · I 5 .05 0

e

Selection of DTHETA:
Dry - for nonirrigated lands such as desert and rangeland

Norma I - for i rr i 9ated I awn, turf, and permanent pClsture
Saturated - for irrigated agricultural land

e



e
TI\BL 3

Suil cruslin~1 rp.dIJcliul\ f'1clor' for I-Ill'! Green ()nd Arnpl
i n til t r a -I- i 0 11 e qual ion Il y d r i1 u lie con <.J u c t i v i f Y P 'J r arne t e r .

e

e

Soi I Texture
C I ass i tic a-t ion

( 1 )

Sand
LOamy sand
Sandy loam
LOcllll
S i I t loaln
Sandy clay lo,jm
Clay loam
Silty clay loam
Sandy clay
Silty clay
Clay

Reduction Fac-tor
tor Subcrust Conductivity

SC

( 2 )

o. Y 1
0.89
0.86
O.B?
0.1-31
0.85
0.8?
0.76
O. B 1
0.73
O. 75



e

e

e

TABLE 4

Initial Loss plus Uniform Loss Rate parameter values
for bare ground according to

1
sol I texture classlf icatlon

1(71)n
q '~i)fl I n ITI al Loss, In Inches

Sol I TexTure Uniform Loss Rate STRTL 1

ClassificaTion CNSTL ~") Dry Normal Saturated
l k"¥\d,,CI\

( 1 ) ( 2 ) ( 3 ) ( 4 ) (5 )

sand 4.6 1 • 3 1 • 3 0
loamy sand 1 . 2 · 8 · 8 0
sandy loam . 4 • 7 • 6 0
loam • 1 5 • 6 • 5 0
s i I ty loam .75 .8 • 7 0
sandy clay loam .06 .6 • 5 0
clay loam .04 • 5 .4 0
s i I ty clay loam .04 .6 • 5 0
sandy clay .02 · 4 .3 0
s i I ty clay .02 .4 .3 0
clay .01 • 3 .2 0

Selection of STRTL:
Dry - for nonirrlgated lands such as desert and rangeland

Normal - for irrigated lawn, turf, and permanent pasture
Saturated - for irrigated agricultural land



e TABLE 5

Initial Loss plus Uniform Loss Rate parameter
for bare ground according to hydrologic sol I

~ d00') ~~"t '.,

values
group

i/~ '7 i)0 - '"-.j, '-) I n Jt I a I Los s , I n Inc h e s
Hydrologic Uniform Loss Rate STRTL 1

Sol I Group . CNSTL. "1 Dry Normal Saturated
----------L4,l"""AAl\,<"IA.·d<1ci-~Ar1\,,'::-'-- _

(1) t ~;n(2) 7~ (3) (4) (5)

e

A
B
C
D

.40

.25

.15

.05

.6

.5

. 5

.4

• 5
· 3
.3

· 2

o
o
o
o

e

Selection of STRTL:
Dry - for nonirrlgated lands such as desert and rangeland

Normal - for Irrigated lawn, turf, and permanent pasture
Saturated - for Irrigated agricultural land



e TI\BLE 6

Publislt~d vi'ilupc; of 1I11ifo'-1I1 luss ,-al·ps

Hydrologic Uni form Loss Rate. in i nelles/hour

Soi I Group

( 1 )

Musgrave (1<155)

(2)

USBf( (1975)1

(3)

US 8 n (1 yH1\ ) )

( tj )

e

A
B
C

.30 

.1 5 

.()') -

• 1\ 5
· )0

1 ,· )

.40

.71\

. I?

.30 

. 1 5 
o

.5U

.30

. () 'i

Da In s, r h i r d Ed iii 0 n, 19 B8

e

Design ot Smal I Dams, Second Edition, 1975, Appendix A

2 Design of Smal
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AVERAGE OHGANIC MATTER BULK DENSITY = 0.22~ om/cm 3

MINERAL BULI( DENSITY (gm/cm 3
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United States
Department of
Agriculture

Soil
Conservation
Service

201 E. Indianola Ave
SuHe 200
Phoenix, AZ 85012

t1arch 3, 1989

-

e

~

Mr. George V. Sabol, PhD, P.E.
Consulting Engineer
1351 East 141st Avenue
Brighton, CO 80601

Dear Mr. Sabol:

Enclosed is a marked-up copy of the preliminary draft of the Hydrology Hanual
which you prepared for Maricopa County, Arizona. This copy was furnished to
Mr. Robin McArthur on our staff for his review. Robin did review the draft,
but unfortunately prior to his returning his comments he became sick, and has
not been back to work. His comments are provided in the margin of the report.
Please recognize the comments are somewhat informal, but we hope they will be
of benefit to you. Should you have questions concerning the comments, it is
hopeful that Mr. McArthur will be back to answer them. If not, please feel
free to call me at (602) 241-2547.

Sincerely,

+/tv0( { jI1;'tl{::w~

Harry C. Millsaps
Hydraulic Engineer

The Soil Conservation Service
is an agency of the
Department of Agriculture
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2.1 GENERAL

Precipitation in Maricopa County is strongly influenced by variation in

climate, changing from a warm and arid desert environment to a cool and

moderately humid mountainous area. Mean annual precipitation changes from

about 7 inches in the Phoenix vicinity to more than 30 inches in the mountain

regions of northern Maricopa County. The precipitation is typically divided

Ot.4 \>eV
into two seasons, summer season (June through S~emtr~) and winter (December

'1
through March), and is divided equally in depth. The storm patterns are

generally categorized into three types, though any combination of the storm

types is possible.

2.1.1 General Winter Storms. This type of storm normally moves in from the

north Pacific Ocean, which will produce light to moderate precipitation

over relatively large areas. These storms occur between late October

and May, producing the heaviest precipitation from December to early

March. A pattern could last over several days with slight breaks in-

between storms. They generally represent orographic effects, and as a

result the mountain areas receive a higher precipitation as compared to

low elevation desert areas. These storms are characterized by low

intensity, long duration events over a large areal extend which can

contribute to substantial runoff volumes and peak discharge on major

river systems.

(.1
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2.1. 2 General Summer Storms. General summer storms are the result of warm

and moist tropical air from the southeast or the southern region. As

these systems move into Arizona they turn into tropical storms or

hurricanes. They can occur any time from late June to mid-October,

producing the most amount of rainfall during late July to early

October. The storm pattern consists of local heavy cells, and a light

to moderate rainfall which could last one to three days. They are

similar to general winter storms in that they also reflect orographic

influence, with higher elevations receiving most of the rainfall. These

storms are characterized by high intensity, short duration events with

e

2.1.3

an areal extend smaller than the winter storms. The generated peak

discharge and volume from these storms are smaller than the winter

storms, producing higher infiltration rates for large river systems.

The period of late September through October may have storm patterns

which are similar to both the winter and summer general storms.

Local Storms. These storms are mostly heavy downpours of rain over

small areas of up to about 300 square miles for a time period of about

6 hours. They are typically associated with light/ning and thunder,

and are referred to as "thunderstorms" or "cloudbursts." While they

can occur any time during the year, they are more frequent during

summer months (July to September) when tropical moisture enters the

area on a frequent basis from the southeast or the southern region.

()~ -Cor
oS t'hCll f\~ t'
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These storms turn into longer duration events in late summer and may be

associated with general summer storms. A local storm generally

produces a high peak event, affecting smaller areas. It can result in

flash floods, and sometimes loss of life and property damage.
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2.2 DEPTH-DURATION-FREQUENCY ANALYSIS

The commonly required precipitation parameters used in hydrologic modeling are

depth, intensity, duration, spatial distribution and frequency of rainfall.

The selection of a design frequency is often an administrative or economic

decision rather than a hydrologic one, The duration of the design storm is

usually a function of the topography of the watershed, though it too can be

administratively selected, In general, one should insure that the design

storm is of sufficient duration to allow the entire watershed to be

contributing to the flow at the point of interest.

Spatial and temporal variation of precipitation, and lack of long term data in

Maricopa County requires a procedure for rainfall input, for design purposes.
w~~u

Regardless of w~~ the desired output is a peak discharge for sizing a

conveyance structure, or a volume for sizing a basin, or the overland flow

from a natural watershed, the designer needs to know the total depth of the

design precipitation event and how it is structured both in time and space.

However, selection of the appropriate event is constraintr by availability and

quality of data.

;f.

e

2.2.1 Source of Data. The only comprehensive, available source of data for

depth-duration-frequency analysis is Precipitation-Frequency Atlas for

Arizona referred to as NOAA Atlas, published by the United States

Depatment of Commerce, in 1973. The climatological data utilized in

the NOAA Atlas was the source available through 1969. Until a more up

to date data base becomes available, NOAA Atlas is to be used for all

design purposes within Maricopa County.
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2.3 DEPTH-AREA RELATION

The problem of spatial variability of rainfall is quite difficult to handle

due to limited net~ork of raingauge coverage. Work in the south~est by the

United States Deparment of Agriculture an~ Agricultural Research Service

indicates that high intensity storms do not have large areal extents, usually

less than one square mile.

The above argument ~ould support development of areal reduction curves ~hich

reflect the nature of the thunderstorms in the south~est. Ho~ever, drainage

facilities such as storm drains, channels, and culverts should be sized to

handle the peak discharge resulting from the design storm critically centered

above them so as to create the ~orst case discharge. Only retention/detention

facilities serving as an outfall for a large contributing area would appear to

justify areal reduction of the depth. Then areal reduction seems appropriate

for runoff calculations of contributing areas larger than 10 square miles.

2.3.1 Procedure For Depth-Area Adjustments. The Depth-Area Reduction Curves

in HYDRO-40 are to be used. These curves originally developed by Osborn,

Lane, and Myers (1980) are based on data from Walnut Gulch, Arizona and were

selected to be appropriate for use in Maricopa County. Figures *** to ***

along with the follo~ing procedure are for the areal reduction curves:

a. J~stify that areal reduction is necessary.

=':

b.

c.

Indicate the size of the contributing drainage area. _ At/-I.~c..f J}(/TIf.
CAl.. (ul..1t1c c

Select the appropriate design storm (SECTION 2.4)'f\ If the storm

duration is greater than 6-hour, use the 6-hour curve.

e
d. Select reduction coefficient from the appropriata curve.

e. Multiply reduction coefficient by the rainfall depth.
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e
4 2.4 SELECTION OF APPROPRIATE DESIGN STORM

The design hydrologist must specify the appropriate rainfall frequency.

duration. depth and the corresponding time distribution for any design

purposes which require calculation of runoff volume and peak discharge. The

only exception to the above statement is with the application of the Rational

Formula since a time distribution is not required. For the purposes of the

Hydrology Manual the following guidelines are to be used for developing a

design storm:

1) Using Plates 1-12. read rainfall depths for 2-.

/

25-. 50.

e

and lOO-year return periods. 6- and 24-hour durations. employing linear

interpolation between isolines when required. The numbers on the

isolines represent tenths of inches of rainfall (i.e. 23=2.3 inches).

2) Using Figure ***. verify the selected rainfall depths. As

indicated in NOAA Atlas (page 16) the obtained rainfall depths are to

be verified by plotting them on the return-period diagram. because of

the possibility of error that may have occurred during printing or

obtaining of the values. After positioning the data points on Figure

***. fit a straight line to the 6-hour data and another one to the

24-hour data. Check for any deviations from the lines. then pick the

corrected values located on the line.

fie:

e

3) At this time the data should include 6-hour and 24-hour durations

for all frequencies with the exception of I-year values. If for any ~~t

reason there is a need for the I-year distribution then use: \( .~

~O~ ,\

~~ 'Jt~,\\0' Uo,,\ ' ~\ 1
I a.~~ ,..i~1JI ~ ,

o\. ~~ ~ f/f).f;
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P
l

= P
2

- .16(P
IOO

- P
2

)

where P
2

and PIOOare the 100-year and the 2-year frequencies,

respectively.

4) A particular design may require a duration different from 24-hour

or 6-hour. For example retention design requires a 100-year frequency,

2-hour duration design storm. In such cases the following procedure

should be used. Let Xl, X2, ... ,X24 be the estimated precipitation for

durations of 1, 2, .. ,24 hour, respectively.

A. Compute X
12

= X
24

- .51(X
24

- X
6

) .\ \(CI t/-
B. Compute X ~ 2X _ X { '/10' -0.011+o."l~~ll,)t~~ '6' ~ rl~.of-

1 6 24 V,OO'" 0.'1''/+ ~.ns )( ~ ~ ~' \

Check to see that (X - X ) = (X - X ) ~~ \C~> .,t;
c. ,o~ ~~.;P" .:

6 1 24 6 . ~.

t-tJ- ~
D. Compute X = X - .55(X - X ) '< ,; ('/'i>'

~
3 6 6 1

E. Compute X
2

= X
6

- .77(X
6

- Xl) ~O
1

F. Check to see that (X - X ) = .22(X - X ) ~ ~.
3 2 6 1 ~tJ)

G. Compute X
30

, = .79X '" ~,..
ffilnutes 1 Wf.'-' tl0

H. Compute X 5' = .57X1 mlnutes 1

In the above procedure, if the designer needs the rainfall depth for a 2-hour

duration, there is no need to continue beyond that point.

2.5 DEVELOPMENT OF DESIGN STORM DISTRIBUTIONS

The design storms for use in Maricopa County will be a 2-hour, 6-hour, or a

e

24-hour distribution. The 2-hour storm is to be used for retention design
~e~~~ ~ >~P"'~ ~ S~O"1~

purposes. The~ur--s~t-o-~-mis for all hydrologic analysis for areas of up to

540 square miles. The 24-hour storm should be used for very large, natural

watersheds (> 540 square miles).

'1. .
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e 2.5.1 2-hour Storm distribution. If the Rational Method is to be used, there

is no need for a time distribution. The selected depth should be used ba~ed

on the procedures in Chapter 3 of this manual. If a time distribution is

required, i.e., rainfall input for the HEC-l model, the dimensionless 2-hour

cumulative rainfall distribution of Table *** should be used. These values

then would be direct input into HEC-l, assuming a IS-minute intensity as the

rainfall time step. A graphical representation of this distribution is also

shown on Figure ***

2.5.2 6-hour Storm Distribution. The 6-hour rainfall distribution is a

function of drainage area size. For this purpose 5 dimensionless rainfall

1

'9p(p.

drainage area is determined.

e

e

distributions were developed. These distributions are a function of drainage

area size of up to 540 square miles. A dimensionless rainfall pattern can be

selected from Table *** for direct input into HEC-l, once the size of the

In this case also the IS-minute intensity is~to,
be used for the rainfall time step. Figure *** illustrates graphical

representations of the dimensionless rainfall patterns.

2.5.3 24-hour Storm Distribution. The 24-hour storm distribution in Table

*** can be used for large, natural watershed areas (> 540 square miles). The

rainfall intensity would be of IS-minute for rainfall time step computations.

If the designer would prefer another method, i.e., SCS TYPEII, which can

better reflect the local conditions, then it should be used. Figure *** shows

the graphical representation of the 24-hour dimensionless rainfall

distribution.

if.



e Time Elapsed (minutes)

o

15

30

45

60

75

90

105

120

% Rainfall Depth

.0

4.2

11. 7

25.7

51.2

77 .6

88.9

95.6

100.0

f'? ',1- J( .'~() ~.":rX . ,lJ ,
~{J ~t<\tI ~t.v

\J. ~'<.¥
~ ~(J ,...'

!J .,"itVi

Table. 2-hour storm distribution for retention design.

e
J

Form a 6-hour duration design storm the following pattern I versus drainage
F'<'·!\-"

area.> should be used in Table.
1\

For drainage area of up to 10 square miles use pattern 11.

For drainage area of up to 35 square miles use pattern #2.

For drainage area of up to 110 square miles use pattern #3.

For drainage area of up to 270 square miles use pattern #4.

For drainage area of up to 540 square miles use pattern 15.

e
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Time Elapsed (min) Pattern Ql Pattern #2 Pattern 113 Pattern #4 Pattern #5

e 0 .0 .0 .0 .0 .0

15 o.o~'2.-- .6 .6 1.5 2.1 2.4

30 O.6~) 1.2 1.2 2.0 3.5 4.3

45 o.I'2S 1.7 2.0 3.0 5.1 5.9

60 ~.1~7 2.7 3.1 4.8 7.1 7.8

75 ~·2fl~ 3.7 3.9 6.3 8.7 9.8

",

4.7 4.9 7.6 10.5 11. 990 f).~

105 O.2tCjL 5.6 5.7 9.0 12.5 14.1

120 6."3.3) 6.7 6.7 10.5 14.3 16.2

135 0·375 7.5 7.6 11. 9 16.0 18.6

150 6.'-{17 8.7 8.7 13 .5 17.9 21.2

165 c:l.'{S1$ 9.9 10.0 15.2 20.1 23.9 ~

180 0.50 11.1 12.0 17.5 23.2 27.1e 195 o.54z.. 12.3 16.3 22.2 28.1 32.1

210 O'~.J 20.8 25.2 30.4 36.4 40.8

225 o.&'zS 38.5 45.1 47.2 50.0 51.5

240 {).~7 84.8 69.4 67.0 65.8 62.7

255 (J·7o!J 93.3 83.7 79.6 77.3 73.5

270 0.1.5 94.6 90.0 86.8 84.1 81.4

285 O·7~z.. 95.8 93.8 91.2 88.8 86.4

300 (j.~~ 96.9 96.7 94.6 92.7 90.7

315 ".g7~ 98.1 98.5 97.4 95.8 94.5

330 {)·1 1) 98.5 99.0 98.0 96.5 95.5

345 O·~S2> 99.0 99.0 98.7 97.6 96.9

360 ,.oor) 100.0 100.0 100.0 100.0 100.0

- Table. 6-hourdistributions. Pattern' represents Zrainfall depth.
~
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~0~ (>'."\
O~i

tl',:,. \Cl lll"'"
. ,,0,

e 1" ,
Elapsed %Rainfall Elapsed ZRainfall Elapsed %Rainfall Elapsed ZRainfall

~\) .
Time Depth Time Depth Time Depth Time Depth

0 .0 375 12.4 735 28.4 1095 82.7

15 .6 390 13.0 750 29.6 1110 84.0

30 1.2 405 13.6 765 30.8 1125 85.3

45 1.8 420 14.1 780 31. 3 1140 86.4

60 2.4 435 14.6 795 34.3 1155 87.5

75 2.8 450 15.2 810 36.4 1170 88.6

90 3.4 465 15.6 825 38.6 1185 89.8

105 3.8 480 16.3 840 40.8 1200 90.7

120 4.4 495 16.8 855 43.5 1215 91.6

135 4.7 510 17.4 870 46.2 1230 92.5 ill

150 5.1 525 18.0 885 48.8 1245 93.6e
165 5.5 540 18.6 900 51.5 1260 94.5

J

180 5.9 555 19.2 915 54.3 1275 94.8

195 6.4 570 20.0 930 57.1 1290 95.0

210 6.8 585 20.6 945 59.9 1305 95.2

225 7.3 600 21.2 960 62.7 1320 95.5

240 7.8 615 21. 9 975 65.4 1335 95.8

255 8.3 630 22.5 990 68.1 1350 96.2

270 8.8 645 23.2 1005 70.8 1365 96.6

285 9.3 660 23.9 1020 73.5 1380 96.9

300 9.8 675 24.7 1035 75.5 1395 97.6

315 10.3 690 25.5 1050 77.4 1410 98.4

330 10.9 705 26.3 1065 79.4 .1425 99.2

e 345 11.4 720 27.1 1080 81.4 1440 100.0

360 11. 9

Table 24-hour design storm distribution.
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Rainfall excess is Ihol pOI-liol) of Ihe lolal '-'.tildelil t1ept-h llli'11

plus rainfall losses eljuals precipita-lioll.

drains directly from the

balance, rainfall excess

land surface hy overlflild flow. Ry il mass

When performing a flood analysis using a rainfall-runoff model, -tIle

determination of rainfall excess is of utmos-t illlpor--tance. Hainfall

ex c e s sin t e 9rat e d 0 v e r -t II e en t ire wa I e r she Ll ,- P. S 1I It sin " u n () f f v () I U III e ,

and the tern p 0 r a I dis I rib u I ion 0 fll) era i n r a I I excess will, along w i t- h

the h y d r a u lie s of ,- u '10 f f, cI e -I e r rn i net he pea k dis C h a r 9 e • Therefor!",

the est i rn a t ion 0 f til e rn a 9 nit u de and t i rn e dis i r- i but ion of r a i n f a I

losses should be per-ro/-med wilh the best pr·aciic<.ll lecllJlology,

considering the objective of the analysis, economics of -the pr'oject,

and consequences of inaccura-Ie estirnat-es.

e Rainfall losses are generally considered to be the result of

interception of rainfall by vegetal cover, depression storage on the

land surface (paved or unp<lved), evaporation of water fl-orn the land

surface, and infi Itration of water inio the soi rnat-rix. For the

purposes of this Hydrology Manual rainfall losses are classified as

either surface retention loss or inti Itration. Los s e s are a t s 0 0 f t- e n

separated into accumulated losses prior to the initiation of surface

runoff (initial abstraction), and losses during surface runoff;

however, initial abstraction is not identical to surface re-tentiorl

loss because initial abstrac-t-ion includes some amount of infi l-tration

losses prior to the start of surface runoff.

Surface Retention Loss

Sur f ace r ~e.n..:LLp n los s, a sus e d her e in, i s the slim rn a t ion 0 f a I I
~-_...--
r a i n f a I I I ass esot her t han i n f i I t r a -I ion • The rn a j 0 rca 111 ron e n i 0 f 1- I, i s- ------.

loss is depression storage consisting of rainfall that is captured in

puddles, small surface depressions, road gutters, ditches, roofs, and

e other non-draining surface features. f\ rei a t i vel y min 0 rca n t rib 1I1- i (l n

by interception is also considered ilS a pari of the iotal surface



e

e

e

rei ent i on loss. Est i rna t es of sur- face ret-elll i OIl loss ar-e d i- f f i ell I ,- 10

obtai n and are a f 1I n cl ion of i h 8 r h y s i 0 g rap h y and I a fl d - 1I S e of the

are a • E s -~ i ma i e s 0 f 5 1I r f ace r- e t e fl I ion los S co fl I- a i 11 e din i his man u a I

h a v e bee nob t a i n e J (r- 0 rn -I h e a 11 a I y 5 i s 0 f r a i fl f a I I - r- LI n 0 f fda t- Cl, res u lis

of r-ainfall sirnulah)r- sludies conduct-ed orl r-an~elands and tur-f, Clnd

pub lis h e des tim a -I- e 5 for- s u chi 0 sse 5 •

Inti Ii-rai-Ion

Infilir-al-ion is the Illovemerll of w?tf"er fr-om Ihe land sur-face into tllP-

soil. Infiltration is clisi-inguished fr-om r.>ercolation in thai

per col a t ion i s the m0 v em e n t 0 f wa -I e r t 11 r 0 ugh the s 0 i I 5 U b seq u e n t- t 0

i n f iii r at ion . I nf- i I t r- a-I ion can b e co n t r- 0 I I e J b Y Pe r- co I a i- ion i f the

soi I does nol- have a slJs!-clined dr-ainage c;oJpaci-ly -to pr-ovide access for

m0 rei n f i I t rat e d wate r . II 0 wever, the ext e n -I- b y whie h per col at ion can

res t ric tin f iii- r- a t ion 0 f r i'l i n f a I Ish 0 lJ I d bee are f lJ I lyeval u ate d b e for- e

percolation can be assumeLi 10 r-eslrict infi I Ir-aliofl for- the design

rainfalls that are being considered in Maricopa County. For example,

hydrologic soil group 0 has been defined by SCS soil scientists i'lS:

"Soils having very slow infiltration rai-es when thoroughly

wetted and consisting chiefly of clay soils wii-h a high

swelling potential, soils with a permanent high water table,

soi Is with a claypan or clay layer at or near the surface,

and shallow soils over nearly impervious mater-jal."

This definition indicates that soi Is in hydrologic soi I groups A, B,

or C could be classified as 0 i ( they are underlain by an impervious

stra-ta of clay, caliche, or- rock. Wilen these soils are considerPoci in

r- ega r d t 0 Ion g - d u r ('I 1- ion r a i n f a I I s 1- h at are tile des i g n eve n t s f 0 r- III any

par t s 0 f the Unit e d Stat e s i his cI Po fin iii 0 n III a y h Po V i't lid . II 0 wp V P. r- •

when considered for short-duration and relai-ively smal I design

rainfal I depths in Maricopa County this definii-ion could result in

under estimation of the rainfall losses fortllese storms. This is

because even a relatively shallow horizon of soil overlaying an

impervious layer still has the ability to store a significant amount

of infiltrated rainfall. For example, consider the situation where

only 4 inches of soil covers an impervious layer. If the effeciive

2



porosily is 0.30 -''If?11 1.7 inches (tl illchps li'"es ll.30) of wafer CCln LJp

for a c1esi~ni n f i I I rat e d a Il d s 1 0 r- e d i 11 -t h p s h PI I low so i I II {) r- i Z 0 Il •

erai n f a I I of 6 hours a Il d a ,-a i n f a I Ide pl- h of a b a u -t- 4 inc h e s 1 his

represenis a si~nificanl sl-ul-Pl~e volume fur' irlfillr-al-ed ,-ainfall.

Ther-efore, for drailla~e st-udies in MPlricopn C()ulll-y -that cont-aill IIlPljor

areas of soil -Ihal- a,-e classified as hydrolo~ic soil yroup 0, ihe

reason for the soi I survey classi f ication as 0 should be determined.

Hydrologic soil group 0 shaull! be ,-el-ainel! for clay soils, soils wi-t-h

a permanent high water table, and rock outcror. HYd r ~ ~? g i c so i group

o should probably not be retained ill all situations where the-_....---------------_._--------_.. ,-_..-_.._..._------_.- ._---_.-_ ..._--~.__ .. _- --- _. _.- ._--
classification is based on shallow soils over nearly impervious

--'-'...._.-.- - - -.~"- ------_._--- -. ------_..-- -------_...._---- ---- -----_._--._...--_ .. _--- --._----
,ay-e-rs, and site specific studies and sensitivi-'-y analyses should be
------'--. --------------------_. ----------.._--_.__..~--_._.- --_. --- -. -
performed -1-0 estima-Ie -Ihe loss rates ihat should be usel! for- s\:lcl:.

,----_ .... -

so i Is._._--_.
Inf-iltration of water into -Ihe soil is yenerally believel! to follow an

exponential decay function as prorosed by florion (1939):

e
f

where f

f c + (f - f )e- kt
a c

is the infi Itration rate at time t,

( 1 )

f c is the minimum (equilibrium) infiltration ra-re,

f o is -rhe initial infiltration rate,

t is -rhe time from start of rainfall,

k is a constant that is dependent upon the soi I-vegetation

complex, and

e is the base of the Naperian logarithms.

This infiltration function is illustrated in Figure 1. In Figure 1,

the infiltration rate is shown to be a continually decreasing function

of time and the surface retention loss is shown to be a loss that is

independent of and separate from the infiltration of rainfall into the

so i I • This represents thp. physical process -rhat is -1-0 bp. sirnufnte<1 in

mo del i n g raj n f a I I los s •

The driving force for infiltration is gravi-ry and capillary forcese drawing water into and -through -lhe pore spaces of the soil matrix.

3



I n f i I t rat ion i s COli" ,- 0 I led b y s 0 i I Pr' 0 per' tie s, v e get a t i 0 tl i II flu G tl C e 5

on the soi I structure, surface cover by rock and vegetation, and bye -rillage practices.

Methods for Estimating Rainfal I Losses

ses eN loss rate,

I nit i a I I 0 ssp Ius 1I n i for III los s r a , e ,

E x po n e n'~ i ;:l I los s r' rl" P. ,

Holtan infili-r-ation equaiion, and

Gr e e nan d AIII Ptin f i I t r' a i i aile q lJ at i 0 II •5 .

N umer 0 u 5 met hod s h a v e bee n d eve lop e tf for e s" i rn a tin 9 raj n f a I I los s e s .

Five methods are avai lable as options in the HEC-l Flood Hytfrology

Package:

1 •

2.

3.

4 .

The Holtan infi Itration equai ion is simi lar to ihe Horton equation in

that it is an exponential decay type of equation for which the

rainfall loss rate asymptotically diminishes to the minimume infiltration rate, f c ' The Holtan equation is not extensively used

and data and procedures to estimate the parameters tor use in Maricopa

Co u n t y are not a v a i I a b Ie. The Hoi tan e qua t ion i s not r e c 0 nJ.r!l~ n d ed, for--------
general use in Maricopa County."--------_.,. '.'- .,. , .. - ... , ,-" ...• - .. ----.---.

The Exponential loss raie methotf is a four parameter method ihar is

not extensively used, but it is a preferred method of the U.S. Army

Corps of Engineers. Data and procedures are not avai lable to estimate

the parameters for this loss raie method for all physiogr<'lphic arei'lS

in Maricopa Coun'ry, bui Exponential loss rate parameters have been

developed from the reconstitution of flood events for a flood

hydrology study in a portion of Maricopa County (U.S. Army Corps of

Engineers,1982). However, adequate data is not available to estimate

the n e c e s s a r y par arne t e r 5 and t his 10 e t h C? d _~.-Iloj:"-r::...Q-b-G.ffirn~ r

9~-_.u~_€E.__!,.!.!.,_,~_~:_? p~ C~~

The SCS CN method is the most extensively used rainfal I loss ratee method in Mar i copa County and it "<'IS wide acceptance among many

~



age n c i e s, co /\ sui tin 9 e /\ yin e e r- i n q (i r' ms, n n din d i v i d u a I s '1' h r 0 U Yh 0 L,-t ., h e

Howe v er, -r hem e -r hod i s lim i -r e d b e c a use 0 f b c.1"\ h -r h e 0 r- e ,. i c a I

e
community.

and p r act i c a Ide f i c i e n c i e s 0 f ., h e III e tho d •

of the ses eN rneihod are:

Sever-al of -rhe deficiencies

1 • R a i n f a I I los s e s Cl r- e i II d Po P (> n de /\ ,. 0 f I he d u r at i 0/\ 0 ( ,. a i n f a I I • f h a I

'~ is, for a 9 i v e 11 de p tho f r a i n f a I' -r he sam era i n f a I I los s r- e sui t s

~ regardless of ihe dura-rio/\ of "oinfall, and -Ihe same rainfall

:'/ excess would be esiirnared (or' a given rainfall depth occurring in,, .

" for example, eilher 1 hour- or 7.1\ Ilours.

1 r ,'.' 2,1 " J The e s i i rn ate cI r a i n f a I I los s rat e i s a fun c t ion 0 f r a i n f a I I
~ ,!I ,~\,.. , _-.-----' __. ' __ ,.,. _._. _
~ t ). >( in-rensii·y. Short periods of high intensity rainfall would often," ' , i -" ".- ..-_....

~" I " ,',I, '..'r~sul-r in I(H'!d~ eS'lim8fps o( IFlinfal1 lossp.s. ['his is CUI1I"fH'y

T,·J ".• : ('/IO'\/'t~I1()I'I(Jn Iypp i,dillrCllio/\ "plrllio/\-::--illuc;llalod ill iiqllfP
\ "'l'" '~';>,: ". "" 11,.."

{" .. \l ...,
,

I . 'r' " •'f '(, ~ \ \" : '
\" ,:': "r·.'j:'I,r\e infiltr'a-lion rate npproaches zero ralher ihan a minimurn

~ il".f.\~Y.· ,/;,- ):\ifi l-rration rate, f c .
I )- - , I' ,. '

\ 1:\ /.4. \' 'l),'he initial abstraction of O.2S is not justified nor is it based
" " 1'\ ~
F.,' !.!' ,f \1;; , 0 n d a t a for h y d r 0 log icc 0 n d iii 0 n s t h a i are rep res e ntat i ve 0 f

cJ \ ~.

l ;;' , } I AM aric 0 p a eo u n t y •e {;J t\; The s e I e c t ion 0 feN i s too sub j e c l' i v e and i s bas e d m0 reo n

It) tradi-rional accepiance of CN values ra-rher than scien-rifically

substantiated findings.

6. At low rainfalls (less than 1\ inches), -rhe estimate of rainfall

loss is very sensitive to -rhe selec-rion of CN.

For these reasons the ses eN method is no1- recommended for gener-a I use

in Maricopa County.
--~.._._-_... _._- .. ~.~-~.-.--

-------- 0 - --------_.

Two methods are recommended for use in Mar i copa Coun-I y; -these ar-e '-he

i n ir i a I los s P Ius u n i f 0 r- III I () S S r al e (I L /. UL R ), a " u I h e (J r' e e n a "d 1\ III P I

infiltr-aiion equation. O-l-her- mp.thods should be used ollly if thel-e is

technical jusi'ificaiion for a variance from this recommendaiion and if

adequate informa-rion is available to estimate the necessary parameier

values. Use of rainfal I loss methods other than those recommended

should no-r be under-raken unless previously approved by the Flood

Control District and the local regula-rory ayency.

e
5



Green and Ampt Infi Ifration Equa1ion

This model, first developed in 1'911 by W.H. Green and G.A. Ampt, hase sin c e 1 9 7 3 r e c e i v e din c rea s P. J i n -, f' r P. s t for est i ma -I i n 9 ,- a i n f a I I

infiltra-tion losses. The rn 0 del h Cl s t- h e for In :

!~x(/~ ;)
it:= ct ¢ ( 51 - ~.)

(7.)

i nf i ttr'at i on rate,

h y dr a u I icc0 n due t i v i 1yin the we t- ted z 0 n e (t h e u I t i III a -, e

steady state rale),

average cap i I I ary suct ion in t he wetted

fin a Iso i I s a r lJ I' a -t i 0 1\ (v 0 I uTIle t ric) ,

whel-e f

K

<f
s
s initial soi satut-ation (volumetric),

zone,

</J = soi I pot-osi ty, and

F = d e p t h of raj n f a I I lila t has i n f ii' r' at e din lot 11 e s a i

since the beginning of rainfall

It is important to note that as rain continues, F increases and fe approaches K, and therefore, f is inversely related to time. Equation

2 is implicit with respect to f which causes computational

difficulties. Egger-I (1 9 7 6) s imp I i fie d Equation 1 by e x pan dingl h e

equation in a power series and truncating al I but the first two terms

of the expansion. The simplified solution (Li and others, 1976) is:

A F = -.5(2F-K~tl+.5( (2F-KAtI 2 + 8K~t(4 + FI)1/2 (3)

where t is the computation

inf i Itration at the start of

i nter'va I and F is accumu I a-ted depot h of

t. The average infi Itra-tion rate is:

~f
6F

.ot
( 4 I

Use of the Green and Arnpt equation ()s coded in IIEC-l involves lhe

simulation of rainfall loss as a two phase process. The first phase

is the simulation of the surface retention loss as previouslye described, and this loss is called the initial loss (IAlin IlEC-l

6



During this first phase all rainfall is lost (zero rainfall excess

generated) during -t-he period from the start of rainfall up to the time

4,
•

I and-/

IA for use with theV

in Table 1. For example,~-and recommended values of

that the accumulated rainfal I equals the value of IA. it is assumed

for modeling purposes, that no infiltration of rainfall occurs during

this firs1- phase. Initial loss (IA) is primarily a function of

use and surface cover,

Green and Ampt equation are presented

e

shown in Table about 0.35 inches of rainfall wi II be lost to runoff

due to surface retention for desert and rangelands on relatively flat

slopes in Maricopa County.

The sec and p has e 0 f -f her a i n f a I I los s pro c e s sis the i n f i I -, rat ion 0 fh
rainfall into the soil ma1rix. ror- modeling purposes, 1he \,.,v..."?~(..(,
infiltration begins immediately after the surface retention loss (IA~V\~~
is completely satisfied. The three Green and Arnpt equation ~

infiltration parameters as coded in HEC-l are hydraulic conductivity ~
at natural saturation (XKSAT), wetting front capillary suction (PSIF),

and volumetric soil moisture deficit at the start of rainfall

(OTHETA). The three infi Itration parameters are functions of soi I

tt characteristics, ground surface characteristics, and land management

practices. The soi I characteristics of interest are particle size

distribution (soil texture), organic matter, and bulk density. The

primary sol I surface characteristics are vegetation cover, rock cover,

and soi I crusting. The land management practices are identified as

various tillages as they result in changes to soil porosity.

Values of Green and Ampt equation parameters as a function of soi I

characteristics alone (bare ground condition) have been obtained from

publ ished reports (Rawls and others, 1983; Rawls and Brakensiek,

1983). Average values of XKSAT and PSIF for each of the soi I texture

classes are shown in Columns (2) and (3) of Table 2 (Rawls and others,

1983) • Values of XKSAT and PSIF as a function of percent of sand and

percent of clay for soi I with 0.5 percent organic matter and base

value (unaltered) sol I porosity are shown in Figures 2 and 3,

respectively (Rawls and Brakensiek, 1983). The values of XKSAT and

PS I F from Tab I e 2 shou I d be used if genera I soi I texture

tt classification of the drainage area is available. The values of XKSAf

7



e
and PS I F from Figures 2 and .) Celn be used if more spec I f I c soi I

texture classification Is avai lable from a dei'ai led soil survey for

which the percentage of sand and clay has been determined by an

a ppro p r I ate fie Ids a i I s u r- v e y . The use a f i h e i n for mat ion i n Fig u r- e s

2 and 3 wi I I require an extensive study of ihe soi I for the drainage

area and for most drainage studies only general soi I texture

classification wi I I be known and ihe values from Table 2 should be

used.

The soi I moisture deficit (OTHETAI is a volumetric measure of the soi

moisture storage capacity that is available at the start of the

rainfal I. OTHETA is a function of the effective porosi1y of the soi I.

If the soil is saturated a~ the s'larl of rainfall then DTHErA equals

0.0. If the soil is devoid of moisture at the start of rainfall the

OTHETA equals the effective porosity of the soi I. Therefore the range

of OTHETA is 0.0 to the effective porosity. The porosity of sol I as a

function of soi I texture (perceni of sand and percent of clayl is

shown in Figure 4 (Brakens i ek and others, 1984 I.

e Under natural conditions, soi I seldom reaches a state of soi I moisture

less than the wilting point of vegetation, and a graph of volumetric
,

soil moisture at wilting point as a function of soil texture is shown

in Figure 5. Due to the rapid drainage capacity of most soils in

Maricopa County the soi I would not be expected to be in a state of

soi I moisture greater than the field capacity at the start of a design

storm. A graph of volumetric soi I moisture at field capacity as a

function of sol I texture is shown In Figure 6. However, Maricopa

County also has a large segment of its land area under irrigated

agriculture and it Is reasonable to assume that the design frequency

storm could occur during or shortly after certain lands had been

Irrigated. Therefore, for irrigated lands it would be reasonable to

assume that soi I moisture could be at or near effective saturation

during the start of the design rainfall.

Three conditions for OTHETA have been defined for use in Maricopa

County based on the antecedent soi I moisture condition that could bee expected to exist at the start of the design rainfall. These three

8



conditions are "Dry" for antecedent soi I moisture near the vegeiation

wilting point; "Normal" for antecedent soil moisture condition neare field capacity due to previous rainfall or irrigation applications on

nonagricultural lands; and "Saturated" for antecedent soi I moisture

near effective saturation due to recent Irrigation of agricultural

lands. Values of IJTHETA have been estimated by subtracting the

initial volumetric soil moisture for each of the three conditions from

the soi I porosity. The value of IJTHETA "Dry" as a function of soi I

texture is shown in Figure 7. lhis figure was prepared by subtracting

the wilting point soil moisture on Figure 5 from the soil porosity on

Figure 4. The value of DTHETA "Normal" as a function of soi I texture

iss h ow n i n Fig u r e 8. T his fig u r e was pre par e d by sub t r- act i n g the

field capacity soil moisture on Figure 6 from the soil porosity on

Figure 4. The value of DTHETA "Saturated" is always equal to 0.0

because for this condition there is no available pore space in the

soi I matrix at the start of rainfal I. Values of DTHETA for the three

antecedent soi I moisture conditions are shown in Table 2. DTHETA

"Dry" shou I d be used for soi I that is usua I I yin a state of low soi I

moisture such as would occur in the desert and rangelands of Maricopae County. DTHETA "Normal" should be used for soil that is usually in a

state of moderate soi I moi sture such as wou I d occur in i rr i gated
,

lawns, golf courses, parks, and irrigated pastures. DTHETA

"Saturated" shou I d be used for soi I that is usua II yin a state of high

soi I moisture such as irrigated agricultural land.

The hydraul ic conductivity (XKSAT) can be affected by several factors

besides soil texture. For example, hy-draulic conductivity is~uced---- -- ---
b Y so i I c r u s tin g , i tis inc rea sed by til I age 'J and i tis inc rea sed by- ---- - - -
th~ in~ce of ground cover and canopy c~. The values of XKSAT

that have been presented for bare ground as a function of soi I texture

alone should be adjusted under certain conditions.

Ground cover, such as grass, I itter, and rock wi II generally increase

the infiltration rate over that of bare ground conditions. Similarly,

canopy cover, such as from trees, brush, and tall grasses can also

increase the bare ground infi Itration rate. The procedures and datae that have been presented are for est i mati ng t.he Green and Ampt

9



parameters based solely on soil texture and would be applicable for

bare ground conditions. Procedures have been developed (Rawls and

e others, 1988) for incorporating the effects of ground cover and canopy

cover into the estimation of the parameters for the Green and Ampt

equation. Past research has shown that the wetting front capi Ilary

suction parameter (PSIF) is relatively insensitive in comparison with

the hydraulic conductivity pararneier (XKSAT); therefore only the

hydraulic conductivity parameter is adjusted for the influences of

ground cover and canopy cover.

The set of equations thai have been developed to adjust the bare sol

hydraul ic conductiviiy for the inf luence of sol I ground cover and

canopy cover are:

KE = (CAN) (KE c ) + (OP) (I\E o )

KE = (K) (CF)[( BC ) ( CR C) + A( 1
BC )]-c

CAN CAN

e KE = (K {( BO )(CRC) + A( 1 BO J-a
CAN CAN

CF = 1 + 0.96 CAN

CRC =
L

L - TC + TC
SC B

A = eU·82 - 0.099(SA) + 1.94( BO ll

B = 0.0099 + 0.0721 (TC) + 0.0000068(SA 2 ) +

0.000021(SA 2 )(TC) - 0.000315(SA)(TC)

(5 )

(6 )

(7)

( 8 )

(9 )

( 10)

( 1 1 )

e
where KE hydraul ic conductivity adjusted for ground cover and

canopy cover, and KE is the adjusted value of XKSAT in

the Green and Ampt equation,

10



e
KE ==c
KE o

K

CF

CRC

A

CAN

OP

BC

BO

L

TC ==

SC ==

SA

BD

h Yd r a u I iccand LJ c -t i v i I" Y a f 5 0 i I LJ n dere a n a J.l y c a v e r- ,

hydraulic conuuctlvity of soil outside of canopy cover,

bare ground hydraulic conductivity, equal to XKSAT,

canopy factor,

soil crust factor,

macroporos i toy factor,

ratio of area under canopy cover to total area,

ratio of area outside of canopy cover to total area,

ratio of bare soi I (no vegetation, I itter, or rock

cover) that is under canopy cover to total area,

ratio of bare soi I that is outside of canopy cover to

total area,

wetting front deplh (assume Gem),

soi I crust ihickness (assume 0.5 em),

correction factor for partial saturation of the

subcrust soil (see Table 3),

percent sand in the soi I,

soi I bulk density (see Figure 9).

e These equations have been developed for the SI system of units and

they should be solved in this system and the resulting hydraul ic,
conductivity (KE) in cm/hr should be converted to XKSAT in inches/hr.

Equations 5 through 7 can be simpl ifled for use in estimating the

hydraulic conductivity of turf by the following equation:

KE (K ) ( A ) ( 1 2)

where A is defined by Equation 10.

The influence of tillage results in a change in total porosity and

therefore a need to modify the three Green and Ampt equation

infiltration parameters. The effect of iillage systems on soi

porosity and the corresponding changes to hydraulic conductivity,

wetting front capillary suction, and water retention is available

(Rawls and Brakensiek, 1983). Although this information is availablee it is not presented in this manual, nor is it-recommended tha-' tllese

11



a d jus t men -I 5 b e made -I a 1- het h r e e i II f i I l' r- a -t i on par amet- e r 5 f a r- des i g n

purpose use in Maricopa County. This is because for most floode prediction purposes it canno1 be assumed that tile soi I wi II be in any

parti cu I ar state of -1-i II age at the 1 i me of stor-m occurrence and

therefore the base condition infiltration paramerers, as presented,

should be used for flood prediction purposes. However, appropriate

adjustments to the infi Itration parameters can be made as necessary

for special flood studies such as reconstitution of storm events.

Initial Loss Plus Uniform Loss Rate (IL + ULR)

This is a simplified rainfall loss method that is often used, and

generally accep-red, for flood hydrology. In using this simplified

met hod i tis ass u medt h a -I- l' her a i II f a I I los s pro c e s s can b e s i mu I ate d

as a two-step procedure, as i I I ustrated in Figure 10. First, a II

rainfall is lost to runoff until 1he accumulated rainfall is equal to

the initial loss; and second, after the initial loss is satisfied, a

portion of all future rainfall is lost at a uniform rate. Two

parameters are needed to use this method, the initial loss and the

uniform loss rate (STRTL and CNSTLl, respectively, according to HEC-l

~ nomenclaturel.

The initial loss (STRTLl is the sum of all losses prior to the onset

of runoff and Is made up of surface retention loss and some amount of

infiltration. This is also called initial abstraction. Values of the

infi Itration part of STRTL for bare ground according to soi I texture

classification are shown in Columns (3l through (5l in Table 4. These

values have been derived from the Green and Ampt infi Itration equation

and parameter values that are shown in Table 2. The value of STR1L

"Dry" shou I d be used for soi I that is usua I I yin a state of low soi

moisture at or near the wilting point for vegetation. This is a

reasonable assumption for most nonirrigated lands in Maricopa County

because of the infrequency of ra i nf a I I and because of the rap i d

drai nage of these soi I s after ra in fa I I. The va I ue of STRTL "Norma I"

shou I d be used for sol I that is usua I I yin a state of moderate soi

moisture such as occurs for irrigated lawns, turf, and permanent

pastures. The value of STRTL "Saturated" should be used for soi I that

~ is maintained in a state of high soi I moistur-e such as occurs in

12



irrigated agricultur-al lands.

e Values of STRTL for bare grounJ iha-\ have been classified according io

hydrologic soi I group are shown in Table 5. These values within each

hydrologic soil group have been derived from the data in Table 4 for

the various soil texture classifications.

The values of STRTL from Table ~ and 5 represent that portion of the

i nit i a I los s t hat i s a -\ t rib u -1- a b leta i n f i I t rat ion and the s e s h a u I d b e

increased to account for the surface retention loss that is a function

of land-use and vegetation. These additive STRTL values are shown in

Table 1. The value of S-IR1L tllai is used is tile sum of ihe poriioll

due t a i n f i I IT a I- ion (T n b I e ~ () r ',) pili 5 III P i' 0 ,- I i () 11 lI1<d i s due 1()

surface retention (Table 1).

The uniform loss rate (CNS1L) r-epresents the long-term, equilibrium

infiltration capacity of the soil. The values of CNSTL shown in

Column (2) of Table 4 for soils according to soil texture

classification are equivalent to the hydraul ic conductivity at naturale saturation (XKSAT) as determined for the Green and Ampt equation

(Table 2). The values of CNSTL for soils classified according to

hydrologic soi I groups are shown in Table 5. These values within each

hydrologic soi I group have been selected from inspection of XKSAT

values in Table 2 for the various soi I texture classifications. These

values of CNSTL shown ill Table 5 ar-e consistent with general

information that is available for estimating CNSTL as shown in Table

6.

Procedure for Estimating Loss Rates

Green and Ampt Method

1. Determine the soil texture classification. Soils reports such as

those of the Soil Conservation Service can be used if available,

or laboratory analysis of appropriate soil samples from the

drainage area can be used if adequate documentation on the

sampl ing and laboratory procedure is provided and approved.e 2. Estimate the hydraul ic conductivity (XKSAT} for bare ground from

13
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e

Table 2 if general soil lexlure classifica-lion is nvailable or

fro rn Fig u r e 2 i fad e qua -t- e s 0 iii ext ured al a i 5 a v a i I a b I e f r om a n

approved sampl i ng program.

3 • I f des ire d, a d jus t i- II e val u e 0 f XI< S f\ r for the i n flu e nee 5 a f 9 r 0 u n d

co v era n d can 0 p y co v e r u sin g Equa -r ion 5 5 -I h r 0 ugh 1 lor Equa t ion 12

for turf.

4. Estimate the we-ri-ing front capillary suction parameter (PSIFl from

Tab I e 2 i f g e n e ,- a I 5 0 i It ext u r- e c I ass i f i cat i on i 5 a v a i I a b leor-

from Figure 3 if adequate soil texture data is available from an

approved samp ling program.

5. Estimate -rhe value of DTHE1A from Tnble 2 if general soi I texture

classification is available or from eiiher Figure 7 or 8 if

a d e qua -r e 5 0 i I t e x fur e cI a t a i 5 a v a i I a b 1 e f r- 0 III a nap pro v e d 5 amp lin g

pr-ogram. The value of DTIIETA must be selected based on the

appropria-re antecedeni- soil moisture condition; "Dry" for

nonirrigated lands such as desert and rangeland; "Normal" for soi

that would be expected to be near soi I moisture field capacity

such as irrigated lawn, turf, and permanent pasture; and,

"Saturated" for irrigated agricul-rural land.

6. Determine the land-use and/or soi I cover for the drainage area and

use Table 1 to estimate the surface retention loss (IAl.

7. As an alternative to the above procedure, Green and Ampt loss rate

parameters can be estimated by reconstitution of recorded

rainfall-runoff events on the drainage area or hydrologically

simi lar watersheds, or parameters can be estimated by use of

rainfall simulators in field experiments. Plans and procedures

for estimating Green and Ampt loss rate parameters by eii-her of

these procedures should be approved by the Flood Control District

of Maricopa County and the local agency before initiating these

procedures.

Initial Loss Plus Uniform Loss Rate Method

1. Determine the soi I texture classification and/or the hydrologic

soi I group. Soi Is reports such as those of the Soi I Conservai-ion

Service can be used if available, or laboratory analysis of

appropriate sol I samples from the drainage area can be used toe classify the soil if adequate documentation on ihe sampling and

14
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e

I aboratol-y procedure is prav i ded and approved.

2. Use values at CNS1L and SfRTL tram Table ~ if i-he losses are to be

based on soi I texture classification.

3. Use values at CNSTL and STR1L from Table 5 it the losses are to be

based on hydrologic sol I group.

4. Determine the land-use and/or soi I cover and use Table 1 to

estimate the surface retention loss to be added to STRTL from

either Table 4 or 5.
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Land-Use and/or Surface Cover

( 1 )

Natural
Des e r t' a n cJ r () n gel a J) cJ, f I i) I s lop e
Hi I I slopes, Son 0 ran desert
Mountairl, brush

Developed (ResidentiClI and Comrnercial)
Lawn and turf
Desert I andscflpe
Pavement

AgriculturiJl
Til led
Irrigated pas~LJre

Surface
Retention Loss

inches

(L)

.3:>

.15

.25

.~o

.10

.05

1 ; 00
.50
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TflBLE 2

(;reell C1lld fillip I loss 1';'11(~ jJol-;:Jl!leler- valuw; foro u21'e ~Jr()lJll"

Soi I Texture XKSI\T PS I F D1IIETI\1
Classification i 11/ h r i nell ~s Dry Norma I Saturated

( 1 ) (2) ( 3) (1\ ) ( 5 ) (6 )

salld 11.6 1 .9 .35 .30 0

10 dlil Y sand 1 • 7- 7.11 · ") 5 · ) () 0

snndy IODm • 11 () 11 . " ' ,. .)') U• I)

loam .1 5 3. '5 · YJ .25 0
s i I ty loam .7-5 (, .() .1\0 .7.5 0
s21ndy c I a y loarn .06 I3.G 2r. .1 5 0· )

cl;:Jy IOi'l1i1 .01\ B.) .7.5 • 1 5 0
s i I -I Y clay loarn .011 1 0 • (3 .30 · 1 5 0
sandy clay .02 Y.4 .20 .10 0
s i I ty clay .02 1 1 .5 .20 .10 0
clay .01 12.1\ · 1 5 .05 0

e

Selection ot DTHE1A:
Dry - tor nonirriCJared lands such as deser"' alld rall'jelalld

Norma I - tor i rr i OClted I awn, tur t, and permanent pasture
Sat u rat e d - tor i r r i 9 a \- e d PI 'J 1- i cui I- u r a I I a 11 d

e



e
1l\BLE 3

S0 i I c r U 5 I i 11 0 red u c I- i 0 11 f act 0 r- for -r II e Gr e e fl a n <.J 1\ mp l-
i n f i I -r rat i 0 11 equation h y d r i1 LJ I icc 0 n d LJ C 1 i v il Y p:3 ram e t e r .

e

e

Soi I Texture
Classificat-ion

( 1 )

Sand
LoCI III Y 5 a n <.J

Sandy loam
Loam
Sil-r loarn
Sandy clay loam
Clay loam
Silty clay loam
Sandy clay
Silty clay
Clay

Heduc-I iOIl Fact-or
for Suucrust- Conduct-ivi I-y

SC

(7)

o. q 1
(J.IlY
0.86
o .82
o . C3 1
0.85
o.n2
0.7G
0.81
0.73
0.75
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TABLE 4

Initial Loss plus Uniform Loss Rate parameter values
for bare ground according to soil texture classification

IniTial Loss, in inches
Soi I TeXTure Uniform Loss RaTe STRTL 1

ClassificaTion CNSTL Dry Normal SaTuraTed

( 1 ) ( 2 ) (3) (4 ) ( 5 )

sand 4 .6 1 .3 1 .3 0
loamy sand 1 .2 .8 .8 0
sandy loam .11 · 7 .6 0
loam .1 5 .6 .5 U
s I I ty loam .25 .8 .7 0
sandy clay loam .06 .6 . 5 0
clay loam • Oil · 5 .4 0
s I I ty clay loam .04 .6 • 5 0
sandy clay .02 · 4 .3 0
s i I ty clay .02 .4 .3 0
clay .01 • 3 .2 0

Selection of STRTL:
Dry - for nonirrigated lands such as desert and rangeland

Normal - for irrigated lawn, turf, and permanent pasture
Saturated - for irrigated agricultural land



e

e

e

TABLE 5

Initial Loss plus Uniform Loss Rate parameter values
for bare ground according to hydrologic soi I group

Initial Loss, I n Inches
Hydrologic Uniform Loss Rate STRTl 1
So I I Group CNSTl Dry Normal Saturated

( 1 ) ( 2 ) (3) (4 ) ( 5 )

A .40 .6 • 5 0
8 .25 .5 .3 0
C .15 .5 .3 0
D .05 .4 .2 0

Selection of STRTL:
Dry - for nonirrigated lands such as desert and rangeland

Normal - for irrigated lawn, turf, and permanent pasture
Saturated - for Irrigated agricultural land



e TABLE 6

Publisll<;d vrtlupe; of 1I11iforlil lose; ratE's

Hydrologic U 11 i form Loss Rate, i II i II C h e s / hour

Sui I Group

( 1 )

Mus Ur a v (' (1 (} 5 5 )

( ))

USf3J( (llJ75)1

( 5 )

USSJ( (\<Jt\Il);(

(I) )

e

A
B
C

• S() -
• 1 ') -
.()') -

· I) ')

· ) II

· I 5

.40

.71)

. I 7

.)0 

.1 '1 

()

.')()

. ) ()

.n')

Darns, Third Edition, 19B8

e

Design of Smal I Dams, Second Edition, 1975, Appendix A

2 Design ot Smal
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AVERAGE ORGANIC MATTER BULK DENSITY = 0.22-4 am/cm 3
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discharge hydrograph at a downstream location (concentration

point) by one of t~IO methods: 1) hydraul ic routing involving the

com pie teo r s 0 me s Imp I i fie d for m 0 f the e qua 1 ion s 0 f mot ion, -I' hat

is, the momentum equa1ion plus the continuity equation; or 2)

hydrologic routing involving the appl ication of the continuity

equation. Kinematic wave routing, as available in fIEC-I, Is an

example ot hydraulic routing. Ilydrologic routIng Is usuCllly

accompl Ishell by ei-liter dlrec-I Clppilca'ilon of -Ihe equa-! 1011 of

continuity;

- a = lIS/dt (1 )

or, a graphical procedure such as the application of the

principles of the unit hydrograph. Examples of hydrologic

routIng by direct application ot the equation of continuity are

the Clark Unit Hydrograph (Clark, 1945), the Santa Barbara Urbane Hydrograph (Stubchaer, 1975), and the Single Linear Reser-voir

Model (Pedersen and others, 1980). Both the Santa Barbara Urban

Hydrograph and the Single Linear Reservoir Model a~e simpl i fied

(one parameter) versions of the Clark Unit Hydrograph (three

parameter) procedure (Sabol and Ward, 1985). Examples of unit

hydrographs that require a graphical procedure are the SCS

Dimensionless Unit Hydrograph, Snyder's Unit Hydrograph, S

graphs, and unit hydrographs that are derived directly from

recorded runoff data. Graphical or tabular- methods of routillg

ralnfal I excess by unit hydrographs are very amenable to hand

calculation methods which were common practice prior to the ready

availability of computers. Direct rn;:dhematlcal solution of -Ihe

equation of continuity, such as the Clark Unit Hydrograph, Is

more efficiently conduc1ed with computers and appropriate

computer programs.

The procedure that is recommended for routing ralnfal I excess ine Mar i cop a Co un t y i s e i the r the C I ark Un i tHy d,r 0 9 rap h 0 r the

application ot selected S-graphs. The Clark Unit Hydrograph



procedure, as described herein, is limit-ed to watersheds or sub

basins less than about 5 square miles in size. The application

of S-graphs is recommended for use with major watercourses In

Maricopa County.

A unit hydrograph is a graph of the time distribution of runoff

from a specific watershed as the result of one Inch of ralnfal I

excess that Is distributed uniformly over the watershed and that

Is produced during a particular time Interval of the ralnfal I

(duration). It Is noted that the duration of ralnfal I excess Is

not generally equal to the rainfall duration. In that a unit

hydrograph Is derived from or is to be representative of a

specific watershed, it is a lumped parameter and it reflects all

of the physical characteristics of the watershed that wi I I affect

the time rate at which ralnfal I excess wi I I drain from the land

surface.

The principles of the unit hydrograph were Introduced by Sherman

(1932). Sherman observed that for a watershed al I hydrographs

resulting from a rain of the same duration have the same time

base, and that ordinates of each storm hydrograph from the
,

watershed are proportional to the volume of runoff if the time

and areal distributions of the rainfalls are similar. The

principles that are appl led when using an unit hydrograph are:

1. For a watershed, hydrograph base lengths are equal for

rainfall excesses of equal duration.

2. Hydrograph ordinates are proportional to the amount of

rainfall excess.

3. A storm hydrograph can be developed by linear

su~erposltlon of Incremental hydrographs.

Application of these principles requires a linear relation

between watershed outflow and storage within the watershed,

S = KO. However, Mitchell (1962) has shown that nonlinear

storage, S = KOx, Is a condition that occasionally occurs In

natural watersheds. A method has been developed by Shen (1962)

to evaluate the linearity of the storage-outflow relation for
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gaged watersheds. Mitchel I (1972) developed the model hydrograph

for' use I n watersheds tha"! have non I i near storage-outf low

characteristics. Presently, however, there is no method that has

been devised to evaluate the I inearity of an ungaged watershed,

and the assumption of linearity is a practical necessity in

virtually all cases.

Theory
Hydrologic routing by the Clark Unit Hydrograph method is

analogous to the routing of an inflow hydrograph through a
res e r v 0 I r • T his a n a log Y I 5 I I I U 51 r- ale din F I SJ u r- e 1. The I 11 flo W

hydrograph, called the translation hydrograph in the Clark

method, is determined from the temporal and spatial c1isi-ribution

of rainfal I excess over the watershed. The translation

hydrograph Is then routed by a form of the equai'ion of continuity

0i = Cli + (1 + C) OJ-.l ( 2 )

where C =
2 cit

2R + dt
(3)

0i is the instantaneous flow at the end of the time period, 01-1

Is the Instantaneous flow at the beginning of the time period, I I

Is the ordinate of the translation hydrograph, dt Is the

computation time Interval, and R is the watershed storage

coefficient. The Clark Unit Hydrograph of duration dt is

obtained by averaging two instantaneous unit hydrographs spaced

cit units apart

0i = 0.5(01 + 01-1) ( 4 )

where QI are the ordinates of the Clark Unit Hydrograph.
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The Clark method uses two numeric parameters, 'c and R, and a

graphical parameter, the time-area rela-tion. The first

parameter, time of concentration (T c ) Is the travel time of water

from the hydraulically most distant point In the watershed to the

outflow location. Clark (1945) defined this time as the time

from the end of effective ralnfal lover the watershed to the

Inflection point on the recession 11mb of the surface runoff

hydrograph as shown In Figure 2. In practice, for ungaged

watersheds this time Is usually estimated by empirical equations

since runoff hydrographs from the watershed are not available. -

The second parameter Is the storage coefficient, R, which has the

dimension of time. This par'ameter is used to account for tile

effect that temporary storage in the watershed has on the

hydrograph. Several methods are available to estimate R from

recorded hydrographs for a basin. As originally proposed by

Clark (1945), this parameter can be estimated by dividing the

discharge at the point of Inflection of the surface runoff

hydrograph by the rate of change of discharge (slope of the

hydrograph) at the Inflection point as shown In Figure 2.

Another technique for estimating R is to compute the volume

remaining under the recession I imb of the surface r~noff

hydrograph following the point of Inflection and to divide the

volume by the discharge at the point of inflection. Both of

these methods require the abi I Ity to identify the Inflection

point on the recession 11mb of the runoff hydrograph. This is

difficult If not Impossible for complex hydrographs and flashy

hydrographs such as occur from urban basins and natural

watersheds In the Southwest. A method to estimate R by a

graphical recessl~n analysis of the hydrograph has been proposed

(Sabol, 1988) and this method provides much more consistent

results than do the previously described methods. The parameter,

R, should be estimated by the analysis of several recorded

events; however, In most cases recorded discharge hydrographs are

not ava I I ab I e and R must be est Imated by emp I rica I equat Ions.
-_.-.....

The time-area relation, a graphical parameter., Is necessary to
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compute the translation hydrograph. The time-area relation

specifies the accumulated area of the watershed that Is

contributing runoff to the outlet of the watershed at any point

in time. Procedures to develop a time-area relation for a

watershed are discussed In a later section of this manual.

The application of the Clark Unit Hydrograph method is best

described with a simple example. A watershed Is shown In Figure

3(a), and a rainfall hyetograph and ralnfal I excess distribution

are shown In Figure 3(b). For the example watershed and given

Intensity of ralnfal I excess the time of concentration is

estimated as 25 minutes. An Isochrone interval of 5 minutes Is

selected and the watershed Is divided into five zones by

isochrones as shown In Figure 3(a). The areas within each

isochrone zone are measured and the dimensionless time-area

relation Is developed as shown in the table and depicted in

Figure 3(c). The translation hydrograph of the time rate of

runoff is developed by considering each incremental unit of

runoff production that would be available as Inflow to a

watershed routing model. For example, at the end of the first 5

minutes of rainfall excess the runoff that Is available at the

outlet of the watershed Is the product of Incremental area A1 ,

and the rainfall excess R1 •

where c = 60.5 cfs/acre-inch/minute, and dt = 5 minutes.

11 = (8 acres){.10 inch){60.5 cfs/acre-inch/mlnute)/(5 minutes)

'1 = 9.7 cfs
At the end of 10 minutes the available runoff is

I 2 = (A 1R 2 + A 2R 1) x c / d t

12 = (8)(.55) + (24){.10) x 60.5/5

= 82.3 cfs

At the end of 15 minutes the available runoff Is
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I 3 = (A 1R 3 + A 2R I -I A)R 1) x c / dl

13 = (8)(.30) + (24)(.55) -1 (38)(.10) x 60.5/5

= 234.7 cfs

At the end of 20 minutes -the avai"lable r-unoff is

14 = (8)(.15) + (24)( .30) .• (38)( .55) + (32)( .10) x 60.5/5
= 393.5 cfs

1\1 I II e end 0 f ;;> 'j III I II U I e sllH! fI v A I I fl h I fl I II II 0 f f I 5

15 (8)(0) + (24)(.15) -/- (38)(.30) + (32)(.55) -/- (18)(.10) x 60.5/~

= 416.2 cfs

Notice that all rainfall Incremen1s after R
4

= o.
At the end of 30 minutes the available runoff Is

16 = (38)( .15) -/- (32)( .30) -1 (18)( .55) x 60.5/5

= 304.9 cfs

At the end of 35m I nu ·1 esl he aval I () b I e runoff Is

17 = (32)( .15) + (18)( .30) x 60.5/5

= 123.4 cfs
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13 ( A 1R 3 + A 2R 2 + A3R 1) x c / d t

13 = (8)(.30) + (24)(.55) + (38)(.10) x 60.5/5

= 234.7 cfs

At the end of 20 minutes the available runoff Is

'4 = (8)(,15) + (24)(.30) I- (38)(.55) + (32)(,10) x 60.5/5

= 393.5 cfs

At the end of 25 minutes the available runoff is

1 5 = (8)(0) + (24)(.15) + (38)(.30) + (32)(.55) + (18)(.10) x 60.5/~

= 416.2 cfs

Notice that all rainfall Incremen1s after R4 = O.

At the end of 30 minutes the ava i lab J e runof f Is

16 (38)(.15) + (32)(.30) + (18)(,55) x 60.5/5

= 304.9 cfs

At the end of 35 minutes the available runoff Is

'7 = (32)(.15) + (18)(.30> x 60.5/5

= 123.4 cfs
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A-I- the end of 40 rnlnuteslhe available ,-ulloff is

'8 == (18)(.15) x 60.5/5

== 32.7 cfs

Af1er 45 minutes (r-ainfall excess of 20 minutes plus t,-avel time

of 25 minutes) -fhe available runoff Is '9 == 0 cfs

The -translation hydrograph (Ii) Is shown In Figur-e 3(d). This

the 0 ret i cal h y dr 0 9rap h has -I- h e co ,- r eel vol ume or ,- uno r f fro 11I1 he

w a -I e r- site d, It 0 we v e r- 'I II 0 e 5 II () -, ,- e r lee I -, h e e f feel 5 0 f r () u -t i n 9

through lhe watershed. The transl a-l-ion hydrograph is then routed

and averaged using Equations 2 through 4 resulting in the final

runoff hydrograph. For this example, assume that R == 15 mlnu-tes,

and the runoff hydrograph Is shown In Figure 3(d). Noliee that

the Clark Unit Hydrograph itself was never really developed but

that the three principles of the unit hydrograph were applied

directly (mathematically> without having to perform graphical

superposition of ratios of a unil hydrograph. Computal ionally,

this process can be completed very quickly and conv~nlenlly with

a computer program such as is done with HEC-1.

Limitations and Applications

There are no theoretical limitations governing the appl ication of

the Clark Unit Hydrograph; however, there are some practical

I Imitations that should be observed. The method that Is used to

estimate the parameters may dictate I Imitations In regard to the

t y p e 0 r s I z e 0 f water she d t hat I s bel n g con sid ere d • I ft h e

parameters are estimated through an analysis or reconstitution of

a recorded rainfall-runoff event, the parameters would be

considered to be appropriate for 1hat particular watershed,

regardless of type or size. This Is the preferred method of

parameter estimation, but there wi I I be limited opportunity for

this approach because of the scarcity of Instrumented watersheds

In Maricopa County. The parameters could be estimated by
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A-t -the end of 40 mlnuies the available runoff Is

'8::: (18)(.15) x 60.S/5

::: 32.7 cfs

After 45 minutes (ralnfal I excess of 20 minutes plus travel time

of 25 minutes) the available runoff is '9::: 0 cfs

The translation hydrograph (Ii) Is shown In Figure 3<d). This

theoretical hydrograph has the correct volume of runoff from -the

water"shed, however It does noi reflect- the effects of routing

through the watershed. The translation hydrograph Is then routed

and averaged using Equations 2 through 4 resulting In the final

runoff hydrograph. For this example, assume that R ::: 15 minutes,
and -the runoff hydrograph Is shown In Figur-e 3(d). Notice that

the Clark Unit Hydrograph itself was never really developed bu-t

that the three principles of ihe unit hydrograph were applied

directly (mathematically) without having to perform graphical

superposition of ratios of a unit hydrograph. Computailonally,

this process can be completed very quickly and convenienily with

a computer program such as is done with HEC-l.

Limitations and Applications

There are no theoretical I imitations governing the application of

the Clark Unit Hydrograph; however, there are some practical

limitations that should be observed. The method that Is used to

estimate the parameters may dlciate I Imitations In regard to the

type or size of watershed that Is being considered. If ihe

parameters are estimated through an analysis or reconsiltutlon of

a recorded rainfall-runoff event, the parameters would be

considered to be appropriate for that particular watershed,

regardless of type or size. This Is the preferred meihod of

parameter estimation, but there will be limited opportunity for

this approach because of the scarcity of Instrumented watersheds

In Maricopa County. The parameters could be estimated by
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indirec~ methods, such as a regional analysis of recorded data.

In th i sease, app I I cat i on of the par ameter est Imat I on procedur es

shou I d be app Ii ed on I y to those ungaged watersheds that are

representative of the watersheds In the database. Most often,

the parameters are estimated by generalized relations that may

have been developed from a relatively large and diverse data

base. The parameter estimation procedures that are recommended

herein are of this last category.

The Clark Unit Hydrograph parameter estimation procedures that

are presented In this manual have been adopted, modified, or

developed from an analysis of a large data base of Instrumented 1
watersheds, controlled experimental wat'ersheds, and I aborafory

studies; therefore, the appl ication of these pr-ocedures is

considered to be appropriate for most conditions that occur In

Maricopa County. The types of watersheds for which the

procedures can be applied include urban, rangeland, developed and

natural alluvial fans, agrlcultur-al, hllisiopes, and mountains.

Watershed?Lf",~_....?hQl,Jld be I imlted to 5 square miles or less •
••• ,.,- . - - '-··'-··'···""_'~"_"'·_"~".__W __" """ '''''''''':_''''~~..""''''''', ..•,,_•• -..,.... ,._.,_..,.'~••• , .•

Watersheds I arg..Ell:-..:t.l1JU1~..5._~s_q.U..aJ:J;L<ITJ1.J.~S" sb.ou I..d be.d I v I ded Into
'-•..-----""

sma 11~_.r:.~~.§.J.n.~,,~f.9.r....lllQ deLL.n!L.,p-.'::LLP.£~~.s": Many watersheds

smaller than 5 square miles should also be divided Into sub

basins depending on the drainage network and degree of

homogeneity of the watershed. The subdivision of the watershed

Into near homogeneous units should result in Improved accuracy.

Subdivision may also be desirable or required to determine

discharges at concentration points within the watershed.

Development of Parameter Estimators

The procedures for parameter estimation are based on available

literature, research results, and analysis of original data. For

example, the Tc equation Is based on the recent research of

Papadakis and Kazan (1987). A large data base of recorded

rainfall-runoff data was compiled and analyzed In developing and

testing the procedures. These data are for Instrumented

watersheds In Arizona, New Mexico, Colorado, and Wyoming. A
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discussion of the development and testing of these procedures Is

contained In the Documentation Manual ihat Is a companion to this

Hydrology Manual.

Estimation of Parameters

The following procedures al-e recommended for the calculation of

the Clark Unit Hydrograph parameters for use in Maricopa County.

Other general procedures, as previously discussed, can be used,

however, these should be approved by the jurisdictional agency

prior to adopting such procedures.

Time of Concentration -- Time of concentration Is defined as the

t r a vel tim e, duri n9 the c () r- res p0 ndin g per I (l d 0 f m0 5 -1- I nten s e

rainfall excess, for water to travel from the hydraulically most

distant point in the watershed to the point of Interest

(concentration point). An empirical equation for time of

concentration, Tc , has been adopted with some procedural
modifications from Papadakis and Kazan (1987)

where

Tc = 11.4 L·50 n· 52 s-·31 i-· 38 (5)

Tc Is In hours,

L is length of the flow path for Tc , in mi'les,

n Is a representative watershed resistance coefficient,

Sis wate reo ur s e s lop e , I n fee t / mI Ie, and .--_.....

Is the average rainfall excess Intensity, during the _.~.

time Tc , in Inches/hour.

\.
\\~I

\
"'"'{'

, ,\
-l

The selection of a representative watershed resistance

coefficient, "n," similar in concept to Manning's "n" in open

channel flow, is very subjective and therefore a high degree of

uncertainty Is associated with its use. To diminish this

uncertainty and to increase the reproducibi I Ity of the procedure,

a graph is provided for the selection of "n." This graph shown

in Figure 4 provides for the selection of "n" based on watershed

classification and watershed size. Interpolation can be used for

a given watershed size and mixed classification. Equations for

estimating "n" are given in Table 1.

9



TABLF 1

Equation for es-t-imatlng "n" In the T c equa-t-ion.

n = m log A + b
where A Is drainage area, In acres

m b
(2) (3)

Equation Parame-t-ers
Land Classification

( 1 )

Urban -.0025 .02

Bare or nearly bare ground
(alluvial fan, agricultural land,

desert rangeland)

-.00625 .04

Rough and/or moderate vegetation
(hillslopes)

-.01375 .08

Very rough and/or dense vegetation
(mountains)

-.025 .1 5

The value of "i" in Equation 5 requires the knowledge of both the

distribution of rainfal I excess Intensity and the time of

concentration, which is, of course, unknown. Therefore, Equation

5 must be solved In a trial-and-error procedure. First, the time

distribution of rainfall excess must be estimated for the design

ralnfal I distribution and a graph of average ralnfal I excess

Intensity versus time prepared. Then a value of Tc is assumed

and the corresponding value of "I" Is read from the graph.

Equation 5 Is solved with that value of "I." If the calculated

value of Tc Is reasonably close to "i"he value that was assumed for

"I" then the solution Is finished; if not, then assume a new

value of Tc , recalculate "i," and recalculate Tc with Equation 5.

The solution for Tc should converge within three trials.

storage Coefficient -- Very I ittle I iterature exists on the

estimation of the storage coefficient, R, for the Clark Unl-t

Hydrograph. Clark (1945) had originally proposed a relation

between Tc and R since they can both be defined by locating the
Inflection point of a runoff hydrograph (Figure 2). The Corps of

10



Engineers has discussed the developmen1 of regionalized relations

for Tc and R as functions of watershed characteristics in

Training Document No. 15 (U.S. Army Corps of Engineers, 1982b).

According to Corps procedures, Tc and R are estimated from

relations of Tc + Rand R/(T c + R) as functions of watershed

characteristics. These forms of empirical equations indicate an

interrelation of Tc and R, and such dependence was observed in

the data base as discussed in the Documentation Manual The

equation for estimating R for Maricopa County Is

R = 0.37 T 1.11 A-0.57 LO.80
c

where R Isin hours,

Tc is time of concen1ratlon, In hours,

A Is dral nage area, I n square mil es, and

L is leng1-h of flow path, In miles.

( 6 )

Time-Area Relation -- Either a synthetic time-area relation must

be adopted or the time-area relation for the watershed must be

developed. If a synthetic time-area relation Is not used, the

time-area relation Is developed by dividing the watershed into

Incremental runoff producing areas that have equal Incremental

travel times to the outflow location. This Is a dltflcult task"'------- ---------_.--:--------._---.
and we I I def I ned and re II ab I e procedures for th I s are not- - -_._------_ .. -----._-_...._-'----
available. The following general procedure is often used.---First, using a topographic map of the watershed, the distance

from the hydraulically most distant point In the watershed is

traced along the flow path to the outflow location; this defines

L In both Equations 5 and 6. Isochrones are drawn on the map

that represent equal travel time to the outflow location. These

Isochrones can be established by considering the land surface

slope and resistance to flow, and also whether the runoff would

be sheet flow or would be concentrated in watercourses. A good

11



versus contributing area as a percent of iotal area. The

dimensionless graph Is preferred because this faci I Itates the

rapid development of new time-area relations should there be a

need to revise the estimate of Tc •

Synthetic time-area relations can be used such as the default

relation In the HEC-l program

! : /

(7)A* = 1 .414(T*)1.5 0 T 0.5

1-A* = 1.414(1-T*)1.5 .5 T 1.0

where A Is contributing area, in percent of total area, and

*T Is time, in percent of Tc •

Equa'j'ion 7 Is a sy'rnmetf.1.5,:;_,[~I.atJ.pD.,.,.~.n.cLJ.s not .re~()mlliended··for
_.__ ~~ , o.,v·, ." _."_~_._. '".,,.,.,..,~ ~.~_._""", -- •

~..:'.~_:~_ J!'..<::J_t~..f..J?.~~,~d s _..I ,n..~.~r.:.Lg.Q.R a Co u I1J y •

I.'" •• .,." ..

Two other dimensionless time-area relations have been developed

during the reconstltunon of recorded rainfall-runoff events as

described In the Documentation Manual. These dimensionless

relations for urban and natural watersheds are shown in Figures 5

and 6, respectively. Each of these figures show a synthetic

time-area relation and a shaded zone where the time-area relation

Is expected to I Ie. It Is recommended that for an ~rban

watershed that the synthetic time-area relation of Figure 5 be

used, and for a natural (undeveloped) watershed that the

synthetic time-area relation of Figure 6 be used. If a time-area

relation is developed from the watershed map, which is generally

recommended for unusual I y shaped watersheds, then the resu I tl ng

relation should I Ie within the shaded zones In either Figures 5

or 6. The HEC-l default time-area relation Is shown for

comparison In each Figure. Tabulated values of the dimensionless

time-area relations are shown In Table 2.
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Values of the synthetic dimensionless time-area relations for the
Clark Unit Hydrograph

TI me as a Contr I but I ng Area as a Percent of
Percent of Total Area

Time of Concentration
Urban Natural HEC-l

Watersheds Watersheds Default
( 1 ) ( 2 ) (3) ( 4 )

0 0 0 0.0
10 5 3 4.5
20 16 5 12.6
30 30 8 23.2
40 65 1 2 35.8
50 71 20 50.0
60 811 43 64.2
70 90 75 76.8
80 94 90 87.4
90 97 96 95.5

100 100 100 100. a

S-Graphs

Theory

An S-graph Is a dimensionless form of a unit hydrograph and It

can be used In the place of a unit hydrograph In performing flood

hydrology studies. The concept of the S-graph dates back to the

development of the unit hydrograph Itself, although the

application of S-graphs has not been as widely practiced as that

of the unit hydrograph. The use of S-graphs has been practiced

mainly by the U.S. Army Corps of Engineers, Los Angeles District,

(referred to as the Los Angeles District), and the U.S. Bureau of
Reclamation (USBR).

An example of an S-graph is shown In Figure 7. The discharge

scale Is expressed as percent of ultimate discharge (Quit), and

the time scale Is expressed as percent lag. Lag Is defined as

the elapsed time, usually In hours, from the beginning of an

assumed continuous series of unit ralnfal I excess Increments over
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the entire watershed to the instant when the rate of resulting

runoff equals 50 percent of the ultimate discharge. The

intensity of rainfal I excess is inch per duration of

computation interval (D). An equivalent definition of lag is the

time for 50 percent of the to1al volume of runoff of a unit

hydrograph to occur. It Is to be noted that there are numerous

definitions for lag in hydrology and the S-graph lag should not

be calculated by methods that are not consistent with this

definition.

Ultimate discharge is the maximum discharge that wi I I be achieved

from a particular watershed when subjected 10 a continuous

Intensity of ralnfal I excess of 1 Inch per duration (D) uniformly

over the basin. Ultimnate discharge (Q

second (cfs), can be calculated from

645.33 A
D

.), in cubic feet per '7.
( 8 )

where A is drainage area, in square miles, and

D is duration of the 1 inch of rainfall excess, in hours.

S-:-_~.r.~.p.~..s.......~..r..~_ .. 9.~X~t1Q.P.e..d....b_Y.__~.I)JRmJ !lg._.~ ... .<::QD.tLrJJLQI). s. ....??r_t~_~..-?L_Y.~ i t
h Ydr a gr a p h~_, __ .~a_G.h,,_J.g99.~.db ehin d. the pr ey i au su nlt.h.Y.9T.<?..9.r. a.p h by a

......._._._ ..•. _-_.__._ ....- . .. ... """ .. -.

time interval that is equal to the duration of ralnial.I.._sxcess
_ •. , ..... _ .• ~.,~ •."~•• " .. _v .•••.•,,.,._.,.•" .• ,,',•• - •••..•~' •.- •• ;,.. •• ",'" .•• -, ~ •• 0'," -P' ". ,'" -. ,-,." ' ",

for the uni:t..hY..Q.Cg9.r.aJLb.• The resulting summation is a graphical

distribution that resembles an S-graph except that the discharge

scale is accumulated discharge and the time scale is in units of

measured time. This graph is terminated when the accumulated

discharge equals QUit which occurs at a time equal to the base
time of the unit hydrograph less one duration interval. The

basin lag can be determined from this graph at the time at which

the accumulated discharge equals 50 percent of Quit. This

summation graph is then converted to a dimensionless S-graph by

dividing the discharge scale by Quit and the time scale by lag.

In practice, S-graphs have generally been developed by

reconstituting observed floods to define a representative unit

14



hydrographand then converting this to an S-graph. Prior to ihe

advent of computerized models, such as HEC-1, flood

reconstitution was a laborious task of rafnfal I and hydrograph

separation along with numerous hand-cranked simulations to define

tlH~ r-epresentatlve ulllt- hydr·ogr"aph. Model'll S-gr"aph developmerd

generally re,lles on use of optlrnization techniques, such 8S coded

into HEC-1, to Identify unit hydrograph parameters that best

reproduce the observed flood.

Although an S-graph is completely dimensionless and does not have

a duration of ralnfal I excess associated with it as does a unit

hydrograph, Its general shape a~ rnaQDU:.u.d..e-..o.f....J..Ji!..!l-.i.s-

I nflu e nc e d bY l' he dis l' rib uti 0 n 0 f r a i n f a I I 0 ve r the wate r 5 .~..::::....~_~_~

the i'lrne distribution of i-he rainfall. Therefore, the---------------------
transposition of an S-graph from a gaged watershed to application

In another watershed must be done with consideration of both the

physiographic characteristics of the watersheds and the

hydrologic characteristics of the rainfalls for the iwo

watersheds.

Limitations and Appl icatlons

S-graphs are empirical, lumped parameters that represent runoff

characteristics for the watershed for which the S-graph was

developed. S-graphs that are developed from recorded runoff data

from one watershed can be appl ied to another watershed only If

the two watersheds are hydrologically and physlographically

similar. In addition, a recent study for the Flood Control

District of Maricopa County (Sabol, 1987) has demonstrated that

the shape of S-graphs Is significantly affected by storm
character 1st I c s , part I cui a r i-;"-th~--~'~-;i-;;~~--I-~-t-e-~~it-;---~-f"1' he
,-- -----:---~

rainfall. Therefore, It may not be advisable to ad0.p..!_S-.9_!:91?.~s.----- .

that have been dEl",,~J_~d from one h"t~:LCQl.9..9J.;:;,.-.LQ_ne.""a.n.d-_t.Q...ap.p I y
""¥., _.~ ..",.,. ",''''' .~ ..... , ...~....'..._.,.~ r __ ' ••• -~

t hes e.-.to water shed s,Jn .. .QthE1f, hydro l.Qg1.~.zqnes "I;> ee; 8lg; e qf,P9ssLpJ e..".;,' ...,,,. ".. ~... .

differences In ralnfal.l,charac:tElF,isj"i.cs,In the two zones that lIIay

a f f e c t the s hap e 0 f t he .. ~.-:-!;lr aph.

Application of S-graphs requires the selection of an appropriate

1 5



S-graph and the estimation of the one parameter, basln lag. Two

S-graphs have been selected for use in Maricopa County and a
-- ""~' "~~'-"'''''''-~'''' < , •• ' .••••••• - ••'

m~hO(r'TOes'nma':re' I a 9 i s p r ov 1de d."
_____-.----.-...----~" ~ ~'''.. , '••.~ -,'''' .." ..~'' ,•. ~._~ ;_ , "r""'_"'"' ,",

The USBR has revised the Flood Hydrology Studies chapter of the

Third Edition of Design of Small Dams (USBR, 1987), and it has

Identified six S-graphs for applicai"ion In generalized regional

and physiographic type of watersheds. The flood hydrology

procedure In Design of Smal I Dams should be reviewed and used as

a reference when performing drainage studies for major watersheds

In Maricopa Coun~y. Recently the S-graph has been adopted as the

unit hydrograph procedure by Orange County and San Bernardino

County, California, and selected S-graphs are presented In the

hydrology manuals for those counties. The S-graphs in those

hydr 0 log y man ua Ish av e bee n se I e c ted prim a r I I Y f r om S- grap h5 t hat

previously had been defined by the Los Angeles District from a

rather long and extensive history of analyses of floods In

Ca I I for n I a.

An S-graph can, In theory, be used In any application for which

a nun I thy dr 0 9 rap h can be use d • I n 1.,=.~.~"t..J f.§! ...<;l.D__.?-=.g.!....?..P.~._-!l..':!-?. j-..··b e

first converted to an unit hydrograph) and this can 'be done by
, ••""- > •. ~ ......-.-._---'~'-'-." .- • ..-- •. - •• _ •..•~ •••• -... ..~~-. -, y'.. • - '-'. ' •• _ ...... ~ ... ~~........._' ••

one . .?.!-....:t)t..Q-.JD,.~.... .<F I:st, The S- 9rap h can bee 0 nve r ted l' 0 a n

unlt-hydrograph manually; or ~econd, the S-graph can be converted

to an unit hydrograph by use of the LAPRE1 program. The LAPRE1

program Is a HEC-l preprocessor program that converts a psuedo

HEC-l Input file containing Input for an S-graph to a valid HEC-l

Input file. The LAPREl program outputs the HEC-l input file with

the S-graph converted to a unit hydrograph, and the unit

hydrograph is written to the HEC-1 input file using the UI (Given

Unit Graph) record. The use of LAPREl greatly faci Iitates the

use of S-graphs and an implementation guide for the microcomputer

version of LAPREl Is contained In Appendix A.

An example of the manual conversion of an S-graph to an unit

hydrograph follows.

Example: Conversion of an S-graph to a unit hydrograph

16



(To be supplied.)

Although an S-graph is completely dimensionless and does not have

a ralnfal I excess duration associated with it, an unit hydrograph

doe s r e qui ret he s pe c I f Icat Ion (1 fad urat Ion • A~ .~_.~..~.~ ~ a. ~ .~ u Ie,

the durat Ion s e I e c":!:...~.<J .. J._Qr .._tJLEL..(t~.Y.~.1 ~2.m e nt 0 f the un I thy dr 0 grap h
,.,"_._ __,_ .•• ' ~._ •.~~-_...-.--- ' .,"- ~-"""'__.._ ..,._~."._,.,~_.~.,.~._~ _,•. , .•. _, ~"N •..• _, •• -...••••.•-,•••••••• __

s ~?y~,(j_, ...~.9.':l..9J.J.Q...Q..!.l..:t....Q..:,-L2...,:!:J.-'!1.g~L.1~~. __.L~g, A durat Ion I nth era n9e
0.10 to 0.25 times the lag Is usually acceptable.

Sources of S-Graphs

S-graphs for Maricopa County have been selected from a

compi latlon of S-graphs for the\So'I'h~;~"1~;;'n"'Unlted states that

was r e c e nt lye 0 mpie t e <I (S a ba I, 1 9WI) • The SOli r ceo f S- 9rap hs for

that compll atlon was reports and f i I e data of the Los Angel es

District and the USBR. That compilation Included 55 Individual

S-graphs and 18 regional S-graphs. An Individual S-graph 15 one

that can be Identified with the watershed from which data was

used to develop the S-graph. Regional S-graphs are those that

are graphical averages or modifications of Individual S-graphs to

produce an S-graph that Is respresentative of a ·specif Ic

physiographic type of watershed.

S-Graphs for Use In Maricopa County

Two S-graphs have been selected for use in flood hydrology

studies of major watercourses In Maricopa County. These two are

referred to as the Phoenix Mountain and the Phoenix Val ley S-
=-=- ...

graphs. The Phoenix Mountain S-graph Is to be used In flood.. --......... ~

hydrology studies of watersheds that drain predominantly

mo~tainous terral-n. For example-,'-----rhis S grapn--snOlild be used

for the Agua Fria River above Rock Springs, New River above the

Town of New River, the Verde River, Tonto Creek, and the Salt

River. This S-graph is also appropriate for Indian Bend Wash.

The P}lOen i x Va I I~ S-graph I s to be used in f !..ood hydr? Io~y

studies of watersheds that have little topographic relief. For

example, this S-graph should be used for the Agua Frla River

below Rock Springs, New River below the Town of New River, Skunk

1 .,



Creek, Cave Creek, and urbanized watersheds.

These two S-graphs are shown in Figures 8 and 9, and the

coordinates of the graphs listed In Table 3. These same two S

graphs have been selected for similar use in ~1arlcopa County by

the U.S. Army Corps of Engineers (1974 and 1982). The

justification for the selection of these two S-graphs Is provided

In the Documentation Manual, and a more comprehensive

presentation of S-graphs for Maricopa County Is provided In the

S-Gr-aph st~ report for the Flood Control District of fvlarlcopa
County (Sabol, 1987).

!=~_!-__L.!!!-~_1-:'L?_il_(Lt_-'=~
The application of an

parameter, basin lag.

function of watershed

S-graph requires the estimation of the

a general relationship for basin lag as a

characteristics is given by Equation 9

Lag = C
LL ca

m

(9 )

where Lag

L Is

Lea I s

S I s

C I s

Is basin lag, In hours,

length of the longest watercourse, In mll-es,

length along the watercourse to a point opposite

the centroid, In miles,

watercourse slope, In feet per mile,

a coefficient, and

m and p are exponents.

The Los Angeles District often uses C = 20n where "n" Is the

estimated mean Manning's "n" for all the channels within an area,

and m = 0.~8. The USBR (1987) has recommended that C = 26n and

m = 0.33. Both sets of values In Equation 9 will often result In

simi lar estimates for Lag. Traditionally the exponent, p, on the

slope Is equal to 0.5.

It should be noted that "n" Is a measure of the hydraulic

efficiency of the watershed and It Is not necessarily a constant

18



TABLE 3
coordinates for the Phoenix Valley and the

Phoenix Mountain S-Graphs
T I me, I n Percent L,,-::a:...,;;g~__~~

Phoenix Valley Phoenix Mountain
Percent
Ultimate
Discharge

(1) (2) (3)--_._-_.__._._--------_._-------------------_.._--_ .•_---o 0.0 0.0
2 23.0 23.0
4 30.0 31.0
6 56.0 37.0
8 41.0 42.0

10 45.7 46.0
12 50.0 49.8
14 54.1 53.4
16 58.0 56.8
18 61.7 60.0
20 65.7 63. 1
22 68.5 66.1
24 71.6 69.0
26 74.6 71.8
28 77.5 74.4
30 80.2 76.8
32 82.7 79.1
34 85.0 81.2
36 87.2 83.2
38 89.0 85.1
40 91.1 86.8
42 92.9 88.8
44 94.6 91.0
46 96.3 93.8
48 98.1 96.8
50 100.0 100.0
52 102.0 103.4
54 104.1 107.0
56 106.3 110.8
58 108.6 114.7
60 111.0 118.7
62 113.5 122.9
64 116.1 127.3
66 118.8 131.9
68 121.6 136.7
70 124.5 141.7
72 127.5 147.1
74 130.7 152.8
76 134.1 158.8
78 137.7 165.5
80 141.5 172.9
82 145.5 181.6
84 149.9 191.0
86 154.6 201.0
88 159.6 212.0
90 165.6 226.0
92 173.6 244.0
94 186.6 265.0
96 200.6 295.0
98 223.6 342.0

100 298.6 462.0

Tabulation of
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for a 9 i v e n wate r she d for a I I r a I n f a I Idept h san d r- a i n f a I I

Intensities. As rainfall dep-th and/or rainfall Intensity

Increases the efficiency of runoff increases and "n" decreases.

Therefore, some adjustment In "n" should be made for use with

rainfalls of different magni"1-udes (frequencies). Generally, "n"

Is the smal lest for extreme floods such as PMFs and increases as
\

the frequency of event Increases.-
Several graphical relations are available for estimating basin

lag. One such relation (U.S. Army Corps of Engineers, 1982) Is

shown in Figure 10. Several other relations ihat should be

con sui ted when 1I sin g S- grap h s are con t a I ned I n p_~~~ 0 f Sma I I

Dams (USBH, 1987).

When estimating basin lag the following steps should be used:

1. From an appropriate map of the watershed, measure drainage

area (A), and the values of L, Lea, and S.

2. Calculate the basin factor (L L ca /SO.5).

3. Use data In Figure 10 and ihe tables In Design of Small Dams

(USSR, 1987) to attempt to Identify watersheds of the same

physiographic type and simi lar drainage area and basin

factor. Make a list of watersheds with similar drainage

areas and basin factors, and tabulate the estimated value of

"n" for those watersheds, and the measured lag.

4. Estimate lin" for the watershed by I nspectlon of the

tabulation from step 3.

5. Estimate lag by Equation 9. Use values of C and m

corresponding to the source (U.S. Army Corps of Engineers or

USSR) that was used to f'silrnaie "n".

6. Compare the calculated lag with the measured lag for similar

watersheds from step 3.

The use of measured values of "n" from hydrograph reconstitutions

of similar watersheds wi 11 provide the most rei lable estimates of

lin" and basin lag.
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ii :. 0.030: DRAINAGE NlEA IS GENElW..l..Y ROWNG. WITli ROUNDED
RIDGES AND MODERATE SIDE SLOPES. WATERCOURSES MEANDER IN
F'AlRLY STRAIGHT. UNIMPROVED CHANNElS WITH SOIAE BOULDERS AND
LDDGED DEBRIS. GROUND COVER INCUJDES SCATTERED BRUSH AND
GRASSES. NO DRAINAGE IIAPROIIEMENTS EXIST IN THE AREA.

I • • • ~.
"

CONTRlBUTlNG £S1lI!ATED GUIDE FOR ESTIMATING BASIN FACTOR (ii) I
AREA l l.c:o S !JIG n

I ;:-;;. -;;w NilES FT./MI. HOURS -- H = 0 200: DRAINAGE AREAS HAS COLlPARATIVaY UNIFORM SLOPES
I AND SURFACE CHARACTERISTICS SUCH THAT CHANNalZATlON DOESI 1. SAN Go\8RlEl RlIIER AT SAN GIoSRlEl 1Wl, CII 162.0 23.2 11.6 350 3.3 0.050 NOT OCCUR. GROUND COVER CONSISTS OF CUlTlVAlED CROPS OR

I
2. WEST F"Olll SAN Go\SRIEl RIVER AT COGSWEU. IWl. CII ~.4 9.3 4.3 450 1.6 .050. SUBSTANTIAL GROWTHS OF GRASS AND F'~RlY DENSE SLlALl SHRUBS,
3. SAN NllTA CREEl< AT Sfoll/TA NITA IWl. CA 10.8 5.8 2.S 690 1.I.oso CACTI. OR SIMIlAR VEGETATION. NO DRAINAGE IMPROVEMENTS ElCIST
~. SAN llIIolAS CREEl< AT SAN~ DAN. CA 16.2 8.6 4.11 ~ 1.5.050 IN THE AREA.
5. (ATON W-'SH AT (A1ON WASH IWl. CII 9.5 7.3 ~.4 800 1.3 .050

I
6. SAN ANTONIO CREEl< NEAR ctAR£WONT, CII 16.9 5.11 3.0 1017 1.2 .055
7. Sfoll/TA CLARA RIVER NEAR SAUGAS. CII 355.0 36.0 15.11 1~ 5.6.oso _
8. TEMECUlA CREEl< AT P~ CAN'l'OH. CA 168.0 26.0 11.3 1SO 3.7.050 0 '"' 0050' DRAINAGE NlEA IS QUITE RUGGED. WITH SHARP RIDGES

, 9. Sfoll/TA~A Rl\IER NEAR F~. CA 6~S.o 46.0 22,0 lOS 7.3.ass AND NARROW. STEEP CANYONS THROUGH WHICH WATERCOURSES

I
, 10. SANTA~A Rl\IER AT 'I'SlDORA,. CA 7~.0 61.2 34.3 as 1l.S.055 MEANDER AROUND SHARP BENDS. OVER J..AAGE BOULDERS, AND CON-

11. LNE CW( CREEl< AT LNE OAK IWl. CA 2.J 2.ll 1.5 700 0.11.070 SIOERABLE DEBRIS OBSTRUCTION. THE GROUND COVER, EXlUDING
12. TIJJIINCl>. CREEK AT BIG~ IWl. CA 81.4 15.1 7.3 210 2.S.oso SIAAI.L. AREAS OF ROCK OUTCROps, INCUJOES MANY TREES AND
13. IlURRlEl'A CREEK AT TBIEl::IM CA 220.0 27.2. 10.3 lIS 4.Q .050
1~. lOS ANlUS Rl\IER AT SEPUl~ DAM, CA 152.0 19.0 9.0 145 3.5.oso COHSI0ER.t8LE UNDERBRUSH. NO DRAlNAG£ IMPROIIEMENTS EXIST
IS. PACOIIiIA WASH litP~ IWl. CA 27.11 15.0 8.0 315 2.4.oso IN THIS AREA.
16. AUWSRA WASH NKNE SHORT STREET, CA 14.0 9.5 4.8 as~ 0.8 .015
17. IlRlWlWAY DRAIN NKNE RAYI«lND OIKE. CA 2.S 3.4 1.7 100 0.2.8 .015
16. GIlA RIIIER AT CONNOR NO. 4 !WI SITE, AZ 2840.0 131.0 71.0 29 21.5 .oso
19. SAN F'RAHCISCO RlIIER AT JUNClION WIlH BlUE RIVER, AZ 2000.0 30.0 74.0 32 20.8 .050
20. aUE Rl\IER NEAR aJFTllH, R. 710.0 n.o 37.0 as 10.3 .050
21. ~ RIVER NEAR IIOOSE.'oaT, R. 4310.0 180.0 lMI.o 45 115.8 .050
22. NEW Rl\IER AT ROCK SPRINGS, R. 67.3 20.2. 11.7 141 3.1 .046
23. NEW Rl\IER AT NEW Rl\IER, R. as.7 23.2 13.8 145 3.7 ,046
24. NEW Rl\IER AT BEll. RCWl, R. 187.0 47.8 20.7 83 5.3 .oJ7
25. SKUNK CREEK HEAR PHOENIX, R. 64.8 17.8 10.0 81 2.4 .033

ii ~ 0015: DRAlNAG£ AREA HAS FAIRlY UNIFORM GENTLE SlOPES
wmc MOST WATERCOURSES EITHER IMPROVED OR AlONG PAVED
STRErTS. GROUND COVER CONSISTS OF SOUE GRASSES WITH
APPRECIABlE AREAS DEVEl..DPED TO TH£ EXTENT THAT A LARGE
PERCENTAGE OF' THE AREA IS IMPERVIOUS.

ii
-- OR 2011
0.050

'!'£RMlNO!OGY

30 L - LDIG'lH Of" LONGEST WAlERCOURS£

Leo - l.OICTH AlONG LONGEST WATERCOURSE,
20 Il£'ASUREI) UPS'IR£AIl TO POItlT

OPPOSITE CEH'IER CEKTER OF AREA.

S . OIIER-AU. SlOPE OF LONGEST
WATERCOlJIlSE IIElWEEN H£AOWA~ AHO

10 COLI.EClION POINT.

lAC - ElN'S£Il 1IIlE FROII BEl:lINN1IlG Of" UNIT
PIl£CIPITATlON TO INSTAHT lHAT
SUIolMATlON HYDROGl!APti RfACIES 50%
OF UlTIMATE IlISOWlG£.

5
4

Ii - \'lSUALly ESlI.....TED II£AN OF 1li£ n
~ fORMUlA) VAlUES Of" All.

aw.HElS WlTHlN AN o\REA.
3

NO1£:

2 TO OIlTAIN "!HE !JIG (IN HOURS) FOR
NlY o\RE:A, lIUlllPlY iliE !JIG OBTAINED
FROaI "!HE: CURVE BY:

1.0

LAG CURVE FOR DRAINAGE AREA 19~
WITH BASIN FACTOR (n)0.050 Io-l.o I.--"'" 21

( )

~n .~"""~_ L*L co 0.38 r--... 10~~

LAG - 1.2 1/2S ~
1
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APPENDIX 5-F

Review Comments and Correspondence with Dr. Herb Osborn



2.1 GENERAL

Precipitation in Maricopa County is strongly influenced by variation in

climate, changing from a warm and arid desert environment to a cool and

.... ~"'~~.5
moderately humid mountainous area. Mean annual precipitation Ghanges from

about 7 inches in the Phoenix vicinity to more than 30 inches in the mountain

regions of northern Maricopa County. ~Erecipitation is typically divided

--into two seasons, summer season (June through September) and winter (December

through March), and is divided equally in depth. The storm patterns are

c·

J

C·

2.1.1 General Winter Storms. This type of storm normally moves in from the

north Pacific ocean,U~h~i~ produc~/i1ght to moderate precipitation

over relatively large areas. These storms occur between late October

and May, producing the heaviest precipitation from December to early

March. A pattern could last over several days with slight breaks in
DeCCVA~ 'f-

between storms. They g~~epr~~or.OgraPhiC effe~s~~ ~. a

.re51~ the mountain areasAreceivel Aigner precipitation ~ ~ompl'!'red--t-tl

•.\'W2 "C.

lowe
@19?8tieft desert areas. These storms are characterized by low

. intensity, long durp,ttpn, e'Vt!R~~~Q~.a..large areal exte2'tlj1J'l:ri't!'h"5\'!!!n ~i•.~:;f-·
O't\0c.('a-~-~ J !N'-\~ o...A (l!?--\,,{-~~ --\-T ~yl c-t 'S'(.I,,;"r·l''T!,'1\V01 tS Yq ..• t ff ~.(."" "'~ .f'" ., '. i (', ,t f),. ,r )

()i"",,,contribute to substantial runoff "ifolumes and peak discharge on major /.

river systems.





.1
,~ l 'J ! ,

.-EQ areas of
!.J 1,-4 \. I.,;, .,~(~

6 hours; t\..They

, 'Co
.)0[\;1 U, ~l ;/\,

2.1.2, General Summer Stonos. General summer storms. are the re~ult 07( Wi;\,l<Jfi{

'\ dt j ~J'w¥ li~, \¥ "'1' At:: \',)? ,.., ()..J ~(,," 't'Yfr'10"'\! ~ '" I
• moist tropical air ~€n:t'EtH~'8'9-t-~h~·#euthceJi.n-~w.(qQ" As ')J'
\\ ' tM-P CL COI.....".. \1 \\.-( (A.-:t\."n 0+ /-C<1'5'" jCG.,'(t> CV~..A;pu,~,,<~:i", ( ,.J (' .... ' e·

the9\ systems ~-:itlLc;::::A:;;::;L%:eft8 they turn into trupical/-ttonos or /1\1../
'- //~

hurrid~nes. They can occur any time from late Jun~to mid-October,

producing 'he rno,' amount uf rainfall dUk:~~~~~~~y t.o :JA"ZY (i,.. 4\ ~,co. 'fr)
October. The 'st;orm patte,r~ consists ,o~ lo;;.sL,heavy cell~:~;:'-a light'. ._.1. ~ . .' '. "l", '-""""C\.· ( ()"JI,. 1 '(\ I ".y,

to moderate rainfa}.~/wl~ou·ld lasf:j,J3fle to three days. They are

", f 14clr;rr-"~
similar to general winbE;lr storms jri' that, ~fiey.,:..a'i·:o.~#fi-e6t orographic / ," '''''li/'('

'. / If'. i. 1. ,. 1l()I" ,
influence{ w-rttr'higher ele'Vati'{;ns receivifig most of the rainfall y, These

/:r<.. "
storms are characterized/£y high intensity, short duration events with
", .. /' ..•. ,.,. i

,I L/ .,.... r-\t'--' I· ... ", \ r

an arear/extencf-' sm'})(.f·~~ than th-::)wi£it:~r st,orms. ,The gen~ra.t,edpe~k'·· I'
• ¢".. ~.".y.t· - r., " \. ( /.()") ~.( " "( '(!'

o 'l·t _1{ ,<», '.'..'" <.:,.", ,", (~,... c·,'.··· .. C1 .. " . ,) •

d"i"!re1t1iTg-B and lume> from these storms are smaller thafi the winter
, ".,f ... I
I~'" .\., '. -...t",

sto.I:ms"pf:" ucinghigherinfiltration rates fdr,large river systems.
"-

l
The period of late September through October may have storm patterns

/ ('I~ tq" crl '. '. '. "): l

;t
wh~..'. ar.e S.imilar to .e-ot:'hl1the w~ntef.: -and- summer general stormst,/{. ,~.p;?" ",?

ovl ._ /I ,,(1:- ," "Yl."'; • f· (. '.: rI". 7/'<;, I 'J tJ ' • l.r
:/.~:>n.r,\A£, rQP:.A ..;j'€O"'A '-'('/' 'f:t)· ,\ .... " \." ". J ,~ ~ 1,1 J~', 'I ,cl C (' (.)'~,<' ~ Ii

/ (,.".".I,~~ (t\ ,,:,.<a\\I"'i'Cc(' " .._
2.1.3 Local Storms. These storms are mos~l~heavy downpours of rain over

(;fr in
up to about 300 ~quare m,iles.Jor a time period .eYf' abo~t \ (', '
.,.\r. "'~' ? .:r., I h('(·, ... f \ ./, I ,<) <'''', \1'7 t' t,(. P +0 ~(!1~'~" • "~. t' /';r
are typically associated with lightenini and thunder, ~.

..., , {',')"
( \ .. :'",.' \,,('

.',

and are referred to as "thunderstorms" or "cloudbursts." While they

can occur any time during the year, they are more frequent during

t"J ~\, c '::' ,~·1 (I
summer months (July to September) when tropical moisture enteis t~e .

" •./ t
;.~. .."I \ ,." of \

area l3lB::::B:::~lftiiO-,g.lt'8i'S from the southeast or ,**e·;'souther~"regJ,.en.



2.2 DEPTH-DURATION-FREQUENCY ANALYSIS

The commonly required precipitation parameters used in hydrologic modeling are

(

depth, intensity, duration, spatial distribution and frequency of rainfall.
\;""~·W.J)",,,("Q~ b 'i"

is often ~administrative or economicThe selection of af)desig,n frequency
~~ (.,~t-.t..JL~ ~,~

decisioIl$~~ a hYdrOlO&A,'C on~, The duration of the design storm is
0-",9 Gfv..V

usually a function of th~ topography of the 101atershecL, -t:TIm:rgtr-n-t"6~-b~

"'atlilii1rrstrttt"'iv.el¥-&~t1!a. In general, one should insure that the design

storm is of sufficient duration to all01o1 the entire 101atershedto be

contributing to the flow at the point of interest.

Spatial and temporal variation of precipitation, and lack of long term data in

Maricopa coun~~\.,~~~~~~\es a procedure for rainfall inputA for des ign purposes.

Regardless of w.eatb.e,X... the desired output is a peak discharge for sizing a \
\...,'

conveyance structure, or a volume for sizing a basin, or the overland flow

from a natural watershed, the designer needs to know the total depth of the

design precipitation event and how it is structured both in time and space.
e}.

However, selection of the appropriate event is constrai~ by availability and

quality of data.

'"'1\1'0 tt-
2.2.1 Source of Data. The '0nly-"~omprehensivet available source of data for

d h d . fl' ,~Jp9 .. . F A 1 fept - urat10n- requency ana YS1S 1S~ rec1p1tat1on- requency t as or

Arizon~)referred to as NOAA Atlas, published by the United States

Depftment of commerce, t." ion 197~+- .._TM ci±",e:t;oJ:Og-:real=dat!l"l1t'tl±zed·-i:n~
\'5 'P O. oJ' cD ()~I' V~\..(,t

~e NOAA Atlas~~he-&9~ available through 1969. Until a more up

to date data base becomes available, NOAA Atlas is to be used for all

I .
\...c,·

{

design purposes within Maricopa County.



quite difficult to handle

2.3 DEPTH-AREA RELATION

• The prohlem of 'Vtial variability of rainfall i,

J'}(C(--"~,.,J;)(7iJ'e*"c:::::. i'~f~~~;~rk of raillgauge~).t'"'crVeTa'ge. Work in the southwest by the

United States Deparment of Agriculture) .... Agricultural Research Service

/V'o-:d
indica~te$, that high ~nte~~ity s)to.::ms dO. not h~ve l~rge ar)71 extents. ··usua1.l;y

'-\.1\1< .j ~ ~~.ct.. 'V(", .. ('~ I)z<f(fj, (,) (~V(1 .tCA b ~'.\ r;:. -.r'LO ~1'~. (I. (',\, ('Of
1QIl85:;.!U~'S~~we'.ir.,l.@o. . - , . " . (l

The above argument""nlil.. iI:@ support;fdevelopment of areal reduction curves which j>'"

reflect the nature of the thunderstorms in the southwest. However, drainage

facilities such as storm drains, channels, and culverts should be sized to

handle the peak discharge resulting from the design storm critically centered

above them so as to create the worst case discharge. Only retention/detention

facilities serving as an outfall for a large contributing area would appear to

justify areal reduction of the depth.~ areal reduction seems appropriate C.
:!!"~

for runoff calculations of contributing areas larger than 10 square miles.

2.3.1 Procedure For Depth-Area Adjustments. The Depth-Area Reduction Curves

in HYDRO-40 are to be used. These curves originally developed by Osborn,

Lane, and Myers (1980) are based on data from Walnut Gulch, Arizona and were

selected to be appropriate for use in Maricopa County. Figures *** to ***

size of the contributing drainage

I
L.

storm

area.
CAL (UL It' re

Select the appropriate design storm (SECTION 2.4)'1\ If the

the following procedure are for the areal reduction curves:
O~ll'~ ,of)..,
~~ify ~ areal reduction is necessary.
~('-\tf'tVv\\4.
Ml'~.cate the

c.

along with

duration is greater than 6-hour, use the 6-hour curve.

d. select?~fauction coefficient from the appropriate curve.
,."',,,,0

e. Multiply/reduction coefficient by the rainfall depth.

~, .. , •..
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4 2.4 SELECTION OF APPROPRIATE DESIGN STORM

The design hydrologist must specify the appropriate rainfall frequency,

duration, depth and the corresponding time-distribution for any design

purposes which require calculation of runoff volume and peak discharge. The

distribution is not required. For the purposes of the

following guidelines are~ used ~'-:eveloP~ a

only exception to the above statement,,,.n,,(J
Formul~ a time

Hydrology Manual the

is with the application of the Rational

design storm:

1) Using Plates 1-12, read rainfall depths for 2-, 5-, 10-, 25-, 50,
<;(ft

and 100-year return periods~/6- and 24-hour durations, employing linear (

interpolation between isolines when required. The numbers on the

isolines represent tenths of inches of rainfall (i.e, 23=2.3 inches).

2) Using Figure ***, verify the selected rainfall depths. As

indicated in NOAA Atlas (page 16) the obtained rainfall depths are to

be verified by plotting them on the return-period diagram, because of

the possibility of error that may have occurred during printing or

obtaining of the values. After positioning the data points on Figure

***, fit a straight line to the 6-hour data and another one to the

24-hour data. Check for any deviations from the lines, then pick the

corrected values located on the line.

3) At this time the data should include 6-hour and 24-hour durations

for all frequencies with the exception of I-year values. If for any

reason there is a need for the I-year distribution then use:



where PZand PIOOare the 100-year and the Z-year frequencies,

respectively.

4) A particular design may require a duration different from 24-hour

or 6-hour. For example retention design requires a lOa-year frequency,

2-hour duration design storm. In such cases the following procedure I~

smnrlti b.-used. Let Xl, X2, ... ,X24 be the estimated precipitation for

durations of 1, 2, ... 24 hour, respectively.

A. Compute X
l2

= XZ4 - .51(XZ4 - X
6

)

B. Compute Xl = 2X
6

- XZ4

C, Check to see that (X - Xl) = (X
24

- X
6

)
6

D, Compute X = X - .55(X6- Xl)
3 6

E. Compute X = X - .77(X6- Xl)2 6

F. Check to see that (X
3

- X
2

) .22(X6- Xl)

G. Compute X30 minutes .79XI

H. Compute XIS . t .s7XIml.nu es
tJ-.,..~,'77

:m"~'''''2ftroo,e ptuel!'d'tU~, .jiitf!' the des igner needs the rainfall depth

duration, there is no need to continue beyond that point.

2.5 DEVELOPMENT OF DESIGN STORM DISTRIBUTIONS

(' fr- s ") ,ye f .•

fo/\a 2-hour

The design storms for use in Maricopa County will be a 2-hour, 6-hour, or a

24-hour distribution. The 2-hour storm is t~ used for retention design

purposes. The 6-hour storm is for all hydrologic analysis for areas of up to

540 square miles. The 24-hour storm should be used for very large, natural

watersheds (> 540 square miles).
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I

2.5.1 2-hour Storm distribution. If the Rational Method is~ used, there

is no need for a time distribution. The selected depth should be used baaed

on the procedures in Chapter 3 of this manual. If a time distribution is

required. Le., rainfall input for the BEC-l model', the dimensionless 2-hour

cumulative rainfall distribution of Table *** should be used. These values

then would be direct input into BEC-l, assuming a IS-minute intensity as the

rainfall time step. A graphical representation of this distribution is also

shown on Figure ***.

2.5.2 6-hour Storm Distribution. The :crour L:ainfall dist~~ is a

("'function of drainage area siz~,-··~:r~p,;:p~::7;=~·0~le;srainfall ~---~"")
, r =r-\"'V''(

-.- .,."." '., <to '5 c.....
distributiOns were deve10ped~9-~~Htm'S"'trr'~·-fijncnoir·or··tlr-lrinage

I'.r"'~-"'"

8wea'1l:tze~"Of-'~.{)4e...s'(}u~re'~.~1.~.~,,~~::~.onle~ rainfall pattern can be )/

~.. selected from Table *** for direct input into BEe-l,} once the size of the '. \

l .........~~X~.~~~. area is determined\. In this case, also~-the (Is_minute intensity is"--

~used for the rainfall time step. Figure *** illustrates graphical

representations of the dimensionless rainfall patterns.

2.5.3 24-hour Storm Distribution. The 24-hour storm distribution in Table
/;&

*** can be used for large, natural watershed areas (> 540 square miles)'I1 The

rainfall intensityw~ lS-minute.tfor rainfall time step computations.)
. rlQ(b ..Jf",;~ d~{ e-& ~

- If the designer~prefei~another method~ SCS TyPEIh......which can

{,.slfr',-,OJ,)better reflect the local conditions, then it should be used. Figure *** shows

the graphical representation of the 2/~-hour dimensionless rainfall

distribution.



Table.

Time Elapsed (minutes) % Rainfall Depth

0 .0

15 4.2

30 11. 7

45 25.7

60 51.2

75 77 .6

90 88.9

105 95.6

120 100.0

2-hour storm distribution for retention design.

Form a 6-hour duration design storm the following pattern # versus drainage
FIe,.. *"~

area> should be used in Table.
1\

For drainage area of up to 10 square miles use pattern #1.

For drainage area of up to 35 square miles use pattern #2.

For drainage area of up to 110 square miles use pattern #3.

For drainage area of up to 270 square miles use pattern #4.
•

For drainage area of up to 540 square miles use pattern #5.
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Time Elapsed (min) Pattern ILl Pattern iL Pattern #3 Pattern li Pattern .12

e 0 .0 .0 .0 .0 .0

15 .6 .6 1.5 2.1 2.4

30 1.2 1.2 2.0 3.5 4.3

45 1.7 2.0 3.0 5.1 5.9

60 2.7 3.1 4.8 7.1 7.8

75 3.7 3.9 6.3 8.7 9.8

90 4.7 4.9 7.6 10.5 11. 9

105 5.6 5.7 9.0 12.5 14.1

120 6.7 6.7 10.5 14.3 16.2

135 7.5 7.6 11.9 16.0 18.6

150 8.7 8.7 13 .5 17.9 21.2

165 9.9 10.0 15.2 20.1 23.9

180 11.1 12.0 17 .5 23.2 27.1

195 12.3 16.3 22.2 28.1 32.1

210 20.8 25.2 30.4 36.4 40.8,

225 38.5 45.1 47.2 50.0 51. 5

240 84.8 69.4 67.0 65.8 62.7

255 93.3 83.7 79.6 77.3 73.5

270 94.6 90.0 86.8 84.1 81. 4

285 95.8 93.8 91.2 88.8 86.4

300 96.9 96.7 94.6 92.7 90.7

315 98.1 98.5 97.4 95.8 94.5

330 98.5 99.0 98.0 96.5 95.5

345 99.0 99.0 98.7 97.6 96.9

360 100.0 100.0 100.0 100.0 100.0

Table. 6-hour distributions. Pattern I represents %rainfall depth.
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Elapsed %Rainfall Elapsed %Rainfall Ela.lLs.ed %Rainfall Elapsed %Rainfall

Time Depth Time Depth Time Depth Time Depth

0 .0 375 12.4 735 28.4 1095 82.7

15 .6 390 13.0 750 29.6 1110 84.0

30 1.2 405 13.6 765 30.8 1125 85.3

45 1.8 420 14.1 780 31.3 1140 86.4

60 2.4 435 14.6 795 34.3 1155 87.5

75 2.8 1.50 15.2 810 36.4 1170 88.6

90 3.4 465 15.6 825 38.6 1185 89.8

105 3.8 480 16.3 840 40.8 1200 90.7

120 4.4 495 16.8 855 43.5 1215 91.6

135 4.7 510 17.4 870 46.2 1230 92.5 !Ii

150 5.1 525 18.0 885 48.8 1245 93.6

165 5.5 540 18.6 900 51.5 1260 94.5

180 5.9 555 19.2 915 54.3 1275 94.8

195 6.4 570 20.0 930 57.1 1290 95.0

210 6.8 585 20.6 945 59.9 1305 95.2

225 7.3 600 21.2 960 62.7 1320 95.5

240 7.8 615 21. 9 975 65.4 1335 95.8

255 8.3 630 22.5 990 68.1 1350 96.2

270 8.8 645 23.2 1005 70.8 1365 96.6

285 9.3 660 23.9 1020 73.5 1380 96.9

300 9.8 675 24.7 1035 75.5 1395 97.6

315 10.3 690 25.5 1050 77.4 1410 98. I.

330 10.9 705 26.3 1065 79.4 .1425 99.2

e 345 11. 4 720 27.1 1080 81. 4 1440 100.0

360 11. 9

Table 24-hour design storm distribution.
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WATER SUPPLY WATER POWER - HYDRAULIC ENGINEERING - HYDROLOGY - ECONOMICS

c. O. CLARK
Consulting Engineer

Tulsa, Oklahoma

74114
2121 E. 22nd Pl.
January 10. 198~

Mr. George V. Sabol
Consultinq Engineer
1351 East 141st Avenue
Brighton. CO 80601

Dear Mr. Sabol.

Reference is to your letter of December 30, 1988, transmittin~ for requested review
certain pages of the anticipated Hydroloqy t1anual for the Flood Control District
of Maricopa County. Arizona. near Phoenix and Sun City.

It has been a pleasure to give this task top priority, and to rroduce a perhaps
severely edited mark-up of your transmitted cory. I hope you \Iii 11 find SOIre useful
guides to changes you may wish to make in your final rresentation.

That draft is returned herewi tho

As this is a major undertaking with significant technical. social. and economic
implications to Maricopa County. it is important that certain aspects start out
with technical procedures accurate in details that will be sound at higher levels
of consideration than are immediately intended. You are wise to provide
for seri ous review.

As your readers will be eventually able to ascertain and appreci ate. the Unit
Hydrograph Procedures are the only tool capable of use with changing conditions
of County Activity. from Natural Conditions that have existed to Changed
Conditions that may come about. It should be obvious that the drainage by ditches
and streets reduces natural storage of drained water and increases veloci ties of
flow and removal. and that this means a reduction of time of concentration and of
the storage constants discussed. It should also be obvious that contoured street
development and lengthened street alignment around descending grades have the
opposite influence. to increase storage and time of concentration. and hence
reduce flow rates which must be borne or accorrmodated. Unit Hydroqraph methods on
small areas. even of five square miles. can be feasible to show how much can be
thusly accomplished. Eventually. I expect. this will also be important to Maricopa
County. and in the State of ARizona. where conserving water and using it for the
highest priority of usefulness is a matter of state law.

In one case in Tulsa County. OK•• such a unitgraph usage on 300- and 500 acres showed
need for storage provision. whi ch. unmade found its storage nevertheless in the over
flowed bottom floors of high-rise buildings. damage of $1.000.000 in one flood in
one case. and abandonlrent of the intended use of a major international oil company
in the other. The largest loss that I know about through machine use of faulty
hydrologic considerations is $4.000.000. in one event.

It is therefore of very high economic and commercial significance.

Since this dissertation is part of this commercial activity. the professional fee

Water, Land and Work are Our Tools to

Make Beefsteak from Petroleum



is Four Hundred and Twenty Five Dollars. payable at your convenience.

Thank you for the opportunity to assist you in this vital matter. I would
be pleased to see a revised copy of your submission.

Professionally yours.

ftl,kb
c. O. Clark
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UNIT HYDROGRAPH PROCEDURES

.}rDl.r\ ~ , .... J. 1 ,,("

Rainfall excess can be"routed,from a watershed to produce a storm

discharge hydrograph at a downstream location (concentration
--.-- (lot'e

polnt).~~twomethods: 1) hydraulic routing Involving the

'"complete or some simplified form of the equations of motion, that

is, the momentum equation plus the continuity equation; or 2)

hydrologic routing Involving the application of the continuity
equation. Kinematic wave routing, as available In HEC-1, Is an

example of hydraulic routing. Hydrologic routing Is usually
accomplished by either direct application of the equation of

continuity;
I - 0 = dS/dt ( 1 )

or, a graphical procedure such as the application of the

principles of the unit hydrograph. Examples of hydrologic

routing by direct application of the equation of continuity are

the Clark Unit Hydrograph (Clark, 1945), the Santa Barbara Urban

Hydrograph (Stubchaer, 1975), and the Single Linear Reservoir

Model (Pedersen and others, 1980). Both the Santa Barbara Urban

Hydrograph and the Single Linear Reservoir Model are simplified

(one parameter) versions of the Clark Unit Hydrograph (three

parameter) procedure (Sabol and Ward, 1985). Examples of unit

hydrographs that require a graphical procedure are the SCS

Dimensionless Unit Hydrograph, Snyder's Unit Hydrograph, S

graphs, and unit hydrographs that are derived directly from

recorded runoff data. Graphical or tabular methods of routing

ralnfal I excess by unit hydrographs are very amenable to hand-
~ of1tpse, coh D~ ~~e." ~ f' (". "It11ft.

calculatl~n methods~whlcn were Common practice prior to the ready

aval labl I Ity of computers. Direct mathematical solution of the

equation of continuity, such as the Clark Unit Hydrograph, Is
't'A1"~\'1more -Q.f~lcJQRtl')' conducted with computers and appropriate

computer programs ~ Q,~ ,"~ ~r.J..;. <:D"~ ~o(' """ CD-V"'-\.
The procedure that I s recommended for routl ng ral nfall excess In

Maricopa County Is either the Clark Unit Hydrograph or the

application of selected S-graphs. The Clark Unit Hydrograph



~,~ Set. "'" ~ ,~S .r hq) b~ ~Q"~ ~Y~~ 01\ r~ <6OJe.t' ...~~c() ~~ Sr\u \\ ~ h"'''' ....c.A.. 6\ I

procedur~ ~ described hereln,~ls limited to watersheds or sub-

basins less than about 5 sqUare mi les in size. The application

of S-graphs Is recommended for use with major watercourses In

Maricopa County. A~ C:;-tiY4th Colli" ~ 'tY\~ fD~ II. C\Qyk Ot\A~~cN,\cC',~,
~,,~'\ le.1os .f.or'WI~ 4.Y"V'#"V'-~'"'' ~.. tx. q we. ~ 1'1.& I,,:;,.. .\-cl.i."" h-e.r6Y\
e),..o,«- ~s pel,·""·c...( "".~ ~-.... ,!....tc-.:....t c>r,'",,:n$.
A unit hydrograph Is a graph of the time distribution of runoff

from a specific watershed as the result of one Inch of ralnfal I

excess that Is distributed uniformly over the watershed and that

Is produced during a partlc;:ular time Interval of the rainfall
c.aL\k,nU-

(duration). It Is~ad that the duration of rainfall excess Is

not generally equal to the rainfall duration. In that a unit

hydrograph Is derived from or Is to be representative of a ~~

specific watershed, It Is a lumped parameter and it reflects..iH-t

of the physical characteristics of the watershed that wi I I affect

the time rate at which ralnfal I excess wi I I drain from the land

surf ace ,c.-t.y~,.. e>r~e-I~ l,~ \'~,....-vD'Y3,1.aJ"JIa.u.J&>b~t9;"~

The principles of the unit hydrograph were Introduced by Sherman

(1932). Sherman observed that for a watershed al I hydrographs

resulting from a rain of the same duration have the same time

base, and that ordinates of each storm hydrograph from the.
watershed are proportional to the volume of runoff If the time

and are a I dis t rib uti on s of the r a I n f a I I s are s ImI I a r • The

principles that are appl led when using an unit hydrograph are:

1. For a watershed, hydrograph base lengths are equal for

rainfall excesses of equal duration.

2. Hydrograph ordinates are proportional to the amount of

rainfall excess.

3. A storm hydrograph can be developed by linear

superposition of Incremental hydrographs.

~4.P""'C(•.,. 4~Sc.&,"C~)
Application of these principles~ a linear relation

between water:sed oU~!jow a~dl storage within the watershed,
~ c... ••••, Co~~· .eWIlM~,

S = KO.~ Howeve , Mitchell (1962) has shown that nonl inear

storage, S = KOX, Is a condition that occasionally occurs In

natural watersheds. A method has been developed by Shen (1962)

to evaluate the linearity of the storage-outflow relation for

2



gaged watersheds. Mitchel I (1972) developed the model hydrograph

for use In watersheds that have nOhl inear storage-outflow
S""",p.\~

characteristics. Presently, however, there Is noAmethod that has
1\60-

been devised to evaluate the~1 inearity of an ungaged watershed,

and the assumption of linearity Is a practical necessity in

v I rtua I I Y a I 1:6~C:ecs~ ~f)~e: Ae:.a..vU"n· s "S'l$~~ 1A.-ll\.J.v- ~ ..~...\ ~'t"k...".,
Ir t.t $"ew~~ :5'1,L, ,.s s.,....,J... ~ 5'fSJ ) b,J.. ih $.l~ .. $ '" J. ~" ..u"~

CI ark Un I t Hydrograph .~ -ru.r.J. ne."...ih.r J

Theory

Hydrologic routing by the Clark Unit Hydrograph method is

analogous to the routing of an Inflow hydrograph through a

reservoir. This analogy Is Illustrated in Figure 1. The Inflow

hydrograph, called the translation hydrograph in the Clark

method, is determined from the temporal and spatial distribution

of rainfal I excess over the watershed. The translation

hydrograph is then routed by a form of the equation of continuity

0· =I Cli + (1 + C) 0i-1 ( 2 )

where C = 2 dt
2R + dt

01 Is the Instantaneous flow at the end of the time period, 0i-1
Is the Instantaneous flow at the beginning of the time period, I I

Is the ordinate of the translation hydrograph, dt Is the

computation time Interval, and R Is the watershed storage

coefficient. The Clark Unit Hydrograph of duration dt Is

obtained by averaging two Instantaneous unit hydrographs spaced

dt units apart

Qj = 0.5(Oj + 01-1) (4)

~~4
where Qi are the ordinates of the Clark Unit Hydrograph.

"
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The Clark method uses two numeric parameters, Tc and R, and a

graphical parameter, the tlme~area relation. The first

parameter, time of concentration tT c > Is the travel time of water

from the hydraul ical Iy most distant point In the watershed to the

outflow location. Clark (1945> defined this time as the time

from the end of effective ralnfal lover the watershed to the

Inflection point on the reoesslon 11mb of the surface runoff

hydrograph as shown In Figure 2. In practice, for ungaged

watersheds this time Is usually estimated by empirical equations

since runoff hydrographs from the watershed are not available.

The second parameter Is the storage coefficient, R, which has the

dimension of time. This parameter is used to account for the

effect that temporary storage in the watershed has on the

hydrograph. Several methods are available to estimate R from

recorded hydrographs for a basin. As originally proposed by

Clark (1945>, this parameter can be estimated by dividing the

discharge at the point of Inflection of the surface runoff

hydrograph by the rate of change of discharge (slope of the

hydrograph) at the Inflection point as shown In Figure 2.

Another technique for estimating R is to compute the volume

remaining under the recession I imb of the surface runoff

hydrograph fol lowing the point of inflection and to divide the

volume by the discharge at the point of Inflection. Both of

these methods require the abl I ity to Identify the Inflection

point on the recession 11mb of the runoff hydrograph. This Is

difficult if not Impossible for complex hydrographs and flashy

hydrographs such as occur from urban basins and natural

watersheds In the Southwest. A method to estimate R by a

graphical recessi~n analysis of the hydrograph has been proposed

(Sabol, 1988) and this method provides much more consistent

results than do the previously described methods. The parameter,

R, should be estimated by the analysis of several recorded

events; however, In most cases recorded discharge hydrographs are

not available and R must be estimated by empirical equations.

The time-area relation, a graphical parameter, is necessary to

4



compute the translation hydrograph. The time-area relation

specifies the accumulated area of the watershed that is

contributing runoff to the outlet of the watershed at any point

In time. Procedures to develop a time-area relation for a

watershed are discussed In a later section of this manual.

The appl icatlon of the Clark Unit Hydrograph method is best

described with a simple example. A watershed Is shown In Figure

3(a), and a rainfall hyetograph and rainfall excess distribution

are shown In Figure 3(b). For the example watershed and given

intensity of rainfal I excess the time of concentration is

estimated as 25 minutes. An Isochrone interval of 5 minutes is

selected and the watershed is divided into five zones by

isochrones as shown in Figure 3(a). The areas within each

Isochrone zone are measured and the dimensionless time-area

relation Is developed as shown In the table and depicted in

Figure 3(c). The translation hydrograph of the time rate of

runoff is developed by considering each incremental unit of

runoff production that would be available as Inflow to a

watershed routing model. For example, at the end of the first 5

minutes of rainfall excess the runoff that is available at the

outlet of the watershed Is the product of incremental area A1 ,

and the rainfall excess R1 •

11 = (Al Rl) x c/dt

where c = 60.5 cfs/acre-Inch/minute, and dt = 5 minutes.

11 = (8 acres)(.10 inch)(60.5 cfs/acre-inch/mlnute)/(5 minutes)

11 = 9.7 cfs

At the end of 10 minutes the available runoff Is

12 = (8)(.55) + (24)(.10) x 60.5/5
= 82.3 cfs

At the end of 15 minutes the available runoff is

5



13 = (8)(.30) + (24)(.55) + (38)(.10) x 60.5/5

= 234.7 cfs

At the end of 20 minutes the available runoff is

14 = (8)(.15) + (24)(.30) + (38)(.55) + (32)( .10) x 60.5/5

= 393.5 cfs

At the end of 25 minutes the available runoff Is

15 = (8)(0) + (24)(,15) + (38)(.30) + (32)(.55) + (18)(.10) x 60.5,

= 416.2 cfs

Notice that all rainfall incremen1s after R4 = O.

At the end of 30 minutes the available runoff is

16 = (38)(.15) +

= 304.9 cfs

At the end of 35 minutes the available runoff is

17 = (32}('15) + (18H.30) x 60.515

= 12~.4 cis
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At the end of 40 minutes the available runoff is

18 = (18)(.15) x 60.5/5
= 32.7 cfs

After 45 minutes (rainfall excess of 20 minutes plus travel time

of 25 minutes) the available runoff Is 19 = 0 cfs

~9h:~A!Iq.;.~

The translation hydrograph (I j) Is shown In Figure 3(d). This

theoretical hydrograph has the correct volume of runoff from the
watershed, however It does not reflect the effects of routing

through the watershed. The translation hydrograph is then routed

and averaged using Equations 2 through 4 resulting In the final

runoff hydrograph. For this example, assume that R = 15 minutes,
and the runoff hydrograph is shown In Figure 3(d). Notice that

the Clark Unit Hydrograph Itself was never really developed but

that the three principles of the unit hydrograph were appl led

directly (mathematically) without having to perform graphical

superposition of ratios of a unit hydrograph. Computationally,

this process can be completed very quickly and conveniently with

a computer program such as is done with HEC-l.

Limitations and Applications

There are no theoretical I Imitations governing the appl icatlon of

the Clark Unit Hydrograph; however, there are some practical

limitations that should be observed. The method that 15 used to

estimate the parameters may dictate I Imitations In regard to the

type or size of watershed that Is being considered. If the

parameters are estimated through an analysis or reconstitution of

a recorded rainfall-runoff event, the parameters would be

considered to be appropriate for that particular watershed,

regardless of type or size. This Is the preferred method of

parameter estimation, but there will be limited opportunity for

this approach because of the scarcity of Instrumented watersheds

In Maricopa County. The parameters could be estimated by
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Indirect methods, such as a regional analysis of r~corded data.

In th I sease, app I I cat i on of the par ameter est Imat Ion procedures

shou I d be app I I ed on I y to those ungaged watersheds that are

representative of the watersheds In the data base. Most often,

the parameters are estimated by generalized relations that may

have been developed from a relatively large and diverse data

base. The parameter estimation procedures that. are recommended

herein are of this last category.

The Clark Unl~ Hydrograph parameter estimation procedures that

are presented in this manual have been adopted, modified, or

developed from an analysis of a large data base of instrumented

watersheds, controlled experimental watersheds, and laboratory

studies; therefore, the application of these procedures is

considered to be appropriate for most conditions that occur In

Maricopa County. The types of watersheds for which the

procedures can be applied Include urban, rangeland, developed and

natural alluvial fans, agricultural, hlllsiopes, and mountains.

f"~(' skht o~ t:lcJ..,~I~~ .(V4co;...IL..v .- pe-r-a--J.en.,...> h~~~Y~
~atershed stz~ should be limited tOp 5 square mJ Ip~.or less. _~

""f1-c. e"'1'''''' Cl«k. ~l"1lee.~ ~«.. 1ft~~ p-{ CIP~~)
Watersheds larger than 5 square miles should be divide~ into

smaller sub-basins for modeling purposes. Many watersheds

smaller than 5 square miles should also be divided into sub

basins depending on the drainage network and degree of

homogeneity of the watershed. The subdivision of the watershed

Into near homogeneous units should result in Improved accuracy.

Subdivision may also be desirable or required to determine

discharges at concentration points within the watershed.

Development of Parameter Estimators

The procedures for parameter estimation are based on available

literature, research results, and analysis of original data. For

example, the Tc equation Is based on the recent research of

Papadakis and Kazan (1987). A large data base of recorded

rainfall-runoff data was compiled and analyzed In developing and

testing the procedures. These data are for instrumented

watersheds In Arizona, New Mexico, Colorado, and Wyoming. A
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discussion of the development and testing of these procedures is

contained In the Documentation Manual that Is a companion to this

Hydrology Manual.

Estimation of Parameters

The fol lowing procedures are recommended for the calculation of

the Clark Unit Hydrograph parameters for use In Maricopa County.

ai-her general procedures, as previously discussed, can be used,

however, these should be approved by the jurisdictional agency

pr lor to adoptl ng such procedures. If~ J,~. ClArk. ($ S~/{(

J,'''\Il') ClW\ol kitS ~ ~ClW\~ i"""t'o ..e.m~ 4!)~V~ ~a.\,k~ \q4' I
wh,~ he wn:ti be ...e.~ ViM oi ''l~'l, n.,\-....a.t11 ;"1 m4lU~ htDnt .,.CAt _L~.rv.it;',,~ ...

Time of Concentration -- Time of concen1ratlon 1s defined as the

travel time, during the corresponding period of most Intense

rainfall excess, for water to travel from the hydraul ically most

distant point in the watershed to the point of Interest

(concentration point). An empirical equation for time of

concentration, Tc , has been adopted with some procedural
modifications from Papadakis and Kazan (1987)

where

Tc = 11.4 L·50 n· 52 s-·31 1-. 38 (5)

Tc is In hours,

L is length of the flow path for Tc , In ml'les,

n is a representative watershed resistance coefficient,

S is watercourse slope, in feet/mile, and

is the average ralnfal I excess intensity, during the

time Tc , in inches/hour.

The selection of a representative watershed resistance

coefficient, "n," similar In concept to Manning's "n" in open

channel flow, Is very subjective and therefore a high degree of

uncertainty Is associated with Its use. To diminish this

uncertainty and to Increase the reproducibl I Ity of the procedure,

a graph is provided for the selection of "n." This gr~ph shown

In Figure 4 provides for the selection of "n" based on watershed

classification and watershed size. Interpolation can be used for

a given watershed size and mixed classification. Equations for

estimating "n" are given in Table 1.
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TABLE 1

Equation for estimating "n" in the Tc equation.

n = m log A + b
where A Is drainage area,

Land Classification
(1 )

In acres

Equation Parameters
m b

(2) (3)

Urban

Bare or nearly bare ground
(alluvial fan, agricultural land,

desert rangeland)

Rough and/or moderate vegetation
(hllisiopes)

Very rough and/or dense vegetation
(mountains)

-.0025

-.00625

-.01375

-.025

.02

.04

.08

• 1 5

The value of "i" in Equation 5 requires the knowledge of both the

distribution of ralnfal I excess intensity and the time of

concentration, which Is, of course, unknown. Therefore, Equation

5 must be solved in a trlal-and-error procedure. Ftrst, the time

distribution of ralnfal I excess must be estimated for the design

ralnfal I distribution and a graph of average ralnfal I excess

Intensity versus time prepared. Then a value of Tc Is assumed

and the corresponding value of "I" Is read from the graph.

Equation 5 is solved with that value of "I." If the calculated

value of Tc Is reasonably close to the value that was assumed for

"I" then the solution Is finished; If not, then assume a new

value of Tc , recalculate "i," and recalculate Tc with Equation 5.

The solution for Tc should converge within three trials.

Storage Coefficient -- Very little literature exists on the

estimation of the storage coefficient, R, for the Clark Unit

Hydrograph. Clark (1945) had originally proposed a relation

between Tc and R since they can both be defined by locating the
Inflection point of a runoff hydrograph (Figure 2). The Corps of

10



Engineers has discussed the developmeni of regionalized relations

for Tc and R as functions of watershed characteristics In

Training Document No. 15 (U.S. Army Corps of Engineers, 1982b).

According to Corps procedures, Tc and R are estimated from

relations of Tc + Rand R/(T c + R) as functions of watershed

characteristics. These forms of empirical equations Indicate an

interrelation of Tc and R, and such dependence was observed In

the data base as discussed in the Documentation Manual. The

equation for estimating R for Maricopa County is

R = 0.37 Tc 1.ll A-0.57 LO.80

where R is in hours,

Tc Is time of concentration, In hours,

A Is drainage area, In square miles, and

L is length of flow path, in miles.

), 61
of.\'f Time-Area Relation -- Either a synthetic time-area relation must

~ \. be adopted o~i'lme-area relation for the watershed must be

developed. If a synthetic time-area relation is not used, thee time-area relation is developed by dividing the watershed into

incremental runoff producing areas that have equal incremental

travel times to the outflow location. This Is a ditflcult task

and we I I def I ned and re II ab I e procedures for th I s are not

available. The following general procedure is often used.

First, using a topographic map of the watershed, the distance

from the hydraulically most distant point In the watershed is

traced along the flow path to the outflow location; this defines

L in both Equations 5 and 6. Isochrones are drawn on the map

that represent equal travel time to the outflow location. These

Isochrones can be established by considering the land surface

slope and resistance to flow, and also whether the runoff would

be sheet flow or would be concentrated In watercourses. A good

deal of judgement and Interpretation Is required for this. Next,

the Incremental areas are measured and tabulated In an upstream

sequence along with the corresponding travel time for each area.

A graph Is prepared of travel time versus contributing area, or a

dimensionless graph can be prepared of time as a percent of Tc

1 1



versus contributing area as a percent of total area. The

dimensionless graph Is preferred because this faci I itates the

rapid development of new time-area relations should there be a

need to revise the estimate of Tc •

Synthetic time-area relations can be used such as the default

relation In the HEC-1 program

Two other dimensionless time-area relations have been developed

during the reconstitution of recorded rainfall-runoff events as

described In the Documentation Manual. These dimensionless

where A Is contributing area, In percen1 of total area, and

T* Is time, In percent of Tc •

Equation 7 Is a symmetric relation and is not recommended for

most watersheds in Maricopa County.

(7)0.5

1 .0

T

T

o
• 5

A* = 1.414<T*)1.5

1-A* = 1 .414(l-T*)1.5

~
~

l'
~4
~ ~relations for urban and natural watersheds are shown in Figures 5 .1 ~

and 6, respectively. Each of these figures show a synthetic ~ ~

time-area relation and a shaded zone where the time-area relation ~ ~
Is expected to I Ie. It Is recommended that for an urban ~
watershed that the synthetic time-area relation of Figure 5 be ~ ~

used, and for a natural (undeveloped) watershed that the "'\ .! \.

synthetic time-area relation of Figure 6 be used. If a time-area ! i ~, ~
re I at i on is deve loped I rom the water shed map. whi ch Is gener a I I Y 'i::'~

recommended lor unusua I I Y shaped watersheds. then the resu 11"1 ng 3 oS ~

relation should lie within the shaded zones In either Figures 5 'l~'"'t'

or 6. The HEC-1 default time-area relation Is shown for ~ _~

comparison in each Figure. Tabulated values of the dimensionless ~~ l~

t ' . I t' .~.t"",I me-area re a Ions are shown I n Tab Ie 2. i_t~

qlQ..k -!-a.uriJ ~ fr---'- ~~.,J.;#ooa#.;,~~ i-1 ;..
~ e-) ~~1 a~ a(e4-ot.~Ul-~ ll·tt~u.J "k '~ ~'!
( arIA. t;t~ el.sL.-a.• ~'J. i S tll~.f~w~ ) \,iW ,,\,,~L;t- ~ ,ft 1\Q.1~~::: J.r. '¥ .~ '!

<1 fei'r A~(b) t!ek~;~~1-tJu.tr~~~ ~ ~~~ 1~ ~
~ •"'" -. I~~.....-~i,'u.t.tr~sktf$ ~""""':r L ..~ r~ ~1 ~
~~••d .. ..-.-t.l~' 4o>A ~":'1 "'t"'rr ~ ......~~$~~ tj ~""ta'UII,, J.~~U1\ ~~ fa.a;WI~ ~ ~ (~rO' ~ ( 'f ~""'
U:~/~fttU"ft~"..·sJ.,.c..~ ?'~~'"~~\-o~ ~ ./ ~ ~
C\.~ ~ I'~~~$", ~ feLt i.s k),r\'\.... 4-W'1>~" -.J ~
~~)~j4\A. ~-Y'sk~-J.o

Ct-'~ ~=r.~~ witho.. se~~ ~~~'-



TABLE 2

Values of the synthetic dimensionless time-area relations for the
Clark Unit Hydrograph

~o..<,:,~ ~ ~l"" -6l4A- c-J.J.;", s "'~ 4iJ-... "'ost \.\k4-.. a<'e.
cl'.sQQ.se.~ oP~ \1V'r'O"-S S-'(Je-... i",.tu '4 Q e;,~ O'~ 1 14%1

~ S-Graphs \ L ~
~ 0'1 A~~~ ,'" ~ ~~!:)OC>-= a.t"€.d.,....#~~A
t:J,rf!D&.~/aeri~ .f~tz,~r~ w ,\,\ ~ ~@r~"'~ -:.~ .

@"?/ Theory ~~fj.)~~ .:;..JH~ ~ Y\~t,b~~
~,f~ y-et:J~ _~ ~ .J2..1tls •

An S-graph is a dimensionless form of ~ unit hydrog}aph and It

can be used In the place of a unit hydrograph In performing flood

hydrology studies. The concept of the S-graph dates back to the

development of the unit hydrograph itself, although the

application of S-graphs has not been as widely practiced as that

of the unit hydrograph. The use of S-graphs has been practiced

mainly by the U.S. Army Corps of Engineers, Los Angeles District,

(referred to as the Los Angeles District), and the U.S. Bureau of
Reclamation (USBR).

An example of an S-graph is shown in Figure 7. The discharge

scale Is expressed as percent of ultimate discharge <Quit}, and

the time scale is expressed as percent lag. Lag is defined ase the elapsed time, usually in hours, from the beginning of an

assumed continuous series of unit ralnfal I excess Increments over ~.

Q)_oJ to",,~"l"'.f sol..li...s br•..t-J-. e-t>/".lJ" I~ l\t~"..¥~ eJ III
~~~~~~tll~s i c.,..~~ 1J, fU.cM,~ ~ ~r
~~~~ tf4/lL ~ fc; fi.c<,~. ~~. .



the entire watershed 10 the Instant when the rate of resulting

runoff equals 50 percent of the ultimate discharge. The

Intensity of rainfal I excess Is Inch per duration of

computation Interval (D). An equivalent definition of lag is the

time for 50 percent of 1he to1al volume of runoff of a unit

hydrographto occur. It Is to be noted that there are numerous

definitions for lag in hydrology and the S-graph lag should not

be calculated by methods that are not consistent with this
definition.

Ultimate discharge Is the maximum discharge that will be achieved

from a particular watershed when subjected to a continuous

Intensity of ralnfal I excess of 1 Inch per duration (D) uniformly

over the basin. Ultlmnate discharge (Quit), In cubic feet per
second (cfs), can be calculated from Equation 1

QUit
645.33 A

( 8 ):::
D

where A Is drainage area, in square miles, and
D I s duration of the 1 Inch of rainfall excess, In hours.

S-graphs are developed by summing a continuous series of unit

hydrographs, each lagged behind the previous unit hydrograph by a

time interval that is equal to the duration of rainfall excess

for the unit hydrograph. The resulting summation Is a graphical

distribution that resembles an S-graph except that the discharge

scale Is accumulated discharge and the time scale Is In units of

measured time. This graph Is terminated when the accumulated

discharge equals QUit which occurs at a time equal to the base

time of the unit hydrograph less one duration Interval. The

basin lag can be determined from this graph at the time at which

the accumulated discharge equals 50 percent of Quit- This

summation graph Is then converted to a dimensionless S-graph by

dividing the discharge scale by Quit and the time scale by lag.

In practice, S-graphs have generally been developed by

reconstituting observed floods to define a representative unit
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hydrograph and then converting this to an S-graph. Prior to the

advent of computerized models, such as HEC-l, flood

reconstitution was a laborious task of rainfal I and hydrograph

separation along with numerous hand-cranked simulations to def Ine

the representative unit hydrograph. Modern S-graph development

generally relies on use of optimization techniques, such as coded

into HEC~l, to identify unit hydrograph parameters that best

reproduce the observed flood.

Although an S-graph is completely dimensionless and does not have

a duration of ralnfal I excess associated with It as does a unit

hydrograph, Its general shape and the magnitude of lag is

Influenced by the distribution of ralnfal lover the watershed and

the time distribution of the ralnfal I. Therefore, the

transposition of an S-graph from a gaged watershed to application

in another watershed must be done with consideration of both the

phYs log rap h Icc ha r act e r 1st I c s 0 f the wate r she dsan d the • vJ-L. ..
hydrologIc characteristics of the rainfalls for the two e;Jfl'
watersheds. • . \.o"~J.K~~ ~#-'
S .. qr~hs Qte- a. tPcfW\. 1 Y\te#ssa~ q~IV\~;f~~~~ ~~ ""eft. S. ~()I'\S·

Lim I tat Ions and App I I cat Ions ~\\ CAf~Vl.: L') 14"\\\ ~~J,\t.- f~I1\~'1\ ~o W\c, \0<"" 9 ~ (;lIZJ\
S-graphs are empirical, lumped parameters that represent runoff

characteristics for the watershed for which the S-graph was

developed. S-graphs that are developed from recorded runoff data

from one watershed can be appl led to another watershed only If

the two watersheds are hydrologically and physiographically

similar. In addition, a recent study for the Flood Control

District of Maricopa County (Sabol, 1987) has demonstrated that

the shape of S-graphs Is significantly affected by storm

characteristics, particularly the maximum Intensity of the

ralnfal I. Therefore, It may not be advisable to adopt S-graphs

that have been developed from one hydrologic zone and to apply

these to watersheds In other hydrologic zones because of possible

differences In rainfall characteristics In the two zones that may

affect the shape of the S-graph.

Application of S-graphs requires the selection of an appropriate
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S-graph and the estimation of the one parameter, basin lag. Two

S-graphs have been selected fot us~ In Maricopa County and a

method to estimate lag is provided.

The USBR has revised the Flood Hydrology Studies chapter of the

Third Edition of Design of Small Dams (USBR, 1987>, and it has

identified six S-graphs for application in generalized regional

and physiographic type of watersheds. The flood hydrology

procedure In Design of Smal I Dams should be reviewed and used as

a reference when performing drainage studies for major watersheds

in Maricopa County. Recently the S-graph has been adopted as the

unit hydrograph procedure by Orange County and San Bernardino

County, California, and selected S-graphs are presented In the

hydrology manuals for those counties. The S-graphs in those

hydrology manuals have been selected primarily from S-graphs that

previously had been defined by the Los Angeles District from a

rather long and extensive history of analyses of floods In

Ca I i for n I a.

An S-graph can, In eory, be used in any application for which

an unit hydrograph can be used. In practice an S-graph must be

first converted to an unit hydrograph, and this can'be done by

one of two methods. First, The S-graph can be converted to an

unit-hydrograph manually; or second, the S-graph can be converted

to an unit hydrograph by use of the LAPRE1 program. The LAPREl

program is a HEC-l preprocessor program that converts a psuedo

HEC-l input fi Ie containing input for an S-graph to a val id HEC-l

Input f i Ie. The LAPRE 1 program outputs the HEC-1 input f i lew i th

the S-graph converted to a unit hydrograph, and the unit

hydrograph is written to the HEC-l input file using the UI (Given

Unit Graph) record. The use of LAPREl greatly faci I itates the

use of S-graphs and an Implementation guide for the microcomputer

version of LAPREl is contained in Appendix A.
g;~#,t ,'" Cl re.'1«sL) pt ;t>'ItrcC I rfZ)c.~s ft> $hari- ~-.ht, one.~
An example of the manual conversion of an S-graph to an unit

hydrograph fol lows.

Example: Conversion of an S-graph to ~ unit hydrograph /¢
~ ~ ~ •. ",,~ ..••1rJ d!J~#L/II6Jl/J. II/lu.$$4$ .'/ 8"'~~ t6

~"'''b~J... \.~,,<·\'C)~emL4,\~Jn1 +kl~~ID~ mcrt'ktt'\lJ I a-w{.~ \ \,
rJ..c.,Z[ftu. t.WJ\\~"w>~s~ ar\ c.~~1'~ a.\l~ ~.~



(To be supplied.)

Although an S-graph is completely dimensionless and does not have

a rainfal I excess duration associated with it, an unit hydrograph

does require the specification of a duration. As a general rule,

the duration selected for the development of the unit hydrograph

should equal about 0.15 times the lag. A duration in the range

0.10 to 0.25 times the lag Is usually acceptable.

Sources of S-Graphs

S-graphs for Maricopa County have been selected from a

compi lai-ion of S-graphs for the Sothwestern- United States ihat

was recently completed (Sabol, 1987). The source of S-graphs for

that comp I I at i on was reports and f i I e data of the Los Ange Ies

District and the USBR. That compilation Included 55 Individual

S-graphs and 18 regional S-graphs. An Individual S-graph is one

that can be Identified with the watershed from which data was

use d to de vel 0 p the S- grap h • Reg ion a I S- g ." a phs are thoset hat

are graphical averages or modifications of individual S-graphs to

produce an S-graph that is respresentative of a specific

physiographic type of watershed.

S-Graphs for Use in Maricopa County

Two S-graphs have been selected for use in flood hydrology

studies of major watercourses in Maricopa County. These two are

referred to as the Phoenix Mountain and the Phoenix Val ley S

graphs. The Phoenix Mountain S-graph is to be used in flood

hydrology studies of watersheds that drain predominantly

mountainous terrain. For example, this S-graph should be used

for the Agua Frla River above Rock Springs, New River above the

Town of New River, the Verde River, Tonto Creek, and the Salt

River. This S-graph is also appropriate for Indian Bend Wash.

The Phoenix Valley S-graph Is to be used In flood hydrology

studies of watersheds that have I ittle topographic rei ief. For

example, this S-graph should be used for the Agua fria River

below Rock Springs, New River below the Town of New River, Skunk

1 7



Creek, Cave Creek, and urbanized watersheds.

These two S-graphs are shown in Figures 8 and 9, and the

coordinates of the graphs listed in Table 3. These same two S

graphs have been selected for similar use in ~1aricopa County by

the U.S. Army Corps of Engineers (1974 and 1982). The

justification for the selection of these two S-graphs Is provided

In the Documentation Manual, and a more comprehensive

presentation of S-graphs for Maricopa County Is provided in the

S-Graph st~ report for the Flood Control District of Maricopa

County (Sabol, 1987).

Estimation of Lag

The application of an S-graph requires the estimation of the

parameter, basin lag. a general relationship for basin lag as a

function of watershed characteristics is given by EquatIon 9

Lag = C
LL

ca------
sP

m

( 9 )

where Lag is basin lag, in hours,

Lis I ength of the longest watercourse, in mi I-es,

L ca is length along the watercourse to a point opposite

the centroid, in miles,

S is watercourse slope, in feet per mile,

C Is a coefficient, and

m and p are exponents.

The Los Angeles District often uses C = 20n where "n" is the

es tim at e d mea n Man n I n 9 's "n" f or a I I the c han n e I s wit h I nan are a ,

and m = 0.3'8. The USSR (1987> has recommended that C = 26n and

m = 0.33. Both sets of values In Equation 9 wi' I often result In

similar estimates for Lag. Traditionally the exponent, p, on the

slope Is equal to 0.5.

Itsh0 u I d benotedt hat "n" i 5 a mea 5 ureo f the h y dr a u I I c

efficiency of the watershed and It is not necessari Iy a constant

18



Phoenix Val ley Phoenix Mountain

TI\BLE 3
coo r din ate 5 for the Ph 0 en I x Val ley and the

Phoenix Mountain S-Graphs
Time, in Percent Lag

Tabulation of

Percent
Ultimate
Discharge

( 1 )
o
2
4
6
8

10
12
14
16
18
20
22
24
26
28
30
32
34
36
38
40
42
44
46
48
50
52
54
56
58
60
62
64
66
68
70
72
74,
76
78
80
82
84
86
88
90
92
94
96
98

100

( 2 )
0.0

23.0
30.0
36.0
41 .0
45.7
50.0
54. 1
58.0
61 • 7
65.2
68.5
71 .6
74.6
77.5
80.2
82.7
85.0
87.2
89.0
91 • 1
92.9
94.6
96.3
98. 1

100.0
102.0
1 04 • 1
106.3
108.6
1 1 1 • 0
1 13.5
1 16 • 1
1 18 .8
1 21 .6
124.5
127 . 5
130.7
134. 1
137.7
141 • 5
145.5
149.9
1 54.6
159.6
165.6
173.6
186.6
200.6
223.6
298.6

19

(3)

0.0
23.0
31 .0
37.0
42.0
46.0
49.8
53.4
56.8
60.0
63. 1
66.1
69.0
71 .8
74.4
76.8
79.1
81 .2
83.2
85. 1
86.8
88.8
91 .0
93.8
96.8

100.0
103.4
107.0
1 1 0 .8
114.7
1 18 • 7
122.9
127.3
1 31 • 9
136.7
141. 7
1 47 • 1
152.8
1 58.8
165.5
172.9
181 .6
191 .0
201 .0
212.0
226.0
244.0
265.0
295.0
342.0
462.0



for a given watershed for all rainfall depths and rainfall

Intensities. As rainfall dep-lh and/or rainfall in-tenslty

increases the efficiency of runoff increases and "n" decreases.

Therefore, some adjustment In "n" should be made for use with

rainfalls of different magnitudes (frequencies). Generally, Un"

Is the smallest for extreme floods such as PMFs and Increases as

the frequency of event increases.

Several graphical relations are available for estimating basin

lag. One such relation (U.S. Army Corps of Engineers, 1982) is

shown in Figure 10. Several other relations -that should be

consulted when using S-graphs are contained in ~~~ of Smal I
Dams (US8H, 1987>.

When estimating basin lag the following steps should be used:

1. From an appropriate map of the watershed, measure drainage

area (A), and the values of L, Lea, and S.

2. Calculate the basin factor (L Lca /SO.5).

3. Use data in Figure 10 and the tables in Design of Small Dams

(USSR, 1987) to attempt to Identify watersheds of the same

physiographic type and similar drainage area and basin

factor. Make a list of watersheds with similar drainage

areas and basin factors, and tabulate the estimated value of

"n" for those watersheds, and the measured lag.

4. Estimate "n" for the watershed by inspection of the

tabulation from step 3.

5. Estimate lag by Equation 9. Use values of C and 01

corresponding to the source (U.S. Army Corps of Engineers or

USBR) that was used to estlmaie "n".

6. Compare the calculated lag with the measured lag for simi lar

watersheds from step 3.

The use of measured values of "n" from hydrograph reconstitutions

of simi lar watersheds wi I I provide the most rei lable estimates of
"n" and basin lag.

20
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CONTRIBlITlNG £STIMATEO GUIDE FOR ESTIMATING BASIN FACTOR (0)
AREA L Lc;a S lAG ;;-- -- -- -- -- j1 = 0.200: DRAINAGE AREAS HAS COMPARATIVELY UNIFORM SLOPESSO. Ill. MIlES IIlLES FT./MI. IiOURS

AND SURFACE CHARACTERISTICS SUCH THAT CHANNElIZATION DOES
1. SAN GABRIEL RIIIER ..T SAN G/oIIRIEL o.IM. CA 162-0 2,;).2 11.6 350 J.J 0.050 NOT OCCUR. GROUND COVER CONSISTS OF CULTlVAT'ED CROPS OR
2- W£S'T rottT SAN GA8RIEL RNER AT COGSWEU llAII. CA "0.4 9.J 4.3 450 1.6 .050 SUBSTANTIAL GROWlJolS OF GRASS AND FAIRLY DENSE SMALL SHRUBS.
J. SAN ANITA CREEJ( AT SAl/TA NllTIo llAII. CA 10.8 5.l1 2.5 680 1.1 .oso CACTI. OR SIMIlAR VEGETATION. NO DRAINAGE IMPROVEMENT'S ElCIST
4. SAN 0lWAS CftEEI< AT SAN OINAS llAII. CA 16.2 8.6 4.8 4"0 1.5 .oso IN THE AREA.5. FATON W~ AT £ATON WASH llAII. CA 9.5 7.3 4.4 600 1.3 .050
6. SAN ANTONIO CRfEI( NEAR ctNl9CONT. CA 16.9 5.9 3.0 1017 1.2 .lI55
7. SAl/TA QAAA RlIIER NEAR ~. CA 355.0 36.0 15.8 1"0 5.6 .oso

ii - 0050'a. T£M£CUlIo CRfEI( AT PAIJIIo\ CANYON. CA 1611.0 211.0 11.3 150 3.7 .050 DRAINAGE AREA IS QUITE RUGGED. WI1'li SHARP RIDGES
II. SAl/TA WAACNlITA RIVER NW FALIJIROOl(. CA 645.0 46.0 22.0 105 7.3 .lI55 AND NARROW. STEEP CANYONS THROUGH WHICH WATERCOURSES

10. SAl/TA WAACNlITA IlI\IER AT YSllIORA, CA 740.0 61.2 34.3 115 11.5 .D55 MEANDER AROUND SHARP BENDS. OVER lARCE BOULDERS. AND COH-
11. lJ\/E lW( CRfEI( AT lJ\/E OAK IlAII, CA U 2.9 1.5 700 0.8 .070 SlDERABLE DEBRIS OBSTRUCTION. THE GROUND COVER, EXLUOING
12- lWUNCA CREEK AT IlC TUJUNQt. IlAII, CA 81.4 15.1 7.3 2iO 2.5 .oso SMALL MEAS Of ROCK OUTCROPS. INCUJD£S MANY TREES ANO13. MlJRRI£fA CRE£I( AT~ CA 220.0 27.2 10.3 115 4-0 .050

CONSIDERABLE -UND£R8RUSH. NO DRAINAGE IWPROVEMENTS EXIST14. LOS ANGLES RIVER AT SEPUL\'EDlI. IWI. CA 152.0 111.0 9.0 146 3.5 .050
15. PIoCOlW. WASH AT PACOIMA IlAII, CA 27.8 15.0 8.0 315 2.4 .050 IN THIS NtEA.
16.~ WASH NJI:NE SHORl' $TREE!. CA 14.0 9.5 4.11 115- 0.11 .015
17. ~y DRAIN NJI:NE RAYWOND DlK£. CA 2.5 3.4 1.7 100 0.28 .015
II. GIlA lII\IER AT COHHOR NO. 4 IWI SITE. AZ 2840.0 131.0 71.0 29 21.5 .oso ii & 0 030; DRAINAGE MEA IS GENERALLY ROWNC. WITH ROUND£D
19. SAN f1WlClSCO RlIIER AT .MlCllON WIfH BlUE RIVER. AZ 2000.0 30.0 74-0 32 20.ll .050 RlDCES AND WODERATE SIDE SLOPES. WI\TERCDURSES "EANDER IN
20. ..lIE RI\/£R N£IoII a..FTON. AZ 790.0 n.o 37.0 115 10.3 .oso FAIRLY STRAIGHT. UNIMPROVED CHANNElS WITH SOME BOULDERS AND21. SN..T RnIE'R NEAR ~T. AZ 4310.0 1110.0 118.0 45 11.11 .oso LODGED DEBRIS. GROUND COVER INCUJDES SCI\TTERED BRUSH AND22- NEW lIl\IEIl AT /lOCI( SPllINCS. AZ. 67.3 20.2 11.7 141 3.1 .046
23- NEW RlIIEIl AT NEW RIVER. AZ 115.7 23.2 13.11 146 3.7 .046 GRASSES. NO DRAINAGE IMPROVEMENTS EXIST IN THE AAEA.
24. NEW RlIIEIl "T BEll RQI\I). AZ 187.0 47.S 20.7 83 5.3 .oJ7
25. Sl<UNK CREEk H£Nl flHOENOl, AZ 114.11 17.11 10.0 • 2.4 .033

'jj - Q 015: DRAINAGE AREA HI\S FAIRLY UNIFORM GEHTlE SLOPES
WITH MOST WATERCOURSES EJ11iER IWPROVED OR ALQHG PAVED
STRffiS. GROUND COVER CONSISTS OF' SOW£ GAASSES WITH
APPREC!o'BLE AAfAS DE\IEl.DPED TO THE ElCTENT THAT A lARGE
PERCENTAGE OF' THE AREA IS IWPERYIOUS.
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FIGURE 10

RELA TIONSHIPS

NOTE;
TO OBTAIN lHE lAG (IN HOURS) f'Oll

AN'( AREA, lIULTlPLY 1H£ lAG OBTAlN£D
FROM THE CUflIIE BY;

U.S. ARMY CORPS OF
ENGINEERS (1982)

LDIGTH Of' l.ONGEST WAlEIlCOURSE

lDICni AlOHI: LONGEST W"TERCOURSE.
MCASUIlED UPSTRCAII TO POlMT
0Pf'0SIJC CENTER COlTER Of NIEA.

OIIER-ALL SUlP£ Of lOtIC£ST
WATEllCOURSE IIEIWEEN ~A1£R AND
COU£C11OH POINI'.

ElAPSED TlIIE FROIl lIEClNHINC Of' UNIr
PItEClPITAlION TO INSTAHT llfAT
suww.lION tmlROGlW'H IlE:ACHES ~
Of' UlJ1WJE IlISaiMCE.

1IISUALlY ESllW.TEO Il£AN Of lH( n
(1oWINlNC'S RlRWIJIA) VALUES Of' AlL
'!HE QWlN£I.S wmtH AN AREA.
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