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THE OHIO STATE UNIVERSITY VERSION

of the

STANFORD STREAMFLOW SIMULATION MODEL

PART I - TECHNICAL ASPECTS

ABSTRACT

Research with the Stanford Streamflow Simulation model at The Ohio State
University has been performed along these lines: starting with the University
of Kentucky version a detailed expose and computer flow charting of the model
was written; the model was applied to small agricultural watersheds as a basis
for a sensitivity study of the major variable input parameters; and a subroutine was
developed for superimposed machine plotting of the hydrographs.

Efforts to improve the model were as follows: modification of the time of con-
centration increments to handle small (approx. 100 acre) watersheds; development
of a snowmelt subroutine for climatological conditions unique to the Midwest region;
expansion of the model to accommodate multiple groundwater recession constants for
basins with a stratified geology; inclusion of swamps and soil crack storage consid-
eration; and machine plotting of hyetographs to accompany the hydrograph plots.

All modifications have been tested with the data of the USDA North Appalachian
Experimental Watershed at Coshocton, Ohio, with reasonably good results.

The salient features of these modifications and their application are reported
herein.
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PREFACE

The Ohio State University Version Of The Stanford

Streamflow Simulation Model

For convenience of reading and handling, ease of extending or updating, and

to suit the readerTs particular interest, the publication of the material associated

with this model will be reported in three separate volumes.

The volume titles and a brief account of their content are:

The Ohio State University Version of the Stanford Streamflow Simulation

Model:

Part I — Technical Aspects:

A detailed analytical and descriptive presentation of the basic model with

discussions on the input and output options, modifications made, test

applications, performance evaluation, and developmental topics for

future research.

Part II — The Computer Program:

Definition of program variables (386) and listing of the program state-

ments (1881).

Part in — Userb Manual:

A working understanding of the model so that the potential user can use

it efficiently and effectively as a tool in hydrologic investigation.



The technical details in Part I are needed if one wishes to study the basic

operation of the model, in particular, if modifications or additions are planned.

For the practicing engineer or researcher Parts II and HI will suffice for success-

ful running of the model.

The author would appreciate receiving comments concerning both applica-

tions of the model and modifications to its structure. Feedback of this nature

would be useful for compiling data on the ranges of the initializing parameters

with eventual inclusion in updated versions of the UserTs Manual.
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INTRODUCTION

Streamflow Simulation Models

A dictionary definition of a model is given by Webster as Ma. system of

postulates, data, and inferences, presented as a mathematical description of

an entity or state of affairs. " The major objective in modeling the hydrologic

behavior of a watershed is to simulate its streamflow hydrograph in response to

an input of precipitation. To accomplish this, the hydrologic cycle is analyzed

and expressed as a collection of mathematical formulations based on rational

parameters that may be adjusted after trial simulations with known input and

output. This may be continued until the model is judged to be an adequate repre-

sentation of the hydrologic cycle for a study area.

The Stanford Watershed Simulation Model, a mathematical model programmed

for the digital computer, synthesizes a continuous hydrograph (watershed outflow

vs. time) of streamflow from climatological data (precipitation and evaporation),

and watershed parameters (soil surface moisture and retention properties,

interflow storage and flow conditions, ground water storage and flow conditions,

and the physical state and geomorphological properties of the basin).

Streamflow simulation models have numerous engineering applications.

They conceivably could be a great aid in: the analysis of water resources systems;

the assessment of induced climatological changes; quantifying the effects of land

use, such as urbanization, upon the hydrology of the area; the evaluation of



structural modifications on stream channels; the extension of short-term stream-

flow records from long-term precipitation records; and among others, the class-

room teaching of hydrology.

Evolution Of The Ohio State University Version Of The Model

The Stanford Watershed Model IV was developed by Crawford and Linsley

(1966) at Stanford University and published as a technical report in 1966. The

model was programmed in ALGOL language by its originators.

Dr. L. D. James, while at the University of Kentucky, translated the model

into FORTRAN language and began to make modifications of its structure to suit

his interest in its applications to urban watersheds. Among his initial modifi-

cations were the simplifications in input data and variable routing procedures.

A copy of this translated version was the basic model upon which research efforts

began at The Ohio State University.

Over a four year period, through the efforts of faculty researchers, graduate

students, and support from the Office of Water Resources Research, the following

major steps were performed at The Ohio State University to progress the model

to its present state.

i. The computer program was carefully studied, flow diagrammed in detail

and an expose on the mechanics of its operation written by Balk (1968);

ii. Machine plotted superimposed (recorded and simulated) hydrograph pro-

grams were developed by Briggs (1969);

iii. A sensitivity study of the key parameters was made by Briggs (1969);



iv. Multiple recession constants and a swamp and soil crack storage routines

were added by Owen (1970);

v. A snowmelt subroutine for the Midwest was developed by Mease (1970),

vi. Small watershed simulation was made possible by inclusion of a variable

time increment modification by Valentine (1970);

vii. Additional output of key internal parameter values and machine plotting

of hyetographs was performed by Valentine (1970); and

viii. A compilation study of the above steps was made and a user's manual was

written by Warns (1971).

Purpose, Format, and Scope of the Report

PURPOSE

The purpose of this report is to present a logical and concise detailed ex-

planation of the analytical structure of the Ohio State Univesity Version of the

Stanford Streamflow Simulation Model. Much work has been done in developing

the model over the past few years and it is felt that at this time the model is

sufficiently operational and reliable to permit extehsive applications, particularly

to the smaller (1 to 50 sq. mile) size waterhseds in the Midwestern United States.

The original and other versions of the model have been enjoying successful appli-

cations for large watersheds for many years now. Understanding the technical

aspects of the model is a prerequisite to those researchers who may want to

modify its structure to incorporate the newest concepts or mathematical descrip-

tion of the components involved in hydrologic behavior of a watershed. Much



interest is prevalent today for combining water quality and quantity models in

order to predict a continuous time wise trend of the water quality from a basin.

Detailed knowledge of the model's technical aspects is mandatory for such mating

to be possible.

FORMAT

The format of the presentation will be to present, whenever feasible, the

model's equations by using the actual FORTRAN programming language state-

ments and their associate variable definitions so that the reader can immediately

get involved in the program as it models the components of the hydrologic cycle.

Plots of the simulated hydrographs are included where appropriate so that the

reader can observe the behavior of the model in response to the particular para-

meter under discussion.

SCOPE

This report considers in a descriptive and analytical fashion the following

technieal aspects of the Ohio State University Version of the Stanford Streamflow

Simulation Model

i. Discussions of the basic components of the model;

ii. A review of the input and output options;

lit. Presentation of the modifications made;

iv. An application to Ohio watersheds;

v. Results and discussion of the model's performance; and

vi. Conclusion and recommendations of topics worthy of further development

in the model.



For a more in depth discussion of the various topics considered in this

report the readers are urged to read the appropriate specific references listed

at the end of this report.

This report is Part I — The Technical Aspects, of a three part report on The

Ohio State University Version of the Stanford Streamflow Simulation Model.

The follow up parts are:

Part n — The Computer Program

Part Etl — User's Manual.



HYDRO LOGIC CONCEPTS OF THE WATERSHED MODEL

The Hydrologic Cycle and Its Modeled Counterparts

Water is continuously being transported from the oceans to the land and back

to the ocean, this cyclic process is known as the hydrologic cycle. The major

components of this cycle include precipitation, interception, surface storage,

evapotranspiration, infiltration, soil moisture, interflow, groundwater flow,

overland flow, and channel flow. Figure 1 is a schematic showing the compon-

ents of the cycle as well as some of the conceptual terms to be used in modeling.

Figure 2 shows the timewise distribution behavior of the portion of the

hydrologic cycle involving the phenomenon associated with the precipitation

falling on the earth's surface. The shaded area represents the fraction of total

rainfall which eventually produces a hydrograph of streamflow.

In essence the watershed model is designed such that the various components

and associated phenomena of the hydrologic cycle are mathematically described

and incorporated in a master computer program. The program will keep a

chronological account of the quantities of moisture allocated to the various com-

ponents of the cycle.

Thus from an input of precipitation (quantity/time, inches/hr) the model will

generate the basin's response or streamflow (cu. ft./sec.). These are the major

input and output. However, all the individual cycle components are considered

in the model and these may be examined as supplementary output.
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A general overview of the model's operation can be seen in the moisture

accounting block diagram of Figure 3. The following material will be a step by

step presentation of the model's components as outlined in the flow diagram.

For discussion purposes the hydrologic cycle will be subdivided into Land

Surface and Channel System effects. Actual variable names employed in the

computer program of the model will be used in this discussion.

LAND SURFACE EFFECTS

INTERCEPTION

Interception in any time interval is governed by watershed cover and by the

current volume in interception storage. All incoming moisture enters intercep-

tion storage until a preassigned volume is filled. The maximum preassigned

interception volume EPXM, in inches per hour, is an input parameter. Following

is an example procedure, based on 15 minute time intervals, of the model simu-

lation of interception and its recovery of interception volume:

No Is precipitation greater than or equal to EPXM / 4. 0 ?

Yes
f

Residual rainfall after interception = Precipitation — Interception
Volume

Therefore available interception volume = 0. 0

Available interception volume - EPXM / 4. 0 - Precipitation

>

< * •

—

f

If available interception volume is less than EPXM/4: then
available interception volume = previous volume + daily pan
evaporation/96. 0



MAJOR INPUT

Precipitation
Pan Evaporation and Coefficients
Physical Watershed Parameters
Initial Soil Moisture Conditions
Initial Groundwater Storage Conditions

MAJOR OUTPUT

Synthesized Streamflow
Synthesized Evapotranspiration

Evaporation from Exposed Water Surfaces

Runoff from Impervious Surfaces

Interception h

Upper Zone Soil Mositure
T Upper Zone Soil Moisture Storage

——N Overland Flow Surface Detention Overland Flow

Interflow Storage Interflow r
Lower Zone Moisture Storage

Groundwater Flow
out of Basin

Groundwater Storage

Routing

Evapotranspiration

Groundwater Flow

FIGURE 3 - MOISTURE ACCOUNTING IN STANFORD WATERSHED MODEL

LEGEND

Operations performed
in 15 minute intervals
(or smaller if specified)

Operations performed
in 60 minute intervals
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The model simulates the recovery of interception storage volume at a rate

equal to evaporation from a Class A pan until the limiting preassigned volume

EPXM is satisfied. Thus, interception will continue during a storm dependent

upon evaporation losses.

INFILTRATION

Direct Infiltration

The amount of rain water that enters the soil immediately following preci-

pitation is known as direct infiltration. The concept of cumulative frequency

distribution is used to solve the problem of areal variation in infiltration capa-

cities. The basic concept is shown in Figure 4.

Functional relationships for land surface response are developed for all

values of moisture supply X, peak infiltration rate D4F, and interflow index C3.

These functions give a piecewise smooth variation in model response as the

moisture supply X, varies. Figure 5 is an example of the distribution of com-

ponent response as moisture supply is increased.

Before getting involved with presentation of the actual equations employed

by the model and the program statement counterparts, let's define a methodology

for presenting the material. The following is an example of the format that will

be used.



INTERFLOW DETENTION
O OVERLAND FLOW
O SURFACE DETENTION

NET INFILTRATION
(LZS 8 SGW)

C3D4F

D4F

UJ
X
o

<
a.
<
o

a:

25 50 7 5

PERCENT OP AREA W,TH AN INP.LTRAT,ON CAPACTY EQUAL TO OR LESS THAN THE ,ND,CATED VALUE.

FIGURE 4. CONCEPT OF CUMUIATIVE FREQUENCY DISTRIBUTION FOR INFILTRATWN

CAPACITY
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FIGURE 5. LAND SURFACE RESPONSE TO INCREASE IN MOISTURE SUPPLY
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EXAMPLE FORMAT

X X = Program Variable Identification Equation
X = A + B . . . Number

Definition and formulation of variable A and all
related variables.

L

Definition and formulation of variable B and all
related variables.

|

The formulations for direct infiltration of the model are developed below:

D4F D4F = Current peak infiltration rate
D4F = FRAC * EN * C2 * CB / (2. 0 ** LNRATM) . . . 3A

EN EN = Factor varying infiltration by season

EN - (SSEP/ISEP) ** EF

SSEP = An evaporation parameter used to vary
infiltration

SSEP = 1.2 * ISEP - - - Initial value

SSEP = 0. 96 * ( SSEP + EP ) — As updated each day

EP = Lake evaporation for current day

EP = EVCR ( FA ) * E ( I )

EVCR = Monthly evaporation pan coefficient
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C2 ~f

FA = Current month of the water year

FA = Initialized, then incremented in program

E = Daily pan evaporation

E = Input data

I = Day of the year

I = Initialized, then incremented in program

ISEP = An evaporation parameter to vary infiltration

ISEP = ( 24/365 ) * AET

AET = Approximate annual lake evaporation

AET = AET + E (I )

AET = 0. 7 * AET

E = Explained above

I = Explained above

EF = Evaporation - Infiltration factor

EF = Input parameter

FEAC = Selected routing interval (TINC) expressed as
fraction of an hour

FRAC = FLOAT (TINC) / 60

TINC = Selected routing interval

TINC = Input parameter
I

C2 = Multiplier used in programmed adjustment of
infiltration rate

C2 = C2 * ( ALOG (DR) ) / ( ALOG (FLO) )
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DR = Synthesized average daily streamflow

FLO = Recorded average daily flow

I FLO = Input data

CB T
-1

CB = Infiltration Index

CB = Input parameter

• LNRATM LNRATM = Soil moisture index used in estimating
I 1 current infiltration rate

LNRATM = 4. 0 * LNRAT when LNRAT is less than
1.0

LNRATM = 4 . 0 + 2 . * ( LNRAT - 1 . 0 ) when LNRAT
is less than 2. 0

LNRATM =6.0 when LNRAT is greater than 2. 0

LNRAT = Current ratio of soil moisture to soil
moisture storage index

LNRAT = LZS / LZSN

LZS

LZSN

LZSN

= Current soil moisture storage. The
concept of LZS is shown in Figure 4

= Soil moisture storage index

= Input parameter

~1

To properly understand the variation of D4F we must examine the seasonal

variation of EN. For the Little Mill Creek (a test watershed which will be dis-

cussed in detail later) data several computer simulations were made with various
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values of EF. Figure 6 shows the seasonal variation of EN for various values

of EF.

The variation of D4F with the LZS/LZSN ratio for winter and summer

season, using Little Mill Creek data, and for variations in CB is shown in

Figure 7.

Interflow Index

The treatment of interflow by the model is illustrated in Figure 4. The

amount of interflow is assumed proportional to the infiltration capacity of an

area. The interflow index is the variable which proportions the infiltration

capacity into interflow. Following is the method by which the model treats the

interflow index:

C3 C3

C3

= Variable controlling entry of moisture into
interflow

= CY * 2,0 ** LNRAT . . . 3B

CY '

1
CY

I CY

= Interflow index

= Input parameter

I

i
i

LNRAT LNRAT = Current ratio of soil moisture storage to
soil moisture storage index

LNRAT = LZS/LZSN

LZS = Previously defined - see equation 3A

LZSN = Previously defined ~ see equation 3A



4.

3.

UJ
2.

0.

POINTS PLOTTED ARE END
OF MONTH VALUES.

EF= 2.0

— MINIMUM VALUE SET @ 0.33

I .._ J I L L .1.
OCT NOV DEC. JAN. FEB. MAR. APR. MAY JUN. JUL. AUG. SEP

FIGURE 6. SEASONAL VARIATION OF EN FOR LITTLE MILL CREEK DATA
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0.4
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LZS/LZSN RATIO
2.0

FIGURE 7. VARIATION OF INFILTRATION WITH THE LZS/
LZSN RATIO

20.

16.

12.
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0.0

GY= 4.0
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FIGURE 8. VARIATION OF INTERFLOW WITH THE LZS/
LZSN RATIO
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The variation of C3 vs. the LZS/LZSN ratio for various values of CY is

shown in Figure 8.

Delaved Infiltration

Direct infiltration starts at the beginning of rainfall. If the infiltration rate

is less than the rainfall rate, the excess water becomes inflow to surface depres-

sions. Before surface runoff can take place, depression storage must be satis-

fied. The amount of water from this temporary storage that infiltrates is handled

as delayed infiltration by the model.

Depression storage, and storage in highly permeable surface soils are

modeled by the upper zone. Moisture is lost from the upper zone by evapotrans-

piration and percolation to the lower zone and groundwater storage.

The following expressions develop the response of the upper zone to infiltra-

tion. The fraction of incoming moisture that is not retained by the upper zone is

computed as follows:

PRE PRE

PRE

PRE

= Fraction of incoming moisture that is not
retained in upper zone storage

= (1.0 / (1.0 +UZI) ) *• UZI
If UZS is less than UZSN, otherwise

= 1. 0 - PRE

r
L UZI

H
UZI = Intermediate soil surface moisture storage j

parameter for estimating depletion

UZI = 2. 0 * ABS ( UZS / UZSN - 1 . 0 ) +1.0

UZSN = Soil surface moisture index
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UZSN = EDF * SEP + CX * EXP ( -2. 7 LNRAT ) +
FACTOR

UZSN = 0. 25 Minimum Preset Value

EDF = Index for estimating soil surface moisture

storage

EDF = Input parameter

SEP = An evaporation parameter used to vary
infiltration

SEP = 0. 3 * ISEP - - Initial value

ISEP = An evaporation parameter used to vary
infiltration — see Equation 3A

SEP = 0. 9 * ( SEP + EP ) - - Updated each day

EP = Lake evaporation for current day

EP = EVCR ( FA ) * E ( I )

EVCR = Monthly evaporation pan coefficient

EVCR = Input data

FA = Current month of the water year

FA = Input data

E = Daily pan evaporation

E = Input data

I = Day of the year counter

CX = Index for estimating soil surface moisture

storage

CX = Input parameter

FACTOR = (VOLUME * 12. 0 ) / ( AREA * 640. 0 )
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VOLUME

VOLUME

AREA

AREA

LNRAT

LZS

LZS

LZSN

I LZSN

= Volume of water in acre feet al
to swamp and soil crack storag

= Input parameter

= Basin area in square miles

= Input parameter

= See Equation 3B

= Current soil moisture storage

= See Equation 3A

= Soil Moisture storage index

= Input parameter I

The above equations indicate the dependence of UZSN, upon potential evapo-

transpiration and the moisture stored in the lower zone.

The residual precipitation, after the upper zone storage requirements have

been satisfied according to the above, is:

P4 P4

P4

= Residual rainfall after soil surface
moisture depletion

= P3 * PRE . . . 3D

r P3 , I P3

P3

PR

= Residual rainfall after interception
depletion

= PR - EPX

= Current rainfall rate
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PR = Input data

EPX = Current interception rate

I EPX = FRAC * EPXM

| FRAC = The selected routing time increment (TINC)
I expressed as a decimal

I EPXM = Maximum interception rate for a dry
I watershed

I
EPXM = Input parameter

PRE I PRE = Fraction of incoming moisture that is
I 1 not retained in upper zone storage

PRE = See equation 3CI PKJ

The value of moisture in the upper zone storage is maintained current by

an updating process given by:

uzs UZS = Current soil surface moisture storage

UZS = UZS + P3 - P4 . . . 3

P4 = Residual rainfall after soil surface moisture
depletion

= See equation

~i

I P4 = see equation 3D .

P3 = Residual rainfall after interception depletion

Figure 9 shows the relationship of PRE and the UZS/UZSN ratio.
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Moisture is depleted from the upper zone storage by infiltration to the lower

zone and by evapotranspiration at the potential rate. The current rate of infiltra-

tion from the upper zone, in inches per hour, is established as follows*

RECE RECE = Current rate of soil surface moisture
infiltration

RECE = 0.-003- * CB * UZSN * DEEPL ** 3. 0 . 3F

! B |

L

CB

CB

= Infiltration Index

= See equation 3A

= Soil surface moisture indexI r
UZSN ' UZSN

I UZSN = See equation 3C

DEEPL

L1

DEEPL

DEEPL

UZS

uzs

LZS

LZS

LZSN

LZSN

= Index controlling infiltration rate of
soil surface moisture

= ( UZS / UZSN ) - ( LZS / LZSN )

= Current soil surface moisture storage

= See equation 3E

= Current soil moisture storage

= See equation 3A

= Soil moisture storage index

= See equation 3C

j

~i
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The infiltrated moisture can now either be retained in the lower zone (soil

between the water table and the land surface) or be passed in the groundwater

region. The fraction of moisture that infiltrates from the upper zone and is

retained in the lower zone is computed by:

PRE PRE

PRE

= Fraction of incoming
in soil storage

= ( 1.0 / (1.0 +LZI) )

moisture

** LZI

retained

. . . 3G

, LZI LZI = Intermediate soil moisture parameter j
L for estimating infiltration I

I LZI = 1 . 5 * ABS ( LNRAT - 1. 0 ) + 1. 0

I LNRAT = Current ratio of soil moisture storage
I to soil moisture storage index

I LNRAT = LZS / LZSN - See equation 3B j

The relationship of PRE to the ratio LZS/LZSN is shown in Figure 10.

The remaining infiltrated moisture can pursue two possible paths. One is

to percolate into active groundwater storage within the basin to perhaps again

reappear as streamflow or evapotranspiration. The other is to pass out of the

basin as deep groundwater movement or go into deep groundwater storage never

again to be considered in the model moisture balance.

OVERLAND FLOW

Turbulent range equations were used for development of the overland flow

equations. The Chezy-Manning equation was used to derive a relationship
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between surface detention storage at equilibrium, the supply rate to overland

flow, Manning's n, and the length and slope of the flow plane. The amount of

surface detention at equilibrium is given as:

n . 008181 ° - 6 n ° - 6
L

1 - 6

De = 7r~~q . • . 3 H

g 0.3

where De is surface detention in ft. /ft. , i is the supply rate in inches per

hour, S is the slope in ft. /ft. , and L is the length of the overland flow in feet.

Based on the Manning equation the overland flow discharge is-

n

3

for q in ft. /sec. /ft. , and where y is the depth in feet at the lower edge of

the flow plane.

An empirical relationship developed by Crawford and Linsley between out-

flow depth and detention storage for reproducing experimental hydrographs is:

>- t1 [Y ]
where D = detention volume corresponding to y. By substituting equation 3J

in equation 31 the rate of discharge from overland flow in ft. /sec. is:

1.486 _l/2
s
_l
s [[+]-["*•[*]']] 5/3

. . . 3K

where De is a function of the current supply rate to overland flow and is com-

puted from equation 3H.

The model continuously solves the continuity equation

D2 =D1 + AD - q At
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where t is the time interval used, D2 is the surface detention at the end of the

current time interval, Dl is the surface detention at the end of the previous time

interval, AD is the increment added to surface detention in the time interval, and

q is a function of the moisture supply rate and of ( Dl + D2 ) / 2. 0, the average

detention storage during the time interval ( D in equation 3K ). The increment

to overland flow surface detention, D, is found from equations based on Figure 4.

The model simulates overland flow from pervious and impervious surfaces

with the same basic equations. The lengm, slope, and roughness coefficients

are estimated for pervious and impervious surfaces and are used as input data

in the watershed model.

INTERFLOW

The quantity of moisture inflow to interflow detention storage is illustrated

by Figure 4. Outflow from this storage is computed by the logarithmic decay

equation:

lnKr

where S t is the storage at time t, qt is the flow at time t, and lnKr is the

natural logarithm of the interflow recession constant. The equation used in the

model i s :

INTF INTF = Current rate at which interflow is entering
the channel

INTF = LBRC4 * SRGX • • • 3 M
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I jLiriL,* I LIRC4 = Natural logarithm of IRC4

I IRC4 = IRC ** ( 1. 0 / (24. 0 * 60. Q/FLOAT (TINC) ) )

IRC = Daily interflow recession constant

IRC = Input parameter

TINC = Selected routing interval

TINC = Input parameter

SRGX
L_ZT: I

i

SRGX = Current volume of water in interflow storage

SRGX = SRGX + RGX * PA

RGX = Water entering interflow storage

RGX = SHRD ~ RX

SHRD = Sum of current moisture entering surface
runoff plus interflow

SHRD = P4 * P4 / ( 2. 0 * D4F )

P4 = Residual rainfall after soil surface moisture
depletion

P4 = See equation 3D

D4F = Current peak infiltration ra te

D4F = See equation 3A

RX = Current direct runoff

PA = Pervious fraction of watershed

PA = Input data

RX = P4 * P4 / ( 2 . 0 * D4F * C3 )

P4 = See equation 3D
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D4F = See equation 3A

C3 = Variable controlling entry of moisture into
interflow

I C3 = See equation 3B

GROUNDWATER FLOW

The inflow to groundwater storage consists of a portion of the net infiltration

(shown in Figure 4) and a portion of the delayed infiltration from the upper zone

storage. The fraction of either direct or delayed infiltration that enters the

groundwater storage is a function of the dimensionless ratio LZS/LZSN.

The relationships for the fraction of moisture that infiltrates from the upper

zone moisture storage to the lower zone moisture storage and is retained in the

lower zone have been discussed previously and are shown in Figure 10. The

relationships for the fraction of moisture that percolates to groundwater from

the lower zone are read on the right hand ordinate in Figure 10.

The outflow from groundwater storage may be distributed to baseflow in

the stream and to satisfy evapotranspiration, if it exists, from phreatophytes.

Base flow from groundwater is modeled by the logarithmic decay equation

"t In Kr

where the terms of the equation are the same as those of equation 3M, with a

modification which permits increased groundwater flow to reflect changes in

the recession constant due to wet antecedent conditions.
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The equation used by the model for groundwater flow to the stream is-

GWF GWF

GWF

- Baseflow

= SGW * LKK4 * ( 1. 0 + LKV4 * GWS ) . . 3N

r SGW

~l
SGW = Groundwater moisture storage

SGW = S G W •+• F l

Fl = Infiltration reaching groundwater

Fl = ( 1 . 0 - PRE ) * ( P4 - SHRD ) *
( 1 . 0 - K24L ) * PA for infiltration reaching
groundwater from the lower zone storage

PRE = Fraction of incoming moisture retained
in soil surface or soil storage

PRE = See equation 3G

P4 = Residual rainfall after soil surface
moisture depletion

P4 = See equation 3D

SHRD = Sum of current moisture entering surface
runoff plus interflows

SHRD = See equation 3M

K24L = Parameter indicating groundwater flow
leaving the basin

K24L = Input parameter

PA = Pervious fraction of the watershed

PA = Input data

Fl = ( 1 . 0 - PRE ) * RECE * ( 1. 0 - K24L )
* PA for infiltration reaching groundwater
from the upper zone
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PRE = Fraction of incoming moisture retained in
soil surface or soil storage

PRE = See equation 3C

RECE = Current rate of soil surface moisture
infiltration

RECE = See equation 3F

I
(All other terms are common to both equations for Fl) I

LKK4

~l

L

LKK4 = Natural logarithm of KK4

KK4 = Hourly base flow recession constant

KK4 = KK24 ** ( 1,0/24.0 )

KK24 = Daily base flow recession constant

KK24 = Input parameter

Li™ I LKV4

"1 KV4

KV4

KV24

= Natural logarithm of KV4

= Hourly base flow recess ion adjustment
factor

= KV24 ** ( 1 .0/24.0 )

= Daily base flow recess ion adjustment
factor

I KV24 = Input pa ramete r

I GWS GWS = Current value of groundwater slope index

GWS = GWS + F l

F l = Infiltration water reaching groundwater

F l = See equation 3N
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The term ( 1 . 0 + LKV4 * GWS ) of equation 3N is a modification to the

basic logarithmic depletion curve . The variable GWS is termed groundwater

slope and is actually an antecedent precipitation index. GWS is increased as

shown in Equation 3N and depleted daily by the equation:

GWS = 0.97 * GWS

with a minimum preset value of 0. 0. Figure 11 shows the relationship of the

percent increase in groundwater flow vs. KV24 for various values of GWS.

Percolation to deep, inactive, or groundwater flow out of the basin is

modeled by allowing a fixed portion of inflow to groundwater s torage to bypass

the active storage that contributes to streamflow and evapotraiiLspiration. This

fraction is controlled by the var iable K24L and is shown in Equation 3N.

Groundwater loss to evapotranspiration is governed by the following equation:

I LOS | LOS = Groundwater Evaporation

| LOS = SGW * K24EL * EP * PA . . . 30 !

SGW | SGW = Groundwater mois ture s torage I
_ _ _ . _ _ _ ~ ,... . » i

SGW = See equation 3N

K24EL K24EL = Groundwater evaporation parameter I
i .... mmmmmm i «

K24EL = Input parameter

I EP EP = Lake evaporation during day being analyzed

EP = See equation 3C
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, P A IPA ' PA = Pervious fraction of watershed surface

PA = See equation 3N

These equations show that the groundwater loss is modeled at a rate depen-

dent on potential evapotranspiration.

EVAPOTRANSPIRATION

Evapotranspiration is simulated from four moisture sources. It occurs

from the upper zone storage, exposed water surfaces, and goundwater storage

at the potential rate and from the lower zone storage at the opportunity rate.

Potential evapotranspiration is assumed to be equal to lake evaporation estimated

from U. S. Weather Bureau Class A pans.

The model first attempts to satisfy the potential from the upper zone soil

moisture storage. Any remaining potential, entered as EP in Figure 12, is

supplied from the lower zone moisture storage at the opportunity rate.

The formulation for Figure 12 is:

r = K3 * LZS/LZSN

(terms of equation are defined in the following text)

Evapotranspiration from the lower zone moisture storage is given as-

AETR AETR = Synthesized daily evaporation from the
soil (if EP is less than r)

AETR = EP * ( 1. 0 - EP/2. 0 * K3 * LNRAT ) . . . 3P
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EP EP = Lake evaporation during day being
analyzed

EP = See equation 3A

r K3 ' K3 = Soil evaporation parameter
I
I K3 = Input p a r a m e t e r

I 1
1 LZS ' LZS = Current soil moisture storage

LZS = See equation 3A

LZSN ' LZSN = Soil moisture storage index

I
LZSN = See equation 3A

AETR AETR

AETR

= Synthesized daily
(if EP is greater

= ( K3 * LNRAT ) /

All terms defined above

evaporation from soil
than r )

2.0 . . .3P-1

Evapotranspiration from exposed stream surfaces is modeled to occur

between 9 A. M. and 9 P. M. daily in accordance with the following critique:

ELH ELH

ELH

= Watershed evaporation
WJ3 t&Y* Q11Y1 "Fja p p c

= ( ETL * EP ) / 12.0

from exposed

. . . 3Q



39

:
surface

, ETL = Input parameter

r:EP I EP = Lake evaporation during day being
I 1 analyzed

I EP = See equation 3C

If ELH is greater than the groundwater flow, ELH is set equal to the ground-

water flow.

Evapotranspiration from groundwater storage is in accordance with the

following equation which was explained as equation 3O.

LOS = SGW * K24 EL * EP * PA

SNOWMELT

The original version of the Stanford Watershed Model IV contained an ade-

quate snowmelt subroutine which performed the melting processes of snow quite

well. This subroutine, however, required detailed snow survey data which is

not available in regions where snow is a minor contributor to annual precipitation.

For example, when there is some question as to whether the precipitation input

is rain or snow the subroutine would check the calculated depth of snow to the

actual depth obtained by snow surveys. In the Midwest, such as Ohio, this type

of information is not available. Unlike the Western United States, for which the

original subroutine was developed, the winters in Ohio are mild and the volume
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of snow, approximately 5 percent of the precipitation, which accumulates during

the winter months does not warrant the meteorological stations to take extensive

snow survey data. Therefore, the Model TV snowmelt subroutine, which was

written for large snow inputs, could not be used for studies with Ohio data. Con-

sequently an entirely new snowmelt subroutine was created for watersheds having

small inputs of snow, Streamflow simulation models, to be applicable in areas

of snowfall, must properly predict both the timing and the quantity of melt.

Knowing the density of fallen snow is a significant factor in determining the

timing of the snowmelt. Usually freshly fallen snow has a density ranging from

5 to 15 percent of that of its liquid state, rain.

The density can vary with such factors as temperature, wind, and compaction.

Denser snows make it more difficult for the meltwater to percolate through the

snow to the ground. To ascertain a reasonably accurate value for the density it

is required to know the length of time the snow lies on the ground. The meta-

morphosis is called the ageing of snow. If all snows were to melt within several

days after falling there would not be any major ageing problem to contend with;

however, melt may not occur for a few months. Therefore, additional snows

will accumulate on top of the original and cause it to compact. This may increase

the density even to as high as 35 percent.

Snowmelting is a very complex process. If the temperature since the last

snow has been oontinually below 32°F then the temperature of the snowpack will

normally be less than 32°F. Eventually, when the weather begins to warm up,

the pack will begin to melt at the exposed surface due to contact with the warm
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air, condensation of water vapor, and absorption of radiation. This meltwater

percolates into the remaining snow, but it is quickly refrozen because of the

temperature of the snowpack. The refreezing water releases its latent heat

of fusion within the snowpack and warms it up slightly. Working simultaneously

with this melting process is conduction from the ground and the warming of the

snow surface. These three mechanisms continue to warm the snow until the

temperature of the pack is raised to 32°F.

At this point any more melting snow will not refreeze. As the melting pro-

cesses continue water begins to accumulate within the snowpack until the channels

between the ice crystals are full. Under this condition the pack can no longer

assimilate any more meltwater. This is known as the liquid-water-holding-

capacity of the snowpack and designates that the pack is "ripe" (ready to release

water). But the liquid-water-holding capacity of the snow is variable and will

depend upon the condition of the pack. It is a function of the density, extent

of ice lenses, and the size, shape, and spacing of the snow crystals. These

factors should also be evaluated if an accurate holding-capacity of the snow is

needed. Any melt which occurs after the water capacity is reached will perco-

late through the snowpack and drain into or onto the ground. Naturally, this

will continue until the snowpack has been depleted or until the warm weather has

subsided.

Following is a summary of the methods of melting snow. It should be noted

that most of the methods are simply heat balance equations of pure physics but

a few contain empirical coefficients which have been determined by experimentation
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coordinated with heat transfer theory.

Not only must the quantities of melt be known for an accurate simulation

but also the processes which cause them. There are five aspects of the melting

phenomenon which should be evaluated to determine the quantities of snowmelt;

and a sixth one which does not add to melt runoff but helps to deplete the snow-

pack.
Melt Due to Rainfall

When precipitation in the form of rain occurs while there is snow on

the ground it must produce melt by obeying the laws of physics.

The melt can be expressed by:

M = P X (TEMP-32)
(144) QT

where:

PX = Depth of rain in inches,

TEMP = Wet bulb temperature which can be assumed to the the temper-
ature of the rain in degrees F. ,

QT = Thermal quality of the snow,

M = Amount of melt in inches of water.

The meaning of the formula is that one inch-degree of rain will cause

1/144 inch of snowmelt. This is because 1 pound of water will give up 1 BTU

of heat when cooled, but it would take 144 BTU to melt 1 pound of ice. The

thermal quality of the snow, which is the decimal fraction of its total weight

that is in the form of ice, is multiplied by 144 to find the number of BTU
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needed to melt 1 pound of snow. Usually, the thermal quality ranges from

0.85 to 0.95.

Melt Bv Radiation

Radiation is one of the most important factors in melting snow because

it is uaually the major contributor. In determining the melt both longwave

and shortwave radiation should be considered. Shortwave radiation is received

direct^ from the sun in amounts dependent upon the albedo (the portion of

incoming radiation that is reflected by the snow) of the snow surface and

vegetative interception. Longwave radiation is that resulting from a radia-

tion exchange between the snow and the surroundings. It is affected by sev-

eral factors; cloud coverage, canopy extent, temperature, and the type of

environment. Both types of radiation can be evaluated with the same formula

except that longwave radiation can be negative and will therefore result in

heat lost from the snowpack.

The melt due to radiation can be determined by:

M = ALANG
(203.2) QT

where:

ALANG = Net absorbed radiation in langleys,

QT = Thermal quality of the snowpack,

M = Melt in inches of water.

The number 203.2 is a factor which converts langleys to inches of

water (203.2 langleys/inch) when the pack is in the form of ice. Hence,
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QT is multiplied by 203.2 to determine the amount of langlej^s/inch needed

to melt the snowpack that has a thermal quality less than 100 percent.

Melt Due to Conduction

Conduction is usually considered negligible in determining snowmelt.

Normally, the temperature of the ground will increase with the depth of

the soil. This causes a continual flow of heat toward the snowpack at the

ground surface. Although melt produced by conduction is rather small a

few days after the snow has fallen it can aid in keeping the soil moist so

that quicker streamfLow responses can occur when melt is produced by

other means.

Conduction melt can be expressed by:

M =K

where:

K = A constant value of melt in inches per day,

M = Melt in inches per day.

The value of K ranges from 0. 00 to 0. 02 and can be a significant

factor in adding to soil moisture during the winter months.

Melt Due to Convection

As air blows over the snow it transfers heat to the snowpack. The

amount of heat depends upon the difference in temperature between the air

and snow, and the speed of the moving air.

The formula can be expressed b y
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(TEMP-32.)

QT

where:

COE - A coefficient based on the turbulent heat flow transfer theory,

VW = Velocity of the wind in mph,

TEMP = Temperature of the air at the snow surface in degrees F. ,

QT = Thermal quality of the snow,

M = Melt in inches per 6 hours.

The value of COE may be represented by the quantity (0. 00184 x

1 0 - 0 . 0000156h)f w h e r e ^ p o r ^ 1 0 - 0 . 0000156h r e p r e S e n t s the change

of the barometric pressure due to a change in the elevation, h. These

values are for an open field that does not have any obstructions to the

wind. Due to the fact that most watersheds will have some trees and hills

the actual value of COE will be slightly lower than the theoretical value.

Snowmelt By Condensation

Condensation can also be a major input to the melting of snow. The

quantity of available moisture in the air and the rate with which fresh air

is brought into contact with the snow surface will determine the amount

of snowmelt.

The formula can be expressed by:

M = (B) 0 ^ ) (VAPRES - 6.11)
QT
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where:

B = An empirical constant,

VW = Velocity of the wind in mph,

QT = Thermal quality of the snowpack,

VAPRES = Vapor pressure of the air in millibars (mb),

6.11 = Saturation vapor pressure in mb over ice at 32 F,

M = Melt in inches per 6 hours

After determining the amount of melt caused by vapor condensation on the

snowpack the actual amount of condensate must also be added to the pack.

Because 144 BTU are needed to melt 1 pound of ice at 32 F and 1073 BTU

are given up when 1 pound of moisture is produced by condensation from

vapor at 32°F, one inch of vapor condensation will produce ( ) 7. 5

inches of snowmelt. Therefore, the amount of snowmelt from condensation

should be multiplied by 1/7. 5 and added to the snowpack.

Loss From Snowpack Due to Evaporation

When the dewpoint temperature is less than 32°F sublimation, rather

than condensation, will occur. As with condensation, evaporation is a

function of wind speed and the difference in vapor pressure between the

air and the snow.

The formula can be expressed by:

(VW) ( V A P R E S _
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where:

BPRI = An empirical constant,

VW = Wind speed in mph,

QT = Thermal quality of the snowpack,

VAPRES = Vapor pressure of the air in mb,

e = Saturation vapor pressure over the snow,
s

E = The evaporation from the snowpack in inches of water*

Evaporation is a direct loss from the snowpack but should be con-

sidered to maintain a water balance within the basin.

Also, evaporation loss through interception of the snow is a factor

to be considered. Snow Hydrology (1956) shows that these losses are

directly proportional to the forest cover density.

The formula can be expressed by:

I = KCP

where:

K = Interception loss with 100 percent cover density,

C = Fraction of net forest cover,

P = Snowfall in inches,

I = Interception loss in inches of water.

Experiments of snow evaporation losses have also been performed

by Satterlund and Haupt (1970). Their findings indicate that more than

80 percent of the snow initially caught by conifers eventually reached the
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ground by rain, direct mass release, or melting. Evaporation losses

represented only a small portion of the precipitation. Therefore, inter-

ception losses can be considered minor when compared to the overall problem.

The above six factors, along with precipitation, combine to account for

the additions and losses to the snowpack; and if proper data is used should result

in a reasonably accurate balance between snow, rain, melt, and runoff.

A block diagram of the snowmelt subroutine is shown if Figure 13.

Definition of Snowmelt Variables

The program variables and their definitions are shown in Table 1.

Rain or Snow Test

The temperature is the most important criteria for determining whether

the precipitation is rain or snow. For this reason a detailed study was made on

the existing data in order to find a more suitable temperature cutoff between

snow and rain; or to verify the standard cutoff at 32°F.

The temperature range (minimum to maximum) was graphed, for records

of precipitation occurring as snow, against a particular month for 5 continuous

years of data. The results, based on observations, conclude that 32°F is not

the best cutoff temperature between rain and snow for each month of the winter;

and it was found that the cutoff values are different for at least four of the five

months of the snow season. Example results for a test watershed (W/S 97

Coshocton) in Ohio are summarized in Table 2. It should be noted that these

values do not necessarily represent all locations in Ohio. Therefore, a similar

analvsis will have to be made each time the model is used on a different watershed.
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Table 1. Dictionary of Snowmelt Variables

Variable

ALANG*
ALNG
B*
BPRI*
CDM
COE*
CVM
DEN
DEPTH
ELDIF*

F*

GM*
IFACTR
IPACK*

IT I*

KINT*

LIQS*

LIQW
MAXRAT*

NEGMEL

PACK
PX
QT
QTI*

RADM
RATE

RM
SCF*

Units

Langleys/day
Langleys/hr.

in.

in.

in.
1000 ft.

in.
in/hr/°day
in.

in.

in.

in.
in/°FAr

in.

in.
in.

in.
inAr

in.
—~ _

Definition

Total solar radiation per day
Total absorbed radiation per hour
Empirical constant for condensation
Empirical constant for evaporation
Condensation melt
Empirical constant for convection
Convection melt
Snow density
Average depth of snow on the ground
Elevation difference between base

thermometer and mean elevation
of drainage basin

Fraction of the total watershed in
forest

Conduction melt (ground)
Basic snowmelt rate
Minimum snowpack water at which

entire basin is covered with snow
Index precipitation for changing snow

albedo
Fraction of snow falling on forest

intercepted by trees
Liquid-water-holding capacity of
the snow
Liquid water content of the snow
Rate of Cold Content build-up within

the snowpack
Amount of cold content within the

snowpack
Water equivalent of the snowpack
Amount of melt runoff
Thermal quality of the snowpack
The initial thermal quality of freshly

fallen snow
Radiation melt
The incremental cold content addition

to the snowpack
Melt due to rain
Snow correction factor

* iinput variable
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Table 1, continued

Variable

SDEN
SMELT
SPXI
SPX2

TI

T2

TDEW*

TDPT
TEMP

TIMNDX
TMAX*

TMIN*

TQT

VAP*

VAPRES

VW*
VW1ND

we*
ZCDM
ZCVM
ZLQW
ZPCK

ZPX
ZRADM
ZRM
ZTMP

ZYSNOT

Units

in.
in.
in.

°F

°F

°F

°F
°F

°F

°F

mb.

mb,

mpd
mph

in.
in.
in.
in.

in.
in.
in.
°F

in.

Definition

Current snowpack density
Total amount of melt from the snow-pack
Annual snowfall moisture
Annual snowfall moisture reaching

the ground
Average 4 a. m. temperature over the

watershed
Average 4 p. m. temperature over the

watershed
5 degree temperature increments corres-

ponding to known vapor pressures
Average daily dewpoint temperatures
Hourly calculated temperatures over

the watershed
Snow albedo index
Maximum recorded temperature during

the day
Minimum recorded temperature during

the day
The hourly stored thermal quality of

the snow
Vapor pressure increments corres-

ponding to known temperatures
Average vapor pressure over the

watershed per hour
Average daily wind movement
Average hourly wind movement
Water content of the snow at saturation
Hourly values of melt from condensation
Hourly values of melt from convection
Hourly values of the liquid water content
Hourly values of the water equivalent

of the snowpack
Hourly values of the snowmelt runoff
Hourly values of the melt from radiation
Hourly values of the melt from rainfall
Average temperature on the watershed

per hour
Stores the amount of precipitation that

is simulated as snow

* input parameters
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This, however, does not present any major difficulty because the data may be

analyzed in a very short time.

By using the Table 2 values, for the location under study, to separate the

precipitation into rain or snow, a more accurate simulation of snowfall was

possible.

Criteria for Zero Melt

In making the first trial runs with the snowmelt subroutine it was evident

that computed melt, during periods of moderately freezing temperatures, was

substantial enough to increase runoff even though the recorded streamflows had

not increased. Because W/S 97 is the largest size watershed under study it

should, for smaller amounts of precipitation, produce the largest absolute

changes in synthesized streamflows. Therefore, the recorded flows of W/S 97,

the daily maximum and minimum temperatures, and the precipitation records

were analyzed to determine the temperature below which all meltwater seemed

to be refrozen.

This was done on a monthly basis using the five continuous years of data

(1958-1963) available from Coshocton, Ohio. The results obtained are found

below in Table 3. This criteria greatly increased the accuracy of the sub-

routine by improving the timing of the melt.

Some Input Parameters

MAXRAT is one of the most important input parameters in the snowmelt

subroutine. It is this variable which determines the timing of the melt from

the snowpack. If MAXRAT is initialized too high the cold content of the pack
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Table 2. Temperature Cutoffs Between Rain and Snow

Month

November

December

January

February

March

Maximum
Temp.

34°

40°

48°

54°

45°

Minimum
Temp.

o
6

-6°

0°

0°

12°

Temperature
Cutoff

31°F

32°F

35°F

35°F

32°F

Table 3. Temperature Cutoffs for Refrozen Meltwater

Month

November

December

January

February

March

Temperature Cutoff
For Refrozen Meltwater

22°F

25°F

29°F

29°F

31°F
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will build up too fast and melt runoff will not occur. However, if MAXRAT is

too low the cold content will not build up significantly and melt will be simulated

before it had actually occurred. Hence, it is important to have MAXRAT high

enough to allow some melting but low enough that all meltwater will not refreeze.

Trial and error was used to determine the optimum value of MAXRAT* When

the timing of the snowmelt simulated the actual records it was assumed that

MAXRAT was found to be . 0001.

LIQW and QTI are the variables which may be used for the refinement of

the quantity of snowmelt. Both are concerned with the fraction of incoming snow

which is solid and liquid. By increasing the initial thermal quality of the snow

and decreasing the liquid water content less melting will occur during the first

few hours after the snow has fallen. An average value of . 90 was assumed for

QTI and . 10 was assumed to be the initial value of LIQW.

CHANNEL SYSTEM EFFECTS

ROUTING

The routing technique used in the model is based on translating the stream

inputs to an imaginary reservoir at the basin outlet then routing by level pool

methods. The empirical routing method adapted for the watershed model assumed

the time-area curve (average flow time from a subsection vs. area of the sub-

section) for a watershed would represent an outflow hydrograph from an instan-

taneous rainfall neglecting all attenuation due to storage; the time area curve

was routed through level pool reservoir storage to form an outflow hydrograph.

Figure 14 shows a time area histogram developed for a basin.
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Linsley et al. (1958) explain that the routing concept employed in the model

need not be limited to uniquely deriving unit hydrographs. For a storm of dur-

ation equal to the interval between lines of equal flow time (isochrones) the aver-

age runoff may be estimated for each time zone and expressed (with proper

conversion of units) in cubic feet per second. The resulting time-runoff diagram

is then level pool routed to give an outflow hydrograph. If rainfall lasts for

several time periods (a time period is the time of travel between isochrones,

i. e. , 15 minutes in Figure 14), the time-runoff diagrams are lagged, super-

imposed, and the summation is routed.

This procedure is justifiable since the entire system is a linear one and

can be extended to readily include many channel inputs either within or without

the basin.

The expressions used for routing in the O. S. U- version of the Stanford Model

are essentially the same expressions as developed for the original model with

the exception of the amount of reservoir type storage to use* In the Stanford

Model the parameter KS1, which is dependent upon the amount of reservoir

storage and the routing interval, was assigned a value and used for all routing

conditions. In the O. S. U. version KS1 has been replaced by KSC and KSF, in

an attempt to account for inbank or flood plain flows in accordance to techniques

developed by James for the Kentucky Model. KSC is the routing parameter for

low flows and KSF is the routing parameter for high flows. The program coor-

dinates KSC and KSF with the current value of synthesized streamflow and CHCAP

(the preassigned value for channel capacity). When the synthesized flow is less
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than one-half of CHCAP, KSC is used for routing; when the current synthesized

flow is between one-half and twice CHCAP, the program interpolates between

KSC and KSF; when the current synthesized flow is greater than twice CHCAP,

KSF is used for routing.
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INPUT AND OUTPUT OPTIONS

The original Stanford Model contained certain control options. Some of these

have been modified or discontinued as well as new additions made in both the

Kentucky and the Ohio State University versions. The control options as they

exist in the O. S, U. version are presented below:

DKN (1) If 1, program prints out 15 minute values of rainfall, surface

runoff, interflow, base flow, total flow entering the channel, and

routed outflow all for one selected storm during the year. If 0,

program does not print out these values. (See input format JL)

DKN (2)a If 1, program adjusts the input infiltration rate factor (C2) to

make the synthesized results more in line with the recorded

ones. (See subroutine nTEST r\) If 0, program uses input

factor without adjustment.

DKN (3) If 1, program reads in average daily evaporation over ten-day

periods. If 0, program reads 365 or 366 daily evaporation values.

(See input Format M.)

a

DKN (4) If 1, program prints out daily flow error table (statistical eval-

uation of the simulation) at the end of the year. If 0, program

neither calculates nor prints out daily flow er rors .

This option can be equal to 1 only if control option 9 is also equal to 1.
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DKN (5)

DKN (6)

DKN (7)

DKN (8)

If 1, program prints out the 20 top hourly rainfall and the 20

top hourly runoff events during the year. If 0, program does

not print out these values.

If 1, program prints out daily values of soil moisture storage

(LZS). If 0, program does not print out these values.

If 1, program reads additional data and uses it to provide for

snowfall and snowmelt. If 0, program treats all precipitation

as rainfall. (Not operating, use zero always,)

If 1, program accepts input from more than one recording

rain gage. If 0, program accepts input from only one recording

gage* (Not operating, use zero always.)

DKN (9) If 1, program reads 365 or 366 daily recorded streamflows

(average flow over the day in c. f. s . ) . If 0, program does not

read these values and statistical evaluation can not be performed,

(See input Format O.)

If 1, program will combine hydrographs for several basins in

sequence. If 0, program treats the basin as one homogeneous

unit. (Not operating, use zero always.)

If 1, program reads 365 or 366 daily values of flow diverted

into or out of the basin. If 0, program does not read these

values. (See input Format P.)

DKN (12) If 1, program routes streamflow on an hourly basis. (See

input Format B.)

DKN (10)

DKN (11)
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DKN (13) If 1, program makes streamflow routing a function of discharge.

(See subroutine "RTVARY".) If 0, program does not make the

above change. (Not operating, always use zero.)

DKN (14) If 1, program prints out daily recorded streamflows. If 0,

program does not print out these values. (See input Format O.)

DKN (15) If 1, program prints out all input data (echo check). If 0, program

prints out only the values of the program control array (DKN (1)

through DKN (15) ).

DKN (16) If 1, program calls for the logarithmic plot. If 0, program does

not call for the logarithmic plot, (If not operating, always use

zero.)

DKN (17) If 1, program calls for the arithmetic plot. If 0, program does

not call for the arithmetic plot.

DKN (18) If 1, program prints out daily values of SSEP, ISEP, EN, UZSN,

UZS, GWS, SGW, SINT, SRGX, SSGWF, and LOS. If 0, the

program does not print-out these values. (If not operating,

always use zero.)

DKN (19) If 1, the program will print out hourly values of TEMP, RM,

CDM, CVM, RADM, LIQW, PACK, and PX. If 0, the program

does not print these variables. (If not operating, always use zero.

DKN (20) If 1, the program calls for an arithmetic plot of synthesized stream

outflow along with the rainfall hyetograph for one select storm during

each year of data. If 0, the program does not operate. If DKN (20)

equals 1, then let DKN (16) and DKN (17) equal zero. Also call option 1
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MODIFICATION OF THE STANFORD WATERSHED MODEL

Kentucky Version Of The Model

The Stanford watershed Model III was translated from ALGOL to FORTRAN IV

by James (1966) and this translated and modified program became the Kentucky

Version of the Stanford watershed model. Some of the modifications include

simplified input data, a revised procedure for reading storage gage rainfall,

making channel routing a function of streamflow, a revised UZSN dependent on

evaporation and the ratio LZS/LZSN, and a print-out of the daily soil moisture

storage. A more recent version of the Kentucky model has routines (OPSET)

that automatically optimize some of the watershed parameters (James (1970) ).

The Ohio State University Version Of The Model

The Ohio State University Version of the Stanford watershed model is based

on the Kentucky version of 1967, It was first necessary to convert the program

to the Ohio State University Computer System. Of the many changes necessary

the most extensive was the relocation of the "day loop" from the main program to

a subroutine. This modification made the program compatible with the storage

space provided in the O, S. U. computer system for compilation. The program

was first converted to the I. B« M. 7094 system and then to the recently installed

I. B. M. 360 ntime sharingn system (360/75, 370/165). The other changes in the

model are discussed in the following sections.
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SWAMP AND SOIL CRACK STORAGE

Runoff events from a test basin (the North Appalachian Experimental Water-

shed, Ohio) were poorly simulated during the fall months. Further investigations

revealed that there are several swamps occurring along the course of the main

stream, but by middle to late summer, they are dried up and the ground around

them exhibits soil shrinkage cracks. This offered a very plausable explanation

in that the extra runoff which the model simulated might well be going into soil

crack storage and recharge of these swamps. The test watersheds will be described

in detail later and their identity will be maintained in this discussion.

Simulation data for Watershed 94, using the March 5, 1969, Ohio State Uni-

versity version of the model, was examined to see if a relationship did, indeed,

exist. The data which had been loaded on punched cards was for the five year

period water years 1958 through 1962. Of these years, no large precipitation

events occurred during water years 1958 and 1960 until after mid-January. The

other three years, however, all had easily measurable amounts of precipitation

during the fall months. For the years 1959, 1961, and 1962, the area between

the recorded and simulated discharge curves was planimetered and the volume

was found to be about 250 acre feet in all three cases.

While this was too large a volume to be accounted for by the six swamp and

marsh areas of Watershed 94, these areas, together with soil crack storage,

might account for this volume. The planimetered volume was converted to inches

of water over the watershed and added to upper zone storage (depression storage

and storage in highly permeable surface soils). It was determined by a process
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of trial and analysis that the most suitable period of application for this increase

in upper zone storage was July 1 to November 30. This seems consistent with

field observation which indicates that the soil begins to dry out in July and August

and its moisture level generally continues to drop until restored by winter season

precipitation. This increase in upper zone storage greatly improved simulation.

However, even though the value of upper zone storage was unmodified for the per-

iod December 1 to June 30, carry-over effects from other calculations where

upper zone storage was involved greatly altered simulation results for the remain-

der of the year. This necessitated application of a negative upper zone storage

to the period December 1 to June 30. The procedure for introducing these quanti-

ties into the model is discussed below.

The parameter which accounts for swamp and soil crack storage is called

FACTOR. Two pieces of input data, AREA (basin area in square miles) and

VOLUME (volume of water in acre feet allocated to swamp and soil crack storage)

are required to calculate it. FACTOR is introduced in subroutine DYLOOP and

is computed as.

FACTOR = (VOLUME * 12. 0) / (AREA * 640. 0)

Its units are inches of water over the entire basin, FACTOR is added to or sub-

tracted from nominal upper zone storage (UZSN) as the season requires.

MULTIPLE RECESSION CONSTANTS

The model treats the recession portion of the runoff hydrograph as a deple-

tion curve, which may be represented by the characteristic decay equation:
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Where q̂  is the flow at any time, q-̂  is the flow one time unit later, and

K« is a recession constant less than unity. In areas of relatively uniform soil

conditions, for which the model was developed, only a single groundwater reces-

sion constant is necessary.

Areas of stratified geology, particularly where continuous clay layers exist,

present a marked contrast. The clay layers have considerably lower permeabil-

ities and thereby control the rate of groundwater percolation. Depending on the

thickness and vertical distribution of the clay layers, a number of groundwater

recession constants may be required to correctly develop the depletion curve.

Figure 15, the column profile, shows the various soil and rock strata en-

countered in Watershed 97, the major watershed of the North Appalachian Experi-

mental Watershed. There are nine well defined clay layers, ranging from three to

over five feet in thickness. These layers, being less pervious, create definite

break points in the recession limb of the hydrograph, as may be seen in the

semi-log hydrograph plot of Figure 16. This necessitated the introduction of

the concept of multiple recession constants into the model.

The general procedure used for fitting the recession curve by computer is

the Barnes' method. The runoff hydrograph is first plotted from the input data

as a semi-logarithmic curve with flow on the logarithmic scale and time on the

arithmetic scale.

As the runoff hydrograph is being plotted, a running tally is made of the

largest discharge value. After the entire graph is plotted, and starting at the

hydrograph peak, the slope between successive data points is computed and the
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point of maximum slope is taken as the inflection point of the recession limb.

A subroutine is then called to fit a straight line, by the method of least

squares, to the recession limb of the hydrograph. The subroutine starts with

the last data point and works backward, toward the inflection point, adding one

point at a time-

While only two points are required to determine a unique straight line a

minimum of three data points are used in the program fs least squares subroutine.

It was decided that the addition of a third point would give an extra degree of

freedom and thereby help to dampen the effects of random error of observation

which might occur in recording the runoff.

After the first straight line is fit using three data points, a second line is

fit using the first four data points. The difference in slopes is calculated as an

absolute error and compared to a predetermined value.

If the slope is less than the test value, a straight line using the first five

data points is determined. Its slope is then compared to the slope of the line

determined by four data points. If this slope is less than the test value, a sixth

data point is added and the slope of this line compared to the slope of the line

using five data points. The process continues adding one data point at a time.

As soon as the absolute error is greater than the test value the subroutine r e -

turns to the main program the slope and intercept of the next to last straight

line which was computed. These values are then used to compute a straight

line from the inflection point on the recession limb to the end of the discharge

hydrograph*
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A straight line is then fit to the first point of the discharge hydrograph and

the point under the recession limb inflection point as determined by the other

straight line.

The differences in ordinate values between the discharge hydrograph and the

computed straight lines are then plotted to form a new hydrograph.

Each time a straight line is fit to the recession limb, it has an associated

daily recession constant which is determined as follows:

24

T - T.X S X l

Where K^ is the daily recession constant, Qs is^the computed discharge in

cfs of the first point fit to the straight line, Q, is the computed discharge in cfs

at the inflection point, and T g and Ti are the respective times in hours. As long

as the computed value of Kr is greater than some minimum value, the program

returns to the least squares subroutine and fits a new straight line. By a systema-

tic analysis, using several storms and various size (122 to 4580 acres) water-

sheds, it was determined that a difference in slopes of 0. 0001 would be the c r i -

teria for the model. This value was the largest which permitted reproduction of

results from storm to storm.

The mechanism for dealing with multiple recession constants is a self-

contained card set which may be inserted into the program as required. It was

decided to handle the problem in this manner so that users who need only one

groundwater recession constant would not be inconvenienced or confused by having

to read in zero data sets. Also, the adopted scheme allows for the easy addition
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of as many groundwater recession constants as are required by a given problem.

The program card set SM00015 - SMQ0018, operates as follows:

1. The smallest daily groundwater recession constant (i. e. , the one

corresponding to the highest range of discharge values) KK24 is read

as input data.

2. When DR, the average daily synthesized streamflow becomes less than

the cut-off value, a new recession constant is introduced by the following

statement:

IF (DR (1-1) . LE . 20. 0 ) LKK4 = 1 . - (. 732135) ** (1. 0/96. 0)

Where 20. 0 is the cut-off value from Table 4, 0. 732135 is the daily value

of the input recession constant from the same table, and LKK4 is the logarithm

of the hourly baseflow recession constant. The above test may be used as many

times as needed simply by changing the test value and the hourly recession con-

stant to the appropriate numbers.

TIME INCREMENT CHANGES

Since the model was originally designed for large watersheds and entire

river basins, the streamflow routing procedure is based on a fifteen-minute

flow increment. Consequently, the model will fail to properly respond to pre-

cipitation inputs on small watersheds with a time of concentration less than

fifteen minutes, and on watersheds with only a few time-area histogram elements

particularly those with large relief. To apply the model to small agricultural

and other watersheds it became necessary to modify the modelfs fixed fifteen-

minute computational scheme to an optional smaller interval, down to one minute

interval.



STORM OF APRIL 25 - 27, 1961

WATERSHED

5

10

92

94

95

97

DAILY INTERFLOW
RECESSION CONSTANT

(HOURLY)

0.01061444

(0. 82745 752)

0.04404320

(0. 87800088)

0.00000055

(0. 54850650)

0.00472898

(0.80004665)

0.00000007

(0.50336044)

0.00007879

(0. 67455851)

DAILY GROUNDWATER
RECESSION CONSTANT

(HOURLY)

0.70906091

(0.985 77654

0.64678574

(0. 98200798)

0. 72377318

(0. 98662042)

0.73213464

(0.98709273)

0.67811352

(0.98394524)

0.59544742

(0.97862988)

RANGE OF
APPLICATION

0.0

1. 0 cfs

0.0

20. 0 cfs

0.0

5.0 cfs

0.0

80. 0 cfs

DAILY GROUNDWATER
RECESSION CONSTANT

(HOURLY)

0.11309069

(0.91318643)

0.12571520

(0.91722205)

0.02156273

(0. 85225780)

0.02433473

(0. 85656325)

RANGE OF
APPLICATION

1. 1

2. 0 cfs

20.1

35. 0 cfs

5. 1

12. 0 cfs

80. 0

100. 0 cfs

Table 4. Multiple Recession Constants
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Following a thorough study of the modelTs components and flow charts, all

statements involving the previously fixed fifteen-minute calcualtion were changed

to accommodate a variable updating time increment. The parameter FRAC, the

selected routing interval (TINC) expressed as a fraction of an hour, was intro-

duced to accomplish this requirement. FRAC was inserted in every computation

involving a value updated at the end of the routing time increment. An example

of this change is the following:

BEFORE: EPX = 0. 25 *EPXM
(0.25 - fixed 15 minute fraction of hour)

AFTER: EPX = FRAC *EPXM

(FRAC - selected routing interval fraction of hour)

The parameters affected along with corresponding statement numbers are

as follows-

EPX (LV0046) ROFF (LV0114)

PR (LV0108) SFX (LV0116)

D4F (LV0109) BASFLW (LV0118)

ROS (LV0110) OUTFLW (LV0119)

UROS (LV0112)

However, there are two limitations in selecting the routing time increment

(TINC) which should be noted:

1. TINC must be evenly divisible into the time of concentration (TCONC)

to obtain an even number of time-area histogram elements (Z).

2. TINC must be evenly divisible into 60 minutes to insure an even mul-

tiple of intervals (NINC) in the hour loop. Based on this criterion, the
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possible choices of TINC are 1, 2, 3, 4, 5, 6, 10, 12, 15, 30, and

60 minutes.

EXAMPLE: A watershed with a time of concentration of 15 minutes has the

following possible combinations*

TINC Z NINC

15 1 4

5 3 12

3 5 20

1 15 60

Major changes can also be found in the hour loop

BEFORE: DO 14 DD23 = 1 , 4

AFTER: DO 14 DD23 = 1, NINC (LV0107)

and in the interflow recession constant

BEFORE: IRC4 = IRC ** (1. /96.)

AFTER: IRC4 = IRC ** (1. / (24. *60. /FLOAT (TINC) )

where IRC is the daily interflow recession constant, IRC4 is the TINC-minute

interflow recession constant, and the exponent is the reciprocal of the number

of TINC - minute increments per day.

SNOWMELT SUBROUTINE

As previously explained in the earlier section TfSnowmelt, n an entirely new

snowmelt subroutine was created for regions, like Ohio, with small amounts of

snow and without extensive snow survey data. All the details about the snow-

melt subroutine can be found in that section.
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INPUT MODIFICATIONS

The original model contained 15 control options, DKN (JJJ). The path

followed by the option is controlled either by one or zero. Five additional DKN

control options, DKN (16) through DKN (20) were introduced (see Input and Output

Options).

The original option, DKN (1), could only print out the details of one select

storm for the entire period of data. So as to investigate several storm hydro-

graphs, IOUT, IIOUT, and INUM were made variables; this permitted the selection

of one storm for each year of record. The variables were written as IOUT (MM),

IIOUT (MM), and INUM (MM); the counter MM was introduced to yearly update

the variables.

If N years of data are to be synthesized, then N different storm data values

should be read in. This was accomplished by introducing the variable YEDET which

is the number of years being analyzed. The input should be in the following card

sequence if DKN (1) equals 1:

1. One value of YRDET on one card in an 15 Format.

2. For each year of record, detail storm data consisting of

a. One value of IOUT (I) and INUM (I) on one card in a 215 Format;

and if DKN (20) simultaneously equals 1, this additional input is required

b. Detail Storm Axes Data

One value of XORG, XAX, XTIC, XUNIT, YORG, YAX, YTIC,

YUNIT, ZTIC, and ZUNIT on one card in a 10F5.2 Format.


